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Background. Undeveloped ecosystems belong to rich source of microbial population, of which resources remain unearthed. A kind
of polymeric compound system with high polyvinyl alcohol (PVA) content has been reported and named Taisui. Marker gene
amplification showed that Taisui harbored little-explored microbial communities. Aim. To address this issue, our study
attempted to recover draft genomes and functional potential from microbial communities in Taisui using the metagenomic
approach. Material and Methods. Taisui communities provided 97 novel bacterial genomes from 13 bacterial phyla, including
bacteria candidate phylum. Two novel genus-level lineages were recovered from Planctomycetes and Chloroflexi. Based on the
draft genomes, we expanded the number of taxa with potential productions of PKS and NRPS in phyla including Candidatus
Dadabacteria, Chloroflexi, and Planctomycetes. Results. A rich diversity of PVA dehydrogenase genes from 4 phyla, involving
Proteobacteria, Acidobacteria, Acitinobacteria, and Planctomycetes, were identified. The phylogenetic tree of PVA
dehydrogenase showed the possibility of horizontal gene transfer between microbes. Conclusion. Our study underscores the
substantial microbial diversity and PVA degradation potential in the previously unexplored Taisui system.

1. Introduction

Polyvinyl alcohol (PVA) is a common water-soluble polymer
for farming, packing, fiber coating, etc. Due to the high mass
of production and utilization, PVA pollution in the environ-
ment was considerable, especially in the major production
regions: China, the USA, Western Europe, and Japan [1, 2].
For PVA degradation with less cost and sludge generation,
bacterial PVA-degraders were isolated from PVA-containing
systems [2]. However, symbiotic behaviors of PVA degrading
microbes make the study of microbial community in PVA-
containing systems be needed. A kind of underground poly-
meric compound (named “Taisui”) system has been reported
recently [3]. Chemical analysis showed that this system can be
characterized by high level of PVA or a mixture of PVA and
polyacrylic acid [3]. The distribution of Taisui has been
analysed through finding reports from 1992 to 2015. More

than 60% of Taisuis existed in soil layers, and more than
60% of them were in northern China [4].

The PVA-containing system of Taisui can be a valuable
object of metagenomic analysis. First, Taisui has stable
morphological characteristics and internal structures [3].
Like a bioreactor, the structure of Taisui (Figure S1) separates
microbial populations from surrounding environments.
Second, Taisui has stable chemical compositions [3], which
indicates stable microbial pattern. Third, Taisui systems
harboring little-explored microbial communities. Previous
research has shown that Taisui hosts a rich diversity of novel
microbes [3]. More than 40% bacterial OTUs in 2 samples
were unclassified at the phylum level, and more than 75%
fungal OTUs in 8 samples were unclassified. Metagenomic
sequencing can bypass the cultivation bottleneck by obtaining
metagenome-assembled genomes (MAGs), leading to the
discovery of novel microbial diversity and new metabolisms
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from challenging systems [5, 6]. Based on these prior
observations, we inferred that Taisui systems offered an
opportunity for expand microbial diversity and PVA
biodegradation. In this study, we reconstructed MAGs from
metagenome of Taisui samples and investigated PVA
degradation potential of Taisui microbiota. The results show
the wealth of evolutionary diversity in unexplored systems,
markedly expand the diversity of PVA dehydrogenase, and
will contribute to future comparative studies of PVA
polluted environments.

2. Material and Methods

2.1. Sample Collection. Four Taisui samples included in this
study were collected from Jinzhou (Liaoning province), Bao-
tou (Inner Mongolia), and Aksu (Xinjiang Province,
Figure 1(a)). The Taisui individuals were washed using fresh
water after being dug out from the soil layer, and the entire
of them were delivered at room temperature (about 15°C).
For each Taisui individual, four samples were collected in
the meantime. The samples were collected both from the out-
side (the surface of Taisui) and the inside (about 5 cm depth
from the outside) in equal quantity (2 ∗ 2 ∗ 2 cm of each).
The samples, belonging to one Taisui individual, were pooled
as one sample for future investigation. To observe the struc-
ture of Taisui, the TS.JZ1 sample was used as a representative
sample for microscopic observations. Photographs were taken
using a digital camera mounted on a light microscope.

2.2. DNA Extraction and Sequencing. Before DNA extrac-
tion, we used 1% dimethyl sulphoxide and dry bath to
remove polyvinyl alcohol. DNA extraction referred to the
phenol-chloroform extraction [7] was described in the
supplement. After DNA purification, equal volumes of
isopropanol at +4°C (100%) were added to the upper phase
previously transferred into a clean 1.5ml tube, then tubes
were slowly mixed by inversion and kept overnight at
-20°C, before another centrifugation (15min at 16000× g).
Following removal of the supernatant, 1ml of 70% ethanol
at +4°C was added to the DNA pellets. These pellets were sus-
pended by flicking the tubes, followed by inversion and centri-
fugation (15min at 16000× g), then pellets were dried for
10min (V-AQ mode, Vacufuge plus, Eppendorf), and 50μl
of nuclease-free water was added. Samples were shotgun-
sequenced for metagenomics on the Illumina HiSeq platform
at Novogene (Tianjin, China), and paired-end reads were
generated. For HiSeq sequencing, each sample can be
barcoded (added during library preparation), and equal quan-
tities of barcoded libraries can be multiplexed during sequenc-
ing. HiSeq reads are aligned to a cohort of nonredundant
National Center for Biotechnology Information (NCBI)
complete genomes using the Short Oligonucleotide Analysis
Package (SOAP) alignment tool29, which is typically faster
to run than the Basic Local Alignment Search Tool (BLAST)
or the BLAST-like Alignment Tool (BLAT). Genome coverage
is calculated using the SOAP.coverage package.

2.3. De Novo Assembly and Analysis. The quality control of
the metagenomic reads was performed using FastQC [8]

and MultiQC [9]. Adapters and low-quality reads were
removed. We set the minimum base quality score of 38.
Bases with quality score < 38 were treated as low-quality
bases. Reads were filtered as long as they contained more
than 40 bp of low-quality bases. We also removed reads that
contained more than 10 bp of N and reads that overlapped
more than 15 bp with adapters to generate clean data. The
high-quality reads were de novo assembled into contigs by
using MEGAHIT [10] with default settings. We used
QUAST [11] to evaluate metagenomic assemblies.

Assembled contigs were used to predict open reading
frames (ORFs) using Prokka [12] with annotation mode
included archaea, bacteria, mitochondria, and viruses. To
get the nonredundant ORF dataset, the ORFs of four samples
were merged, and the redundant ORFs were removed using
CD-HIT [13, 14]. The abundance of ORFs in each sample
was calculated using Salmon [15]. The ORFs were taxonom-
ically annotated against the NCBI GenBank nonredundant
protein sequence (nr) database using DIAMOND (E-value
1e-5) [16]. Taxonomic annotations were generated using
MEGAN6 [17], with the maximum e-value cutoff as 1e-5.
For KEGG and COG annotation, the ORFs were searched
against eggNOG database using eggNOG-mapper [18].
Besides, the ORFs that encode carbohydrate-active enzyme
(CAZyme) domain were profiled by mapping against CAZy
database [19] using DIAMOND (E-value 1e-5).

Shannon-Weaver index, Simpson’s index, Shannon
evenness index, and Bray-Curtis index of all taxa at the
species level were estimated using Vegan. UPGMA cluster-
ing of samples was obtained using SplitsTree4 [20]. The
clustering tree and bar plots were edited in iTOL [21].

2.4. Meta-Pathway Reconstruction. The meta-pathways were
the combination of metabolic pathways of multiple bacteria
in the metagenomic dataset. The meta-pathways were recon-
structed based on the functional annotation of ORFs (gener-
ated using eggNOG database and CAZy database). Also, the
KEGG pathways were profiled using Pathview [22] for
reconstruction. To evaluate the contribution of bacteria to
a given enzyme in the metabolic pathways, the taxonomic
annotation of ORFs (generated using NCBI-NR database)
was combined with the functional annotation.

2.5. Metagenomic-Assembled Genome. Coassemblies were
binned using MetaWRAP (parameters: -c 70 -x 5) [23],
which called concoct, maxbin2, and metabat2 for binning
at the same time. Bin refinement was performed based on
the results of these binning software packages using “bin_
refinement.” Reads were aligned to contigs using BWA to
generate separate files for each cluster. Separated reads were
then reassembled using “reassemble_bins,” and final beat
bins were obtained based on the results of CheckM [24],
which resulted in a final set of 97 bins.

Using CheckM, bins were filtered for completeness ≥
70% and contamination ≤5%. Taxonomy was assigned to
genome bins using GTDB-Tk [25]. The amino acid identity
(AAI) between MAGs was calculated by CompareM v. 0.1.1
[26]. The replication of MAGs was checked at 95% average
nucleotide identity (ANI) to generate the species number
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using pyani [27, 28]. According to the standards suggested by
Glendinning et al. [29], genomes were defined as novel strains
(GTDB-Tk ANI output < 99%), novel species (GTDB-Tk ANI
output < 95%), and novel genera (all MAGs clustered at 60%
AAI [30] without a genus GTDB-Tk assignment).

For MAG phylogenetic analysis, the concatenated
sequence alignment of core marker genes was built by Up-
to-date Bacterial Core Gene pipeline (UBCG) [31].
Conserved blocks were selected from multiple alignments
by Gblocks (parameters: -b5 h) [32] for further analysis.
The best-fit evolutionary model was selected using

ModelTest-NG [33]. The phylogenetic tree was inferred
using RAxML-NG [34] with the GTR+ I+G4 model. Node
support was generated through 500 bootstrap replicates.
The phylogenetic tree was finalized for publication using
iTOL website [21].

For the phylogenetic placement analysis, the MAGs and
reference genomes from NCBI database belonging to the
phyla Planctomycetes and Chloroflexi were selected. To
build the tree of Chloroflexi, we selected 15 genomes involv-
ing complete genomes of Anaerolineae, Ardenticatenia, and
Dehalococcoidia (part of Dehalococcoidia complete
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Figure 1: Taxonomic analysis of Taisui metagenome: (a) sample locations in northern China, (b) the relative abundance (%) of major
families in Taisui samples, (c) the upset plot of the family count in each sample, and (d) alpha and beta diversities of Taisui
metagenomes (the UPGMA clustering based on Bray-Curtis distances of species richness).
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genomes were selected according to the results of GTDB-
Tk), and closely related genome (UBA2991) of MAGs
according to GTDB-Tk. And for the tree of Planctomycetes,
we selected 48 genomes involving complete genomes of
Planctomycetia, Phycisphaerales, and genomes of
UBA1135, UBA1845, and UBA966 according to GTDB-Tk.
All genomes used in phylogeny were evaluated by CheckM
to confirm completeness≥70%. The concatenated core gene
alignments were also performed through UBCG and were
selected using Gblocks. Model selecting and phylogenetic
tree bulling were performed as before with the GTR+ I+G4
model and 100 bootstrap replicates.

2.6. The Phylogenetic Tree of PVA Dehydrogenase. We used
our nonredundant protein sequences of PVA dehydrogenase
and all known protein sequences of PVA dehydrogenase
(AMG75031.1, Q588Z1.3, and P77931.1) from NCBI to
build the phylogenetic tree. Only sequences with length
more than 500 bp were involved. Sequences were aligned
using MAFFT [35] and were trimmed using trimAL [36].
The best-fit evolutionary model was selected using
ModelTest-NG [33]. A multiple sequence alignment pro-
gram, MAFFT, includes two novel techniques: the progres-
sive method (FFT-NS-2) and the iterative refinement
method (FFT-NS-i). The MAFFT program package is freely
available at http://www.biophys.kyoto-u.ac.jp/∼katoh/
programs/align/mafft. trimAl, a tool for automated align-
ment trimming in large-scale phylogenetic analyses, is freely
available for download (http://trimal.cgenomics.org) and
can be used online through the Phylemon web server
(http://phylemon2.bioinfo.cipf.es/). ModelTest-NG is a
reimplementation from scratch of jModelTest and ProtTest,
two popular tools for selecting the best-fit nucleotide and
amino acid substitution models, respectively. ModelTest-
NG is available under a GNU GPL3 license at https://
github.com/ddarriba/modeltest. The phylogenetic tree was
inferred using RAxML-NG [34] with the LG+G4 model.
RAxML-NG is a from-scratch reimplementation of the
established greedy tree search algorithm of RAxML/ExaML.
RAxML-NG offers improved accuracy, flexibility, speed,
scalability, and usability compared with RAxML/ExaML.
AxML-NG web service (maintained by Vital-IT) is available
at https://raxml-ng.vital-it.ch/.Node support was generated
through 100 bootstrap replicates. The phylogenetic tree
was finalized for publication using iTOL website [21].

3. Results

Weobtained shotgunmetagenome sequence from fourTaisui
samples (located in Liaoning, Inner Mongolia, and Xinjiang
province, Figure 1(a)). The metagenomic database provided
27.3Gb clean data and 178 million high-quality reads in total
for de novo assembling and binning (Table 1).

3.1. Taxonomic Annotation. The taxonomic annotation indi-
cates the stabilization of four Taisui microbial communities.
Proteobacteria was the dominant phylum with relative
abundances from 59.55% to 71.82%. Five phyla, Planctomy-
cetes, Acidobacteria, Chloroflexi, Actinobacteria, and

Bacteroidetes, were subdominant populations (with abun-
dances from 1% to 10%). The stabilization of Taisui commu-
nities was also found at other taxonomic levels. At the family
level, most taxa (>80%) were common in all samples
(Figure 1(c)). Twelve families—containing Caulobactera-
ceae, Sphingomonadaceae, Bradyrhizobiaceae, etc.—were
enriched in samples with more than 1% relative abundance
in at least one sample (Figure 1(b)). However, diversities
emerged in family distribution. For example, TS.JZ1 had
more than 2 fold abundance of Bradyrhizobiaceae compared
with other samples; TS.BT and TS.XJ had more than 2 fold
abundance of Sinobacteraceae compared with samples from
Liaoning (Figure 1(b)).

Taisui from the same location (TS.JZ1 and TS.JZ2) had
similar microbial composition. Simpson index in TS.JZ1
was the same as TS.JZ2, while Simpson index in TS.BT was
the same as TS.XJ. Shannon index shows more diversity
among samples, but indicates the same trend as Simpson
index (Figure 1(d)). Besides, the UPGMA tree based on beta
diversity illustrates TS.JZ1 and TS.JZ2 as one clade
(Figure 1(d)).

3.2. Metagenome-Assembled Genomes

3.2.1. Assembly of 97 Draft Genomes. We generated 97
metagenome-assembled genomes (MAGs) with complete-
ness ≥70% and contamination ≤5%. According to Bowers
et al. [37], 65 MAGs were high-quality drafts. Among them,
43 bins were preferable with >95% completeness and <5%
contamination, and 2 bins were almost complete with
>97% completeness and 0% contamination. All MAGs had
at least 6× average coverage depth, and 6 Proteobacteria
MAGs had more than 100x coverage (Figure 2). Our MAGs
were taxonomically assigned to 13 microbial phyla by
GTDB-Tk (Figure 2). Notably, 2 MAGs belonged to the
bacteria candidate phylum.

We obtained 95 putative novel species (ANI between
MAG vs. reference genome < 95% and 67 MAGs without
closest placement ANI), and 97 putative novel strains
(ANI < 99%), according to the standard suggested by
Glendinning et al. [29]. Besides, metagenomic databases
provided 39 putative novel genera from 43 MAGs (MAGs
which clustered at 60% mean AAI (amino acid identity) did
not have a genus assignment by GTDB-Tk [30]). Putative novel
genera belonged to 8 phyla involving Proteobacteria, Plancto-
mycetes, Chloroflexi, Acidobacteria, Bacteroidota, Bdellovi-
brionota, Gemmatimonadota, and Verrucomicrobiota.

3.2.2. Novel Genus-Level Lineages. Two novel genus-level
lineages were found in Taisui database, based on the
standards: (1) they formed monophyletic lineages in the
phylogeny, and (2) the average AAI was 60-80% between
the genomes of such lineages and was <55% compared with
known genera [30, 38].

In the tree of Planctomycetes members, we defined one
genus-level novel lineage within the Planctomycetia class
(Figure 3(a)). This lineage involved TS_28 (average coverage
depth 24×) and Planctomycetales bacterium (GCF_
009177095), with 66.4% AAI between members of it. The
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lineage—containing TS_28, GCF_009177095, TS_23 (7x),
TS_47 (7x), and TS_60 (9x)—was a novel lineage at a higher
taxonomic rank, because AAI between members ranged
from 54.9% to 59.8%. Besides, the TS_84 (64x) may
belong to a candidate novel class of Planctomycetes, which
has shown AAI < 45% with other members of the Plancto-
mycetes tree.

In the tree of Chloroflexi members, we defined one
genus-level novel lineage within the Dehalococcoidia class
(Figure 3(b)). It contained TS_80 (10x), TS_54 (13x), TS_

90 (17x), and Dehalococcoidia bacterium UBA2991. The
UBA2991 was identified in saline water as the unclassified
Dehalococcoidia bacterium [39]. Members of this lineage
show <49% AAI with genomes of Dehalococcoidales order
and Dehalogenimonas order, which suggests this lineage
was at least genus-level [30].

3.2.3. Novel Gene Clusters for Secondary Metabolite
Biosynthesis. Among our MAGs, 503 biosynthetic gene clus-
ters (BGCs) were identified from 12 microbial phyla

Table 1: Summary of shotgun sequencing and assembly statistics.

TS.JZ1 TS.JZ2 TS.BT TS.XJ

Clean data size (Gb) 6.4 6.7 7.1 7.1

Clean_Q20 98.66 97.48 97.09 97.52

Clean_Q30 96.55 93.37 92.36 93.41

Number of high quality paired-end reads 45,183,937 43,169,867 44,363,607 45,284,710

Total number of bases 6,777,590,550 6,475,480,050 6,654,541,050 6,792,706,500

Number of contigs (≥500 bp) 391,852 533,634 419,397 479,713

Total contig length (bp) 472,635,294 637,814,029 686,512,143 702,537,509

Average contig size (bp) 1206 1195 1637 1464

Contig N50 (bp) 1339 1287 2465 1910

Largest contig size (bp) 290,257 1,977,463 851,561 1,021,402

Number of transcripts (Prokka) 711,761 820,620 776,716 824,658

Average transcripts length (bp) 473 514 624 585

Phylum Class
Proteobacteria Acidobacteriia
Gemmatimonadetes Alphaproteobacteria
Planctomycetes Ardenticatenia
Actinobacteria Bacteroidia
Verrucomicrobia Bdellovibrionia
Acidobacteria Candidatus Dadabacteria

Bacteroidetes Dehalococcoidia

Chloroflexi Gammaproteobacteria

Bacteria candidate phyla Gemmatimonadetes

Bdellovibriungta Holophagae

Ignavibacteriae Ignavibacteria

Nitrospirae Nitrospiria

Cyanobacteria Phycisphaerae
PlanctomycetiaCalditrichaeota
Thermoleophilia
UndefinedtotalAvgDepth
VerrucomicrobiaeMin. (6.1)

Max. (467.0)

Figure 2: The maximum-likelihood tree among genomes recovered from Taisui samples. The MAGs were labelled by phylum and class, as
assigned by GTDB-Tk. MAGs with “undefined” label were only able to be defined at phylum level. Branches with bootstrap that support
more than 50% were denoted with a purple circle, which became larger as the bootstrap support value increases. The average coverage
depth of all contigs in a bin was shown as heat map.
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(Figure 4(a)). Our BGCs included 22 kinds of types, contain-
ing polyketide synthases (PKSs), nonribosomal peptide
synthases (NRPSs), synthases of linear azole-containing
peptides (LAP), etc. Proteobacteria are linked with most
types of BGCs (n = 18), followed by Planctomycetes (n = 12
), Chloroflexi (n = 10), and Acidobacteria (n = 10).

MAGs provided BGCs that relate to new drug develop-
ment. We identified 167 PKS (types I and III), NRPS,
NRPS-like, and NRPS-PKS gene clusters from 8 phyla.
Searching against the MIBiG database, 149 NRPS, NRPS-
like, and PKS gene clusters had the potential structural
divergence of their products with known biosynthetic genes,
because these BGCs showed <60% similarity with known
clusters [40].

In the Chloroflexi phylum, Candidatus Promineofilum
sp. TS_38 had unusually large repertoires of NRPS (include
NRPS-like clusters) or PKS regions. TS_38 contained 14 tar-
geted biosynthetic loci (754.9 kbp in total length) in 7.3Mbp
contigs. The largest interested region was 108.2 kbp. Seven
regions were complex NRPS-type I PKS systems (involving
hybrid, neighboring, or interleaved) in TS_38 (Figure 4(b)).

In the Planctomycetes phylum, MAGs of novel linea-
ge—including TS_28, TS_23, TS_47, and TS_60—were
identified with PKS or NRPS loci. The phylogenetic tree
reveals that the NRPS-like and T3PKS gene clusters were
commonly observed in the closest reference genomes, but

the NRPS and T1PKS gene clusters were only observed in
the Taisui MAGs (Figure 4(c)).

3.3. PVA Degradation

3.3.1. Novel Putative PVA Dehydrogenase Genes. Taisui
metagenomic database provided 264 putative PVA dehydro-
genase gene based on the KEGG database. Most of PVA
dehydrogenase genes were derived from Proteobacteria
(208), followed by Acidobacteria (29) and Actinobacteria
(21). To understand the evolution of the PVA dehydroge-
nase genes, we built the phylogenetic tree using protein
sequences of our putative genes (length > 500 bp) and all 3
PVA dehydrogenase sequences from NCBI. The phyloge-
netic tree shows that PVA dehydrogenase may have been
ancestral in Proteobacteria, Acidobacteria, and Actinobac-
teria phyla (Figure 5). PVA dehydrogenase in Deltaproteo-
bacteria members (including Deltaproteobacteria bacterium
and Phenylobacterium sp.) may be gained via horizontal
gene transfer from members of Actinobacteria. One species
of Planctomycetes had PVA dehydrogenase, which was
placed between clades of Actinobacteria.

3.3.2. Putative Pyrroloquinoline-Quinone Synthase Genes. In
PVA degradation, pyrroloquinoline quinone (PQQ) is pre-
sumed to be needed for PVA dehydrogenase [2]. To identify

Classes of Planctomycetes
Planctomycetia

Unclassified Planctomycetes
Phycisphaerae

(a)

Classes of Chloroflexi
Ardenticatenia

Anaerolineae
Dehalococcoidia

(b)

Figure 3: Placement of the Planctomycetes (a) and Chloroflexi (b) MAGs into their phylogenetic context. The trees included MAGs and
published genomes with the completeness ≥ 70% and were inferred using RAxML-NG with 100 bootstrap replicates. Only branches with
bootstrap support values ≥50% were shown. The MAGs were labelled at the class level. Genus-level novel branches were shown in red.
Novel branches at higher level than genus were shown in purple.
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Figure 4: Continued.
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Planctomycetes bacterium UBA1135 (bacteria)

Planctomycetes bacterium 10988 (planctomycetes)

Planctomycetales bacterium (planctomycetes)

Thermogutta terrifontis (bacteria)

Pirellula sp. SH-Sr6A (bacteria)
Pirellula staleyi DAM 6068 (planctomycetes)

BGCs
NRPSTS_84

TS_7

TS_23
TS_47
TS_60
TS_28

TS_11

TS_32
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Figure 4: Predicted biosynthetic gene clusters from the Taisui MAGs: (a) biosynthetic gene clusters (BGCs) identified on MAG sequences
were summed as phyla on the y axis and were colored by product types as the results of antiSMASH, (b) seven large PKS-NRPS hybrid or
neighboring or interleaved gene clusters in the Candidatus Promineofilum sp. TS_38 genome were shown, and (c) phylogenetic tree of
Planctomycetia MAGs with predicted PKS or NRPS clusters (∗) and closest reference genomes of them (counts of PKS or NRPS clusters
was shown in the bar plot).
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microbial symbiotic during PVA degradation, we assigned
putative PQQ synthase genes to taxon. More than half of
PQQ synthase genes were derived from Proteobacteria. Bra-
dyrhizobium icene provided most amount of PQQ synthase
(387), followed by Chlorobi bacterium OLB5 (164) and
Novosphingobium nitrogenifigens (137). The result shows
the difference of providers for PVA dehydrogenase and
PQQ synthase in Taisui systems.

4. Discussion

4.1. The Relative Stable Microbial System in Taisui. In the
present work, we gave the first standard of Taisui metagen-
ome through shotgun sequencing of four samples. Accord-
ing to the analysis of 228 Taisui finding-reports, Taisui
mainly exists in the soil layer of northern China [4]. There-
fore, we chose four soil existed Taisui samples from north-
ern China with stable morphology for better representation
(microscopic observations in Figure S1). The taxonomic
analysis illustrates a relatively consistent microbial
community structure in different Taisui samples. Taisui
samples from the same location had closer community
structures. Biogeographic patterns of bacteria had been
identified in soil metagenomes, which are more related to

environmental variation [41]. The taxonomic variation
between Taisui samples may also be influenced by
environmental variations, for example, precipitation
(TS.JZ1 and TS.JZ2 were from subhumid regions; TS.BT
was from the semiarid region; TS.XJ was from the arid
region). Besides, dominant taxa in Taisui were common
taxa in soil metagenomes. Marker gene amplification of
Taisui also illustrates the same phenomenon [3]. It is
reasonable because we used soil existed Taisui.

The functional annotation shows almost the same
relative abundances of functional classifications of Taisui
samples (Figure S2 and S3). The functional stability was
also identified in human gut microbiota, which indicates
the existence of a relatively stable ecological system [42].
Reconstruction of meta-pathway illustrated Taisui
communities as carbon fixation, nitrogen fixation, and
biosynthesis (Figure 6). At the family level, Caulobacteraceae,
Sinobacteraceae, and Sphingomonadaceae contributed more
than 30% related genes of the reductive citric acid cycle (rTCA
cycle), while Burkholderiales, Xanthobacteraceae,
Sphingomonadaceae, and Bradyrhizobiaceae contributed
almost half of the N-fixation enzymes on average. The
difference between functional providers of carbon fixation and
nitrogen fixation may suggest the symbiosis between microbes

Phylum

Proteobacteria

Acidobacteria

Actinobacteria<actinobacteria>

Planctomycetes

No hits

Tree scale: 10

Figure 5: The maximum-likelihood tree of protein sequences of PVA dehydrogenase. Sequences from NCBI were shown in gray.
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in the Taisui community. However, more samples are needed
for reliable cooccurrence network analysis [43].

4.2. Expanded Diversity of Microbial Genome and
Biosynthetic Gene Cluster. Historical changes in population
size, such as those caused by demographic range expansions,
can produce nonadaptive changes in genomic diversity
through mechanisms such as gene surfing Microbial species
and their populations exhibit remarkable genomic diversity
[44]. While mutation and recombination promote genetic
variation in all forms of life, the genomic diversity of Bacte-
ria and Archaea is enhanced dramatically by their proclivity
for Horizontal Gene Transfer (HGT). Genomic analyses of
diverse microbes provide similar results and it seems that a
majority of genes in any pan-genome will be comprised of
either high-frequency core genes or low-frequency strain-
specific genes. These patterns of genomic diversity reveal
the fundamental impact of HGT on evolution, and they
suggest that bacterial and archaeal genomes comprise a
dynamic mosaic of horizontally acquired genes whose
frequency fluctuates in the population in response to both
selection and genetic drift.

Our MAGs filled in some phylogenetic gaps and could
be valuable in the detail inferring of phylogenetic relation-
ships in bacterial. The MAGs for novel genera include taxa
with very little genomic information published. One novel
genus belonging to Proteobacteria was assigned to the Ster-
oidobacteraceae family, and this family has only 9 published

genomes in NCBI. In the Chloroflexi phylum, we identified
one novel genus in each of the classes Dehalococcoidia and
Aredenticatenia. The Dehalococcoidia contain only 2 for-
mally published genera, involving Dehalococcoides and
Dehalogenimonas [45]. And the Aredenticatenia class only
had been identified in sludge and hydrothermal field
[46–49] with 8 published genome on NCBI. In the Acido-
bacteria phylum, 3 novel genera of the Holophagales order
were identified. The Holophagales order only contains the
genera Holophaga and Geotes with a wide range of uncul-
tured bacteria mainly from marine and soil [50].

Our MAGs also included novel gene clusters of NRPS,
NRPS-like, and PKS (89.2% gene clusters < 60% similarity
with known BGCs). Most of identified BGCs were linked
with Proteobacteria, which is a common producer of wide
bacterial natural products [51–53]. But few BGCs were
reported in the published genomes of bacteria candidate
phyla [54, 55]. We expand the number of taxa in Candida-
tus Dadabacteria phylum encoding BGCs. Besides, 2 MAGs
of the Ardenticatenaceae family (belonging to Chloroflexi
phylum) were detected with large NRPS or PKS loci, which
were referred to as “Candidatus Promineofilum sp. TS_6”
and “Candidatus Promineofilum sp. TS_38.” The BGCs
linked to Ardenticatenaceae were few (6 linked clusters in
total), according to the IMG database [54]. We expand
Ardenticatenaceae with potential productions of PKS and
NRPS. The large NRPS and PKS loci may provide source
for new drug finding.
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Sphingomonadaceae
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Pyruvate
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acid cycle
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Figure 6: The sketch map of the metabolic pathways reconstructed from genes of Taisui samples (based on Figure S4–S7). The pie charts,
which beside the names of enzymes or pathways, show the contribution ratio of taxa at family level. Abbreviations: NRT: ammonium
transporter; NifDKH: nitrogenase; metB: cystathionine gamma-synthase; metE: 5-methyltetrahydropteroyltriglutamate–homocysteine
methyltransferase; metH: 5-methyltetrahydrofolate–homocysteine methyltransferase; metK: S-adenosylmethionine synthetase; SepD: S-
adenosylmethionine decarboxylase; SepA: arginine decarboxylase; SepB: agmatinase; SepE: spermidine synthase; PorABDG: pyruvate
ferredoxin oxidoreductase; SAM: S-Adenosylmethionine; CysPUWA: sulfate transporters; ABC transporters: ATP-binding cassette
transporters; MEP: 2-C-methyl-D-erythritol-4-phosphate.
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According to the phylogenetic tree of Planctomycetes
members, NRPS and T1PKS were only observed in Taisui
MAGs (novel lineage including TS_23, TS_47, TS_60, and
TS_28). This result suggests that these two types of BGCs
were acquired independently in evolutionary time in these
taxa. The products of BGCs were used for the competition
or communication with the producers’ environment, and
the abundance of NRPS and PKS domains was influenced
by environmental conditions, involving soil depth, latitude,
moisture, etc. [55, 56]. Therefore, the unconventional envi-
ronment offered by Taisui may cause the encoding of NRPS
and T1PKS gene clusters in these MAGs.

4.3. Rich Diversity of PVA Dehydrogenase Genes in the Taisui
Microbial Community. PVA degradation includes two steps:
first, the conversion from the 1,3-glycol structure of two
successive repeating units to the beta-diketone; second, the
broken of the carbon-carbon bond and the conversion of
ketone group to carboxylic group [57]. In Taisui systems,
the first step may begin with PQQ and PVA dehydrogenase,
according to the functional annotation. Taisui has high
water content, so the carbon-carbon bond may be cleavage
by oxidized PVA hydrolase with H2O participation, like
the model illustrated in methylotrophic yeast [58].

Microbes with PVA degradation ability are rare. Most
PVA-degraders belong to the Pseudomonas and Sphingo-
monas genera. Although with novel degraders identified
from grapes and marine bacterium [2], the taxonomic
survey of PVA-degraders is not fruitful. Our results of
putative PVA-degraders from 4 phyla can be a markable
expansion for PVA biodegradation. Genera involving Phe-
nylobacterium, Conexibacter, Steroidobacter, Brevundimo-
nas, Eilatimonas, Sphingopyxis, and Acidobacterium may
also be the source of PVA-degraders.

For PQQ-dependent PVA dehydrogenase, PVA degra-
dation begins with the action of PQQ [2]. The production
of PQQ by microbes (involving Bradyrhizobium, Novosphin-
gobium, Rhodopseudomonas, etc.) can enhance the rate of
PVA degradation. Besides, PVA dehydrogenase and PQQ
synthase were abundant in different species, which suggests
the microbial dependency on PVA degradation in Taisui.

5. Conclusion

According to metagenomic analysis, we concluded that the
community structure of polymeric compound Taisui was
relatively stable. The high abundances of Proteobacteria,
Acidobacteria, Chloroflexi, Actinobacteria, and Bacteroi-
detes in Taisui can also be identified in the soil microbial
community, suggesting the close relationship of Taisui and
soil. As a unexplored system, Taisui communities provide
genomes of previously poorly sampled microbial lineages,
which is a valuable step for a comprehensive picture of the
evolutionary history of life. For new drug development,
BGCs of PKS and NRPS were expanded in phyla including
Candidatus Dadabacteria, Chloroflexi, and Planctomycetes.
The substantial putative PVA dehydrogenase genes were
identified in 4 phyla, suggesting rich diversity of PVA dehy-
drogenase genes in Taisui communities. The gene of PVA

degradation in microbes may acquire independently or from
horizontal gene transfer. And the PQQ providers may
enhance the PVA degradation rate in Taisui.
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Supplementary Materials

Figure S1: microscopic observations of Taisui tissues. (a)
The histological imprints of a piece of Taisui tissue. (b)
The histological sections stained with hematoxylin and eosin
(HE) of Taisui tissues. Figure S2: the relative abundance (%)
of KEGG based annotations in Taisui samples. The relative
abundances of the level 1 classification of KEGG in four
samples. (b) The relative abundances of the level 2 classifica-
tion of KEGG in four samples (classifications with relative
abundance above 1% are shown). Figure S3: the relative
abundance (%) of COG-based annotations in Taisui sam-
ples. The relative abundances of the level 1 classification of
COG in four samples. (b) The relative abundances of the
level 2 classification of COG in four samples. Figure S4: the
enrichment of carbon fixation pathways in four Taisui
samples. Each node was divided into four blocks vertically,
representing TS.JZ1, TS.JZ2, TS.BT, and TS.XJ in order from
left to right. The colors of blocks represent the count of tran-
scripts that annotated to this function, and the red block
represents the transcripts number ≥500: Figure S5: the
enrichment of benzoate degradation pathways in four Taisui
samples. Each node was divided into four blocks vertically,
representing TS.JZ1, TS.JZ2, TS.BT, and TS.XJ in order from
left to right. The colors of blocks represent the count of tran-
scripts that annotated to this function, and the red block
represents the transcripts number ≥500: Figure S6: the
enrichment of nitrogen metabolism pathways in four Taisui
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samples. Each node was divided into four blocks vertically,
representing TS.JZ1, TS.JZ2, TS.BT, and TS.XJ in order from
left to right. The colors of blocks represent the count of tran-
scripts that annotated to this function, and the red block
represents the transcripts number ≥500: Figure S7: the
enrichment of terpenoid backbone biosynthesis pathways
in four Taisui samples. Each node was divided into four
blocks vertically, representing TS.JZ1, TS.JZ2, TS.BT, and
TS.XJ in order from left to right. The colors of blocks repre-
sent the count of transcripts that annotated to this function,
and the red block represents the transcripts number ≥500:
(Supplementary Materials)
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This study is aimed at exploring the effect of pulmonary surfactant (PS) combined with noninvasive positive pressure ventilation
on the levels of Keratin-14 (KRT-14) and Endothelin-1 (ET-1) in peripheral blood and the therapeutic effect of neonatal
respiratory distress syndrome (NRDS). Altogether 137 cases of neonates with respiratory distress syndrome treated in our
hospital from April 2016 to July 2018 were collected. Among them, 64 cases treated with noninvasive positive pressure
ventilation were considered as the control group, and 73 cases treated with PS combined with noninvasive positive pressure
ventilation were considered as the observation group. The expression of KRT-14 and ET-1 in the two groups was compared.
The therapeutic effect, death, complications, and blood gas indexes PaO2, PaCO2, and PaO2/FiO2 in the two groups were
compared. Receiver operating characteristic curve (ROC) was applied to analyze the diagnostic value of KRT-14 and ET-1 in
the therapeutic effect of NRDS. The effective rate of the observation group was higher than that of the control group. After
treatment, PaO2 and PaO2/FiO2 in both groups were notably higher than that before treatment, while PaCO2 was notably
lower than that before treatment. And after treatment, the levels of PaO2 and PaO2/FiO2 in the observation group were
remarkably higher than that in the control group; PaCO2 was notably lower than that in the control group. After treatment,
the levels of KRT-14 and ET-1 in the two groups were remarkably lower than those before treatment, and the levels of KRT-14
and ET-1 in the observation group were considerably lower than those in the control group after treatment. ROC curve
showed that the area under the curve (AUC) of KRT-14 was 0.791, and the AUC of ET-1 was 0.816. PS combined with
noninvasive positive pressure ventilation can notably improve the therapeutic effect of NRDS. KRT-14 and ET-1 levels may be
potential therapeutic diagnostic indicators.

1. Introduction

Neonatal respiratory distress syndrome (NRDS) is one of the
most common diseases in neonatal intensive care unit, the
incidence rate of which is about 7% among infants, and it is
also one of the main causes of neonatal death in hospital in
China [1, 2]. The main mechanism of the disease is hypox-
emia and hypercapnia caused by lack of surfactant. The diffu-
sion efficiency of oxygen through the alveolar-capillary
exchange barrier is disturbed due to various factors, and lung
injury in neonates will lead to asthma, septicemia, pneumo-

nia, and other complicated symptoms [3]. Premature deliv-
ery of pregnant women and pregnancy diseases may lead to
morbidity. Only early diagnosis and treatment can improve
the quality of life of neonates [4, 5].

Since the pathogenesis of NRDS is the lack of pulmonary
surfactant, exogenous pulmonary surfactant (PS) replace-
ment therapy is also found to be an effective treatment [6].
When neonates suffer from respiratory failure, respiratory
support for them can also improve their condition. But inva-
sive ventilation is easy to cause a series of complications such
as lung infection, ventilator-associated lung injury, etc.,
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which makes people pay wide attention to the clinical appli-
cation of noninvasive ventilation [7]. It has been found in
lots of studies that noninvasive positive pressure ventilation
can significantly improve the condition of NRDS neonates
and has good safety [8, 9]. At the same time, some studies
also reveal that PS combined with noninvasive positive pres-
sure ventilation can further improve the clinical efficacy [10].

Keratin-14 (KRT-14) is a cytoskeleton protein that has
good diagnostic value for lung tissue injury [11]. A study
by team of Confalonieri et al. [12] reported that KRT14 is
a viable biomarker for activation and repair/regeneration
of lung cells. It participates in the repair and regeneration
of alveoli, and the alveoli collapsed, and lung cells were
severely damaged in neonates with NRDS, so KRT14 may
be used as an indicator of the improvement of the condition
of neonates with RDS. Endothelin-1 (ET-1) is a vasoactive
substance, which is mainly produced in lung tissue. It pro-
motes the gradual change of pulmonary vascular reactivity
through angiogenesis. It involves vascular regulation,
bronchoconstriction, and inflammatory reaction in respira-
tory system. Endothelium and epithelial dysfunction in
RDS patients can be caused by induction of proinflamma-
tory mechanism. The use of endothelin receptor antagonist
can regulate lung injury [13, 14]. The study of El’s team
[15] examined the plasma ET-1 concentration of 69 prema-
ture neonates aged 28 weeks to 34 weeks and diagnosed with
NRDS. It is found that the ET-1 concentration on the 3rd
day of birth increases significantly, and it has predictive
value for whether the infant would develop bronchopulmon-
ary dysplasia. At present, there is little research on the corre-
lation of KRT-14 and ET-1 with curative effect of NRDS
neonates.

Therefore, this study is aimed at providing the basis and
direction for clinical research through PS combined with
noninvasive positive pressure ventilation to treat NRDS neo-
nates and observing the levels of KRT-14 and ET-1 in
peripheral blood.

2. Materials and Methods

Totally 137 neonates with NRDS treated in our hospital
from April 2016 to July 2018 were collected. All neonates
were admitted to hospital for basic treatment such as keep-
ing breathing smooth, anti-infection, and maintaining water
and electrolyte balance. Among them, 64 infants were
included in the control group, who received treatment of
noninvasive positive pressure ventilation on the basis of
basic treatment, including 37 males and 27 females. The
other 73 infants received treatment of PS combined with
noninvasive positive pressure ventilation on the basis of
basic treatment were considered as the observation group,
including 38 males and 35 females. The study was approved
by the Medical Ethics Committee, and all parents of the
infants were informed and signed the informed consent
form.

2.1. Inclusion and Exclusion Criteria. For inclusion criteria,
all neonates were diagnosed as NRDS by imaging, and the

diagnostic criteria were based on the European consensus
guidelines on the management of respiratory distress
syndrome-2016 update [16]. Newborns with complete clini-
cal data and treatment.

For exclusion criteria, neonates had congenital immune
defects. Neonates complicated with other respiratory dis-
eases, acute infectious diseases, or liver and kidney insuffi-
ciency. Neonates were allergy to therapeutic drugs or
methods.

2.2. Therapies. After admission, the two groups of neonates
were treated with 21%-80% oxygen concentration, 6-
8 L/min gas flow rate, and 4-7 CMH pressure. When CPAP
decreased to 2-3 cmH2O and oxygen concentration
decreased to 25%, dyspnea was significantly relieved or dis-
appeared; the treatment was terminated. If the oxygen con-
centration was >80%, the pressure was >6-7 cmH2O, and
the oxygen saturation was still <85% after 6-8 hours of treat-
ment, or type II respiratory failure occurred, the treatment
method was changed to mechanical ventilation. On the basis
of the above, neonates in the observation group were
injected with exogenous PS [17] into trachea as soon as
possible.

2.3. Sample Collection and ELISA Detection. After the patient
was admitted to hospital and at 7: 00 a.m. the next morning
after treatment, 5mL of sterile venous blood was collected
and loaded into the coagulation tube. The serum was col-
lected by centrifuge (3000 x g at 4°C for 10min) and stored
in the refrigerator at -80°C. The levels of KRT-14 and ET-1
were detected by ELISA. Blank well, standard sample well,
and sample to be tested well were set up. S0 standard sub-
stance with the concentration of 0 was added into the blank
well, and 50μL of standard substance with different concen-
trations was added to the standard well. In the sample well,
10μL of sample to be tested was firstly added to it and then
added with sample diluent 40μL. Nothing was added to the
blank well. In addition to the blank wells, 100μL of HRP
labeled detection antibody was added to each of the standard
wells and the sample wells. The reaction wells were sealed
with a sealing plate membrane and incubated in a water bath
at 37°C for 65min. The liquid was discarded, and the absor-
bent paper was patted dry. Each well was filled with washing
liquid and allowed to stand for 2min. The washing liquid
was thrown off, and the absorbent paper was patted dry.
This procedure was repeated 6 times. Substrates A and B
were added to each well, 50μL each, and incubated at 37°C
in the dark for 10min. The OD value of each well was mea-
sured at 450 nm wavelength within 15min after adding
50μL of stop solution to each well. Calculate the
concentration.

2.4. Efficacy Evaluation. For effective, after treatment, the
clinical symptoms of the neonates disappeared or relieved,
X-ray films showed that abnormal shadow areas of the lungs
disappeared or improved, and blood gas indexes were nor-
mal or improved. For ineffective, after treatment, the clinical
symptoms of the neonates became worse or did not improve
or even died, X-ray films showed enlarged or not improved
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shadow areas, and blood gas indexes deteriorated or did not
improve.

2.5. Outcome Measures. For main outcome measures, the
expression of KRT-14 and ET-1 in the observation group and
the control group was compared, and the therapeutic effect,
death, and complications of the two groups were compared.

For secondary outcome measures, the clinical data of the
two groups of neonates were compared. The blood gas indexes
PaO2, PaO2, and PaO2/FiO2 of the two groups of neonates
were compared. The diagnostic value of KRT-14 and ET-1
in the therapeutic effect of NRDS neonates was analyzed by
using receiver operating characteristic curve (ROC).

2.6. Statistical Analysis. SPSS20.0 (SPSS, Chicago, USA) was
utilized to carry out statistical analysis on the collected data.
GraphPad Prism 7 (GraphPad, San Diego, USA) was
adopted for pictures drawing of the collected data. Enumer-
ation data were expressed as (%), qualified by chi-square
test, and expressed by x2. Measurement data were expressed
by mean standard deviation (Means ± SD). All measurement
data were in accordance with normal distribution. Indepen-
dent sample t-test was used for comparison between the two
groups. ROC was used to evaluate the diagnostic value of
KRT-14 and ET-1 in the therapeutic effect of NRDS neo-
nates. p < 0:05 was regarded as statistically significant.

3. Results

3.1. Clinical Data. By comparing the clinical data of the two
groups of neonates, we found that there was no remarkable
difference between the two groups in gender, gestational

age, body mass, Apgar score, age of pregnant women, hyper-
tension of pregnant women, diabetes of pregnant women,
premature rupture of membranes, delivery mode, premature
delivery, and delivery history, as shown in Table 1.

Comparison of therapeutic effects and adverse reactions
between the two groups

We observed and compared the therapeutic effects of the
two groups of neonates after treatment. It was found that the
effective rate of the observation group was considerably higher
than that of the control group. There was no remarkable dif-
ference between the two groups in death, bronchial dysplasia,
cyanosis, and shortness of breath, as shown in Table 2.

3.2. Blood Gas Index of Two Groups. By comparing the blood
gas indexes PaO2, PaCO2, and PaO2/FiO2 before and after
treatment, we found that there was no remarkable difference

Table 1: Clinical data.

Observation group (n = 73) Control group (n = 64) X2/t p

Gender

Male 38 (52.05) 37 (57.81)

Female 35 (47.95) 27 (42.19) 0.456 0.499

Gestational age (weeks) 33:37 ± 2:12 32:87 ± 2:05 1.399 0.164

Body mass (kg) 2:82 ± 0:69 2:71 ± 0:58 1.002 0.318

Apgar score 8:47 ± 1:31 8:28 ± 1:26 0.862 0.390

Age of pregnant woman (years) 27:3 ± 4:8 26:5 ± 4:1 1.041 0.230

Hypertension of pregnant women 9 (12.33) 5 (7.81) 0.758 0.384

Diabetes of pregnant women 11 (15.07) 7 (10.94) 0.510 0.475

Premature rupture of membranes 9 (12.33) 10 (15.63) 0.310 0.578

Delivery mode

Eutocia 41 (56.16) 40 (62.50) 0.566 0.452

Cesarean section 32 (43.84) 24 (37.50)

Premature delivery

Yes 52 (71.23) 41 (64.06) 0.804 0.370

No 21 (28.77) 23 (35.94)

Delivery history

0.027 0.870Primiparity 50 (68.49) 43 (67.19)

Multiparity 23 (31.51) 21 (32.81)

Table 2: Therapeutic effect and adverse reactions.

Observation
group (n = 73)

Control group
(n = 64) t p

Effective
curative effect

67 (91.78) 51 (79.69)
4.175 0.041

Ineffective
curative effect

6 (8.22) 13 (20.31)

Death 3 (4.11) 6 (9.38) 1.540 0.215

Bronchial
dysplasia

6 (8.22) 11 (17.19) 2.514 0.112

Cyanopathy 8 (10.96) 10 (15.63) 0.651 0.420

Shortness of
breath

9 (12.33) 14 (21.88) 2.225 0.136
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between the observation group and the control group in the
three before treatment. After treatment, PaO2 and PaO2/-
FiO2 in both groups were notably higher than before treat-
ment, while PaCO2 was notably lower than before
treatment. The levels of PaO2 and PaO2/FiO2 in the observa-
tion group were considerably higher than the control group,
while PaCO2 was considerably lower than the control group,
as shown in Figure 1.

Changes and contents of krt-14 and ET-1 before and
after treatment

Comparison of the levels of KRT-14 and ET-1 before
and after treatment in the two groups revealed that the levels
of them in the observation group were not considerably dif-
ferent from those in the control group before treatment.
After treatment, the levels of the two in both groups were
notably lower than those before treatment, and the levels
of the two in the observation group were considerably lower
than those in the control group, as shown in Figure 2.

3.3. Diagnostic Value of Therapeutic Effects of KRT-14 and
ET-1. By comparing the levels of KRT-14 and ET-1 in neo-
nates with effective and ineffective curative effects, we found
that the levels of the two in neonates with ineffective curative
effects were considerably higher than those in neonates with
effective curative effects (p < 0:05). Through ROC, we
detected the diagnostic value of KRT-14 and ET-1 in the
curative effects of NRDS neonates and found that the area
under the curve (AUC) of KRT-14 was 0.791, and the
AUC of ET-1 was 0.816, as shown in Table 3 and Figure 3.

4. Discussion

The basic pathogenesis of NRDS is acute diffuse alveolar
capillary injury, which leads to increase pulmonary capillary

permeability, alveolar, and interstitial edema and ultimately
gives rise to type II alveolar cells damage. This kind of dam-
age will reduce pulmonary surfactant, thus leading to a
decrease in alveolar surface tension, contraction of alveolar
groups, and abnormal pulmonary ventilation/blood flow
ratio, eventually triggering severe hypoxemia [18, 19]. Non-
invasive positive pressure ventilation can relax the alveoli of
neonates, improve the compliance of neonates’ lungs, main-
tain the pressure in alveoli, and keep smooth breathing of
neonates. Exogenous PS can supplement the lack of PS in
neonates, thus reducing the tension of alveoli in neonates,
preventing alveoli atrophy, improving lung respiratory func-
tion and lung compliance, and increasing blood oxygen sat-
uration in NRDS, thus to reduce the mechanical ventilation
time of neonates [20, 21].

First of all, we compared the therapeutic effect and
adverse reactions of the two groups after treatment and
found that the therapeutic effect of PS combined with non-
invasive positive pressure ventilation was much better than
that of noninvasive positive pressure ventilation alone, but
there was no statistical difference in mortality rate between
the two groups. Then, we compared the blood gas indexes
PaO2, PaO2, and PaO2/FiO2 of the two groups before and
after treatment. After treatment, PaO2 and PaO2/FiO2
increased in both groups, and PaCO2 decreased significantly.
After treatment, the levels of PaO2 and PaO2/FiO2 in the
observation group were remarkably higher than those in
the control group, while PaO2 was remarkably lower than
that in the control group. The blood gas status of NRDS neo-
nates will be remarkably worse than that of normal new-
borns due to the oxygenation status of the lungs and the
respiratory function of the neonates. Once the symptoms
of the neonates are controlled and the pulmonary function
and respiratory function are improved, the blood gas index
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Figure 1: Changes of blood gas indexes before and after treatment. (a) There was no significant difference in PaO2 between the observation
group (42:39 ± 6:14) and the control group (41:01 ± 5:89) (t = 1:338, p = 0:183). PaO2 in both groups was significantly increased after
treatment (p < 0:05), and it in the observation group (76:92 ± 5:94) was significantly higher than the control group (68:54 ± 5:96)
(t = 8:226, p < 0:001). (b) There was no significant difference in PaCO2 between the observation group (51:38 ± 4:57) and the control
group (52:64 ± 3:89) (t = 1:725, p = 0:087). PaCO2 in both groups was significantly decreased after treatment (p < 0:05), and it in the
observation group (35:58 ± 3:10) was significantly lower than the control group (43:08 ± 3:83) (t = 12:659, p < 0:001). (b) There was no
significant difference in PaO2/FiO2 between the observation group (189:19 ± 10:95) and the control group (192:05 ± 11:55) (t = 1:487, p
= 0:139). PaO2/FiO2 in both groups was significantly increased after treatment (p < 0:05), and it in the observation group
(426:97 ± 41:39) was significantly higher than the control group (387:18 ± 28:86) (t = 6:115, p < 0:001). ∗∗ denotes p < 0:01; ∗∗∗ denotes p
< 0:001.
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of the neonates will return to normal [22]. This also shows
that the combined treatment is more effective.

Then, we detected the levels of KRT-14 and ET-1 of neo-
nates in both groups. KRT-14 and ET-1 are two factors
related to lung tissue [23, 24]. We found that the levels of
KRT-14 and ET-1 in the two groups after treatment were
notably lower than those before treatment, and the levels
of the two in the observation group after treatment were
notably lower than those in the control group. Moreover,
we also found that KRT-14 and ET-1 in neonates with inef-
fective therapeutic effects were remarkably higher than those
in neonates with effective therapeutic effects, which further
suggests that KRT-14 and ET-1 may be used as therapeutic
diagnostic indicators for NRDS neonates. Therefore, we
evaluated the diagnostic value of therapeutic effect of KRT-

14 and ET-1 by ROC and found that the AUC of KRT-14
was, specificity and sensitivity was, and the AUC of ET-1
curve was, specificity and sensitivity was. Both of them have
certain diagnostic value in the diagnosis of curative effect of
NRDS neonates and may become the diagnostic index of
curative effect of potential NRDS neonates.

However, there are still some deficiencies in our study.
The subjects included in our study are all sick neonates,
and healthy newborns are not included for comparison.
We did not explore differences between the measures tested
in this study and healthy newborns. Secondly, there are dif-
ferent types of PS available for treatment [25, 26], so it is
hoped that corresponding research can be added in the
follow-up for the differences in therapeutic effects of differ-
ent PS. At last, we found that some complications occurred
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Figure 2: Levels of KRT-14 and ET-1 before and after treatment. (a) There was no significant difference in KRT-14 between the observation
group (4:38 ± 0:84) and the control group (4:41 ± 0:70) (t = 0:822, p = 0:225). KRT-14 in both groups was significantly decreased after
treatment (p < 0:05), and it in the observation group (2:99 ± 0:64) was significantly lower than the control group (3:31 ± 0:51) (t = 3:206,
p < 0:002). (b) There was no significant difference in ET-1 between the observation group (51:34 ± 5:13) and the control group
(49:90 ± 4:75) (t = 1:697, p = 0:092). ET-1 in both groups was significantly decreased after treatment (p < 0:05), and it in the observation
group (33:29 ± 3:93) was significantly lower than the control group (41:51 ± 4:48) (t = 11:441, p < 0:001). ∗∗∗ denotes p < 0:001.

Table 3: ROC.

Index AUC 95% CI Specificity Sensitivity Youden index Cut-off

KRT-14 0.791 0.665~0.917 85.47% 60.00% 45.47% >3.645
ET-1 0.816 0.726~0.907 76.07% 70.00% 46.07% >40.060
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in the treatment of neonates, but we did not explore the risk
factors of these complications. We hope to supplement the
corresponding discussion in the follow-up study to improve
our point of view.

5. Conclusion

PS combined with noninvasive positive pressure ventilation
can significantly improve the therapeutic effect of NRDS.
KRT-14 and ET-1 levels may be potential therapeutic diag-
nostic indicators.
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Figure 3: Diagnostic value of curative effect of KRTt-14 and ET-1. (a) KRT-14 in neonates with effective therapeutic effect (2:94 ± 0:56) was
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Spinal cord ischemia/reperfusion (SCI/R) injury is a devastating complication usually occurring after thoracoabdominal aortic
surgery. However, it remains unsatisfactory for its intervention by using pharmacological strategies. Oxidative stress is a
main pharmacological process involved in SCI/R, which will elicit downstream programmed cell death such as the novel
defined necroptosis. Astragalin is a bioactive natural flavonoid with a wide spectrum of pharmacological activities. Herein,
we firstly evaluated the effect of astragalin to oxidative stress as well as the possible downstream necroptosis after SCI/R in
mice. Our results demonstrated that astragalin improves the ethological score and histopathological deterioration of SCI/R
mice. Astragalin mitigates oxidative stress and ameliorates inflammation after SCI/R. Astragalin blocks necroptosis induced
by SCI/R. That is, the amelioration of astragalin to the motoneuron injury and histopathological changes. Indicators of
oxidative stress, inflammation, and necroptosis after SCI/R were significantly blocked. Summarily, we firstly illustrated the
protection of astragalin against SCI/R through its blockage to the necroptosis at downstream of oxidative stress.

1. Introduction

Ischemia reperfusion injury is a secondary pathological condi-
tion caused by restoration of blood perfusion to the primary
ischemic tissues [1]. In clinical surgery, before vascular and gen-
eral surgery, transient clamping to the related arterial vessels is
usually imperative. However, occurrence of secondary reperfu-
sion injury after surgery is still inevitable, especially in thora-
coabdominal aortic surgery. Spinal cord ischemia/reperfusion
(SCI/R) injury is mainly such a devastating complication of
thoracoabdominal aortic surgery, which will in different degree
threaten the patients with risk of quadriplegia or paraplegia
[2–4]. Although treatments according to the etiology of SCI/R
and surgical strategies have been advanced, effective and ideal
pharmacological therapeutics for SCI/R are still insufficient.

In pathology, excessive reactive oxygen species elicited
by ischemia and reperfusion overwhelms the redox balance
of cells thus leading to oxidative stress. It has been recog-
nized that oxidative stress as a pivotal pathological mediator
for ischemia reperfusion and prevention to oxidative stress
can effectively protect against ischemia reperfusion injury
[5–7]. Cell necrosis is one of the downstream events of oxi-
dative stress and catastrophic consequence of ischemia
reperfusion [1]. Died cells, especially necrotic cells, will
release damage-associated molecular patterns (DAMPs),
for example, high-mobility group box 1 (HMGB1), to mobi-
lize and stimulate sterile inflammation response, which
mainly presents as an excess of proinflammatory factor
upregulation, for example, interleukin-6 (IL-6) and tumor
necrosis factor-α (TNF-α) [8, 9]. In turn, the triggered
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inflammation will lead to further cell necrosis. Therefore,
inhibition of oxidative stress and its downstream cell death
as well as inflammation demonstrates a great therapeutic
potential after SCI/R [5, 6, 10–13].

Recently, a novel modality of programmed cell death
has been discovered, namely, necroptosis, which is similar
with passive necrosis in morphology but is regulated by
genes like apoptosis [14]. Studies have been reported that
necroptosis plays an important pathological role in ische-
mia reperfusion injury, and block to necroptotic signaling
pathway receptor-interacting protein 1- (RIP1-) RIP3-
mixed lineage kinase domain-like protein (MLKL) can
apparently ameliorates ischemia and reperfusion injury
[15–18]. Like passive necrosis, necroptosis can also trigger
inflammation; thus, downregulation to necroptosis is mean-
ingful to alleviate inflammation after ischemia reperfusion
injury [19–21]. Besides, in Liu’s research, they revealed the
pathological role of necroptosis in mouse spinal cord injury
model, which could be ameliorated by the RIP1 specific
inhibitor necrostatin-1 [22]. However, in SCI/R, whether
necroptosis is triggered still remains unverified.

Astragalin is a bioactive natural flavonoid extracted from
a number of plants [23]. Extensive pharmacological effects of
astragalin have been reported recent years. Astragalin has
been demonstrated to mitigate lipopolysaccharide, IL-1β,
and collagen-induced inflammation as well as allergic
inflammation [24–28]. Meanwhile, astragalin has potential
of antioxidative stress and antiapoptosis [29–31]; in myocar-
dial ischemia reperfusion injury, astragalin played cardio-
protective role through its pharmacological activities of
antioxidative, antiapoptotic, and anti-inflammatory [32].
Based on these studies, considering the pathological charac-
teristic of SCI/R, the present work firstly revealed the antiox-
idative stress and anti-inflammation role of astragalin to
reduce neuro-necroptosis in SCI/R.

2. Materials and Methods

2.1. Spinal Cord Ischemia Reperfusion Injury Model and
Drug Administration. Adult male C57BL/6 mice weight about
25g were randomly divided into four groups: the sham group,
the SCI/R group, the SCI/R with astragalin administration
group, and the SCI/R with necrostatin-1 treatment group
(n = 6 in each group). Animal experiments were approved by
the Ethics Committee of Experimental Research, Harbin Med-
ical University, and performed according to the Guide for the
Care and Use of Laboratory Animals published by the National
Institutes of Health. Procedures of SCI/R were operated
according to the previous studies [33, 34]. In brief, mice were
firstly intubated and ventilated by inhalation of 1.5% isoflurane
to induce anesthetization before fixed on the mouse pad in
supine position. Then, heparin with concentration of 200 IU/kg
was injected subcutaneously. The cervicothoracic hair was
cleared by hair removal cream to expose the surgical region.
A cervicothoracic incision along with the ventral midline was
made, and the chest wall was opened from the top of themanu-
brium caudad to the second rib. Then, the aortic arch and left
subclavian artery were exposed and occluded by mouse artery
clamps for 8 minutes. Finally, the chest was closed, and mice

were maintained body temperature on an electric blanket.
Bladder evacuation was expressed manually twice daily during
the reperfusion period. Mice in astragalin and necrostatin-1
treatment groups were administrated with 1mg/kg astragalin
and 2mg/kg necrostatin-1 by intrathecal injection according
to the designed procedure as shown in Figure 1(a).

2.2. Neurobehavioral Evaluation. Motor neuron deficit after
SCI/R was evaluated according to Basso’s score of locomo-
tion at 1 h, 12 h, 24 h, 48 h, and 72 h [35]. The evaluated
grades range from 0 to 9, which, respectively, means from
totally no ankle movements to normal movements.

2.2.1. Histopathological Observation.After 72h of SCI/R, mice
were anesthetized by isoflurane before decollation to flense the
spinal cord tissues. The T6 to L5 segments of the spinal cord
tissues were fixed in paraformaldehyde (4%, w/v) at room tem-
perature for 24h. Then, the tissues were embedded in paraffin
and cut transversely into serial sections with a thickness of
6μm. Standard hematoxylin and eosin (HE) staining of tissue
slides was performed followed by themanufacturer’s suggestion
of HE commercial kit (C0105, Beyotime Institute of Biotechnol-
ogy, China).

2.3. Serum SOD, GSH, and MDA Assay. Superoxide dis-
mutase (SOD), which catalyzes the dismutation of the
superoxide anion into hydrogen peroxide and molecular
oxygen, is one of the most important antioxidant enzymes.
Glutathione (gamma-glutamyl-cysteinyl-glycine; GSH) is the
most abundant low-molecular-weight thiol, and GSH/glu-
tathione disulfide is the major redox couple in animal cells.
Malondialdehyde (MDA) is one of the final products of poly-
unsaturated fatty acid peroxidation in the cells. An increase
in free radicals causes overproduction of MDA.Malondialde-
hyde level is commonly known as a marker of oxidative
stress. After 72 h reperfusion, blood was harvested from the
eyeballs of mice before separation to gain serum. The serum
SOD activity, GSH concentration, and MDA content were
measured in accordance with the manufacturers’ direction
for commercial SOD, GSH and MDA kits (S0101, S0053
and S0131, respectively, Beyotime Institute of Biotechnology,
China).

2.4. Tissue Enzyme-Linked Immunosorbent Assay of IL-6 and
TNF-α. IL-6 is a pleiotropic proinflammatory cytokine that
is mainly secreted by monocytes, and TNF-α is predomi-
nantly produced by macrophages. The two markers are asso-
ciated with apoptosis. The spinal cord tissues harvested after
72 h reperfusion were homogenized in cold PBS using a
manual homogenizer; then, the spinal cord homogenated
lysis was gained after cryogenic ultracentrifugation to subse-
quently detect the IL-6 and TNF-α. Commercial enzyme
linked immunosorbent assay kits of IL-6 and TNF-α were
purchased from R&D Systems, Inc. (M6000B and MTA00B,
respectively). Measurement protocol of IL-6 and TNF-α was
according to the manufacturers’ instructions.

2.5. Western Blotting. Spinal cord tissue protein was
extracted using RIPA lysis (P0013K, Beyotime Institute of
Biotechnology, China) added with phosphatase and protease
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inhibitor cocktail (Thermo Scientific, USA). Protein quanti-
fication was determined by the Bradford method. Tissue
protein extracts were denatured in boiled water bath and
then loaded into the lane of sodium dodecyl sulfate poly-
acrylamide gels. After electrophoresis, the protein was sepa-
rated and then transferred onto nitrocellulose membranes
(HATF00010, Merck Millipore, Germany). The membranes
loaded with target proteins were blocked in 5% nonfat milk
for 2 h and incubated in primary antibody buffer at 4°C over-
night. After primary antibody incubation, the membranes
were incubated in HRP-conjugated secondary antibody
buffer for 2 h at room temperature. Final protein bands were
visualized with the Immobilon Western Chemiluminescent
HRP Substrate (Millipore, Billerica, MA, USA).

2.6. Reagents and Antibodies. Astragalin was purchased from
Chengdu Pulis Biotech Co., Ltd. (480-10-4). Necrostatin-1
was from Sigma (St. Louis, MO, USA). Antibodies to HMGB1
were purchased fromCell Signaling Technology (Beverly, MA,
USA). Antibody to RIP1 was purchased from Proteintech
(Rosemont, IL, USA). Antibody to RIP3 was purchased from
Santa Cruz Biotechnology (Santa Cruz, CA, USA). Antibody
to MLKL was purchased from Signalway Antibody (College
Park, MD, USA). Secondary antibodies conjugated with
HRP were from Jackson Laboratories (West Grove, PA, USA).

2.7. Statistical Analysis. The density of protein blots assayed
by western blotting was semiquantified by the ImageJ soft-
ware (National Institutes of Health, Bethesda, MD, USA).
Softwares of Microsoft Excel (The Microsoft, USA) and

GraphPad Prism v.5.01 (GraphPad Software, La Jolla, CA,
USA) were used to analyze the experimental results. Data
are expressed as mean ± SEM. Variance comparison among
multiple groups was determined using one-way ANOVA
with Bonferroni post hoc analysis. ∗P < 0:05 was defined
as significantly statistical difference.

3. Results

3.1. Astragalin Improves the Ethological Score and
Histopathological Deterioration of SCI/R Mice. In order to
evaluate the pharmacological effect and cellular mechanism
of astragalin to SCI/R, according to the preexperiments,
mice were treated with astragalin and necrostatin-1 after
the operation of descending thoracic aorta and left subcla-
vian artery occlusion, and the procedure of astragalin and
necrostatin-1 administration is showed in Figure 1(a).
Observation to the ethology was assessed using Basso mouse
score system. As the results shown in Figure 1(b), movement
of mouse hind limb in the Sham group showed no apparent
abnormal change from 1h to 72 h after SCI/R, while in the
SCI/R group, mouse ethological score was remarkably
decreased, and significant difference was presented when
compared with the Sham group, suggesting serious injury
to the motor neurons had been caused by ischemia reperfu-
sion (#P < 0:001). However, astragalin treatment could
increase the Basso mouse score from 12h to 72 h after SCI/R
compared to the SCI/R group, which was similar to the
necrostatin-1 group, indicating an improvement to the
motor function (∗P < 0:05). Similarly, results from HE
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Figure 1: The behavioral score and histopathology were improved by astragalin administration. Mice were suffered from spinal cord
ischemia before 1 h, 12 h, 24 h, 48 h, and 72 h reperfusion. (a) Procedure of astragalin and necrostatin-1 treatment and the time course of
neurobehavioral evaluation. (b) Basso mouse score of each experimental mouse, n = 6 per group. Data are presented as mean ± SEM,
one-way ANOVA, compared to the SCI/R group, #P < 0:001, ∗P < 0:05, ∗∗P < 0:01. (c) Histopathological changes of spinal cord grey
matter in different groups. Scale bar (yellow): 100 μm.
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staining in Figure 1(c) also showed such tendency. In the
Sham group, cellular and nuclear staining was legible, and
motor neurons were rich in the spinal cord grey matter,
while the motor neurons were significantly injured, and the
number was largely reduced in the SCI/R group, which
could be salvaged by astragalin and necrostatin-1 treatment.
These data suggested that astragalin treatment had the
potential to alleviate SCI/R injury like necrostatin-1.

3.2. Astragalin Mitigates Oxidative Stress after SCI/R. As
abovementioned, oxidative stress is an important pathologi-
cal process involved in SCI/R. Therefore, to determine the
mechanism underlying the protection of astragalin to SCI/R,
we detected the serum indicators of oxidative stress. As
shown in Figures 2(a)–2(c), compared to the Sham group,
the serum SOD and GSH levels in the SCI/R group were
significantly decreased, while the MDA concentration was
apparently increased (#P < 0:001). However, when com-
pared to the SCI/R group, after astragalin administration,
the SOD activity and GSH level were remarkably salvaged
and increased (∗∗P < 0:01), and MDA was significantly
reduced (∗P < 0:05). The results in the necrostatin-1group
was parallel to the astragalin group (Figures 2(a)–2(c)).

These data suggested the mitigation of astragalin to oxida-
tive stress after SCI/R, which is similar to the RIP1 inhibitor
necrostatin-1.

3.3. Astragalin Ameliorates Inflammation after SCI/R. Since
inflammation is a pivotal phenomenon triggered by cell necro-
sis after ischemia reperfusion injury, we further evaluated the
changes of proinflammatory factors TNF-α and IL-6. Data
in Figure 3(a) showed that TNF-α in spinal cord tissues was
largely raised in the SCI/R group when compared to the Sham
group (#P < 0:001) but was significantly reduced by astragalin
and necrostatin-1 administration (∗P < 0:05). At the same
time, compared to the Sham group, the level of IL-6 was also
apparently increased in the SCI/R group (#P < 0:001), and
astragalin as well as necrostatin-1 decreased the IL-6 after
SCI/R (∗P < 0:05). These data indicated alleviation of astraga-
lin to the inflammation after SCI/R.

3.4. Astragalin Blocks Necroptosis Induced by SCI/R.Necropto-
sis has been recognized as a novel pharmacological target after
ischemia reperfusion injury [15]. In order to investigate
whether necroptosis was induced in SCI/R as well as the effect
of astragalin administration, we evaluated the classical protein
markers of necroptosis by western blotting. Data in Figure 4
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Figure 2: Astragalin administration reduced the level of SOD, GSH, and MDA. Mouse serum was harvested after 72 h SCI/R and assayed by
related commercial kits: (a) SOD activity; (b) GSH content; (c) MDA concentration in serum from each experimental group. n = 6
independent experiments. Data are presented as mean ± SEM, one-way ANOVA, compared to the SCI/R group, #P < 0:001, ∗P < 0:05,
∗∗P < 0:01.
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Figure 4: Astragalin and necrostatin-1 administration blocked the protein levels of necroptosis after SCI/R. Protein markers were evaluated
by western blotting: (a) protein HMGB1; (b) RIP1; (c) RIP3; (d) MLKL expression in spinal cord tissues from different group mouse. n = 3
independent experiments. Data are presented as mean ± SEM, one-way ANOVA, compared to the SCI/R group, #P < 0:001, ∗∗P < 0:01.
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Figure 3: Astragalin and necrostatin-1 administration decreased the level of TNF-α and IL-6 after SCI/R. Mouse tissue homogenate was
harvested after 72 h SCI/R and assayed by related commercial kits. (a) TNF-α level in spinal cord tissues. (b) IL-6 level in spinal cord
tissues after SCI/R. n = 6 independent experiments. Data are presented as mean ± SEM, one-way ANOVA, compared to the SCI/R group,
#P < 0:001, ∗P < 0:05.
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showed that HMGB1 (Figure 4(a)), RIP1 (Figure 4(b)), RIP3
(Figure 4(c)), and MLKL (Figure 4(d)) in the spinal cord
tissues from SCI/R mice were significantly upregulated com-
pared to the Sham group (#P < 0:001). Nevertheless, the
administration of astragalin could effectively block these aber-
rant upregulation of these proteins (∗P < 0:05, ∗∗P < 0:01),
which was parallel with the RIP1 inhibitor necrostatin-1, dem-
onstrating that necroptosis was truly induced in SCI/R and
could be inhibited by astragalin administration.

4. Discussion

Our present results show that the dyskinesia and histopatho-
logical deterioration after SCI/R are apparently alleviated by
the natural flavonoid astragalin, and we have also verified ame-
lioration of astragalin administration to oxidative stress and
inflammation, which are similar to the effects of RIP1 inhibitor
necrostatin-1. Besides, it has been illustrated the obvious
necroptosis after SCI/R and the inhibition of astragalin to
necroptosis. Therefore, we conclude that astragalin is a protec-
tive agent to SCI/R, and the potential cellular mechanism is
based on its alleviation to oxidative stress-induced necroptosis.

Restoration of blood flow after ischemia triggers reactive
oxygen species redundancy; thus, the cellular antioxidant
defenses are overwhelmed, and cells are stuck in a state of oxi-
dative stress, which has been seen as a key pathological process
induced by ischemia reperfusion injury [36]. SOD and gluta-
thione peroxidases are two typical antioxidant enzymes; there-
fore, the activity of SOD and the level of GSH are usually
recognized as biomarkers of oxidative stress [37]. On the other
hand, biomolecules of cells are overoxidized by the reactive
oxygen species and generate a lot of byproduct, for example,
MDA, which is also looked as a classical indicator of oxidative
stress injury [38]. Previous studies have revealed that salvation
to the activity of SOD and level of GSH after SCI/R could
effectively mitigated neuronal injury [5, 11, 39]. In our
research, we also found apparently oxidative stress indicated
by decreased SOD activity and GSH level as well as increased
MDA concentration after SCI/R, but astragalin administration
during reperfusion for 3 days could ameliorate this oxidative
stress significantly (Figures 2(a)–2(c)). This antioxidant fea-
ture of astragalin is similar with the previous work in other
disease models [31, 40, 41].

Activation of native innate immune cells and infiltrating
leukocytes after SCI/R gives rise to inflammation, which is
another pivotal pathological factor of SCI/R injury [8]. Release
of proinflammatory cytokines such as IL-6 and TNF-α from
inflammatory cells manifests inflammatory cascades, and
reduce of these factors in tissues or serum after SCI/R reflects
a potential anti-inflammatory effect [42, 43]. Similarly, in our
work, though there was high increase of proinflammatory
cytokines TNF-α and IL-6 in spinal cord tissue homogenate
after SCI/R, astragalin treatment generated apparent anti-
inflammatory effect by reduce to these two classical inflamma-
tory factors (Figures 3(a) and 3(b)), in line with its anti-
inflammation potential in other diseases [27, 44, 45].

The recently illustrated necroptosis is a serious cellular
endpoint after ischemia reperfusion injury [17, 46]. Oxida-
tive stress is a key inducement factor of cell death, because

overoxidized biomolecules such as proteins and lipids after
ischemia reperfusion not only leads to directly cellular
collapse but also triggers programmed signaling pathways
of necroptosis. Therefore, it is undoubtedly protective
against SCI/R injury through inhibition to the necroptosis.
In the present work, we demonstrated the upregulation of
necroptosis signaling RIP1-RIP3 and the blockage of
necrostatin-1 and astragalin to the signaling after SCI/R
(Figure 4), thus illustrating the pathological role of necropto-
sis and the cellular mechanisms for the protection of astraga-
lin against SCI/R. Of note, it is very interesting that we also
revealed the generation of necroptosis, another novel form
of programmed cell death in SCI/R, because RIP1 specific
inhibitor necrostatin-1 could remarkably block RIP1-RIP3
signaling and result in the protection against SCI/R.

In summary, our work firstly proved the protection of
the natural flavonoid astragalin against SCI/R. and the cellu-
lar mechanisms of its downregulation to oxidative stress
stimulated necroptosis (Figure 5), thus provides a valuable
new pharmacological strategy for clinical SCI/R intervention
especially after thoracoabdominal aortic surgeries. Further-
more, the rudimentary reveal of necroptosis in SCI/R injury
provokes an interesting work about the further mechanisms
of inhibitors to necroptosis after SCI/R in the future.
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Objectives. This study is aimed at exploring the relationships between miRNAs and mRNAs and to characterize their biological
functions in temporal lobe epilepsy (TLE). Methods. Novel clinical significant miRNAs and target genes and their potential
underlying mechanisms have been discovered and explored by mining miRNAs and mRNA expression data of TLE patients
using various bioinformatics methods. Reverse transcription-quantitative polymerase chain reaction (RT-qPCR) was used to
validate the bioinformatic analysis results. Results. A total of 6 dysregulated miRNAs and 442 differentially expressed genes
(DEGs) related to TLE were obtained from GEO database (GSE114701 and GSE127871 datasets). A protein-protein interaction
(PPI) network containing the 442 DEGs was established. mRNA response elements from the 6 dysregulated miRNAs were
predicted using the miRDB and TargetScan bioinformatic tools. By merging the identified targets of the dysregulated miRNAs
and the 247 downregulated DEGs, a miRNA-mRNA network was constructed revealing the interaction of miR-484 with eight
mRNAs (ABLIM2, CEP170B, CTD-3193O13.9, EFNA5, GAP43, PRKCB, FXYD7, and NCAN). A weighted correlation network
analysis (WGCNA) based on the eight genes was established and demonstrated that these mRNAs, except FXYD7 and NCAN,
were hub genes in the network. Gene Oncology (GO) annotation and Kyoto Encyclopedia of Genes and Genomes (KEGG)
pathway enrichment analysis revealed that the six hub genes were mainly involved in cellular-related biological functions and
the neurotransmitter synapse pathway. The differences in expression levels of the miR-484 and the three hub genes (CTD-
3193O13.9, EFNA5, and PRKCB) observed experimentally in TLE patients compared to those of healthy controls were
consistent with the WGCNA prediction. Conclusion. Our study suggests that understanding the miRNA-mRNA interactions
will provide insights into the epilepsy pathogenesis. In addition, our results indicate that miR-484 may be a promising novel
biomarker for TLE.

1. Introduction

Temporal lobe epilepsy (TLE) is the refractory epilepsy
marked by spontaneous recurrent seizures and the leading
cause of hippocampal sclerosis. TLE is accountable for 50–
80% of all diagnosed refractory epilepsy cases and is divided
mainly into medial temporal lobe epilepsy (MTLE) and lat-
eral temporal lobe epilepsy (LTLE) [1]. TLE neuropsychiat-
ric complications have been reported to affect 30–70% of

patients, the most common of which are memory deficits
[2] and cognitive impairment [3]. Although neurostimula-
tion, epileptogenic zone surgery, and antiepileptic drugs
have been applied for TLE therapy, the drug-resistant rate
and neuropsychological impairment of TLE patients are still
high [4]. Recent studies have shown some new insights
about genetic and regulatory changes in the biological pro-
cesses underlying TLE. However, the precise pathogenesis
and effective biomarkers involved in the TLE epileptogenesis
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still remain unclear. Thus, recognizing TLE-related mole-
cules for early diagnosis and treatment is currently an urgent
need.

MicroRNAs (miRNA) are a group of small noncoding
RNAs (approximately 20 nucleotides) that modulate the
posttranscriptional expression of the target gene. They spe-
cifically bind to target mRNAs in the untranslated region,
which results in transcript degradation or translation inhibi-
tion. miRNAs have been continuously reported to partici-
pate in numerous biological processes in recent years,
including several neurological diseases. In particular, differ-
ent evidence has identified miRNA expression changes in
epilepsy [5, 6]. For example, several studies have shown that
miRNA can be manipulated to reduce spontaneous seizure
and be a potential therapeutic target for TLE. A recent study
reported a positive correlation between miRNA-145-5p and
clinical evaluation of refractory epilepsy [7]. In addition, the
miR-23a up-regulation can aggravate the hippocampal neu-
ronal injuries and memory impairment in the mouse TLE
model [8]. Therefore, the miRNA molecular functions on
epileptogenesis and its progression have received consider-
able attention.

In this study, we analyzed miRNAs and mRNA expres-
sion profiles of TLE patients available in the GEO database
and identified a set of differentially expressed genes (DEGs)
and miRNAs. In addition, we collected miRNA-target inter-
actions to construct a miRNA–mRNA network and acquired
key TLE-related genes. By weighted correlation network
analysis (WGCNA), we identified the key genes that are sig-
nificantly associated with TLE clinical features. GO annota-
tion and KEGG enrichment analysis were performed to
unravel the biological mechanisms underlying TLE.

2. Materials and Methods

2.1. Microarray Data Collection. miRNA expression profiles
of temporal lobe epilepsy (TLE) patients were collected from
the NCBI GEO database (https://www.ncbi.nlm.nih.gov/
geo/) using accession number GSE114701. In total, 40 sam-
ples (20 TLE patients after seizure and 20 healthy controls)
analyzed on the TaqMan OpenArray Human microRNA
Panel platform were included in each subseries datasets
(GSE114697 Marburg and GSE114700 Beaumont). The
miRNA expression file of normalized RT-qPCR data was
downloaded and further processed. As for GSE114697 and
GSE114700, microRNA expression in the plasma of 16
patients with epilepsy, before and after seizure, and 16 con-
trols was measured by the TaqMan OpenArray Human
microRNA Panel.

RNA-seq data of mRNA expression for hippocampal
lesions in TLE were obtained from the GEO database using
accession number GSE127871, which contains hippocampal
tissue resected from 12 medically intractable TLE patients
with presurgery seizure frequencies ranging from 0.33 to
120 seizures per month. Clinical data features, such as high
seizure frequency (HSF) vs low seizure frequency (LSF) per
month, were also collected on the same dataset. Data from
12 hippocampus samples that were analyzed on an Illumina
HiSeq 2500 platform were also included. These samples con-

tain 4 HSF patients (mean = 4 seizures/month) and 8 LSF
patients (mean = 60 seizures/month).

2.2. Measures

2.2.1. Identification of Differentially Expressed Genes (DEGs)
and miRNAs. Human miRNAs were obtained from
GSE114697 and GSE114700 datasets, and differentially
expressed miRNAs were identified using the 2−ΔΔCt method.
The significant differences between groups (HSF and LSF
patients) were analyzed using the paired t-test. The miRNAs
that met both criteria of adjusted P < 0:05 and ∣log 2ðFCÞ ∣
>1 were considered as TLE-related differentially expressed
miRNAs. All differentially expressed miRNAs were inte-
grated in the Marburg and Beaumont centers.

Differentially expressed genes (DEGs) in the GSE127871
dataset were identified using edge R, a Bioconductor package
that employs the empirical analysis method. Significant
DEGs between the HSF and LSF groups met both criteria
of a P value < 0.05 and ∣log 2ðFCÞ ∣ >1:5.

2.3. Functional and Pathway Enrichment Analysis. The
DEGs identified in the GSE127871 dataset were classified
by the related terms of gene ontology (GO) analysis, includ-
ing cellular components (CC), molecular function (MF), and
biological processes (BP). Kyoto Encyclopedia of Genes and
Genomes (KEGG) is considered an advanced database that
integrates genomic information, biological functions, disease
development, and several bioinformatics studies. Based on
the GO and KEGG databases, Fisher’s exact test was used
to identify relevance of DEGs and their functional items,
especially the BP terms and functionally enriched KEGG
pathways. A P value < 0.05 was considered a statistically sig-
nificant enrichment.

2.4. Establishment of the Protein-Protein Interaction (PPI)
Network and Identification of Hub Genes. The Search Tool
for the Retrieval of Interacting Genes (STRING) database
(https://string-db.org/) was used to analyze protein-protein
interaction (PPI) information [9]. The PPI pairs were
extracted using an interaction score > 0:9 and were applied
for the PPI network construction. Subsequently, the Cytos-
cape software (version 3.6.1; http://cytoscape.org/) was used
to visualize the PPI network [10]. Notes with a higher degree
of connectivity represented the highly interacting genes or
proteins in the network. CytoHubba is a common useful
plugin for calculating the degree of each node in Cytoscape.
In this study, nodes with a degree greater than 5 were iden-
tified as central genes in the network.

2.5. Construction of the miRNA–mRNA Network. The
miRNA-mRNA interactions were predicted by miRDB and
TargetScan, two algorithms for miRNA target prediction.
After obtaining miRNA-mRNA regulatory data, the network
of association between miRNA and mRNA networks in TLE
was generated through the intersection of the predicted
miRNA target genes and the identified DEGs. The Cytos-
cape software was employed to visualize the regulatory
network.
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2.6. Screening of Related Modules to Seizure Risk by Weighted
Correlation Network Analysis (WGCNA). WGCNA is a data
mining approach used to screen biomarkers and pathways
implicated in the pathogenesis, progression, and prognosis
of various diseases. WGCNA can be used for finding clusters
(modules) of highly correlated genes, for summarizing such
clusters using the module eigengene or an intramodular hub
gene, for relating modules to one another and to external
sample traits (using eigengene network methodology), and
for calculating module membership measures [11, 12]. The
WGCNA algorithm was used to analyze the correlation
between the modules and clinical parameters in TLE. The
coexpression network was constructed using the WGCNA
R package and visualized by the Cytoscape software. Then,
seizure risk-related modules were identified using the
WGCNA algorithm. Briefly, Person’s correlation coefficients
were performed to calculate the counts per million (CPM) in
selected genes. The CPM matrix was used as the input of the
expression value for the hierarchical clustering analysis. Sub-
sequently, the gene modules that were significantly associ-
ated with clinical traits of seizure frequency were identified.
The gene information in the most relevant module was
extracted, and the potential biological terms and pathways
were investigated by GO annotation and KEGG pathway
enrichment analysis.

2.7. miRNA-484 and Hub Gene Validation. Plasma samples
were obtained from 20 patients diagnosed with TLE and
20 healthy controls at the First Affiliated Hospital of
Guangxi Medical University. Total RNA was isolated from
samples using Trio (Invitrogen) according to the manufac-
turers’ protocol. The total RNA was measured using a Nano-
drop 2000 microvolume spectrophotometer (LifeReal,
China) by absorbance measurements at a 260nm wave-
length. RNA integrity was analyzed by 2% agarose gel elec-
trophoresis stained with ethidium bromide.
Complementary DNA (cDNA) was synthesized from 1μg
of total RNA using the TransScript® Uni One-Step gDNA
Removal and cDNA Synthesis SuperMix (TransGen Biotech,
China) according to the manufacturer’s guidelines. The
reverse transcription-PCR (RT-PCR) reactions were carried
out on an Agilent AriaMx Real-Time PCR system with a
20μL reaction volume. The PCR primer sequences of
miRNA-484 and its target genes are shown in Table 1. To
create the RT-PCR normalization, U6 RNA and GAPDH
were chosen as the endogenous control for miRNA and

mRNA, respectively. miRNA-484 and six DEG expression
were determined using the 2−ΔΔCt method. All RT-PCR pro-
cedures were performed in triplicates. The results were ana-
lyzed by Mx3000P real-time PCR software version 2.00.

3. Results

3.1. Identification of Differentially Expressed Genes (DEGs)
and miRNAs. A total of 442 DEGs were identified by com-
paring HSF and LSF hippocampus tissues from the
GSE127871 dataset, with 195 and 247 DEGs being up- and
downregulated, respectively. As shown in Figure 1(a), the
expression of the identified DEGs potentially distinguishes
the HSF group from the LSF group by a volcano plot. The
volcano plot was generated by the R package “ggplot2.”
The red and green dots represent the up- and downregulated
DEGs, respectively. In addition, 51 dysregulated miRNAs
were identified in the GSE114697 and GSE114700 datasets,
among which 6 (has-miR-133a, has-miR-17, has-miR-191,
has-miR-223, has-miR-328, and has-miR-484; Table 2)
showed to have a significant differential expression, being
upregulated in TLE patients (∣log 2ðFCÞ ∣ >1, P value < 0.05).

3.2. Functional Enrichment Analysis of DEGs. GO and
KEGG analyzes were performed at the DAVID server to
understand the function of DEGs. According to the results
of the GO term analysis, the most enriched BP terms of
the upregulated DEGs were mainly related to the response
to external stimulus, response to organic substance, and reg-
ulation of the developmental process. However, nervous sys-
tem development, chemical synaptic transmission, and
regulation of membrane potential were the most enriched
items of the downregulated DEGs. KEGG analysis results
revealed 35 pathways related to the upregulated DEGs and
64 associated with the downregulated DEGs. The upregu-
lated DEGs were mainly involved in ribosome biogenesis,
PPAR signaling, and cellular senescence pathways. The
downregulated DEGs, in turn, were mainly associated with
axon guidance, insulin secretion, and neuroactive ligand-
receptor interaction pathways. Figure 1(b) shows the top
10 most enriched pathways for up- and downregulated
DEGs.

3.3. PPI Network Analysis of DEGs. Based on the STRING
database, a PPI network was constructed containing all 442
identified DEGs and that included 268 interactions

Table 1: Primer sequences of PCR.

Gene ID Forward primer (5′-3′) Reverse primer (3′-5′)
hsa_miRNA_484 TCAGGCTCAGTCCCCTCC CAGTGCGTGTCGTGGAGT

ABLIM2 GGGAGGATGGAAGCTTGGAC GTCCTGGGAGAGGGTCAGAT

CEP170B AAGATGAGTGCCACGTCCTG CAGCGTGACGTACTTCTGGT

CTD-3193O13.9 CCGAGAGGAACTACAGCGTC CACCTCCATCGCGGACAG

EFNA5 GCACGCTTCTCTCCATCTTGTG AATGAAAGTGGGCGAGAAAGGA

GAP43 GCTGTGCTGTATGAGAAGAACC AGGACTTTGTCATCGCCAGT

PRKCB CGATTTTTCACCCGCCATCC CACCACAATAGCCGTTGAGC
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according to the highest confidence score and using a com-
bined score > 9 as the cutoff. After calculating the connectiv-
ity degree, the PPI network was built comprising 156 nodes

and 268 edges and the interactions between the DEGs were
visualized using the Cytoscape software (Figure 1(c)). Based
on the CytoHubba plugin calculation, DEGs with a degree
> 6 were considered central genes in the PPI network. The
top 28 central genes are shown in Table 3. Among them,
VAMP2 and ADRA2A were downregulated genes, while
others were all upregulated in TLE samples.

3.4. Identification of Eight miRNA–mRNA Interactions. The
miRNA–mRNA interactions were predicted with the
miRDB and TargetScan algorithms. Following the collection
of overlapping genes between the target genes of the six
upregulated miRNAs and the 247 downregulated DEGs,
the miRNA-mRNA network of TLE was constructed. miR-
484 was found to have the highest overlapping target
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Figure 1: (a) The volcano plot of DGEs in TLE based on data from GEO. (b) Biological pathway enrichment analysis of up- and
downregulated DEGs with the top 10 enrichment scores. (c) Protein–protein interaction network constructed with the DEGs. Red nodes
represent upregulated genes, and blue nodes represent downregulated genes. (d) An integration network of the miRNA-mRNA
regulatory network and PPI network. The network consisting of has-miRNA-484, 76 upregulated DEGs, and 80 downregulated DEGs
was generated by Cytoscape. The yellow diamond represents has-miRNA-484, red nodes represent upregulated genes, blue nodes
represent downregulated genes, and the T-arrow edge represents miRNA-mRNA interactions.

Table 2: Information of the six differentially expressed miRNAs in
TLE.

miRNA log2FC P value q value Regulation

hsa-miR-133a 1.00434 0.0428 0.9061 Up

hsa-miR-17 1.33481 0.0063 0.0644 Up

hsa-miR-191 1.53602 0.0091 0.0666 Up

hsa-miR-223 1.08246 0.0057 0.0644 Up

hsa-miR-328 1.64252 0.0018 0.0435 Up

hsa-miR-484 1.66121 0.0016 0.0435 Up
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number with DEGs. The intersection between the miRNA-
mRNA network and the DEG PPI network provided a pre-
liminary view of the connections between miR-484 and
DEGs. Moreover, eight miRNA–mRNA regulatory modules,
including the miR-484/FXYD7regulatory axis, miR-
484/NCAN regulatory axis, miR-484/ABLIM2 regulatory
axis, miR-484/CEP170B regulatory axis, miR-484/CTD-
3193O13.9 regulatory axis, miR-484/EFNA5 regulatory axis,
miR-484/GAP43 regulatory axis, and miR-484/PRKCB reg-
ulatory axis, were found in the intersected network
(Figure 1(d)).

3.5. Coexpression Module Identification Based on WGCNA
Analysis. The GSE127871 dataset containing 12 TLE sam-
ples was used for hierarchical clustering with the R WGCNA
package. As shown in Figure 2(a), a total of 20 coexpression
modules with a comfortable scale-free topology fit index
(value = 0:8) were identified in the hierarchical clustering
dendrogram. The gene counts varied for each module from
48 to 3127 genes.

To analyze the interaction association between the dif-
ferent modules, a heat map was generated using the “heat
map tool” package in R. Figure 2(b) revealed that a light
color density in the middle of the figure represents a high
correlation of different modules. In addition, the module–
trait relationship analysis results showed that the turquoise
and magenta modules were strongly related to TLE seizures,
as suggested in Figure 2(c).

To screen for genes associated with the upregulated
miRNA-484 in TLE, the turquoise module was selected for
subsequent analysis. It was found that six genes (ABLIM2,
CEP170B, CTD-3193O13.9, EFNA5, GAP43, and PRKCB)
were enriched in the turquoise module according to their
degree of connectivity (R2 = 0:44). Thus, these six genes were
recognized as the most significant genes related to the TLE
illness status and then selected as hub genes.

3.6. GO Annotation and KEGG Pathway Analyzes of Hub
Genes. To further elucidate the TLE biological mechanism
and identify potential biomarkers, GO annotation and
KEGG pathway analyzes of the six hub genes were per-
formed. The enrichment and P value analyses revealed the
top ten highly enriched BP, CC, and MF terms, which are
shown in Figure 3. It was observed that the most signifi-
cantly modulated GO terms in BP were cellular process
(P = 3:31e − 181), response to stimulus (P = 1:34e − 113),

and regulation of signaling (P = 1:74e − 102). The CC
enriched in TLE were primarily associated with the mem-
brane (P = 2:36e − 252), cytosol (P = 4:56e − 201), and
membrane-bounded organelle (9:30e − 191), while the
enriched MF were primarily those associated with protein
binding (P = 3:17e − 252), catalytic activity (P = 3:45e − 82),
and enzyme binding (P = 4:52e − 61). In addition, these
hub genes also participate in the regulation of many KEGG
pathways. A total of 110 significantly enriched pathways
were obtained (P value < 0.05). The top 10 P values of
enriched pathways are also shown in Figure 3. Among them,
the synaptic vesicle (SV) cycle (P = 2:32e − 8210), dopami-
nergic synapse (P = 6:97e − 8209), and glutamatergic syn-
apse (P = 2:10e − 8208) were most strongly associated
pathways with TLE.

3.7. Experimental Validation of miRNA-484 and Hub Genes.
To confirm the results obtained by the bioinformatics tools,
the expression levels of the miRNA-484 and the six hub
genes were verified in the plasma of 20 TLE patients and
compared to those of 20 healthy controls by RT-qPCR.
The results showed that the miRNA-484 expression level
was significantly increased in TLE patients compared to con-
trols (Figure 4(a)). Moreover, the expression level of the
CTD-3193O13.9, EFNA5, and PRKCB genes decreased sig-
nificantly in TLE patients (Figures 4(b)–4(d))). The differ-
ences in the expression level of the ABLIM2, GAP43, and
CEP170B genes between the two groups were not significant.
These results revealed that the increased levels of miRNA-
484 expression and decreased levels of hub gene expression
(CTD-3193O13.9, EFNA5, and PRKCB) were consistent with
the data obtained by the WGCNA analysis.

4. Discussion

TLE is a heterogeneous disease and a unique subtype of
refractory epilepsy with poor prognosis. TLE patients are
more likely to have drug resistance and underwent cognitive
impairment. As the molecular mechanisms underlying ther-
apy resistance and pathological process of TLE have not
been fully elucidated, there is still no specific therapeutic tar-
get and an effective prognostic factor. Therefore, more stud-
ies are needed to discover and explore new TLE-related
molecules.

MicroRNAs are a group of small noncoding RNAs with
abundant biological information that have been shown to be

Table 3: The top 28 differentially expressed genes in TLE.

Gene Degree Gene Degree Gene Degree Gene Degree

JUN 12 MT-ND6 10 RPS18 9 RPL37 8

MT-CO2 11 MT-ND2 10 RPS13 9 VAMP2 8

C3AR1 11 MT-ND3 10 RPS29 9 IL8 8

MT-ND1 10 MT-ND5 10 RPS12 9 ADRA2A 8

MT-CYB 10 MT-ND4L 10 RPL9 9 TPT1 7

MT-ND4 10 RPS27 10 MT-ATP8 9 S1PR3 7

MT-ATP6 10 RPS23 9 RPL34 8 FOS 6
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involved in a myriad of human disorders, including seizure
disorders. Early functional studies on TLE indicated that
miRNA usually serves as diagnostic and therapeutic targets
to influence seizures or hippocampal pathology. For exam-
ple, miRNA-124, which is related to neuronal differentia-
tion, can inhibit neuronal excitability by targeting cAMP-
response element-binding protein1 (CREB1) [13]. More-
over, miR-199a-5p silencing inhibits the hippocampal neu-
ron loss and apoptosis by targeting the antiapoptotic
protein silent information regulator 1 (SIRT1) [14]. Emerg-
ing studies on the multitargeting effects of miRNAs and the
coordinating gene networks have also revealed that miRNAs
are crucial TLE regulators. However, the mechanism of
miRNA in TLE remains unclear. There is still a need for
future identification of new dysregulated miRNAs and
miRNA targets in TLE.

In the present study, we identified a group of differen-
tially expressed molecules correlated to TLE in the publicly
available databases using different bioinformatics tools. In
the identified molecules, 6 miRNAs (has-miR-133a, has-
miR-17, has-miR-191, has-miR-223, has-miR-328, and has-

miR-484) were upregulated, 195 DEGs were upregulated,
and 247 were downregulated. After the construction of a
miRNA–mRNA regulatory network, we found that the
upregulated miR-484 is able to regulate the expression of
eight downregulated DEGs, including ABLIM2, CEP170B,
CTD-3193O13.9, EFNA5, GAP43, PRKCB, FXYD7, and
NCAN. These data suggest that miR-484 may be a potential
targeted marker for TLE. This is the first report in the liter-
ature indicating that miR-484 plays a role in epilepsy.

To ascertain whether hsa-miR-484 performs functions
and influences the clinical phenotypic effects in TLE, we car-
ried out a WGCNA analysis and found that the eight identi-
fied DEGs enriched the turquoise, brown, and black modules
associated with TLE. Among them, the turquoise module
was the most strongly related to the TLE seizure phenotype
according to the module–trait relationship analysis. Remark-
ably, we found that, except FXYD7 and NCAN, all six other
downregulated DEGs that are modulated by miR-484 were
mostly enriched in the significant turquoise module and
can function as hub markers for TLE. Finally, GO functional
annotations and KEGG pathway analysis of these six hub
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Figure 3: Top ten GO and KEGG enrichment annotations of the turquoise module. BP, CC, and MF terms and KEGG pathway enrichment
analysis. The sizes of the circle dots represent the counts of enriched DEGs, and the intensity of circle color represents the P value.

9BioMed Research International



genes in the turquoise module were performed to under-
stand the mechanisms underlying epileptogenesis. The
results showed that these hub genes were involved in multi-
ple GO BP terms such as the cellular process, multicellular
organism development, and cellular protein modification
process. In addition, these hub genes also participate in the
regulation of many KEGG pathways, such as the SV cycle,
dopaminergic synapse, GABAergic synapse, axon guidance,
glutamatergic synapse, neurotrophic signaling, phos-
phatidylinositol signaling system, and sphingolipid signal-
ing. As an example, animal model experiments reported
that the SV cycle was targeted with some pathogenic genes,
which then derived neurotransmitters release—monoa-
mines, glutamate, GABA, etc.—and participated in the path-
ophysiology of seizures and epilepsy [15, 16]. Evidence has
indicated that dopamine can aggravate epileptiform activity
by decreasing the Mg2+ concentration in the newborn mouse
hippocampus in vitro. Furthermore, the induction of
changes in the GABAergic and glutamatergic systems leads
to increased neuron excitability and the involvement of these
dysregulated systems in epileptogenesis [17]. Glutamate
receptors, including AMPA receptors, are characterized by
influencing the alternation of Ca2+ concentrations, thus
causing neuronal death and becoming involved in the epi-
lepsy pathophysiology [18, 19]. Experiments using the KA-
induced TLE mouse model have found that a reduction in

AMPA receptors leads to a decrease in glutamatergic trans-
mission and therefore increases the neuron excitotoxicity
and compromises the hippocampal cognitive functions
[19]. These findings provide important evidence for the reg-
ulatory mechanism of miRNA-484 and the six hub genes
(ABLIM2, CEP170B, CTD-3193O13.9, EFNA5, GAP43, and
PRKCB) in TLE.

Previous studies have shown that three of the six hub
genes identified here play key roles in epilepsy. Shu et al.
suggested that ephrin-A5 (EFNA5) is upregulated in hippo-
campus tissue of a TLE mouse model, and that modulates
neuron generation and microvessel remodeling by inhibiting
the ERK and Akt signaling pathways [20]. Ying et al. found
that GAP43 expression is higher in the epileptic area com-
pared to the nonepileptic area. They also showed that
patients with higher GAP43 scores are associated with longer
epilepsy duration and poor surgical outcome in focal cortical
dysplasia IIA/B [21]. Danis et al. reported that the PRKCB
expression is reduced by miR-184 in the 3′UTR luciferase
reporter assay and that this effect may be involved in the
TLE translational regulation [22]. Although the involvement
of the ABLIM2 gene in epilepsy has never been previously
reported, it has been associated with neuron guidance pro-
cesses [23]. Furthermore, bioinformatics analyzes have
shown that ABLIM2 is a hub gene and plays an important
role in neurodegenerative diseases [24]. However, in relation
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Figure 4: Expression levels of miRNA-484 and six genes in TLE: (a) miRNA-484, (b) CTD-3193O13.9, (c) EFNA5, and (d) PRKCB. The
mark ∗∗ means that there was significant difference between TLE and controls.
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to the other two identified hub genes (CEP170B and CTD-
3193O13.9), their involvement in epilepsy and other neuro-
logical disorders had not been pointed out so far.

RT-qPCR analysis of the miRNA-484 and the six hub
gene expression levels in the plasma of TLE patients con-
firmed the results obtained by bioinformatic analyzes. The
data revealed that the miRNA-484 expression was signifi-
cantly increased in TLE patients. The results also revealed
that three of the six hub genes (CTD-3193O13.9, EFNA5,
and PRKCB) were associated with TLE and had a significant
decrease in their expression level compared to the controls.
These results indicate that miRNA-484 can inhibit seizure
frequency in TLE by targeting CTD-3193O13.9, EFNA5,
and PRKCB, which suggests that miRNA-484 may be a
promising diagnostic marker for epileptogenesis. Although
the experimental verification of the expression levels of
miR-484 and the three hub genes in TLE patients corrobo-
rates the bioinformatics data and indicates their involvement
in the TLE pathogenesis, further studies should be per-
formed to confirm our findings in vitro and in vivo.

5. Conclusions

We identified six hub genes, the majority of which were
associated with the seizure development and enrichment of
the synaptic structure and neurotransmitter signaling path-
ways. In addition, we found that miR-484 upregulation is
accompanied by the epilepsy progression via inhibition of
the three hub gene expression (CTD-3193O13.9, EFNA5,
and PRKCB). Our results highlight the possibility that
miR-484 may be indicated as a promising novel biomarker
for TLE.
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Objective. To investigate the expression and regulation mechanism of miR-29c-3p and cell division cycle associated 4 (CDCA4) in
melanoma (MM). Data and Methods. Fifty-nine patients with MM admitted to our hospital were enrolled as the MM group. They
were followed up for 3 years to analyze the prognostic factors; meanwhile, 51 healthy subjects were allocated into a normal group.
MM cell lines (M21 and C8161) were transfected with miR-29c-3p-mimics, miR-29c-3p-inhibitor, miR-NC, si-CDCA4, and sh-
CDCA4. The expression of miR-29c-3p, CDCA4, Bax, Caspase3, Bcl-2, N-cadherin, vimentin, and E-cadherin was quantified, and
cell proliferation, migration, invasion, and apoptosis, as well as epithelial-mesenchymal transition (EMT), were determined.
Results. Serum miR-29c-3p was lowly expressed and CDCA4 was highly expressed in the MM group. The area under the curve
(AUC) of both for diagnosing MM was greater than 0.9. miR-29c-3p and CDCA4 were related to regional lymph node staging
(N staging), distant metastasis (M staging), tumor diameter, and pathological differentiation. Low miR-29c-3p and high
CDCA4 were associated with poor prognosis of MM. Overexpression of miR-29c-3p and suppression of CDCA4 hindered cell
proliferation, migration, invasion, and expression of Bax, Caspase3, N-cadherin, and vimentin, but cell apoptosis and
expression of Bcl-2 and E-cadherin were enhanced. Dual-luciferase reporter (DLR) assay confirmed the targeted relationship
between miR-29c-3p and CDCA4. After miR-29c-3p-mimics+sh-CDCA4 was transfected into M21 and C8161 cells, the
proliferation, invasion, and apoptosis were not different from those in the miR-NC group transfected with unrelated sequences.
Conclusion. Overexpression of miR-29c-3p suppresses CDCA4 expression and decreases proliferation, migration, invasion,
apoptosis, and EMT of MM cells, thus hindering MM progression.

1. Introduction

Melanoma (MM) is a prevalent malignant tumor in western
countries with a highly heterogeneous prognosis in advanced
patients and a rising incidence [1, 2]. According to epidemi-
ological statistics, the 10-year survival is less than 30%, with
232,000 new cases and 55,000 deaths worldwide [3, 4]. The
treatment mostly depends on clinical stages, tumor diameter,
gene mutation, and other pathological data. Resection opera-
tion is the preferred choice for early-stage patients, and inter-
feron-α- (INF-α-) based adjuvant therapy and systemic
therapy were generally applied to middle- and advanced-
stage patients, respectively. However, those treatment regi-
mens are more or less potentially dangerous [5]. Progression
to advanced MM leads to greatly reduced therapeutic effec-

tiveness and high cost, and the best way to prevent the pro-
gression is early diagnosis [6]. At present, the diagnosis of
MM mainly relies on pathological biopsy and computer-
assisted imaging techniques which have the limitations of
low acceptability, high cost, and complicated operation [7].
Therefore, it is of great significance to find reliable, conve-
nient, and cost-effective biological diagnostic indicators for
prevention, early diagnosis, and treatment of MM.

MicroRNAs (miRNAs) regulate gene expression through
a variety of biological mechanisms and have excellent path-
ological regulation functions in cancer cells and the tumor
microenvironment [8–10]. The abnormal expression of
miRNAs in the serum of MM patients provides a new
insight for serum-based noninvasive diagnosis of MM, and
a number of miRNAs have been reported to be available
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for the early diagnosis of this disease [11, 12]. miR-29c-3p is
a member of the miRNA family and miR-29 family. miR-
29a/b functions as a cytokine signal transducer in the IFN-
γ-related MM regulation mechanism, while miR-29c-3p is
involved in MM progression by mediating methylation of
relevant genes, which is valuable for evaluating the prognosis
of the patients [13, 14]. Cell division cycle associated 4
(CDCA4) is a functional protein that interferes with the cell
cycle by participating in the transcriptional activation of
transcription factor E2F, and its expression in cancer cells
is capable of regulating cell growth and DNA synthesis
[15]. As a direct target for miR-15a, CDCA4 affects growth
and invasion of mouse MM cells, playing an essential role
in the regulatory mechanism of MM [16].

In this study, online target gene prediction software
(http://www.targetscan.org/vert_72/) demonstrated that
CDCA4 shared target loci with miR-29c-3p, so we specu-
lated that miR-29c-3p affected the biological function of
MM cells by targeting CDCA4. We aimed to investigate
the expression and regulation mechanism of miR-29c-3p
and cell division cycle associated 4 (CDCA4) in melanoma
(MM).

2. Data and Methods

2.1. Clinical Data. Fifty-nine patients (33 males and 26
females, average age: 58:65 ± 7:33 years) with MM who were
admitted to our hospital from March 2014 to March 2016
being enrolled as the MM group. Another 51 healthy indi-
viduals (29 males and 22 females, average age: 58:43 ± 7:18
years) were enrolled. There was no significant difference in
sex and age between the two groups (P > 0:05), indicating
a comparability.

2.2. Inclusion Criteria. Patients diagnosed with MM by
pathology or laboratory indicators [17] and meeting
tumor-node-metastasis (TNM) staging criteria [18], patients
treated for the first time, and patients who received no drugs
that affected the indicators of this study within half a year
were included. Exclusion criteria are as follows: patients with
other malignant tumors, organ dysfunction, other skin dis-
eases, or infectious and autoimmune diseases. All patients
and their families agreed to participate in the study and
signed the informed consent form. Hospital Ethics Commit-
tee approval was obtained.

2.3. Experimental Reagents and Materials. Human MM cell
lines M21, MV3, C8161, and FM88 and normal skin cell line
HFF (C0815, C0922, GD-C0038632A66388, GD-
C0038632A67230, GD-C0038632A65580, Guandao Bioen-
gineering Co., Ltd., Shanghai, China); Lipofectamine™
2000 Kit (11668019, Woosen Biological Technology Co.,
Ltd., Hangzhou, Zhejiang, China); TransScript Green
miRNA Two-Step qRT-PCR SuperMix and TransScript II
Green Two-Step qRT-PCR SuperMix (abx098036,
abx098035, QW Biotechnology Co., Ltd., Beijing, China);
methyl thiazolyl tetrazolium (MTT) kit, radioimmunopreci-
pitation assay (RIPA), and TRIzol (111105-500, 9806S,
KGA1201, Winter Song Boye Biotechnology Co. Ltd., Bei-

jing, China); dual-luciferase reporter (DLR) assay kit, goat
anti-rabbit (IgG) secondary antibody, fetal bovine serum
(FBS), and enhanced chemiluminescence (ECL) developer
(KFS303-TFX, WK363-BXY, QS071, GL1055-LIE, Baiao
Laibo Technology Co., Ltd., Beijing, China); and phosphate
buffer saline (PBS) and bicinchoninic acid (BCA) protein
kit (120830, 120982, ChreaGen Biotechnology Co., Ltd., Bei-
jing, China). CDCA4, Bax, Caspase3, Bcl-2, N-cadherin,
vimentin, E-cadherin, and β-actin antibody (Kemin Bio-
technology Co., Ltd., Shanghai, China); a polymerase chain
reaction (PCR) instrument and flow cytometer
(DLK0003730, DLK0002051, DERICA Biotechnology Co.,
Ltd., Beijing, China); an ultraviolet (UV) spectrophotometer
(UV-1100, Peking University Care Industrial Park, Beijing,
China); and primers (Beijing Future Biotechnology Co.,
Ltd.) were used.

2.4. Cell Culture, Passage, and Transfection. MM cell lines
were cultured in Dulbecco’s modified Eagle medium
(DMEM) comprising 10% FBS at 37°C and 5% CO2. When
reaching 85% confluence, the cells were digested with 25%
Trypsin, then placed in the medium for continuous culture
to complete passage, and, finally, transfected with miR-29c-
3p-mimics (overexpression sequence) and miR-29c-3p-
inhibitor (inhibition sequence), negative control miR (miR-
NC), targeted inhibition of CDCA4 RNA (si-CDCA4), tar-
geted overexpression of CDCA4 RNA (sh-CDCA4), and
negative control RNA (si-NC) separately with a Lipofecta-
mine™ 2000 kit.

2.5. Detection Methods

2.5.1. Quantitative Real-Time PCR (qRT-PCR). A TRIzol kit
was employed to extract the total RNA from the collected
serum and cells, and the purity and concentration were read
with an UV spectrophotometer. Total RNA (5μg) was taken
for reverse transcription, and 1μL of synthesized cDNA was
served for amplification. The miR-29c-3p amplification sys-
tem consists of the following: cDNA 1μL, upstream and
downstream primers 0.4μL each, 2x TransTaq® Tip Green
qPCR SuperMix 10μL, Passive Reference Dye (50x) 0.4μL,
and finally made up to 20μL with ddH2O. Amplification
conditions are as follows: PCR conditions: 94°C for 30 s, 40
cycles of 94°C for 5 s and 60°C for 30 s. The CDCA4 ampli-
fication system consists of the following: cDNA 1μL,
upstream and downstream primers 0.4μL each, 2x Trans-
Script® Tip Green qPCR SuperMix 10μL, Passive Reference
Dye (50x) 0.4μL, and finally made up to 20μL with
nuclease-free water. Amplification conditions consist of the
following: 95°C for 30 s, 40 cycles of 95°C for 10 s and 60°C
for 30 s. Each sample was provided with 3 repeated wells,
and the test was conducted for 3 times. U6 and β-actin were
served as an internal reference of miR-29c-3p and CDCA4,
and 2-△△ct was employed to analyze the data [19].

2.5.2. Western Blot. Cultured cells were added with RIPA to
extract the total protein, and the concentration was detected
by BCA. The protein with a density of 4μg/μL was separated
by 12% sodium dodecylsulphate-polyacrylamide gel electro-
phoresis (SDS-PAGE) and grafted to a polyvinylidene
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difluoride (PVDF) membrane. The membrane was sealed
with 5% defatted milk powder for 2 h, then added with
CDCA4, Bax, Caspase3, Bcl-2, E-cadherin, N-cadherin,
vimentin, and β-actin antibody (1 : 1000), and sealed over-
night at 4°C. After removal of the β-actin antibody, a goat
anti-rabbit secondary antibody (1 : 1000, HRP) was added;
the membrane was incubated at 37°C for 1 h and rinsed with
PBS for 3 times, 5min each. Afterwards, the liquid was dried
with filter paper. Development was carried out in a dark-
room with an ECL developer. The protein bands were
scanned to analyze the gray value in Quantity One software.
Relative expression of protein = target protein band gray
value/β-actin protein band gray value.

2.5.3. MTT Assay for Cell Viability. MM cells harvested 24
hours after transfection (5 ∗ 103 cells/well) were inoculated
in 96-well plates at 37°C for 24, 48, and 72 hours, and
20μL MTT solution (5μg/mL) was added at each time
point. After inoculating at 37°C for 4 h, 200μL dimethyl sulf-
oxide (DMSO) was added to each well. The optical density
(OD) value was read by a spectrophotometer at the 490 nm
wavelength.

2.5.4. Wound Healing Assay for In Vitro Cell Migration.
Cells diluted to 3 ∗ 105 cells/mL were inoculated in 6-well
plates. After reaching 85% confluence, a scratch was made
artificially in monolayer cells using 200μL sterile pipette
tips. The scratched cells were washed with PBS and cultured
in a new medium. At 0 h (W0) and 24 h (W24) after scratch-
ing, cell migration was evaluated by a microscope though
three scratches.

2.5.5. Transwell for Cell Invasion. MM cells harvested 24
hours after transfection (3 ∗ 103 cells/well) were inoculated
in 24-well plates, then trypsinized and transferred to the api-
cal chamber. RPMI 1640 solution (200μL) was added to the
upper apical while RPMI 1640 (500mL containing 10% FBS)
to the basolateral chamber. After a 48 h culture at 37°C, sub-
strates and cells in the apical chamber were removed. The
membrane was washed 3 times with PBS, immobilized for
10min with paraformaldehyde, washed another 3 times with
double distilled water, and stained with 0.5% crystal violet
after drying. Cell invasion was determined with a
microscope.

2.5.6. Flow Cytometry for Cell Apoptosis. Transfected cells
were digested with 0.25% trypsin, washed twice with PBS,
added with 100μL of binding buffer, and then prepared into
1 ∗ 106/mL suspension. Annexin V-FITC and propidium
iodide (PI) were added sequentially, and the suspension
was incubated at room temperature in the dark for 5min.
Cell apoptosis was detected with a flow cytometer, and the
test was repeated 3 times to take the average.

2.5.7. DLR Assay. TargetScan7.2 predicted downstream tar-
get genes of miR-29c-3p. CDCA4 3′-untranslated region-
wild type (3′UTR-Wt), CDCA4 3′UTR-mutant (Mut),
miR-29c-3p-mimics, and miR-NC were transferred into
M21 and C8161 cells using a Lipofectamine™ 2000 kit, and
luciferase activity was determined in a DLR assay system.

2.6. Statistical Analysis. In our study, GraphPad 6 was
employed for building graphs and processing data. Inter-
group comparison was conducted with independent sample
t-test and multigroup comparison with one-way analysis of
variance (ANOVA) (denoted by F). The post hoc pairwise
comparison was conducted with Fisher’s least significant dif-
ference t-test, expression at multiple time points was ana-
lyzed with repeated measurement ANOVA (denoted by F),
and the post hoc test was carried out with Bonferroni [20,
21]. The diagnostic value of miR-29c-3p and CDCA4 in
MM was visualized with a receiver operating characteristic
(ROC) curve [22]. Pearson’s test identified the correlation
of miR-29c-3p with CDCA4 in the serum, and the Cox anal-
ysis analyzed the independent prognostic factors of MM. A
value of P < 0:05 indicated statistically significant difference
[23–25].

3. Results

3.1. Expression and Diagnostic Value of Sera miR-29c-3p and
CDCA4. The MM group exhibited remarkably lower serum
miR-29c-3p and higher serum CDCA4 than the normal
group (P < 0:05). The areas under the curve (AUC) of
miR-29c-3p and CDCA4 for diagnosing MM were 0.912
and 0.939, respectively. Pearson’s test revealed the negative
correlation between the expressions of miR-29c-3p and
CDCA4 (r = −0:671, P < 0:001). Both miR-29c-3p and
CDCA4 were associated with regional lymph node staging
(N staging), distant metastasis (M staging), tumor diameter,
and pathological differentiation (P < 0:05), and miR-29c-3p
is also closely correlated with tumor invasion staging (T
staging) (P < 0:05) (see Figure 1 and Table 1).

3.2. Prognostic Value of Sera miR-29c-3p and CDCA4 in
MM. All 59 patients with MM were followed up successfully
for 3 years, and the 3-year overall survival (OS) was 27.12%
(16/59). Among them, 16 dead patients were regarded as the
poor prognosis group and 43 surviving patients as the good
prognosis group. It turned out that patients in the poor
prognosis group had remarkably lower serum miR-29c-3p
and higher serum CDCA4 than those in the good prognosis
group (P < 0:05). The AUC of miR-29c-3p and CDCA4 for
predicting the poor prognosis of MM were 0.830 and
0.842, respectively. Low miR-29c-3p and high CDCA4 were
correlated with lower OS. Cox regression revealed that TNM
staging, tumor diameter, pathological differentiation, miR-
29c-3p, and CDCA4 were independent prognostic factors
of MM (see Figure 2 and Table 2).

3.3. Effects of miR-29c-3p on Biological Functions of MM
Cells and Epithelial-Mesenchymal Transition- (EMT-)
Related Proteins. miR-29c-3p showed suppressed expression
in M21, MV3, C8161, and FM88 cells. After M21 and C8161
cells were transfected with miR-29c-3p-mimics, not only the
miR-29c-3p-3p protein expression but also Bax, Caspase3,
and E-cadherin expressions were elevated markedly, but
the proliferation, migration, invasion, and protein expres-
sion of Bcl-2, N-cadherin, and vimentin were remarkably
inhibited. However, opposite results were acquired when
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cells were transfected with miR-29c-3p-inhibitor (P < 0:05)
(see Figure 3).

3.4. Effects of CDCA4 on Biological Functions of MM Cells
and EMT-Related Proteins. CDCA4 showed elevated expres-
sion in M21, MV3, C8161, and FM88 cells. After M21 and
C8161 cells were transfected with si-CDCA4, not only
CDCA4 expression but also proliferation, migration, and
invasion, as well as the Bcl-2, N-cadherin, and vimentin
expressions, were inhibited, but the expressions of Bax, Cas-
pase3, and E-cadherin were remarkably elevated. However,
opposite results were acquired in cells transfected with sh-
CDCA4 (P < 0:05) (see Figure 4).

3.5. Identification of miR-29c-3p Target Genes. Targeted
binding loci between CDCA4 and miR-29c-3p were discov-
ered by TargetScan7.2. Therefore, we conducted a DLR assay
and found that the luciferase activity of pmirGLO-CDCA4-
3′UTR-Wt decreased significantly after upregulating miR-
29c-3p (P < 0:05), but that of pmirGLO-CDCA4-3′UTR-
Mut showed no changes (P > 0:05). Western blot demon-

strated that the expression of the CDCA4 protein in M21
and C8161 cells was remarkably suppressed after miR-29c-
3p-mimics transfection (P < 0:05) (see Figure 5).

3.6. Cell Cotransfection. After transfecting miR-29c-3p-
mimics+sh-CDCA4 and miR-29c-3p-inhibitor+si-CDCA4,
M21 and C8161 cells showed no significant difference in
proliferation, invasion, and expression of proteins compared
with miR-NC (P > 0:05). However, compared with the cells
transfected with miR-29c-3p-mimics, the proliferation,
migration, and invasion and the expression of Bcl-2, N-cad-
herin, and vimentin proteins were remarkably enhanced, but
the apoptosis and the expression of Bax, Caspase3, and E-
cadherin proteins were remarkably inhibited. Compared
with those transfected with the miR-29c-3p-inhibitor, all
the results were reversed (P < 0:05) (see Figure 6).

4. Discussion

In this study, we found that miR-29c-3p hinders the pro-
gression of MM through the targeted inhibition of CDCA4.
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Figure 1: Expression and diagnostic value of sera miR-29c-3p and CDCA4. (a) Expression of serum miR-29c-3p in the MM group is
remarkably lower than that in the normal group. (b) Expression of serum CDCA4 in the MM group is remarkably higher than that in
the normal group. (c) AUC of miR-29c-3p and CDCA4 for diagnosing MM are 0.912 and 0.939, respectively. (d) Serum miR-29c-3p is
closely negatively correlated with CDCA4 expression (r = −0:671, P < 0:001). Note: ∗∗∗P < 0:001.
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More and more scholars have shown great enthusiasm for
the clinical value and regulation of miR-29c-3p and CDCA4
in human diseases; accordingly, numerous related researches
emerged. For example, Licholai and Szczeklik stated that
miR-29c-3p is a potential diagnostic indicator for patients
with abdominal aortic aneurysm; it also inhibits the synthe-
sis of the extracellular matrix by inhibiting related tran-
scripts [26]. Besides, Chen et al. indicated that miR-29c-3p,
a tumor suppressor, hinders invasion and migration of colon
cancer cells by targeting the Pleckstrin homology-like
domain family B member 2 (PHLDB2) [27]. In addition,
according to Shi et al., silencing CDCA4 effectively inhibits
the proliferation and accelerates the apoptosis of breast can-
cer cells [28].

The above findings remind us of the potential value of
miR-29c-3p and CDCA4 in human diseases, so we explored
their effects on MM in this study. It turned out that miR-
29c-3p and CDCA4 showed low expression and high expres-
sion in the serum of MM patients, respectively, which made
them available to distinguish the patients from healthy indi-
viduals. Therefore, we assessed the diagnostic value of miR-
29c-3p and CDCA4 for MM. Surprisingly, the AUC of the
two were 0.912 and 0.939, respectively, indicating their
excellent diagnostic value for MM. We also analyzed the
potential clinical value of miR-29c-3p and CDCA4. The
results revealed that both were closely related to N staging,
M staging, tumor diameter, and pathological differentiation,
and miR-29c-3p was also related to T staging. Therefore,
both miR-29c-3p and CDCA4 participate in the pathological

process of MM and have a potential value in predicting
pathological parameters of patients. We also found that
low miR-29c-3p and high CDCA4 in serum were associated
with poor prognosis and low 3-year OS of MM patients. Cox
regression confirmed that both were independent prognostic
factors of MM and so were TNM staging, tumor diameter,
and pathological differentiation. In the study of Mirili, it
was also pointed out that TNM staging, ulcer, and prognos-
tic nutritional index (PNI) are independent predictors of OS
of patients with MM [29], which indicates that PNI may also
be a prognostic indicator of MM.

The above is our exploration on the potential clinical
value of miR-29c-3p and CDCA4; next, the biological func-
tion analysis has been carried out. The expression of miR-
29c-3p and CDCA4 in MM cell lines was consistent with
that in the serum. We transfected M21 and C8161 cells with
the most significant expression in cell lines. Cells transfected
with miR-29c-3p-mimcs or si-CDCA4 showed not only
lower proliferation, migration, and invasion but also higher
apoptosis. However, opposite results were achieved in the
cells transfected with the miR-29c-3p-inhibitor or sh-
CDCA4. The above results suggested that overexpression
of miR-29c-3p or knockdown of CDCA4 may play a role
in hindering MM progression. In addition, the DLR assay
showed that overexpressed miR-29c-3p remarkably reduced
luciferase activity of pmirGLO-CDCA4-3′UTR-Wt, but it
had no effect on pmirGLO-CDCA4-3′UTR-Mut. Further-
more, miR-29c-3p-mimics suppressed the expression of

Table 1: Association between miR-29c-3p, CDCA4, and pathological data (n (%), mean ± SD).

Factor n = 59 miR-29c-3p T P CDCA4 T P

Sex 0.824 0.414 0.569 0.572

Male 33 0:83 ± 0:24 2:18 ± 0:36
Female 26 0:88 ± 0:22 2:13 ± 0:30

Age (years) 0.893 0.376 0.768 0.446

<60 31 0:86 ± 0:20 2:11 ± 0:29
≥60 28 0:81 ± 0:23 2:17 ± 0:31

T staging 2.885 0.006 1.903 0.062

T2/T3 45 0:94 ± 0:27 2:06 ± 0:31
T4 14 0:72 ± 0:16 2:23 ± 0:22

N staging 3.112 0.003 3.033 0.004

N0 17 0:96 ± 0:19 2:04 ± 0:20
N1 42 0:75 ± 0:25 2:26 ± 0:27

M staging 3.178 0.002 3.265 0.002

M0 48 0:98 ± 0:27 2:02 ± 0:22
M1 11 0:71 ± 0:16 2:25 ± 0:16

Tumor diameter (cm) 3.529 <0.001 2.970 0.004

<5 34 0:95 ± 0:23 2:05 ± 0:19
≥5 25 0:74 ± 0:22 2:22 ± 0:25

Pathological differentiation 3.965 <0.001 3.246 0.002

Poorly differentiated 35 0:70 ± 0:24 2:28 ± 0:36
Moderately and highly differentiated 24 0:94 ± 0:21 1:99 ± 0:30
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Figure 2: Prognostic value of sera miR-29c-3p and CDCA4 in MM. (a) Low miR-29c-3p and high CDCA4 are significantly correlated with
poor prognosis of MM patients. (b) AUC of sera miR-29c-3p and CDCA4 for predicting poor prognosis of MM are 0.830 and 0.842,
respectively. (c) Low miR-29c-3p is significantly correlated with the lower 3-year OS of MM patients. (d) High CDCA4 is significantly
correlated with the lower 3-year OS of MM patients. Note: ∗∗∗P < 0:001.

Table 2: Univariate and multivariate Cox regression analyses.

Indicator
Univariate Multivariate

HR (95% CI) P HR (95% CI) P

Sex 1.209 (0.789-2.173) 0.216

Age 1.105 (0.890-1.542) 0.099

T staging 1.957 (2.016-2.163) 0.016 1.646 (1.446-2.971) 0.012

N staging 3.869 (1.485-3.420) <0.001 3.365 (2.329-4.122) 0.001

M staging 2.224 (1.196-3.775) 0.009 2.531 (0.817-3.924) 0.002

Tumor diameter 1.563 (1.017-2.491) 0.043 1.768 (0.465-2.354) 0.001

Pathological differentiation 2.832 (1.334-11.365) 0.001 3.665 (0.845-9.954) 0.005

miR-29c-3p 7.036 (1.564-9.254) 0.004 6.174 (1.341-28.315) 0.020

CDCA4 5.111 (1.021-21.708) 0.011 7.033 (1.562-9.246) 0.003
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Figure 3: Continued.
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Figure 3: Effects of miR-29c-3p on biological functions of MM cells and EMT-related proteins. (a) miR-29c-3p is lowly expressed in MM
cells, especially in M21 and C8161 cells. (b) Expression of miR-29c-3p is elevated markedly in cells transfected with miR-29c-3p-mimics. (c)
Proliferation of cells transfected with miR-29c-3p-mimics is hindered markedly. (d) Migration of cells transfected with miR-29c-3p-mimics
is hindered markedly. (e) Invasion of cells transfected with miR-29c-3p-mimics is hindered markedly. (f) Expression of Bcl-2 protein in the
cells transfected with miR-29c-3p-mimics is remarkably suppressed, while those of Bax and Caspase3 proteins are remarkably elevated.
Apoptosis of cells transfected with miR-29c-3p-mimics is significantly enhanced. The protein map and flow cytometry diagram are
provided. (g) Expression of N-cadherin and vimentin proteins in the cells transfected with miR-29c-3p-mimics is remarkably suppressed,
while that of E-cadherin protein is remarkably elevated. The protein map is provided. Note: ∗P < 0:05, ∗∗P < 0:01 vs. the miR-NC group
or HFF cells; #P < 0:05 vs. the miR-29c-3p-inhibitor group.
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Figure 4: Continued.
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Figure 4: Effects of CDCA4 on biological functions of MM cells and EMT-related proteins. (a) CDCA4 is highly expressed in MM cells,
especially in M21 and C8161 cells. (b) Expression of CDCA4 is suppressed markedly in cells transfected with si-CDCA4. (c)
Proliferation of cells transfected with si-CDCA4 is hindered markedly. (d) Migration of cells transfected with si-CDCA4 is hindered
markedly. (e) Invasion of cells transfected with si-CDCA4 is hindered markedly. (f) Expression of Bcl-2 protein in cells transfected with
si-CDCA4 is remarkably suppressed, while those of Bax and Caspase3 proteins are remarkably elevated. Apoptosis of cells transfected
with si-CDCA4 is significantly enhanced. The protein map and flow cytometry diagram are provided. (g) Expression of N-cadherin and
vimentin proteins in the cells transfected with si-CDCA4 is remarkably suppressed, while that of E-cadherin protein is remarkably
elevated. The protein map is provided. Note: ∗P < 0:05, ∗∗P < 0:01 vs. the miR-NC group or HFF cells; #P < 0:05 vs. the miR-29c-3p-
inhibitor group.
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CDCA4 protein, and the miR-29c-3p-inhibitor increased it
remarkably. Therefore, there was a targeted regulatory rela-
tionship between miR-29c-3p and CDCA4. A cotransfection
experiment demonstrated that after transfecting miR-29c-
3p-mimics+sh-CDCA4 or miR-29c-3p-inhibitor+si-CDCA4
to M21 and C8161 cells, the biological functions of cells
showed no significant difference compared with the miR-NC
group. However, compared with the cells transfected with
miR-29c-3p-mimics, the cells showed enhanced proliferation,
migration, invasion, and weakened apoptosis, while compared
withmiR-29c-3p-inhibitor, all the results were reversed. So the
targeted regulatory relationship between miR-29c-3p and
CDCA4 was confirmed. Through the above tests, we initially
proved that upregulation of miR-29c-3p inhibited CDCA4
expression, thus preventing malignant biological progress of
MM. In the study by Wang et al., taurine-upregulated gene 1
(TUG1) regulates proliferation, invasion, and apoptosis of
MM cells by mediating miR-29c-3p, suggesting that miR-
29c-3p may be a therapeutic target in the pathological mecha-
nism of MM [30]. Furthermore, Alderman and Yang [31]
reported that CDCA4, targeted by miR-15a, regulates the pro-
liferation, cycle, and migration of MM cells, suggesting that
CDCA4 is also a potential novel therapeutic target for MM.

The apoptosis and EMT of MM cells are closely related
to the malignant progression of tumors [32, 33], so studying
these two biological processes would help us to further
understand the regulatory mechanism of MM. Therefore,
we measured the expression of apoptosis-related proteins
(Bax, Caspase3, and Bcl-2) and EMT-related proteins (N-
cadherin, vimentin, and E-cadherin) in MM cells under dif-
ferent transfection backgrounds. Bax and Caspase3 are well-
known proapoptotic proteins, and Bcl-2 is an antiapoptotic
protein, all of which are involved in the apoptosis mecha-
nism of MM cells [34, 35]. N-cadherin, vimentin, and E-
cadherin are important proteins involved in the EMT of
MM cells. The decrease of N-cadherin and vimentin and
the increase of E-cadherin generally portend the suppressed
EMT, which is one of the positive manifestations of the inhi-
bition of MM invasion and metastasis [36]. In our study,
MM cells transfected with miR-29c-3p-mimcs or si-
CDCA4 exhibited protein expression unfavorable to MM
progression, that is, the expressions of Bax, Caspase3, and
E-cadherin proteins were remarkably elevated and those of
Bcl-2, N-cadherin, and vimentin were remarkably sup-
pressed. However, miR-29c-3p-mimics+sh-CDCA4, miR-
29c-3p-inhibitor+si-CDCA4, and miR-NC transfection
induced little difference in the expression of related
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Figure 5: Detection of luciferase activity. (a) There are targeted binding loci between miR-29c-3p and CDCA4. (b) Relative luciferase
activity-DLR assay. (c) Expression of CDCA4 protein in transfected M21 and C8161 cells. (d) Protein map. Note: ∗∗P < 0:01.
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proteins. So it was inferred that upregulation of miR-29c-
3p suppressed CDCA4 in a targeted manner, as well as
hindered malignant progression of MM cells by promot-
ing the antiapoptosis mechanism and inhibiting EMT of
MM cells.

To sum up, miR-29c-3p hinders progression of MM
through targeted inhibition of CDCA4. However, there is
still room for improvement in this study. Firstly, it is neces-
sary to analyze the relevant regulatory mechanisms in depth
so as to investigate the potential mechanisms in this targeted
relationship. Secondly, we should assess the value of sera
miR-29c-3p and CDCA4 for predicting the efficacy in MM
and find out whether there are dynamic changes in patients
before and after treatment, thus exploring the potential clin-
ical application value of the two.
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Laryngeal carcinoma is a malignant disease with high morbidity and mortality. Several studies have indicated that miRNA
dysfunction involves in the development of laryngeal carcinoma. In this study, the connection of miR-339-5p and laryngeal
carcinoma was investigated, and qRT-PCR, CCK-8, and flow cytometry assay were used to observe the function of miR-339-5p
on laryngeal carcinoma. Besides, the target database, dual-luciferase reporter assay, and western blot were used to explore the
regulation mechanism of miR-339-5p on the progression of laryngeal carcinoma. The results showed that miR-339-5p was
significantly downregulated in cisplatin-resistant cells of laryngeal carcinoma, and miR-339-5p upregulation could weaken
the resistance of laryngeal carcinoma cells on cisplatin. Moreover, miR-339-5p could directly react with 3′-UTR of TAK1,
and TAK1 could reverse the effects of miR-339-5p on the progression of autophagy. In conclusion, this study suggests that
miR-339-5p can inhibit the autophagy to decrease the cisplatin resistance of laryngeal carcinoma via targeting TAK1.

1. Introduction

Laryngeal carcinoma is the second most prevalent malig-
nancy of the upper aerodigestive tract, which is associated
with several factors such as tobacco and alcohol consumption
[1, 2]. Statistically, there are more than 13,360 new cases and
3660 deaths every year in the United States. Even with
current strategies, the overall 5-year survival rate of the
patients with laryngeal carcinoma is only 64.2% [3]. More-
over, more than 60% of the patients are diagnosed with
advanced stage of laryngeal carcinoma when they firstly
accept the diagnosis [4]. Cisplatin (DDP), an effective che-
motherapy drug, has been widely used for cancer treatment
in clinical practice [5]. However, the drug resistance of cancer
limits the lethal effect of cisplatin on tumors [6]. Autophagy
is an important tactic of cells to keep from the damages
induced by starvation, oxidative stress, and poisonous sub-
stance, and increasing studies have indicated that cell
autophagy is involved in the drug-resistant formation of
tumor cells [7, 8].

MicroRNAs (miRNAs), a class of noncoding RNA
with short chain, are responsible for transcriptional inhibi-
tion of mRNAs to regulate the expression of the related
proteins in various eukaryotic cells [9, 10]. These small
RNAs have been accepted as important molecular regula-
tors in cellular life activities by many researchers [11,
12]. Many studies have demonstrated that the dysfunction
of miRNAs can facilitate tumor growth, invasion, migra-
tion, and drug resistance [13]. For instance, miR-337-3p
could modulate the proliferation, invasion, migration, and
apoptosis of cervical cancer cells via targeting Rap1A [14].
Considering the mechanism of miRNAs, the novel therapeu-
tic strategies have been widely used for the treatment and
research of human diseases [15]. miR-339-5p has been
found as a tumor suppressor to inhibit the growth of var-
ious tumors while its role in laryngeal carcinoma remains
unclear [16].

In this study, we investigate the connection of miR-339-
5p and laryngeal carcinoma and aimed to provide some ref-
erence for laryngeal carcinoma treatment.
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2. Materials and Methods

2.1. Cell Lines and Cell Culture. Human epithelial type 2
(Hep-2) was purchased from BeNa Culture Collection Co.,
Ltd. (Beijing, China), and the cells were cultured with Dul-
becco’s modified Eagle’s medium (DMEM) including 10%
fetal bovine serum (FBS) purchased from Procell Life Scien-
ce&Technology Co., Ltd. (Wuhan, China). The cells were
cultured at 37°C in a humidified incubator with 5% CO2.
Trypsinase solution (0.25%) (HyClone Logan, State of Utah,
USA) was used to obtain adherent cells. Hep-2 cells were
cultured; the cells in the culture medium contained cisplatin
to establish cisplatin-resistant cells. The concentration of cis-
platin was gradually increased (0.5, 1, 1.5, and 2μM). The
cells were maintained in each concentration of cisplatin for
a period of 3 months.

2.2. Cell Transfection. The miR-339-5p mimics and control
miRNA were purchased from Generay Biotech (Shanghai,
China). pcDNA-TAK1 and control pcDNA were also
designed and purified by Generay Biotech (Shanghai, China).
The cisplatin-resistant cells were seeded and cultured in 6-well
plates. 4μg of DNA, 100pmol RNA, or 10μl Lipofectamine
2000 was diluted and incubated with 250μl serum-free
medium for 5min, respectively. After that, the diluted trans-
fectants were mixed with diluted Lipofectamine 2000 at equal
proportion. The mixtures were incubated at 25°C for 20min.
The 500μl of mixtures was added in each well, and then, the
cells were cultured for 24 hours.

2.3. RNA Extraction and RT-qPCR Analysis. The cultured cells
were subjected to total RNA extraction with Trizol reagent
(ThermoFisher, Massachusetts, USA). 2μg of total RNA was
reverse transcribed to cDNA by the Revert Aid First Strand
cDNA Synthesis Kit (Thermo Fisher, Massachusetts, USA).
qRT-PCR were performed with the 7300 Real-Time PCR
System (Applied Biosystems, Waltham, MA, USA). The fol-
lowing conditions were used: denaturation at 95°C for 3min,
followed by amplification for 40 cycles at 95°C for 12 s, at
62°C for 40 s, and at 70°C for 30 s. The relative expression
levels of miRNAs were calculated with the 2−((ΔΔCt) method
[17, 18]. The primers of miR-339-5p and TAK1 were synthe-
sized and purified by RiboBio (Guangzhou, China). U6 was
used as the endogenous controls. The primer sequences of
miR-339-5p and U6 are listed in Table 1.

2.4. Western Blot. The total proteins of cells were extracted
with RIPA buffer and 1% PMSF (Beyotime, Shanghai, China)
for western blot. The concentration of the proteins was
measured using a Pierce BCA protein assay kit (Beyotime,
Shanghai, China). The proteins in the extracts were sepa-
rated by 15% SDS-PAGE gels and then were transferred
from SDS-PAGE onto PVDF membranes. After that, the
membranes were immersed into 5% fat-free milk and cul-
tured for 1 hour. The membranes were incubated with the
related first antibody of the protein at 4°C for 24 hours.
Subsequently, the membranes were incubated with the
second antibody for 1 hour. Finally, the relative expression
levels of the proteins were observed by a chemiluminescence

detection system. The antibodies were used as follow: anti-
TAK1 (1 : 1000, ab10979591, ThermoFisher, Massachusetts,
USA); anti-LC3B (1 : 1000, ab2234770, ThermoFisher, Mas-
sachusetts, USA); anti-p-AMPK (1 : 2000, ab2533585, Ther-
moFisher, Massachusetts, USA); anti-β-actin (1 : 1000, sc-
47,778, Santa Cruz).

2.5. Dual-Luciferase Reporter Gene Assay. The 3′-UTR-
mutant sequence and 3′-UTR-wild sequence of TAK1 were
inserted into the pmirGLO luciferase reporter vectors,
respectively. The vectors containing the mutant sequence
and wild sequence of TAK1 were named as TAK1-mutant
type (TAK1-mut) and TAK1-wild type (TAK1-wt). TAK1-
mut and TAK1-wt were, respectively, cotransfected with
miR-399-5p mimics or miR-NC into HEK-293T for 48
hours. Finally, the luciferase activity of HEK-293T was
observed by a dual-luciferase reporter assay system.

2.6. Flow Cytometry Assay. The cisplatin-resistant cells were
treated with trypsinase (0.25%, EDTA-free) and harvested.
After washing three times with ice phosphate-buffered saline
(PBS), 2 × 103 cells were diluted in ice Annexin V-FITC

Table 1: Primer sequences of miR-339-5p and U6.

Name of primer Sequences

miR-339-5p-F 5′-GGGTCCCTGTCCTCCA-3′
miR-339-5p-R 5′-TGCGTGTCGTGGAGTC-3′
U6-F 5′-CTCGCTTCGGCAGCACA-3′
U6-R 5′-AACGCTTCACGAATTTGCGT-3′
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Figure 1: miR-339-5p was downregulated in cisplatin-resistant
Hep-2 cells. The relative expression level of miR-339-5p was
measured by qRT-PCR. ∗∗ meant P < 0:05.
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binding buffer. Subsequently, the cells were incubated with
5μl Annexin V-FITC (10μg/ml) in the dark for 10min. After
that, 10μl of propidium iodide (PI 20μg/ml) was added into
the cells. Finally, the apoptosis level of the cells was instantly
observed by a flow cytometry equipment (BD Biosciences,
State of New Jersey, USA).

2.7. CCK-8 Assay. The cisplatin-resistant cells were seeded
into 96-well plates at 5 × 104 cells/well. After transfection,
then miR-339-5p mimic, miR-NC, TAK1 overexpression
plasmid (pCMV-TAK1), and empty pCMV plasmid (NC)
were transfected into the cells when their density is at 70%,
and the cells were incubated for 48 hours. After that, 10μl
of CCK-8 solution (Amyjet, Wuhan, China) was added to
each well, and the cells were incubated for 2 hours at 37°C.

Finally, a microplate reader (Flash, Shanghai, China) was
used to observe the absorbance of each well at 450 nm.

2.8. Statistical Analysis. All assays were performed at least
3 times, independently. The results were analyzed by SPSS
20.0, and the figures were drawn by GraphPad Prism 8.0.
The difference of all groups was calculated through the
Chi-squared test or ANOVA with Tukey’s post hoc test
[19]. P < 0:05 meant that the difference was statistically
significant [20, 21].

3. Results

3.1. miR-339-5p Was Significantly Downregulated in Hep-2
Treated with Cisplatin. To illustrate the connection of miR-
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Figure 2: miR-339-5p upregulation reduced the cisplatin resistance and promotes the apoptosis of cisplatin-resistant Hep-2 cells. (a, b) The
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339-5p and laryngeal carcinoma, the Hep-2 cells were treated
with cisplatin to established cisplatin-resistant Hep-2, and
the qRT-PCR was used to observe the levels of miR-339-5p
in Hep-2 and resistant cells. The qRT-PCR assay reflected
that the expression level of miR-339-5p was significantly
downregulated in cisplatin-resistant Hep-2 cells compared
with Hep-2 cells (Figure 1, P < 0:01).

3.2. miR-339-5p Upregulation Reduced the Resistance of
Hep-2 Cells on Cisplatin. To further explore the functions
of miR-339-5p on the progression of laryngeal carcinoma
cells, the miR-339-5p mimics were transfected into
cisplatin-resistant Hep-2 cells, and CCK-8, transwell, and
cytometry assays were used to observe the changes of the
cells. The CCK-8 assay showed that the viability of the cancer

cells was effectively suppressed when transfected with miR-
339-5p mimics (Figure 2(c)), P < 0:01). Compared with the
cells in negative control groups, the apoptosis level of the cells
visibly increased when miR-339-5p was downregulated
(Figures 2(a) and 2(b), P < 0:01). Those observations
suggested that the resistance of Hep-2 cells on cisplatin was
inhibited when miR-339-5p was upregulated.

3.3. miR-339-5p Directly Target the 3′-UTR of TAK1. The
databases such as miRWalk and TargetScan were used to
search the potential targets of miR-339-5p. The results
showed that TAK1 was a possible target of miR-339-5p
(Figure 3(a)). The dual-luciferase reporter assay was used to
confirm whether miR-339-5p could act with TAK1. The
results showed that the luciferase activities of the cells
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Figure 3: miR-339-5p directly targeted the 3′-UTR of TAK1, and TAK1 was upregulated in cisplatin-resistant Hep-2 cells. (a) The binding
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cotransfected miR-339-5p and the wild type of TAK1
reduced significantly compared with the cells cotransfected
miR-339-5p and the mutant type of TAK1 (Figure 3(b),
P < 0:01). The luciferase activities of the cells transfected
with miR-NC did not show remarkable changes. Besides,
the increased expression level of TAK1 was also observed
in the pathological tissues and cancer cells compared with
Hep-2 cells (Figures 3(c) and 3(d), P < 0:01).

3.4. TAK1 Upregulation Reversed the Effects of miR-339-5p on
Hep-2 Cells. The inhibited effect of miR-339-5p on TAK1 was
proved in this study, and it was hypothesized that TAK1 is
involved in the regulation of miR-339-5p on laryngeal carci-

noma cells. The miR-339-5p mimics and TAK1 were
cotransfected into the laryngeal carcinoma cells, and the
CCK-8 and flow cytometry assay were used to observe the
phenotypic changes of Hep-2 cells. The CCK-8 showed that
the weakened viability of Hep-2 induced by miR-339-5p
and cisplatin was reversed by TAK1 upregulation compared
with the cell negative control (Figure 4(a), P < 0:01). Besides,
the increased apoptosis level of cisplatin-resistant Hep-2 cells
enhanced by miR-339-5p and was also reversed by TAK1
(Figures 4(b) and 4(c), P < 0:01).

3.5. miR-339-5p Inhibited the Autophagy Level to Reduce the
Resistance of Hep-2 Cells on Cisplatin. Considering the effects
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Figure 5: Continued.
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of miR-339-5p on the resistance of laryngeal carcinoma, the
changes of the autophagy pathway in laryngeal carcinoma
cells were observed. The miR-339-5p mimics and TAK1
expressed vectors were transfected into the cells, and the
western blot was used to measure the expression levels of
some autophagy-related proteins in Hep-2 cells. The result
showed that the increased LC3-I and reduced LC3-II in
Hep-2 cells induced by miR-339-5p upregulation could be
reversed by TAK1 (Figures 5(a)–5(e), P < 0:01). Besides, it
was also found that increased miR-339-5p significantly
inhibited the expression of p-AMPK when the cells suffered
the impairment from cisplatin (Figure 5(f), P < 0:01).

4. Discussion

Laryngeal carcinoma poses a serious threat to the health of
human. The major lethal effects of chemotherapy drugs on
tumors depend on inducing the apoptosis of pathological
cells [22]. Recently, increasing studies have revealed that
some tumor cells can form the resistance on some antitumor
drugs through the autophagy pathway [23, 24]. In this study,
we illustrated the functions of miR-339-5p on laryngeal
carcinoma and revealed the regulation mechanism of miR-
339-5p on improving the resistance of laryngeal carcinoma
on cisplatin.

Many studies have demonstrated that the dysfunction of
some miRNAs contributes to the progression of tumors such
as the malignant proliferation and formation of the drug
resistance [25, 26]. Xu et al. [27] have found that miR-1265
was significantly downregulated in gastric cancer cells, and
miR-1265 upregulation could inhibit the proliferation and
induce apoptosis of the tumor cells via impairing the autoph-

agy pathway. In this study, we found that miR-339-5p played
an important role in decreasing the resistance of laryngeal
carcinoma cells on cisplatin. miR-339-5p has been confirmed
as a tumor inhibitor to suppress the formation and develop-
ment of the tumors. Liang and Tang [28] have suggested that
miR-339-5p could be negatively regulated by LINC00467,
and miR-339-5p could play a tumor inhibitor role to induce
the apoptosis of glioblastoma. Cisplatin, an inorganic molec-
ular drug, has been widely used for the treatment of various
cancers. It can trigger the damage of DNA via combining
the nitrogen atoms of DNA base and further activate the
apoptosis of tumor cells [29]. Cisplatin is one of the most
effective agents, and the researches have proved that cisplatin
could significantly improve the overall survival rates of the
patients with cancer [30]. However, even with the satisfactory
effects on tumors at the beginning of chemotherapy, the cell
resistance still limits the long-term lethal effect of cisplatin
in cancer treatment [31]. The program of apoptosis acts as
the major mechanism on regulating the death of cells, and
resistance to apoptosis is an important strategy of tumor cells
away from the injury of drugs [32].

miRNAs are characterized by regulating the expression of
some proteins via targeting the related mRNAs [33]. In this
study, we found that miR-339-5p could directly target the
3′-UTR of TAK1, and the increased TAK1 was also observed
in cisplatin-resistant cells of laryngeal carcinoma. TAK1 is a
pivotal signal transducer critical for TGF-β functions in
EMT and apoptosis via regulating the activation of the c-
Jun N-terminal kinase (JNK) and p38 MAPK cascade [34].
Multiple studies have confirmed that TAK1 is related to the
progressions of some tumors. TAK1 can promote the metas-
tasis, invasion, and proliferation of tumors [35]. Iriondo et al.
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Figure 5: miR-339-3p inhibited the autophagy of cisplatin-resistant Hep-2 cells, and the TAK1 could reverse the effects of miR-339-5p on the
cells. (a) The relative expression level of miR-339-5p was measured by qRT-PCR. (b–f) The relative expression levels of TAK1, LC3-I, LC3-II,
and pAMPK were observed by western blot assay. ∗∗ meant P < 0:05.
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[36] have indicated that the abnormal expression of TAK1
is a major cause of the metastasis of triple-negative breast
cancer to the lung. Besides, it has been found that TAK1
plays a key role in the drug resistance of some tumors.
The results in this study showed that TAK1 upregulation
could reverse the effects of miR-339-5p on depressing the
cisplatin resistance of laryngeal carcinoma cells. Piro et al.
have suggested that TAK1 is associated with the resistance
to preoperative chemoradiotherapy of the patients with
esophageal adenocarcinoma, and TAK1 can significantly
reduce the apoptosis level of the tumor cells via promoting
the expression of BIRC3 [37]. Moreover, we also found that
miR-339-5p and TAK1 are related to the autophagy of laryn-
geal carcinoma cells, and miR-339-5p could inhibit the
autophagy pathway way to decrease the resistance of laryn-
geal carcinoma on cisplatin via targeting TAK1. Autophagy
is a common tactic of cells to counter the adverse factors such
as starvation and poison attack. Cell autophagy is usually
associated with the elevated ratio of LC3-II to LC3-I [38].
Our results showed that miR-339-5p upregulation effectively
inhibits the increased ratio of LC3-II to LC3-I in cisplatin-
resistant cells of laryngeal carcinoma, and the effects of
miR-339-5p could be reversed by TAK1. Besides, the
decreased AMPK and mTOR induced by miR-339-5p were
also observed in cisplatin-resistant cells, and those phenom-
ena could be rescued by STAK1. Therefore, this study
suggests that miR-339-5p can inhibit the autophagy to
improve the cisplatin resistance of laryngeal carcinoma cells
via targeting TAK1.

5. Conclusion

In conclusion, this study suggests that miR-339-5p inhibits
autophagy to reduce the resistance of laryngeal carcinoma
on cisplatin via targeting TAK1.
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Objective. To compare the clinical and radiographic results of the supercapsular percutaneously assisted total hip (SuperPATH)
approach and the conventional approach in hip arthroplasty. Design. Based on a prepublished protocol (PROSPERO:
CRD42020177717), we searched PubMed, Embase, and Cochrane for relevant literatures up to January 30, 2021. The
methodological qualities were assessed using the guidelines provided by the Cochrane Collaboration for Systematic Reviews.
Randomized- or fixed-effect models were used to calculate the weighted mean difference (WMD) or odds ratio (OR),
respectively, for continuous and dichotomous variables. Results. 6 articles were included in the study, and 526 patients were
selected, which included 233 cases in the SuperPATH groups and 279 cases in the conventional groups, and 4 cases performed
two surgeries in succession. The SuperPATH group demonstrated shorter incision length (WMD= −7:87, 95% CI (−10.05,
−5.69), P < 0:00001), decreased blood transfusion rate (OR = 0:48, 95% CI (0.25, 0.89), P = 0:02), decreased visual analogue scale
(VAS) (WMD= −0:40, 95% CI (−0.72, −0.08), P = 0:02), and higher Harris hip score (HHS) (WMD= 1:98, 95% CI (0.18, 3.77),
P = 0:03) than the conventional group. However, there was no difference in VAS (P = 0:14) and HHS (P = 0:86) between the
two groups 3 months later, nor in the acetabular abduction angle (P = 0:32) in either group. Conclusions. SuperPATH, as a
minimally invasive approach with its reduced tissue damage, quick postoperative recovery, and early rehabilitation,
demonstrates the short-term advantages of hip arthroplasty. As the evidences in favor of the SuperPATH technique were limited
in a small number of studies and short duration of follow-up, more research is required to further analyze its long-term effect.

1. Introduction

Hip arthroplasty is an effective method to manage various
hip diseases. This operation is increasingly favored by sur-
geons because it relieves pain effectively and is associated
with early mobilization and improved life quality among
patients. In recent years, artificial joint replacement and sur-
gical instruments have evolved rapidly. However, previous
studies reported high risks of trauma, blood loss, and postop-
erative complications during the process of traditional
approach [1]. The advancement in minimally invasive sur-

gery technology has improved the surgical results and
reduced the possibility of surgical injury. An increasing num-
ber of researchers are proposing and developing minimally
invasive techniques as the trend of future surgical manage-
ment [2–4].

The supercapsular percutaneously assisted total hip
(SuperPATH) technology, first reported by Dr. Chow in
September 2011, runs between the gluteus minimus and
piriformis [5] without cutting off any hip muscles and there-
fore preserves the integrity of muscles surrounding the joint
capsule [6]. As a minimally invasive technique, SuperPATH
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is conducive to rapid postsurgery rehabilitation of patients.
Compared to the conventional approach, the SuperPATH
technology is appreciated by surgeons for its small surgical
incision, less soft tissue damage, and fast postoperative reha-
bilitation. Contrarily, Rasuli and Gofton [7] reported that
SuperPATH demonstrated a longer learning curve and the
proficiency continued to decrease beyond the first 50 cases,
which potentially prolonged the operation time.

Herein, we performed several randomized controlled tri-
als (RCTs) and clinical controlled trials (CCTs) to compare
the SuperPATH approach with the conventional approach
for hip arthroplasty. Through this systemic review and
meta-analysis, we further explored the short-term curative
outcomes of the SuperPATH approach.

2. Methods

Literature selection, assessments of eligibility criteria, and
data extraction and analyses were performed based on the
protocol registered in (PROSPERO: CRD42020177717).

2.1. Search Strategies.A computerized retrieval of relevant lit-
eratures from PubMed, Embase and Cochrane library were
performed up to January 30, 2021 to identify qualified trials
and studies regarding SuperPATH. All aspects of the interna-
tional systematic review were followed using the Cochrane
handbook and the study was written according to the Preferred
Reporting Items for Systematic Reviews and Meta-Analyses
(PRISMA) statement [8]. Keywords related to SuperPATH
and the medical subject headings (MeSH) related to hip osteo-
arthritis, femoral neck fractures, femoral head necrosis and hip
arthroplasty were used. The search strategy in PubMed was
shown in Table 1, and the search strategy for the other two
databases was omitted due to the similar steps.

2.2. Inclusion and Exclusion Criteria.Only RCTs, prospective
or retrospective comparative studies, were enrolled. Inclu-
sion criteria were (1) degenerative hip arthritis, avascular
necrosis of the femoral head, or fresh femoral neck fractures;
(2) SuperPATH approach or conventional approach (poste-
rior approach, posterolateral approach, and direct anterior
approach); and (3) having at least one of the following items
reported: skin-to-skin operation time, length of incision,
blood loss, blood transfusion rate, hospitalization time, visual
analogue score (VAS), Harris hip score (HHS), and imaging
measurements (acetabular anteversion angle and acetabular
abduction angle).

Patients were removed for any of the following condi-
tions: (1) revision of artificial total hip joint, severe osteopo-
rosis, bone tumors, and muscle or nervous system diseases;
(2) no comparison of the two approaches; (3) follow-up
period of less than a year; and (4) republished literature, case
reports, and reviews.

2.3. Data Extraction and Quality Assessment. Two reviewers
were independently in accordance with the inclusion cri-
teria for the quality of the literature evaluation and data
extraction and then cross-checked. If there were any dis-
agreements between them, a senior (Peijian Tong) would
make a decision. RCTs were evaluated for quality using

the Cochrane risk assessment tool [9]. The Newcastle-
Ottawa Scale (NOS) [10] was used for the quality assess-
ment of cohort studies. This scale includes three major
parts, being the selection of study groups, ascertainment
of exposure, and outcome as well as group comparability.
The general scores greater than or equal to 7 were consid-
ered low risk of bias.

The following information was extracted from the study:
(1) characteristics of the studies (author, published time,
disease, surgery, type of study, case characteristics, etc.); (2) out-
come indicators: skin-to-skin operation time, length of incision,
blood loss, blood transfusion rate, hospitalization time, imaging
measurements (acetabular anteversion angle and acetabular
abduction angle), postoperative VAS, and HHS at 1 week, 1
month, 3 months, 6 months, and 1 year after surgery.

2.4. Statistical Analyses. Meta-analysis was performed with
Revman5.3 (Cochrane Collaboration, Copenhagen, Denmark)
software for the available indicators. For the dichotomous
variable, the odds ratios (ORs) and 95% confidence interval
(95% CI) were used as the effect indicators. For the con-
tinuous variables, the weighted mean difference (WMD)
and 95% CI were used as the effect indicator. When sta-
tistical heterogeneity of the study did not exist (P ≥ 0:1 or
I2 < 50%), the fixed-effect model was used. When statistical
heterogeneity existed (P < 0:1 or I2 > 50%), the random-
effect model was used for data synthesis. The results of this
meta-analysis were shown in the forest plot, and P < 0:05
was considered as statistically significant.

3. Results

3.1. Literature Search Results. A total of 392 articles were ini-
tially obtained, of which 127 articles were excluded for

Table 1: PubMed search strategy.

Sequence Command search

1
#1 “clinical trial”[PT] OR “follow up study”[PT] OR

“randomized controlled trial”[PT] OR “cohort
study”[PT]

2
#2 ((((cohort[TIAB]) OR randomized[TIAB]) OR

randomly[TIAB]) OR trial∗[TIAB]) OR
placebo[TIAB]

3 #3 #1 OR #2

4 #4 gonarthrosis[TIAB]

5 #5 “Osteoarthritis, Hip”[Mesh]

6 #6 “Femoral Neck Fractures”[Mesh]

7 #7 “Femur Head Necrosis”[Mesh]

8 #8 #4 OR #5 OR #6 OR #7

9 #9 approach∗[TIAB]
10 #10 SuperPATH[TIAB]

11
#11 supercapsular percutaneously assisted total

hip[TIAB]

12 #12 #9 OR #10 OR #11

13 #13 “Arthroplasty, Replacement, Hip”[Mesh]

14 #14 #3 AND #8 AND #12 AND #13

2 BioMed Research International
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repeated publishing. By reading titles and abstracts, 239 arti-
cles were excluded from reviews, case reports, and irrelevant
studies. For no comparison of two approaches and literature
that was not related to the purpose of the study, 8 documents
were screened out. Further checking the context led to the
exclusion of 9 articles lacking required data and 3 articles
including other irrelevant interventions. Finally, 6 qualified
articles [11–16] were selected. The literature inclusion and
exclusion processes were shown in Figure 1, following the
PRISMA statement.

3.2. The Basic Characteristics and Quality Evaluation of
Included Studies. The basic characteristics of the 526 patients
were shown in Table 2. Concerning the body mass index, one
of the studies [16] was not mentioned. Regarding RCTs, there
were a total of 3 studies [11, 12, 16] enrolled in this article.
Due to the particularity of surgery, all RCT studies did not
report the methods of binding to participants and/or opera-
tors. Besides, one paper [11] explained the randomization
but no randomized paired design was mentioned. None of
the 3 RCTs had incomplete outcome or detection bias. The
risk of bias graph and summary for the RCT studies were
all shown in Figures 2 and 3. As shown in Table 3, the NOS
scores of these three cohort studies [13–15] were 8, 8, and
8. In general, all of the 6 articles included in this study were
of good quality, with standardized research design and good

research value. The number of studies enrolled was less than
10; therefore, no publication bias was conducted.

3.3. Surgical Outcomes

3.3.1. Operation Time. Operation time (Figure 4(a)) was
recorded in 6 studies [11–16] and random effects models
were used because of the statistical heterogeneity of the
results (χ2 = 44:29, df = 5, I2 = 89%, P < 0:00001). The
results showed that there was no significant difference
between the two groups (WMD= 6:81, 95% CI (−1.47,
15.09), P = 0:11).

3.3.2. Incision Length. Based on the available data from 4
studies [11, 12, 15, 16], we found significant heterogeneity
(χ2 = 111:20, df = 3, I2 = 97%, P < 0:00001). As was shown
in Figure 4(b), the pooled results were statistically different
between the two groups based on the random-effect model
(WMD= −7:87, 95% CI (−10.05, −5.69), P < 0:00001).

3.3.3. Intraoperative Blood Loss. 6 studies [11–16] recorded
intraoperative blood loss. Because of statistical heterogeneity
(χ2 = 402:99, df =5, I2 = 99%, P < 0:00001), random-effect
models were applied. The results in Figure 4(c) showed no
significant difference between the two groups (WMD=
41:74, 95% CI (−53.22, 136.70), P = 0:39).

Total studies identified (n = 392)
EMBASE (n = 106),
Pubmed (n = 191),
Cochrane library (n = 95)

Full-text articles excluded (n = 20)

No desired outcomes (n = 12)

No comparison of two groups (n = 8)

Total records excluded (n = 239)
Reviews (n = 162)

Case reports (n = 28)
Irrelevant studies (n = 49)
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Additional records identified
through other sources
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Full-text articles assessed
for eligibility

(n = 6)
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qualitative synthesis
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(meta-analysis)
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Figure 1: PRISMA study flow diagram.
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3.3.4. Blood Transfusion Rate. Data extracted from 4 studies
[11, 12, 14, 15], including 326 participants, showed a postop-
erative transfusion rate (Figure 4(d)). Due to no significant
differences in heterogeneity (χ2 = 2:05, df = 2, I2 = 2%, P =
0:36), data was summarized using the fixed-effect model.
The pooled results showed statistically significant difference

between the two groups (OR = 0:48, 95% CI (0.25, 0.89),
P = 0:01).

3.3.5. Hospitalization Time. A total of 206 participants
(Figure 4(e)) referred to the length of stay [11, 15, 16]. Due
to no significant differences in heterogeneity (χ2 = 45:28,
df = 2, I2 = 96%, P < 0:00001), data was summarized using
random-effect models. The pooled results showed no sta-
tistically significant difference between the two groups
(WMD= −1:94, 95% CI (−4.69, 0.82), P = 0:17).

3.4. Radiological Outcomes (Acetabular Anteversion Angle
and Acetabular Abduction Angle). As was shown in
Figure 4(f), two studies [11, 15] showed significant heteroge-
neity of the acetabular anteversion angle. The fixed-effect
model was adopted (χ2 = 1:70, df = 1, I2 = 41%, P = 0:19).
There was significant difference between the two groups
(WMD= −0:98, 95% CI (−1.6, −0.31), P = 0:004).

As was shown in Figure 4(g), the results of two studies
[11, 15] showed no statistically significant heterogeneity in
the acetabular abduction angle (χ2 = 1:06, df = 1, I2 = 6%,
P = 0:30). The difference between the two groups was no
statistically significant (WMD= −1:32, 95% CI (−3.92,
1.27), P = 0:32).

3.5. Functional Outcomes

3.5.1. VAS. 4 articles [11, 12, 15, 16] mentioned VAS
(Figure 5(a)). We found significant heterogeneity in pooled
results, so we used the random-effect model (χ2 = 282:54,
df = 13, I2 = 95%, P < 0:00001). The pooled follow-up results
showed a statistically significant difference between the two
groups (WMD= −0:40, 95% CI (−0.72, −0.08), P = 0:02).

The subgroup analysis of VAS at 1 week and 1, 3, 6, and
12 months after operation showed that week 1 (WMD=
− 1:33, 95% CI (−2.16, −0.51), P = 0:02) was statistically
significant but indicated no statistical significance at one
month (WMD= −0:46, 95% CI (−1.12, 0.20), P = 0:17),
three months (WMD= −0:17, 95% CI (−0.41, 0.06), P =
0:14), six months (WMD= −0:05, 95% CI (−0.23, 0.14),

Random sequence generation (selection bias)

Allocation concealment (selection bias)

Blinding of participants and personnel (performance bias)

Blinding of outcome assessment (detection bias)

Incomplete outcome data (attrition bias)

Selective reporting (reporting bias)

Other bias

Low risk of bias

Unclear risk of bias

High risk of bias

0% 25% 50% 75% 100%

Figure 2: Risk of bias graph. Each risk of bias item is presented as percentages across all included studies.

? ?

??

?

?

? ++

+

++ +

++

+

+

+–

–

––

–Jia 2019

Ra
nd

om
 se

qu
en

ce
 g

en
er

at
io

n 
(s

el
ec

tio
n 

bi
as

)

A
llo

ca
tin

g 
co

nc
ea

lm
en

t (
se

le
ct

io
n 

bi
as

)

Bl
in

di
ng

 o
f p

ar
tic

ip
an

ts 
an

d 
pe

rs
on

ne
l (

pe
rfo

rm
an

ce
 b

ia
s)

Bl
in

di
ng

 o
f o

ut
co

m
e a

ss
es

sm
en

t (
de

te
ct

io
n 

bi
as

)

In
co

m
pl

et
e o

ut
co

m
e d

at
a (

at
tr

iti
on

 b
ia

s)

Se
le

ct
iv

e r
ep

or
tin

g 
(r

ep
or

tin
g 

bi
as

)

O
th

er
 b

ia
s

Wang 2019

Xie 2017

Low risk of bias

High risk of bias

Unknown risk of bias

–

Figure 3: Risk of bias summary.

5BioMed Research International



RE
TR
AC
TE
DP = 0:62), and a year (WMD= −0:09, 95% CI (−0.21,

0.02), P = 0:12) after surgery.

3.5.2. HHS. As was shown in Figure 5(b), the statistical
analysis of 5 studies [11–13, 15, 16] showed statistically sig-
nificant heterogeneity (χ2 = 368:59, df = 16, I2 = 96%, P <
0:00001). The difference of pooled follow-up results between
two groups was statistically significant (WMD= 1:98, 95% CI
(0.18, 3.77), P = 0:03).

The meta-analysis of HHS showed that the two groups
were significantly different at 1 week after surgery
(WMD= 7:96, 95% CI (3.63, 12.28), P = 0:0003), 1 month
after operation (WMD= 3:76, 95% CI (2.09, 5.42), P <
0:00001), and a year after operation (WMD= 0:84, 95% CI
(0.17, 1.51), P = 0:01), but not at three months (WMD=
− 0:33, 95% CI (−4.15, 3.49), P = 0:86) nor six months
(WMD= −0:09, 95% CI (−1.73, 1.55), P = 0:91) after surgery.

4. Discussion

The SuperPATH technology is a combination of the Super-
Cap technique [5] and PATH technique [17] and has become
a revolutionary approach with minimal invasion. It is consis-
tent with the anatomical landmarks of the conventional
posterolateral approach, as it preserves all the benefits of
the standard posterolateral technique, such as the clearly
exposed vision and precision of prosthesis installation. Also,
the SuperPATH technology does not require special opera-
tive tables and can be easily converted to a standard posterior
approach. During soft tissue separation, the SuperPATH
technology does not transversely cutoffmuscles and tendons,
which preserves the integrity of the adjacent external rotators
to the joint capsule. Furthermore, acetabular preparation is
straightforward, aided by the percutaneous incision, thereby
providing a rapid postoperative recovery as the muscles
remain intact. A previous meta-analysis [18] revealed the
advantage of SuperPATH approach sourcing mostly from
Chinese database and literatures, which was quite different
from our study.

In the current study, we performed a systematic review
and meta-analysis that compared the SuperPATH approach
with the conventional approach in hip arthroplasty. 6 studies
(3 RCTs and 3 CCTs) met our inclusion criteria. In terms of
incision length, four studies reported a shorter average length
of the surgical incision in the SuperPATH group than that in
the conventional group. Unlike the great trauma caused by
the conventional approach, minimally invasive surgery
brings a series of advantages which cannot be defined by

short incision only. For instance, direct anterior access may
cause lateral femoral cutaneous nerve injury [19], whereas
the lateral approach may cause the superior gluteal nerve
injury and cutoff the insertion of the gluteus minimus [20].
Furthermore, the posterior lateral approach requires incising
the piriformis muscle to expose the joint capsule [21]. As a
minimally invasive surgery, SuperPATH is a satisfactory
approach not only for its minimal incision but also for its
protection of the external muscles and ligaments without cut-
ting them off. We found that violent pulling of the distal or
proximal soft tissue during surgery potentially reduced post-
operative incision necrosis, subcutaneous fat liquefaction,
and other complications associated with other minimally
invasive THAs. Thus, obesity and stiffness of muscles are
contraindications for conventional surgical options. On
account of a short incision, mini-invasive surgery may be
linked to the inaccuracy of prosthesis placement due to the
missing field of vision and unclear anatomical landmarks.
However, SuperPATH is not a contraindication to obesity
and stiffness of muscles. This further broadens the indica-
tions for the resolution of intraoperative joint capsule
exposures and anatomic landmarks [3]. In another study,
Eskelinen [22] suggested that more attention should be given
to tissue protection and placement of the prosthesis and the
short incision (≤10 cm) should be made into the secondary
site simultaneously. Elsewhere, Han et al. [23] found that
intraoperative protection of the external rotation muscles
could lower the postoperative dislocation rate from 1.8%
to 6.2%.

In the present study, 6 articles documented the operation
time. The results revealed no difference in the operating time
between the two groups, which may be closely associated
with the learning curve of the new SuperPATH technology.
For instance, Rasuli and Gofton [7] reported 50 cases and
49 cases adopting SuperPATH and PATH, respectively, as
minimally invasive approaches for total hip arthroplasty. In
their study, the operation time of the SuperPATH group
exhibited a decreasing trend, suggesting that the learning
curve may be associated with prolonged operation time.
Besides, the incision suturing step was, in most cases, per-
formed by junior physicians at the end of the surgery and
may impact the overall operation time.

Blood loss and transfusion rates in prosthetic hip opera-
tions were closely associated with the bleeding during osteot-
omy, intramedullary reaming of the medullary cavity, and
muscle excision. With the SuperPATH approach, smaller
soft tissue dissection was associated with less bleeding and
lower transfusions rates. In our analysis, 6 studies and 4

Table 3: Newcastle-Ottawa Scale for risk of bias assessment of cohort studies included in the meta-analysis.

Study
Selection

Comparability
Outcome

Overall scores
1 2 3 4 5 6 7

Martínez et al. ★ ★ ★ ★ ★★ ☆ ★ ★ 8

Xu et al. ★ ★ ★ ★ ★★ ★ ★ ☆ 8

Meng et al. ☆ ★ ★ ★ ★★ ★ ★ ★ 8

1: representativeness of exposed cohort; 2: selection of nonexposed; 3: ascertainment of exposure; 4: outcome not present at start; 5: assessment of outcome; 6:
adequate follow-up length; 7: adequacy of follow-up. ☆ score of 0, ★ score of 1, ★★ score of 2.
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Figure 4: Continued.
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studies mentioned intraoperative blood loss and blood trans-
fusion rates, respectively. Although no significant difference
was found in intraoperative blood loss, blood transfusion
rates were significantly lower with the SuperPATH tech-
nique, which is most likely because the SuperPATH tech-
nique can result in less trauma by protecting the joint
capsule and external rotation muscles. As a new technique,
surgeons may prolong the operation time and have increased
blood loss risks for unskilled operation. Gofton et al. [6] and
Rasuli and Gofton [7] found that the transfusion rates of
SuperPATH minimally invasive surgery were 3.3% and
4.0%, respectively, lower compared to those with conven-
tional approaches.

3 studies reported on the hospitalization time but exhib-
ited no significant difference. Cardenas-Nylander et al. [24]
found that the average length of stay for patients who
underwent SuperPATH surgery was 1.4 days, less than that
of the conventional THA. Gofton and Fitch [25] explored
the 30-day readmission rates for 479 patients who underwent
THA and found that the 30-day readmission rate for the
SuperPATHminimally invasive total hip arthroplasty ranged
from 4.3% to 2.3% compared to conventional procedures.
The same research team investigated 99 patients between
April 2013 and January 2014 and reported that the overall
costs of hospitalization of the SuperPATH approach were
28.4% lower than those of the conventional lateral approach
[6]. Thus, SuperPATH significantly reduced postoperative
costs. Meng et al. [15] in their study performed bilateral hip
arthroplasty in succession, demonstrating that the Super-
PATH approach could reduce the whole length of stay and
enhance the postsurgery recovery.

4 studies mentioned VAS as well as the subgroup analysis
revealed that 1 week after surgery, pain relief was signifi-
cantly improved in the SuperPATH group than that in the
conventional surgery group. However, there was no differ-
ence between the two groups during the 1 to 12 months
follow-up. Based on the above discussion, the SuperPATH
technology improved patient satisfaction in the early postop-
erative period. Bodrogi et al. [26] performed the SuperPATH
technique in 17 patients with femoral neck fractures, and the
clinical follow-up found that postoperative analgesia dosage
was reduced and the hospital stays were shortened. Jiang
[27] measured the circumference of the thigh after the Super-
PATH surgery and found that the postoperative degree of
edema was significantly lower than other small incision sur-
geries, thus reducing the patient pain and other constrained
symptoms.

HHS is a widely used synthetical mark to evaluate the hip
function and assess the effect of hip replacement. In this
meta-analysis, the HHS at week 1 and one month postoper-
atively in the SuperPATH group was higher than that in
the conventional replacement group. However, we found
no significant difference after 3 months. None of the included
articles mentioned specific details of the HHS. The author
believed that HHS in the initial period was low in the
SuperPATH replacement group, demonstrating a nearly
functional recovery. The difference in the middle period
was not significant, but the overall follow-up was shorter.
And the long-term efficacy still needed a follow-up assess-
ment. Della et al. [3] collected postoperative imaging
measurements in 66 patients and found that the early results
in the SuperPATH group were superior to the conventional
group. However, the long-term results needed further
investigation.

Moreover, Lewinnek et al. [28] found that the dislocation
rate for cup orientation with anteversion of 15 ± 10 degrees
and lateral opening of 40 ± 10 degrees was 1.5%, with respect
to minimal risks of dislocation in the postoperative period.
Herein, following the analysis of 2 studies, we found no
difference in acetabular abduction angles by comparing the
SuperPATH group to the conventional group. Simulta-
neously, the two groups showed significant differences in ace-
tabular anteversion angles. In a previous study by Williams
et al. [29], the transverse acetabular ligament was applied to
establish the position of the acetabular locator. This method
was suitable for both conventional and minimally invasive
procedures. Therefore, reaming and placement of the acetab-
ular component referring to the transverse acetabular
ligament can significantly improve the accuracy of the pros-
thesis position. Rasuli and Gofton [7] also revealed that the
reference to acetabular transverse ligament during operation
could increase the accuracy of the prosthesis and reduce the
rate of dislocation. In our review, only two studies and 50
patients were enrolled for analysis, which may restrain the
accuracy of our judgment.

This article had some limitations: (1) the follow-up of
each study and some of the evaluation indicators were incon-
sistent, (2) the analysis lacks detailed score data and the inci-
dence of complications was not assessed, (3) only published
papers were identified; thus, unpublished articles might
influence the ultimate result, and (4) the SuperPATH tech-
nology was first reported in 2011, and multicenters, larger
samples, and follow-up assessments are still needed to deter-
mine its long-term efficacy and complications.
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Figure 4: Forest plot analysis comparing the SuperPATH group vs the conventional group. (a) Operation time. (b) Incision length. (c) Blood
loss. (d) Transfusion rate. Blood loss. (e) Hospitalization time. (f) Anteversion angle. (g) Abduction angle.
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Figure 5: Forest plot analysis from 5 times comparing the SuperPATH group vs the conventional group. (a) VAS. (b) HHS.

9BioMed Research International



RE
TR
AC
TE
D

Our meta-analysis demonstrated that the short- and
medium-term postoperative hip-related scores of the Super-
PATH approach were not significantly different from those
of the conventional approach. However, the SuperPATH
approach, on account of shorter incision length, lower post-
operative transfusion rate, preferable early postoperative
VAS, and HHS, is superior to the conventional approach.
Furthermore, it has potential benefits, including low tissue
damage and rapid postoperative recovery, which can signifi-
cantly improve the quality of life and satisfaction of patients.

5. Conclusions

Our study suggested that SuperPATH was associated with
shorter incision length, less blood transfusion rate, better
functional recovery, and lower pain scores. Due to the limited
number of studies and insufficient sample sizes, the conclu-
sion should be treated cautiously. And larger sample sizes
with well-designed RCTs are required to confirm our
conclusion.
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LIHC (liver hepatocellular carcinoma) mostly occurs in patients with chronic liver disease. It is primarily induced by a vicious cycle
of liver injury, inflammation, and regeneration that usually last for decades. The G protein nucleolar 2 (GNL2), as a protein-
encoding gene, is also known as NGP1, Nog2, Nug2, Ngp-1, and HUMAUANTIG. Few reports are shown towards the specific
biological function of GNL2. Meanwhile, it is still unclear whether it is related to the pathogenesis of carcinoma up to date.
Here, our study attempts to validate the role and function of GNL2 in LIHC via multiple databases and functional assays. After
analysis of gene expression profile from The Cancer Genome Atlas (TCGA) database, GNL2 was largely heightened in LIHC,
and its overexpression displayed a close relationship with different stages and poor prognosis of carcinoma. After enrichment
analysis, the data revealed that the genes coexpressed with GNL2 probably participated in ribosome biosynthesis which was
essential for unrestricted growth of carcinoma. Cell functional assays presented that GNL2 knockdown by siRNA in LIHC cells
MHCC97-H and SMCC-7721 greatly reduced cell proliferation, migration, and invasion ability. All in all, these findings
capitulated that GNL2 could be a promising treatment target and prognosis biomarker for LIHC.

1. Background

Liver cancer is composed of primary carcinoma and meta-
static carcinoma [1, 2]. As far as the most common
inducers of carcinoma-associated mortality in the world,
primary liver carcinoma ranks second, thus becoming a
great public health challenge [3–5]. Primary liver carci-
noma consists of liver hepatocellular carcinoma (LIHC),
intrahepatic cholangiocarcinoma (iCCA), and other rarely
seen neoplasms [6, 7]. Mostly, LIHC occurs in patients
with chronic liver disease, and it is generally caused by a
vicious cycle of liver damage, inflammation, and regenera-
tion that usually span several decades [8–11]. Like other
malignant neoplasms, the widely generated biological alter-
ation in LIHC pathogenesis comprises activated oncogene
and inactivated neoplasm inhibitor genes [12]. Since its
discovery over 60 years ago, alpha-fetoprotein (AFP) has

been the most commonly used biomarker in LIHC man-
agement [4, 13, 14]. However, LIHC is classified as a
complicated disease accompanied by several risk factors
caused pathogenic mechanisms. Thus, to characterize
LIHC only by a single biomarker is not feasible. To explore
the pathogenesis of LIHC and uncover the candidate bio-
markers become urgently needed.

As a protein-encoding gene, the G protein nucleolar 2
(GNL2) is also named by nucleostemin (NS), which is essen-
tial for stem cell growth and development [15, 16]. GNL2 is
highly expressed in tissues, such as testis and bone marrow
[17, 18]. Presently, there are no researches on the particular
biological function of GNL2, and little is known about its
relationship with carcinoma pathogenesis.

Here, our study is aimed at investigating whether there is
an association of GNL2 expression with the prognosis in
LIHC patients. In addition, our study also wants to validate
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its inhibitory effect on LIHC cell proliferation, migration, and
invasion by in vitro experiments.

2. Material and Methods

2.1. Identification of the Differentially Expressed Genes
(DEGs) in TCGA Database. The Cancer Genome Atlas
(TCGA) database, as the National Cancer Institute (NCI)
and the National Human Genome Institute (NHGRI) sup-
ported the project, was employed to obtain mRNA expres-
sion profile of liver carcinoma and normal samples. It could
offer all-inclusive maps of the main alterations of genomic
in multiple sorts of carcinomas. ∣log2 fold change ðFCÞ ∣ >1
and P value <0.05 were considered to be parameters for iden-
tifying the DEGs. The protein-protein network (PPI) of the
selected DEGs was constructed by the Search Tool for the
Retrieval of Interacting Genes (STRING) database.

2.2. Gene Expression Profiling Interactive Analysis (GEPIA)
Database. GEPIA is an interacting online server for the anal-
ysis of RNA sequencing data of tumorous and healthy sam-
ples from the Genotype-Tissue Expression (GTEx) and
TCGA datasets. The URL of GEPIA is http://gepia.cancer-
pku.cn. In this study, we used GEPIA to determine GNL2
expression in different stages of liver carcinoma and then
perform patient survival analysis and identify similar genes.

2.3. Kaplan-Meier Plotter Database. The Kaplan-Meier plot-
ter (https://kmplot.com/analysis/), functioning as a web tool,
is used to validate survival biomarkers in the light of meta-
analysis. The information of gene expression profile and
various survival data comprising overall survival (OS),
relapse-free survival (RFS), and disease-specific survival
(DSS) come from the well-known public databases, including
GEO (only Affymetrix microarrays), EGA, and TCGA.
Kaplan-Meier plotter was taken to generate the survival
curves of GNL2, and log rank P values, as well as hazard ratio
(HR) with 95% confidence intervals, were calculated.

2.4. Biological Process and Pathway Enrichment Analysis. The
top 1000 genes coexpressed with GNL2 (sorted by Pearson
correlation coefficient) in LICH-tumor and LICH-normal
dataset were identified by GEPIA. To assess the gene-

annotation enrichment, we utilized the online tool Enrichr
(https://maayanlab.cloud/Enrichr/). Enrichment annota-
tions were presented as Kyoto Encyclopedia of Genes and
Genomes (KEGG) pathway and Gene Ontology (GO) bio-
logical process. Data were plotted and visualized using an
online platform http://www.bioinformatics.com.cn.

2.5. Cell Culture and Transfection. The human LIHC cell
lines MHCC97-H and SMCC-7721 were obtained from the
China Center for Type Culture Collection in 2020 and
authenticated by short tandem repeat analysis. All cells were
routinely cultured in DMEMmedium (Thermo Fisher Scien-
tific, Inc., USA) supplemented with 10% FBS (Thermo Fisher
Scientific, Inc., USA) in an incubator with 5% CO2 at 37

°C.
SiRNA targeting GNL2 (si-GNL2) and a negative control
siRNA (si-NC) were acquired from GeneCopoeia, Inc.
(USA). When MHCC97-H and SMCC-7721 cells confluence
reached up to 80% on the following day, they were trans-
fected with indicated siRNAs utilizing Lipofectamine 2000
(Invitrogen, USA) as the manual described. Reduced effi-
ciency of GNL2 was determined by qRT-PCR at 48 h post-
transfection. The siRNAs used were as follows: si-GNL2-1,
5′-CACGTGTGATTAAGCAGTCATCATT-3′; si-GNL2-2,
5′-CCATACAAAGTTGTCATGAAGCAAA-3′; si-NC, 5′
-UUCUCCGAACGUGUCACGUTT-3′.

2.6. Quantitative Reverse-Transcription PCR (qRT-PCR)
Assay.Overall RNA was harvested from indicated cells utiliz-
ing TRIzol reagent (Invitrogen, USA). qRT-PCR was carried
out on a Bio-Rad Single Color Real-Time PCR system (Bio-
Rad Laboratories, Inc., USA) with SYBR-Green Real-Time
PCR Master Mix (Toyobo Life Science, Japan). β-Actin was
used as an internal control.

2.7. Cell Proliferation Assay. 2,000 of si-NC- and si-GNL2-
transfected cells were plated in per well of 96-well plates,
followed by maintaining 0, 24, 48, and 72 h at 37°C. 10μl of
CCK-8 reagent was added into each well at the indicated
time, followed by another 2 h incubation. The wavelength
at 450 nm was read in a Varioskan Flash spectrophotometer
(Thermo Fisher Scientific, Inc., USA).
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2.8. Transwell Assay. For cell migration assay,Matrigel needed
not to be precoated in the Transwell chamber (Corning, NY).
The Transwell upper chamber was added 50,000 si-NC- or si-
GNL2-transfected cells suspended in serum-free DMEM
medium, and the lower chamber was added DMEM medium

with 10% FBS, followed by maintaining 24h at 37°C. Then,
migrated cells underside were rinsed by PBS, fixed by metha-
nol, and stained by DAPI. Positive cells were photographed
and counted under a microscope. Five random fields were
selected and counted the average. For cell invasion assay,
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2mg/mL Matrigel was precoated in the upper chamber.
The remaining procedures were the same as the cell migra-
tion assay.

2.9. Statistical Analysis. Our data were analyzed by the SPSS
software (IBM Corp., USA) and were represented as the
mean ± SD. The Student t-test was employed to analyze the
difference in mRNA expression from TCGA database. The
correlation existing in expression and pathological stage of
carcinoma was assessed by one-way ANOVA. The differ-
ences in survival ratio between highly expressed GNL2 and
lowly expressed GNL2 groups were detected by Kaplan-

Meier analysis and log-rank test. The Student t-test was
employed to compare the difference of the si-GNL2-
transfected group with the si-NC-transfected group. The
great statistical difference indicated P < 0:05.

3. Results

3.1. Identification of the DEGs and Overexpressed Gene GNL2
in LIHC. As indicated before, to define the DEGs in liver car-
cinoma and normal samples, we obtained gene expression
information from TCGA database. Totally, 361 DEGs were
selected, comprising 283 genes with increased expression
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and 78 genes with decreasing expression (Figure 1 volcano
plot). Figure 2 displayed the PPI network, 110 nodes (pro-
teins) and 159 edges (proteins interactions). Besides, it was
observed that the degree of GNL2 was high which partly
revealed the potential role of GNL2 as a candidate biomarker
for LIHC.

3.2. Validation of the Relationship between the Stages of Liver
Carcinoma and the Expression of GNL2. TCGA database
analysis showed that LIHC tumor tissues highly expressed
GNL2 in comparison with normal tissues (Figure 3(a)).
Then, GEPIA analysis discovered the associations between
various pathological carcinoma stages of LIHC patients and
GNL2 expression level. It was found that GNL2 expression
was significantly associated with the pathological carcinoma
stages of LIHC (Figure 3(b), P = 0:00163). Our results dem-
onstrated that GNL2 exhibited an important part in clinical
practice.

3.3. Prognostic Value of GNL2 for LIHC Patients. Subse-
quently, we employed GEPIA to investigate the relationship of
GNL2 expression with LIHC patient’s prognosis. Figures 4(a)
and 4(b) demonstrated theOS andDFS curves of LIHC patients
with different GNL2 expression levels. Kaplan-Meier analysis
plus the log-rank test was taken to assess the impacts of the
expression of GNL2 on OS and DFS. Compared to the lowly
expressed GNL2 group, the highly expressed GNL2 group
exhibited a shorter OS and DFS (log rank P = 9:2e − 06 and
0.011, respectively). Additionally, we further verified that high
expression of GNL2 led to poor prognosis in LIHC patients
by Kaplan-Meier plotter database analysis. Figures 5(a), 5(d),
and 5(g) showed that LIHC patients with highly expressed

GNL2 had shorter OS, RFS, and DSS compared to those with
the lowly expressed group, in line with the GEPIA analysis.
Given the high incidence of hepatocellular carcinoma was
mainly due to the prevalence of hepatitis virus infection, we
further evaluated the prognosis of LIHC patients stratified
according to hepatitis virus infection. The results showed that
the hepatitis virus did not affect the prognosis of GNL2
(Figures 5(b), 5(c), 5(e), 5(f), 5(h), and 5(i)).

3.4. Biological Process and Pathway Enrichment Analysis.We
conducted KEGG and GO enrichment analyses of genes
coexpressed with GNL2 in LIHC tumor and normal tissues
to validate the function of GNL2 in liver carcinoma.
Figure 6(a) displayed the results of KEGG pathway enrich-
ment, including cell cycle, mRNA surveillance pathway, pro-
teasome, ribosome, RNA transport, DNA replication,
Fanconi anemia pathway, ribosome biogenesis in eukaryotes,
spliceosome, and homologous recombination. Figure 6(b)
showed the enriched biological processes of the genes coex-
pressed with GNL2 as the following: rRNA processing
(GO:0006364), rRNA metabolic process (GO:0016072),
ribosome biogenesis (GO:0042254), mRNA processing
(GO:0006397), translation (GO:0006412), RNA splicing via
transesterification reactions with bulged adenosine as nucle-
ophile (GO:0000377), mRNA splicing via spliceosome
(GO:0000398), gene expression (GO:0010467), cellular mac-
romolecule biosynthetic process (GO:0034645), and ncRNA
processing (GO:0034470).

3.5. Cell Functional Results of GNL2 Downregulation in LIHC
Cells. We transfected siRNAs into MHCC97-H and SMCC-
7721 cells to evaluate the effects of ablated GNL2 on cell
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function (Figures 7(a) and 7(b)). CCK-8 assay data showed
that si-GNL2-transfected cell proliferation was significantly
hindered in comparison with control si-NC-transfected cells
after 24, 48, and 72h treatment (Figures 7(c) and 7(d)). In
addition, Transwell assay data revealed that transfection of
si-GNL2 in LIHC cells could suppress invasion and migra-
tion abilities (Figures 8(a)–8(d)). Therefore, GNL2 knock-

down largely curbed MHCC97-H and SMCC-7721 cell
proliferation, invasion, and migration.

4. Discussion

LIHC is a malignant neoplasm that often occurs in the liver,
which is related to drinking, viral hepatitis, eating moldy
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food, genetics, etc. [19]. Currently, the studies about LIHC
are few. As for LIHC treatment, Kim et al. summarized and
discussed clinical researches towards systematical chemical
therapy for advanced cancer [20]. Zhang and Zhang found
FoxP4 functioned as a tumor promoter in LIHC cells by tran-
scriptionally regulating Slug and highlighted the potential
effects of FoxP4 on the prognosis and treatment of LIHC
[21]. The early stage is often asymptomatic, and obvious
symptoms like liver area pain, fever, and fatigue usually
appear in the advanced stage [22]. It is possible to cure LIHC
in its early stage, but the treatment is complicated in the mid-
dle and advanced stages [23, 24]. Therefore, it is necessary to
have a better understanding of the molecular mechanism
involved in liver carcinoma initiation and to screen novel
biomarkers. In this study, we screened 361 DEGs and
GNL2 was one of the significantly upregulated genes. Besides,
GNL2 was observed to have a high degree in the PPI network.
Thus, we considered GNL2 as candidate biomarkers for
LIHC.

NS or GNL3 (nucleostemin) and GNL3-like (GNL3L) are
two members of the GNL2 family [25]. The two both com-
prise an MMR_HSR1 domain, depicted by five GTP binding
motifs formed as a cyclic order. The two have a common
Grnlp homologous sequence in yeast, highly similar to the
sequence in vertebrates. GNL3L is the vertebrate aileron of
NS, while GNL2 is single both in vertebrates and inverte-
brates. NS is a protein playing essentially in stem cell growth

and maintenance [15]. However, few pieces of research are
conducted to explore the relation between GNL2 and disease.
Herein, our study plans to explore the role and function of
GNL2 in LIHC.

As far as gene expression information from the TCGA
database, GNL2 was highly expressed in LIHC tumor sam-
ples compared to that in normal samples, implying GNL2
was a possible oncogene in LIHC. After analysis of the asso-
ciations between various pathological carcinoma stages of
LIHC patients and GNL2 expression, the data revealed that
high expression of GNL2 was significantly associated with
advanced cancer stages. Kaplan-Meier analysis based on
GEPIA and Kaplan-Meier plotter datasets consistently
verified that LIHC patients with highly expressed GNL2
exhibited a shorter survival ratio. What was more, in vitro
knockdown functional experiments demonstrated that
reducing GNL2 by siRNA impeded LIHC cell proliferation,
migration, and invasion abilities. Based on the above find-
ings, GNL2 was probably considered as a treatment target
and a biomarker for LIHC patients’ prognosis.

The alteration of ribosome biogenesis often occurs in car-
cinoma cells due to the rising need for protein synthesis in
unrestricted cancer growth [26]. Ribosome biosynthesis is a
complicated biological process required for the coordination
of multiple factors and a huge cellular energy investment.
The ribosome is essential for protein production and there-
fore is essential for cell survival, growth, and proliferation.
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Ribosomal biogenesis begins in the nucleolus, including ribo-
somal RNA synthesis and processing, ribosomal protein
assembly, and transport to the cytoplasm [27]. Interference
in ribosome biogenesis can promote cell cycle arrest, apopto-
sis, or senescence and thus is usually associated with carci-
noma, aging, and some other related degenerative diseases
[28]. The hyperactivation of ribosome biogenesis usually
occurs in tumor cells to cope with a rising need in protein
synthesis and maintain unrestricted growth [29]. Impor-
tantly, the hyperactivation of ribosome biogenesis can be ini-

tiated by overexpressing oncogenes or eliminating neoplasm
suppressing genes. In our study, we found that GNL2 was
largely associated with altered ribosome biogenesis in cancer
cells through KEGG and GO enrichment analyses, thereby
playing a vital role in carcinoma initiation and progression.

This study has some limitations. First, we did not con-
struct an overexpression vector of GNL2, and we further
explored the regulation of GNL2 overexpression on the pro-
liferation, invasion, and migration of LIIHC cells. Secondly,
we have not used clinical samples to analyze GNL2 mRNA
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Figure 8: Cell functional results of GNL2 downregulation in LIHC cells. Validation of cell invasion capability in si-GNL2-transfected (a)
MHCC97-H and (b) SMCC-7721 cells by Transwell assay. ∗P < 0:05; ∗∗P < 0:01. Validation of cell migration capability in si-GNL2-
transfected (c) MHCC97-H and (d) SMCC-7721 cells by Transwell assay. ∗P < 0:05; ∗∗P < 0:01.
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and protein levels. In future studies, we will collect more clin-
ical samples for analysis of GNL2 mRNA and protein levels.

5. Conclusion

To our knowledge, this study reported the function of GNL2
in LIHC for the first time, and the results showed that GNL2
was a new biomarker for predicting the prognosis of LIHC
patients. Bioinformatics analysis showed that GNL2 was
greatly raised in LIHC, and its overexpression was closely
related to cancer stage and poor prognosis. Enrichment anal-
ysis suggested that GNL2 was largely related to ribosome bio-
synthesis which was essential for cancer unrestricted growth.
Ablating GNL2 resulted in the reduction of cell proliferation,
migration, and invasion abilities. These findings demon-
strated that GNL2 could be a promising treatment target
for LIHC.
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Objective. We want to explore the changing law of circulating histones in the acute stage of urosepsis and to find more sensitive and
specific biomarkers for diagnosing urosepsis as early as possible. Methods. Twenty healthy male New Zealand rabbits were
randomly divided into 4 groups (N = 5): the control group, sham group, model group of LPS 600μg/kg, and model group of
LPS 1000 μg/kg. Heart rate (HR), respiration rate (RR), rectal temperature (T), and mean arterial pressure (MAP) were
examined at 1, 3, 6, 12, and 24 hours after operation. Besides, peripheral blood cell counts (RBC, WBC, PLT, and Hb) and C
reaction protein (CRP) were tested at 1, 3, and 6 hours after operation, while the levels of histone H3, MMP-9, TIMP-1,
and procalcitonin (PCT) in the serum were tested at 1, 3, and 6 hours after operation by ELISA. The heart, left lung,
liver, and left kidney were harvested for HE stain and observed to research the pathological change of these tissues.
Results. (1) The general status of rabbits: rabbits in the control and sham groups came out in 2 h after operation and
regain to drink and eat in 12-24 h after operation. State of the rabbits in the control group was better than that in the
sham group. Rabbits in the model groups were languid after operation and stopped to drink and eat. (2) Vital signs of
rabbits: there was no statistic difference in HR (P = 0:238) and RR (P = 0:813) among all groups. MAP of the model
groups decreased at 3 h postoperative, but transient (P < 0:001). The T of the LPS 1000 group decreased at 6 h
postoperative (P = 0:003). (3) The change of biomarkers: H3 level of the LPS groups in the serum increased at 1 h
postoperative (P < 0:01); MMP-9 of the LPS 1000 group increased at 1 h postoperative (P < 0:01); WBC of the model
groups decreased at 3 h postoperative (P < 0:05); PLT of the LPS 1000 group is significantly increased at 1 h postoperative
(P < 0:05); no statistic difference was found in CRP, PCT, and TIMP-1 among all groups. (4) Pathological sections: no
abnormal performance was found in the control and sham groups. Glomerulus of the model groups was out of shape and
necrosis with obvious renal tubule expansion. Pulmonary pathology showed alveolar septum diffuse increased and
inflammatory infiltrate. Change of the LPS 1000 group was more serious than that of the LPS 600 group. Conclusions.
Ligating the ureter after an injection of 1000μg/kg LPS into the ureter of the rabbit can establish the animal model of
urosepsis. Histone H3 increase immediately at 1 h postoperative and are promised to be biomarkers of urosepsis, which are
more effective than WBC, CRP, and PCT.

1. Introduction

Urinary stone disease (USD) is a common disease of urology
with 1-5% morbidity while still on the rise in recent years.
With the development of endoscopic urology, the main treat-
ment of USD has changed from open operation to intracav-
itary lithotripsy [1]. At the same time, the incidence of

postoperative complications has increased, including urosep-
sis. Urosepsis refers to sepsis caused by urinary tract or male
reproductive organ infection, which accounts for about 5% of
all sepsis. Previous reports indicated low incidence of urosep-
sis while the incidence of systemic inflammatory response
syndrome (SIRS) and severe septic shock can be as high as
11.2-22% and 0.3-4.7% after intracavitary lithotripsy [2–6].
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Moreover, asymptomatic urinary tract infections can be rap-
idly progressing to urosepsis in a short period of time; the
mortality of the patients reaches 20-63%, which is a serious
threat to the life and health of the patients. Although
strengthening aseptic operation standard, shortening opera-
tion time, and placing ureteral stent can reduce the occur-
rence of postoperative infection, some high-risk factors
such as complex stone, solitary kidney, and immune dysfunc-
tion cannot be avoided; urosepsis is still a difficult clinical
problem to be solved.

Kumar et al. have shown that when sepsis occurs, the sur-
vival rate of the patients decreased by 8% per hour without
sensitive antibiotics, and it is recommended to complete the
bacterial culture and use of antibiotics within 1 h of onset
[7]. According to the current diagnostic criteria, both infec-
tion evidence and signs of organ failure are needed, missing
the window of early treatment [8–11]. Therefore, finding
sensitive biomarkers in the early stage of sepsis is an effective
way to improve the survival rate of the patient.

Histones are basic structural components of chromatin.
The circulating histone in human body mainly comes from
the passive release of dead or apoptotic cells and the active
secretion of activated inflammatory cells [12]. Normally, his-
tones released by chromatin collapse of dead cells are quickly
cleared by monocytes, but in pathology cases, chromatin in
the blood exceeds the metabolic capacity of the body; circu-
lating histone level increases significantly [13–16]. Mean-
while, at the time of pathogen invasion, histone is secreted
actively by activated inflammatory cells as neutrophil extra-
cellular traps (NETs) and participates in the inflammatory
response [17–19]. Among the five subtypes of histone, H3
and H4 are proved to be associated with this process [13].

H3 combines Toll-like receptor-2 (TLR2) and Toll-like
receptor-4 (TLR4), taking part in various physiological and
pathological processes [20]. In the previous study, Xu et al.
demonstrated that H3 can directly damage endothelial cells
and activate inflammatory signal pathway, promoting the
release of cytokines such as tumor necrosis factor (TNF), leu-
kocyte mediator (IL), and tissue factor (TF). In patients with
sepsis, the median level of circulating H3 in the death group
is significantly higher than that in the survival group; detect-
ing nucleosome levels in the peripheral circulation helps
evaluate the patients’ prognosis [13]. In mouse sepsis model
established by cecum puncture and ligation, histone antago-
nist reduces the damage of cardiac function [21]. Other
researches also show that neutralizing H3 can improve the
survival rate of sepsis mice [22], which prove that H3 plays
an important role in the development of sepsis.

Sepsis model is commonly established by cecum puncture
and ligation, or intra-abdominal injection of lipopolysaccha-
ride (LPS) solution. However, the method of constructing
uremic sepsis model is not clear [23]. In this study, we
established the rabbit urosepsis model by ligating the ure-
ter after injecting different concentrations of LPS solution
into the ureter. Serum H3 level is detected compared with
traditional diagnostic indexes of urosepsis such as PCT,
CRP, and blood routine examination, so as to explore
the sensitive and effective biomarkers for the early diagno-
sis of urosepsis.

2. Material and Methods

2.1. Material and Supplies. 20 healthy male New Zealand rab-
bits provided from central laboratory of Shanghai Tenth Peo-
ple’s Hospital were used. 4% paraformaldehyde solution was
provided by central laboratory of Shanghai Tenth People’s
Hospital. Lipopolysaccharide (LPS, Sigma L6386-100MG),
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Figure 1: Changes of MAP postoperation. MAP of the LPS 600
group was significantly lower than the sham group (P = 0:048).
MAP of the LPS 1000 group was significantly lower than the sham
group (P < 0:001).
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Figure 2: Changes of rectal temperature postoperation. Rectal
temperature of the sham group significantly decreased compared
with the control group (P = 0:002); temperature of the LPS 1000
group significantly decreased at 6 h postoperation compared with
the sham group (P = 0:006).
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sodium heparin (Sigma H3149-500KU-9), chloral hydrate,
xylazine hydrochloride injection, and the rabbit histone
H3, matrix metalloproteinases-9 (MMP-9), procalcitonin
(PCT), and tissue inhibitor of metalloproteinase-1 (TIMP-1)
enzyme-linked immunosorbent assay (ELISA) kits were pur-
chased commercially.

In animal model, rabbits were 2-3 months old and
weighed between 1.61 and 3.30 (2:54 ± 0:45) kg. 20 rabbits
were randomly assigned into the control group, sham group,

experimental group of LPS 600μg/kg (LPS 600 group), and
experimental group of LPS 1000μg/kg (LPS 1000 group).
Each group had 5 rabbits. All rabbits were anesthetized using
xylazine hydrochloride intramuscular injection at 1mg/kg
and 10% chloral hydrate intraperitoneal injection at 3mL/kg.
The distal segment of femoral artery was ligated, and the
proximal segment was cannulated for measuring blood pres-
sure and collecting blood. For rabbits of the sham group, the
left ureter was identified and abdominal cavity was washed

Table 1: Comparison of vital signs among groups immediately after operation (�x ± s).

Parameters
Groups

F P

Multiple
comparison

Control (n = 5) Sham (n = 5) LPS 600 (n = 5) LPS 1000 (n = 5) LSD testa
Dunnett
t-testb

Cardiac rate (times/minute) 168:80 ± 71:89 223:60 ± 68:04 213:80 ± 51:89 155:40 ± 26:06 1.691 0.209 — —

Respiratory rate (times/minute) 26:80 ± 10:18 28:00 ± 10:00 27:20 ± 10:52 37:40 ± 17:33 0.832 0.495 — —

Rectal temperature (°C) 37:56 ± 0:86 35:18 ± 1:14 35:98 ± 0:93 36:06 ± 0:70 5.808 0.007c
0.001
0.189
0.150

-0.333
0.274

MAP (kPa) 7:91 ± 1:03 7:93 ± 1:29 7:96 ± 1:69 7:75 ± 0:78 0.029 0.993 — —
aLSD test was between the control group vs. sham group, sham group vs. LPS 600 group, and sham group vs. LPS 1000 group, respectively, and same as what
follows. bDunnett t-test was between the LPS 600 group vs. sham group and LPS 1000 group vs. sham group, and same as what follows. cFor rectal temperature,
significant difference exists among groups (P < 0:01), which just comes from difference between the control group and sham group (P < 0:005).

Table 2: Comparison of vital signs among groups 1 h postoperation (�x ± s).

Parameters
Groups

F P

Multiple
comparison

Control (n = 5) Sham (n = 5) LPS 600 (n = 5) LPS 1000 (n = 5) LSD test
Dunnett
t-test

Cardiac rate (times/minute) 160:60 ± 52:86 224:80 ± 50:66 185:00 ± 55:11 175:00 ± 36:28 1.559 0.238 — —

Respiratory rate (times/minute) 28:20 ± 5:81 36:60 ± 15:96 37:60 ± 28:43 39:00 ± 19:96 0.317 0.813 — —

Rectal temperature (°C) 37:10 ± 0:91 35:40 ± 1:71 35:58 ± 0:69 35:90 ± 0:46 2.627 0.086 — —

MAP (kPa) 8:86 ± 1:32 8:89 ± 0:70 7:74 ± 1:98 7:78 ± 1:60 0.949 0.440 — —

No significant difference was found in parameters above.

Table 3: Comparison of vital signs among groups 3 h postoperation (�x ± s).

Parameters
Groups

F P

Multiple
comparison

Control (n = 5) Sham (n = 5) LPS 600 (n = 5) LPS 1000 (n = 5) LSD test
Dunnett
t-test

Cardiac rate (times/minute) 186:40 ± 92:09 223:30 ± 58:65 227:40 ± 45:48 163:00 ± 24:67 1.321 0.304 — —

Respiratory rate (times/minute) 40:00 ± 9:49 46:60 ± 12:24 44:60 ± 31:99 55:25 ± 20:61 0.421 0.421 — —

Rectal temperature (°C) 36:82 ± 0:54 35:12 ± 0:75 35:38 ± 0:97 35:35 ± 0:51 5.655 0.009a
0.002
0.580
0.644

-0.826
0.874

MAP (kPa) 9:71 ± 1:13 9:77 ± 0:71 8:12 ± 1:18 6:01 ± 1:13 12.405 <0.001b
0.932
0.025
<0.001

0.048
<0.001

aSignificant difference of rectal temperature exists among groups (P < 0:01), which just comes from difference between the control group and sham group
(P = 0:002 < 0:005). bSignificant difference of MAP exists among groups (P ≤ 0:001), which comes from difference between the LPS 600 group and sham
group (P = 0:05) and between the LPS 1000 group and sham group (P < 0:001).
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using 5mL normal saline. For rabbits of the experimental
groups, the distal segment of the left ureter was ligated and
the proximal segment was cannulated and injected LPS solu-
tion. All the survived animals were sacrificed at 24h after
surgery.

2.2. Sample Collection and Measure. Cardiac rate, respiratory
rate, and rectal temperature were measured at immediately,
1 h, 3 h, 6 h, 12 h, and 24 h after surgery. Blood samples were
obtained at 1 h, 3 h, and 6h after surgery. Fresh samples were
used for routine blood and CRP test. Others were preserved
at 4°C and centrifuged at 3000 rpm for 10min. Supernatants

were preserved at -80°C and used to test histone H3, MMP-9,
TIMP-1, and PCT using enzyme-linked immunosorbent
assay kit. Organization of the cardiac, lung, liver, and left kid-
ney was obtained for pathological examination.

2.3. Statistical Analysis. One-way ANOVA test was used for
comparison among all the groups. LSD test and Dunnett
t-test were both used and take the major P value to compare
the intergroup difference. P value < 0.05 was considered statis-
tically significant. ROC curves were made using data of 1h,
3 h, and 6h to evaluate the predicting value of each parameter.
IBM SPSS Statistics 25 software was employed for the analysis.

Table 4: Comparison of vital signs among groups 6 h postoperation (�x ± s).

Parameters
Groups

F P

Multiple
comparison

Control (n = 5) Sham (n = 5) LPS 600 (n = 5) LPS 1000 (n = 4) LSD test
Dunnett
t-test

Cardiac rate (times/minute) 221:40 ± 134:20 225:40 ± 128:19 223:80 ± 74:32 130:0 ± 11:80 0.863 0.482 — —

Respiratory rate (times/minute) 53:60 ± 24:43 50:80 ± 14:04 45:00 ± 17:07 33:25 ± 15:78 1.039 0.404 — —

Rectal temperature (°C) 37:74 ± 1:04 37:20 ± 0:60 35:12 ± 1:47 34:50 ± 1:71 7.372 0.003a
0.503
0.018
0.006

-0.052
0.020

MAP (kPa) 9:22 ± 0:89 9:25 ± 1:76 8:44 ± 1:48 8:00 ± 1:05 0.921 0.454 — —
aSignificant difference of rectal temperature exists among groups (P < 0:05), which just comes from difference between the LPS 1000 group and sham group
(P = 0:002 < 0:005). bSignificant difference of MAP exists among groups (P ≤ 0:05).

Table 5: Comparison of vital signs among groups 12 h postoperation (�x ± s).

Parameters
Groups

F P

Multiple
comparison

Control (n = 5) Sham (n = 5) LPS 600 (n = 5) LPS 1000 (n = 4) LSD test
Dunnett
t-test

Cardiac rate (times/minute) 238:20 ± 88:65 220:80 ± 75:64 227:40 ± 86:39 143:00 ± 34:86 1.367 0.291 — —

Respiratory rate (times/minute) 60:20 ± 18:74 54:40 ± 17:18 49:20 ± 19:97 49:00 ± 22:18 0.355 0.786 — —

Rectal temperature (°C) 39:02 ± 0:62 38:34 ± 0:59 35:34 ± 2:40 34:93 ± 1:77 8.523 0.002a
0.495
0.008
0.005

-0.037
0.026

MAP (kPa) 9:68 ± 1:81 9:08 ± 1:29 7:48 ± 1:68 9:73 ± 1:00 2.334 0.115 — —
aSignificant difference of rectal temperature exists among groups (P < 0:005), which comes from difference between the LPS 600 group and sham group
(P ≤ 0:05) and between the LPS 1000 group and sham group (P ≤ 0:05).

Table 6: Comparison of vital signs among groups 24 h postoperation (�x ± s).

Parameters
Groups

F P

Multiple
comparison

Control (n = 5) Sham (n = 5) LPS 600 (n = 4) LPS 1000 (n = 4) LSD test
Dunnett
t-test

Cardiac rate (times/minute) 256:80 ± 86:90 209:60 ± 64:90 176:75 ± 98:21 154:75 ± 50:91 1.491 0.260 — —

Respiratory rate (times/minute) 58:00 ± 22:51 45:60 ± 11:93 42:00 ± 13:00 55:00 ± 13:71 0.982 0.429 — —

Rectal temperature (°C) 38:84 ± 0:57 39:02 ± 0:55 35:48 ± 3:56 37:20 ± 2:20 3.046 0.064 — —

MAP (kPa) 9:71 ± 1:49 8:74 ± 1:05 6:09 ± 3:50 8:57 ± 1:42 2.453 0.110 — —

No significant difference was found in parameters above.
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Table 7: Comparison of routine blood and CRP among groups 1 h postoperation (�x ± s).

Parameters
Groups

F P

Multiple
comparison

Control (n = 5) Sham (n = 5) LPS 600 (n = 5) LPS 1000 (n = 5) LSD test
Dunnett
t-test

Erythrocyte count (1012/L) 6:39 ± 0:71 6:84 ± 1:17 6:68 ± 0:83 6:66 ± 0:53 0.246 0.863 — —

Leukocyte count (109/L) 6:36 ± 1:31 6:60 ± 4:18 5:90 ± 7:24 2:30 ± 1:06 1.117 0.372 — —

Neutrophil count (109/L) 2:32 ± 1:19 2:10 ± 1:89 1:61 ± 2:82 0:26 ± 0:13 1.317 0.304 — —

Hemoglobin (g/L) 129:80 ± 15:07 135:20 ± 14:10 139:40 ± 23:78 123:80 ± 11:08 0.820 0.501 — —

Platelet count (109/L) 180:00 ± 70:06 257:20 ± 136:34 456:80 ± 231:59 685:80 ± 150:52 10.340 0.001a
0.451
0.053
0.001

0.153
0.005

CRP (mg/L) 75:49 ± 1:56 75:63 ± 2:52 77:98 ± 4:57 78:20 ± 0:86 1.413 0.276 — —
aSignificant difference of platelet count exists among groups (P < 0:005), which just comes from difference between the LPS 1000 group and sham group
(P ≤ 0:01).

Table 8: Comparison of routine blood and CRP among groups 3 h postoperation (�x ± s).

Parameters
Groups

F P

Multiple
comparison

Control (n = 5) Sham (n = 5) LPS 600 (n = 5) LPS 1000 (n = 5) LSD test
Dunnett
t-test

Erythrocyte count (1012/L) 6:00 ± 0:59 6:78 ± 1:18 7:21 ± 1:07 6:39 ± 0:99 1.383 0.284 — —

Leukocyte count (109/L) 10:84 ± 2:71 9:84 ± 3:86 3:86 ± 4:74 1:74 ± 0:40 8.847 0.001a
0.643
0.012
0.002

0.037
0.007

Neutrophil count (109/L) 4:10 ± 3:54 2:26 ± 2:48 0:90 ± 1:03 0:32 ± 0:04 2.858 0.07 — —

Hemoglobin (g/L) 121:20 ± 9:93 131:40 ± 16:59 136:20 ± 23:49 117:40 ± 20:96 1.118 0.371 — —

Platelet count (109/L) 251:60 ± 74:59 187:80 ± 108:62 402:80 ± 171:26 633:60 ± 206:74 8.779 0.001b
0.510
0.037
<0.001

0.113
0.002

CRP (mg/L) 74:80 ± 1:26 75:49 ± 3:23 77:64 ± 2:96 77:67 ± 1:23 1.958 0.161 — —
aSignificant difference of leukocyte count exists among groups (P = 0:001), which comes from difference between the LPS 600 group and sham group (P ≤ 0:05)
and between the LPS 1000 group and sham group (P < 0:01). bSignificant difference of platelet count exists among groups (P = 0:001), which just comes from
difference between the LPS 1000 group and sham group (P ≤ 0:005).

Table 9: Comparison of routine blood and CRP among groups 6 h postoperation (�x ± s).

Parameters
Groups

F P

Multiple
comparison

Control (n = 5) Sham (n = 5) LPS 600 (n = 5) LPS 1000 (n = 4) LSD test
Dunnett
t-test

Erythrocyte count (1012/L) 5:49 ± 1:78 5:86 ± 0:86 7:11 ± 1:25 5:64 ± 1:37 1.464 0.264 — —

Leukocyte count (109/L) 10:26 ± 5:42 11:36 ± 5:24 4:76 ± 4:06 2:83 ± 0:96 4.013 0.028a
0.701
0.033
0.012

0.045
0.017

Neutrophil count (109/L) 4.76±4.00 4.42±3.58 1.18±0.90 1.08±0.51 18.971 0.11 — —

Hemoglobin (g/L) 108:80 ± 26:41 110:80 ± 14:96 138:20 ± 25:17 105:75 ± 30:45 1.819 0.187 — —

Platelet count (109/L) 206:00 ± 92:80 234:20 ± 128:75 379:40 ± 231:25 594:75 ± 240:02 4.237 0.023b
0.808
0.222
0.009

0.449
0.041

CRP (mg/L) 75:86 ± 1:35 76:75 ± 2:01 77:64 ± 2:63 78:08 ± 0:79 1.108 0.379 — —
aSignificant difference of leukocyte count exists among groups (P = 0:028), which comes from difference between the LPS 600 group and sham group (P < 0:05)
and between the LPS 1000 group and sham group (P < 0:05). bSignificant difference of platelet count exists among groups (P = 0:023), which just comes from
difference between the LPS 1000 group and sham group (P < 0:005).
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3. Results

3.1. Postoperation Reactions of Rabbits

3.1.1. Control Group. All 5 rabbits wake up in 2 h after the
operation and begin to eat and drink within 12h. The form
of excrement is normal, is sensitive to stimulations, quickly
escapes from capture, and no mouth and nasal discharge
were found. All rabbits are alive after 24 h.

3.1.2. Sham Operation Group. All 5 rabbits wake up in 2 h
and begin to eat within 12 h but the food intake is slightly less
than that of the control. The form of excrement is normal, is
sensitive to stimulations, capture is evasive, is slightly duller
than the control group, and no eyes and nasal discharge were
found. All rabbits survived 24 h after the operation.

3.1.3. LPS 600μg/kg Group. We find that postoperative rab-
bits are somnolent, stop eating, slightly escape, and struggle
when captured. They all have conjunctival congestion, with
a small amount of yellow secretion in the mouth and nose.
One rabbit dies 24 h after the operation, and the remaining
4 survived. The survived rabbits gradually return to autono-
mous gesture, and the conjunctival congestion recedes.

3.1.4. LPS 1000μg/kg Group. One rabbit dies 3 h after the
operation; others survive but are all in coma for the next
24 h, accompanied with severe conjunctival congestion and
more mouth and nasal secretions. Two surviving rabbits are
found with thrombosis in arterial catheterization.

3.2. Changes of Vital Signs of Rabbits

3.2.1. Postoperation. There is no significant difference in
heart rate, respiratory rate, and mean arterial pressure
(MAP) among the groups (Figure 1). The anal temperature
in the control group is 1°C higher than that in the rest groups
(P = 0:007) (Figure 2). However, there is no difference in the
postoperative groups indicating that the rise of the anal tem-
perature is due to the operation (Table 1).

3.2.2. 1 h after Operation. There is no significant difference in
heart rate, respiratory rate, anal temperature, and MAP
among the groups (Table 2).

3.2.3. 3h after Operation. There is no significant difference in
heart rate and respiratory rate among the groups. The anal
temperature in the sham group is lower than that in the con-
trol group (P = 0:002), but no significant difference was
found among the LPS group and sham group. MAP in both
the experimental groups was lower than that in the sham
group, and no significant difference was found between the
sham and control groups (Table 3).

3.2.4. 6 h after Operation. Anal temperature of the LPS 1000
group is lower than that in the sham group. There is no sig-
nificant difference between the LPS 600 and sham groups
because the results of LSD test (P = 0:018) and Dunnett
t-test (P = 0:052) disagree. No difference was found in
other parameters (Table 4).

3.2.5. 12 h after Operation. Anal temperature in two experi-
mental groups was lower than that in the sham group. No
difference was found in other parameters (Table 5).

3.2.6. 24 h after Operation. No difference was found in all
parameters (Table 6).

3.3. Changes of Blood Routine and CRP. Platelet count 1 h
after operation in the LPS 1000 group is ð685:80 ± 150:52Þ
∗ 109/L, which is higher than ð180:00 ± 70:06Þ ∗ 109/L in
the sham group. And the increase of platelet continued to
6 h (Tables 7–9). But no similar change was found in the
LPS 600 group. Leukocyte count 3 h after operation of the
LPS 600 and LPS 1000 group is ð3:86 ± 4:74Þ ∗ 109/L and
ð1:74 ± 0:40Þ ∗ 109/L, respectively, and both were signifi-
cantly lower than that of the sham group (Table 8). Leu-
kocyte count in the LPS 600 group at 6 h increased to
ð4:76 ± 4:06Þ ∗ 109/L, and that in LPS 1000 increased to
ð2:83 ± 0:96Þ ∗ 109/L (Figure 3). Both were lower than the
sham group (Table 9). No significant difference was found
in neutrophil count, erythrocyte, hemoglobin, and CRP
(Tables 7–9).

3.4. Changes of Serum Histone, PCT, MMP-9, and TIMP-1.
Concentration of histone H3 and H4 of the LPS 600 group
at 1 h after operation was 5:71 ± 0:32 ng/mL and 2:89 ± 0:30
ng/mL, respectively. Histone H3 and H4 of the LPS 1000
group at 1 h after operation were 6:22 ± 0:57 ng/mL and
3:32 ± 0:26 ng/mL, respectively. All those parameters were
significantly increased at 1 h after operation and stay to 6 h
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Figure 3: Changes of leukocyte count postoperation. Leukocyte
counts of the LPS 600 (P = 0:037) and the LPS 1000 group
(P = 0:007) were significantly decreased at 3 h postoperation
compared with the sham group; similar change was observed at
6 h postoperation in the 2 groups (P = 0:045 and P = 0:017).
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Table 11: Comparison of results of ELISA among groups 6 h postoperation (�x ± s).

Parameters
Groups

F P
Multiple comparison

Control (n = 5) Sham (n = 5) LPS 600 (n = 5) LPS 1000 (n = 4) LSD test Dunnett t-test

PCT (pg/mL) 14:37 ± 5:55 15:08 ± 5:19 11:94 ± 1:61 10:62 ± 3:39 1.093 0.384 — —

Histone H3 (ng/mL) 4:57 ± 0:42 4:32 ± 0:39 6:92 ± 0:55 7:45 ± 0:45 57.107 <0.001a
0.384
<0.001
<0.001

0.001
<0.001

Histone H4 (ng/mL) 2:49 ± 0:19 2:59 ± 0:18 3:74 ± 0:30 3:68 ± 0:18 44.475 <0.001b
0.501
<0.001
<0.001

<0.001
<0.001

MMP-9 (ng/mL) 64:10 ± 25:71 48:92 ± 14:78 63:83 ± 25:53 111:55 ± 12:21 7.463 0.003c
0.290
0.271
<0.001

0.387
0.001

TIMP-1 (ng/mL) 87:59 ± 24:59 80:64 ± 26:89 79:11 ± 18:89 49:54 ± 11:52 2.479 0.104 — —
aSignificant difference of concentration ofH3 exists among groups (P < 0:001), which comes from difference between the LPS 600 group and shamgroup (P < 0:001)
and between the LPS 1000 group and sham group (P < 0:001). bSignificant difference of concentration of H4 exists among groups (P < 0:001), which comes
from difference between the LPS 600 group and sham group (P < 0:05) and between the LPS 1000 group and sham group (P < 0:001). cSignificant difference
of concentration of MMP-9 exists among groups (P < 0:001), which just comes from difference between the LPS 1000 group and sham group (P < 0:005).

Table 12: Comparison of results of ELISA among groups 1 h postoperation (�x ± s).

Parameters
Groups

F P
Multiple comparison

Control (n = 5) Sham (n = 5) LPS 600 (n = 5) LPS 1000 (n = 5) LSD test Dunnett t-test

PCT (pg/mL) 9:46 ± 2:09 15:56 ± 9:81 11:40 ± 1:67 12:59 ± 2:79 1.176 0.350 — —

Histone H3 (ng/mL) 3:89 ± 0:50 4:18 ± 0:60 5:71 ± 0:32 6:22 ± 0:57 25.031 <0.001a
0.385
<0.001
<0.001

0.001
<0.001

Histone H4 (ng/mL) 2:32 ± 0:18 2:39 ± 0:30 2:89 ± 0:29 3:32 ± 0:26 15.747 <0.001b
0.676
0.008
<0.001

0.030
<0.001

MMP-9 (ng/mL) 57:71 ± 19:22 42:79 ± 9:53 47:00 ± 20:91 120:18 ± 18:46 20.997 <0.001c
0.199
0.710
<0.001

0.896
<0.001

TIMP-1 (ng/mL) 76:14 ± 15:07 80:36 ± 20:65 62:24 ± 26:40 50:91 ± 6:18 2.606 0.088 — —
aSignificant difference of concentration of H3 exists among groups (P < 0:001), which comes from difference between the LPS 600 group and shamgroup (P < 0:005)
and between the LPS 1000 group and sham group (P < 0:001). bSignificant difference of concentration of H4 exists among groups (P < 0:001), which comes
from difference between the LPS 600 group and sham group (P < 0:05) and between the LPS 1000 group and sham group (P < 0:001). cSignificant difference
of concentration of MMP-9 exists among groups (P < 0:001), which just comes from difference between the LPS 1000 group and sham group (P < 0:001).

Table 10: Comparison of results of ELISA among groups 3 h postoperation (�x ± s).

Parameters
Groups

F P
Multiple comparison

Control (n = 5) Sham (n = 5) LPS 600 (n = 5) LPS 1000 (n = 5) LSD test Dunnett t-test

PCT (pg/mL) 10:72 ± 2:13 13:98 ± 1:29 11:99 ± 2:68 11:21 ± 1:46 2.653 0.084 — —

Histone H3 (ng/mL) 4:10 ± 0:49 4:13 ± 0:42 6:04 ± 0:21 6:49 ± 0:38 51.975 <0.001a
0.880
<0.001
<0.001

<0.001
<0.001

Histone H4 (ng/mL) 2:24 ± 0:26 2:49 ± 0:25 3:19 ± 0:24 3:46 ± 0:31 23.052 <0.001b
0.159
0.001
<0.001

0.003
<0.001

MMP-9 (ng/mL) 51:38 ± 3:94 59:11 ± 23:57 47:88 ± 20:41 136:10 ± 41:61 12.925 <0.001c
0.646
0.506
<0.001

0.783
0.003

TIMP-1 (ng/mL) 70:06 ± 12:93 82:10 ± 28:99 67:54 ± 15:39 52:93 ± 8:10 2.190 0.129 — —
aSignificant difference of concentration of H3 exists among groups (P < 0:001), which comes from difference between the LPS 600 group and shamgroup (P < 0:001)
and between the LPS 1000 group and sham group (P < 0:001). bSignificant difference of concentration of H4 exists among groups (P < 0:001), which comes from
difference between the LPS 600 group and sham group (P < 0:005) and between the LPS 1000 group and sham group (P < 0:001). cSignificant difference of
concentration of MMP-9 exists among groups (P < 0:001), which just comes from difference between the LPS 1000 group and sham group (P < 0:005).
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(Tables 10 and 11). Concentration ofMMP-9 of the LPS 1000
group at 1 h after operation was 120:18 ± 18:46 ng/mL, which
was significantly higher than the sham group (Table 12).
Higher concentration of MMP-9 stayed to 3 h (136:10 ±
41:61 ng/mL) and 6h (111:55 ± 12:21 ng/mL) after operation
(Tables 10 and 11). For concentration of MMP-9, no similar
change was found in the LPS 600 group. The change of con-
centration of PCT and TIMP-1 in the experimental groups
had no statistical significance.

3.5. Comparison of Diagnostic Capability of Parameters

3.5.1. Early Diagnostic. Serum histone H3/H4 and blood
platelet count are earliest rising indicators among postopera-
tive parameters (Figures 4–6). However, for MMP-9 and
platelet count, only in the LPS 1000 group had statistical sig-
nificance, which may mean these parameters just change in
severe sepsis. At 3 h postoperation, MAP and leukocyte count
significantly decreased, and concentration of H3, H4, MMP-
9, and platelet count significantly increased. Similarly, only
MMP-9 and platelet in the LPS 1000 group had statistical sig-
nificance. MAP at 6 h postoperation increased to normal
level; this could mean the change of blood pressure was tran-
sient so it could not be used for diagnosis. No significant dif-
ference was found in other parameters including heart rate,
respiratory rate, CRP, PCT, and TIMP-1, so these parameters
have no early diagnosis value.

3.5.2. Sensibility and Specificity. The order of area under
the curve (AUC) at 1 h postoperation was H3 ð1:000Þ >
H4 ð0:970Þ > platelet count ð0:950Þ >MMP − 9 ð0:680Þ. All
these parameters had a diagnosis value except MMP-9
(P = 0:174 > 0:05), and the diagnosis value of H3 and H4
was better than others. The sensibility and specificity of H3

were both 100% when the cut-off is 5.04 ng/mL. The sensibil-
ity and specificity of H4 were 100% and 90%, respectively,
when the cut-off is 2.62 ng/mL (Table 13, Figure 7).

The order of AUC at 3h postoperation was H3 ð1:000Þ =
H4 ð1:000Þ > platelet count ð0:920Þ = leukocyte count ð0:920Þ
>MMP − 9 ð0:710Þ. MAP of experimental decreased tran-
siently at 3 h postoperation so it has no diagnosis value. The
sensibility and specificity of H3 and H4 were both 100% when
the cut-off was 5.27ng/mL and 2.87ng/mL, respectively
(Table 14, Figure 8).
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Notes: Platelet count of LPS1000 was significantly
increased at 1 h (P = 0.005), 3 h (P = 0.002) and 6 h (P = 0.041)
post operation compared with sham group.

Figure 4: Changes of platelet count postoperation. Platelet count of
LPS 1000 was significantly increased at 1 h (P = 0:005), 3 h
(P = 0:002), and 6 h (P = 0:041) postoperation compared with the
sham group.
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Notes: Concentration of H3 of LPS600 and LPS1000
group significantly increased at 1 h (P = 0.001, P < 0.001),
3 h (P < 0.001 in both groups) and 6 h (P = 0.001, P < 0.001)
post operation.

LPS 600 𝜇g/kg
LPS 1000 𝜇g/kg

1 hour

H
ist

on
e 3

 (n
g/

m
L)

3 hours 6 hours
0

2

4

6

8

10
P = 0.000 P = 0.000

P = 0.000P = 0.001
P = 0.000

P = 0.000

Figure 5: Changes of concentration of H3 postoperation.
Concentration of H3 of the LPS 600 and the LPS 1000 groups
significantly increased at 1 h (P = 0:001, P < 0:001), 3 h (P < 0:001
in both groups), and 6 h (P = 0:001, P < 0:001) postoperation.
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Figure 6: Changes of MMP-9 postoperation. Concentration of
MMP-9 of the LPS 1000 group significantly increased at 1 h
(P < 0:001), 3 h (P = 0:003), and 6 h (P = 0:001) postoperation.
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The order of AUC at 6h postoperation was H3 ð1:000Þ =
H4 ð1:000Þ > leukocyte count ð0:867Þ > platelet count ð0:856Þ
>MMP − 9 ð0:822Þ. All these parameters are diagnostic effi-
cient and histone H3 and H4 have more advantages in spec-
ificity and sensitivity (Table 15, Figure 9).

3.6. Pathology at 24 h Postoperation. In the control group, no
necrosis, hemorrhage, or inflammatory infiltration was

observed in myocardial cells (Figure 10). Structure of alveoli
was clear (Figure 11). Several minor bleeders were observed
in pulmonary tissue. Structure of liver lobule and glomerulus
was clear (Figure 12). What we observed in the sham group
was similar to the control group. In the experimental groups,
we observed karyopyknosis and breakage of the cardiomyo-
cyte nucleus. We found necrosis of myocardial cells and
inflammatory infiltration and hemorrhage in necrosis

Table 13: Comparison of diagnostic capability of parameters at 1 h postoperation.

Parameter Cut-off AUC Standard error 95% CI Pa Sensibility (%) Specificity (%)

Leukocyte count (109/L) 3.8 0.810 0.106 0.602-1.000 0.019 80.0 80.0

Platelet count (109/L) 305.5 0.950 0.045 0.862-1.000 0.001 90.0 90.0

H3 (ng/mL) 5.04 1.000 <0.001 1.000-1.000 <0.001 100.0b 100.0b

MMP-9 (ng/mL) 73.89 0.680 0.131 0.424-0.936 0.174 60.0 90.0

Leukocyte

Notes: All parameters above but MMP-9 (P = 0.174) had
diagnosis value (P < 0.05). AUC of H3, Leucocyte and platelet
was 1.000, 0.810 and 0.950 respectively.

MMP-9
Reference line

Se
ns

iti
vi

ty

Platelet
Histone H3

0.0 0.2 0.4
1 – specificity

0.6 0.8 1.0
0.0

0.2

0.4

0.6

0.8

1.0

Figure 7: Postoperative 1 h ROC curve of indexes. All parameters above but MMP-9 (P = 0:174) had a diagnosis value (P < 0:05). AUC of H3,
leukocyte, and platelet was 1.000, 0.810, and 0.950, respectively.

Table 14: Comparison of diagnostic capability of parameters at 3 h postoperation.

Parameter Cut-off AUC Standard error 95% CI Pa Sensibility (%) Specificity (%)

Leukocyte count (109/L) 3.8 0.920 0.078 0.767-1.000 0.001 90.0 100.0

Platelet count (109/L) 305.5 0.920 0.065 0.792-1.000 0.001 90.0 90.0

H3 (ng/mL) 5.04 1.000 <0.001 1.000-1.000 <0.001 100.0b 100.0b

MMP-9 (ng/mL) 73.89 0.710 0.125 0.464-0.956 0.112 60.0 90.0
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sections. No normal alveoli structure was observed in the
experimental groups. And widespread bleeding and inflam-
mation infiltration was found in the alveoli. Most liver cells
in the experimental groups were edema and ballooning
degeneration, and local inflammation was observed. Wide-
spread renal tubular epithelial cell necrosis and glomerulus
were severely out of shape (Figure 13). Casts were observed
in enlarged lumen. All the changes above were more obvious
in the LPS 1000 group.

4. Discussion

Millions of people suffer from sepsis worldwide every year,
and the mortality rate can exceed 25%, which seriously

threatens the life and health of human beings [9, 10]. Urosep-
sis accounts for about 5% of all sepsis, which is an important
cause of death in urology patients, especially after urolithiasis
surgery. The early diagnosis and treatment of sepsis have
always been a vital but difficult point in the field of medicine.
At present, two conditions should be met for the diagnosis of
sepsis at the same time: (1) evidence of infection and (2)
sequential organ failure score ðSOFAÞ ≥ 2. The SOFA score
included objective criteria for respiratory failure, coagulation
dysfunction, elevated bilirubin, decreased blood pressure,
disturbance of consciousness, and renal failure, lacking effec-
tive biomarkers for early diagnosis.

To explore the mechanism of the urosepsis occurrence
and development, rational animal model is needed. Five

Leukocyte

Notes: All parameters above but MMP-9 (P = 0.112) had
diagnosis value (P < 0.05). AUC of H3, platelet and leucocyte was
1.000, 0.920 and 0.911 respectively.
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Figure 8: Postoperative 3 h ROC curve of indexes. All parameters above but MMP-9 (P = 0:112) had a diagnosis value (P < 0:05). AUC of H3,
platelet, and leukocyte was 1.000, 0.920, and 0.911, respectively.

Table 15: Comparison of diagnostic capability of parameters at 6 h postoperation.

Parameter Cut-off AUC Standard error 95% CI Pa Sensibility (%) Specificity (%)

Leukocyte count (109/L) 6.4 0.867 0.089 0.693-1.000 0.007 88.9 80.0

Platelet count (109/L) 345.5 0.856 0.100 0.659-1.000 0.009 90.0 90.0

H3 (ng/mL) 5.6 1.000 <0.001 1.000-1.000 <0.001 100.0b 100.0b

MMP-9 (ng/mL) 94.35 0.822 0.097 0.633-1.000 0.018 55.6 100.0
aP < 0:05means the parameter had a diagnosis value. bFor data of histone H3 and H4, the minimum in the experimental group was greater than maximum in
the sham and control groups, so the sensibility and specificity were 100%.
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kinds of modeling method are commonly used: (1) intrave-
nous injection of exogenous toxin (commonly used LPS);
(2) intravenous injection of bacterial suspension; (3) destruc-
tion of biological protection barrier of experimental animals;
(4) manufacture of local soft tissue infection; and (5) pneu-
monia, meningitis model, etc. The method of constructing
urosepsis remains unclear [21]. Patients undergoing intra-
cavitary lithotripsy are susceptible to postoperative urinary
sepsis and are now considered to be related to the interaction
between the obstruction caused by urinary calculi and the
infection [24]. In urinary tract obstruction combined with a
sharp increase in intrarenal pressure during intracavitary
lithotripsy, the toxin retrogrades into the blood circulation
and eventually develops into urosepsis [25, 26]. We intend
to simulate the nosogenesis by injecting the LPS solution into
the ureter to induce urinary tract infection and ligating ureter
to make ureteral obstruction. Given the difficulty of opera-
tion and postoperative evaluation, we selected New Zealand
rabbits aged 2-3 months.

According to previous study, two LPS concentration gra-
dients were set up in the experimental group, which were
600μg/kg and 1000μg/kg, respectively, in order to find out
the suitable concentration of the model and simulate the dif-
ferent severity of infection. Histological and pathological
examination was performed 24 hours after operation to con-
firm the establishment of the model. We set up the sham-

operation group to exclude the influence of the operation
on the result. All rabbits in the control group and sham oper-
ation group survive after the operation. Except for the tran-
sient hypothermia at a 3-hour postoperative time in the
sham operation group (considering to be surgical factors),
no infection-related clinical symptoms and signs are
detected. Pathological results showed that the morphology
of the heart, lung, liver, and kidney is basically normal, which
proved that the operation itself would not cause urosepsis.
On the contrary, in the LPS-treated groups, diffuse thicken-
ing of alveolar septum, massive infiltration of inflammatory
cells in the alveoli, destruction of nephron, and disintegration
of glomerular structure are found, indicating multiple organ
failures of the rabbits; urosepsis model is successfully estab-
lished. Thus, ligating the ureter after injection of LPS solution
into the ureter can trigger urosepsis in rabbits.

Comparing the experimental group with the sham oper-
ation group, there is no significant change in postoperative
heart and respiratory rate; anal temperature decreases signif-
icantly after 6 hours; mean arterial pressure returned to nor-
mal after a transient decrease at 3 hours after operation and
remained at normal level until 24 hours. Therefore, the uro-
sepsis cannot be diagnosed with these clinical indexes, but
pathology confirms that the rabbits in the experimental
groups have entered the early stage of sepsis. Peripheral
bloodWBC count ð3:86 ± 4:74Þ × 109/L in the LPS 600 group
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Figure 9: Postoperative 6 h ROC curve of indexes. All parameters above had a diagnosis value (P < 0:05). AUC of H3, leukocyte, platelet, and
MMP-9 was 1.000, 0.852, 0.864, and 0.802, respectively.
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and ð1:74 ± 0:40Þ × 109/L in the LPS 1000 group is signifi-
cantly lower than that in the sham group ð9:84 ± 3:86Þ ×
109/L 3 hours after the operation. When it comes to 6 hours
after the operation, the WBC count rises up to ð4:76 ± 4:06Þ
× 109/L and ð2:83 ± 0:96Þ × 109/L; this result is consistent
with the findings of Wu et al. that in the early stage of sepsis,
peripheral blood WBC trend decreases at first and then
increases. Hence, for postoperative patients with dynamic
onitoring of WBC, if the changes show a downward trend,
urosepsis should be considered rather than waiting for the
WBC to rise significantly. It should be noticed that in the
LPS 1000 group, the platelet count increases significantly
and reaches ð685:80 ± 150:52Þ × 109/L at 1 hour after opera-

tion, which is much higher than that in the sham group, and
the platelet level is maintained until 6 hours after the opera-
tion ðð594:75 ± 240:02Þ × 109/LÞ. However, according to sep-
sis guideline, the lower the platelet count, the higher the
SOFA score, that is, the more evidence for the diagnosis of
sepsis. Thiery-Antier et al. also reported that decrease of
platelet within 24 hours after the diagnosis of sepsis indicates
a higher 28-day mortality rate [27]. Considering the chang-
ing trend of WBC in urosepsis, we give the hypothesis that
in the early stage of urosepsis, the peripheral blood platelet
count may increase first and then decrease and the increase
of platelet count has a greater value in the early diagnosis of
urosepsis.

(a) Myocardial cells of the control group (HE, 20x) (b) Myocardial cells of the sham group (HE, 20x)

(c) Myocardial cells of the LPS 600 group (HE, 20x) (d) Myocardial cells of the LPS 1000 group (HE, 20x)

Figure 10: Pathology of myocardial at 24 h postoperation (HE, 20x).
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In addition to platelet, serum histone H3 also increases
significantly at 1 hour after operation. In the LPS 600 group,
serum histone H3 reaches ð5:71 ± 0:32Þ × 109/L which is
higher than that in the sham group and the gap grows over
time. 6 hours after the operation, H3 level in the LPS 600
and LPS 1000 groups is ð6:92 ± 0:55Þ × 109/L and ð7:45 ±
0:45Þ × 109/L, respectively. ROC curve analysis finds that
H3 can predict urosepsis with an AUC of 1.00. When setting
5.04 as the cut-off value by the Youden index, we find that
serum H3 ≥ 5:04 has a sensitivity of 100% and specificity of
100% (Youden index: 1), which is higher than platelet and
MMP-9. After analyzing ELISA data, we find that the serum
H3 contents in the noninfected groups (control and sham

group) and the LPS-treated groups have almost no crossover.
1 hour after the operation, serum H3 level in the noninfected
groups is lower than 4.9 ng/mL while in the LPS-treated
groups is all higher than 5.1 ng/mL. Thus, when using any
concentration between 4.9 and 5.1 ng/mL as a critical thresh-
old to distinguish infection, the extreme case of sensitivity
and specificity of 100% occurs. This may due to insufficient
sample size but we can still consider histone H3 as a potential
biomarker for early diagnosis of urosepsis. Histone H3 as the
main cytotoxic protein in the five subtypes of histone can
directly damage endothelia cells, activate the inflammatory
signaling pathway, and cause the mass release of inflamma-
tory cytokines. H3 interacts with the phospholipid

(a) Alveoli of the control group (HE, 20x) (b) Alveoli of the sham group (HE, 20x)

(c) Alveoli of the LPS 600 group (HE, 20x) (d) Alveoli of the LPS 1000 group (HE, 20x)

Figure 11: Pathology of alveoli at 24 h postoperation (HE, 20x).
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bimolecular layer of the cell membrane to promote the for-
mation of channels and destroy the barrier structure of the
cell membrane. As an important component of the neutro-
phil extracellular trap (NETs), histone is secreted by activated
neutrophils when inflammation occurs, and Toll-like recep-
tors-2/4 (TLR-2/4) triggered NF-κB depended inflammatory
signaling pathway which promotes the recruiment of WBCs
in the microvasculature, thus mediating the occurrence of
inflammation and tissue damage [13–15, 18, 19, 28]. This
suggests that H3 plays an important role in the development
of inflammatory process in the body. In addition to having
great early diagnostic potential, antagonizing H3 may also
become a viable treatment for urosepsis.

We find H3 levels in 1, 3, and 6 hours after the operation
are significantly increased, but there is no significant change
in peripheral blood neutrophils between groups after the
operation (Tables 7–9). There may be two reasons behind
the change: (1) When inflammation is induced, neutrophils
are more efficiently active in H3 secretion, which occurs
before the number of neutrophils rises. (2) Mass production
of H3 in peripheral blood is derived from apoptotic or dead
cells in the inflammatory process. Hence, uncovering the
source of H3 in the early stage of urosepsis with massive
blood intake still needs further study. Matrix metalloprotein-
ases (MMP-9) and tissue inhibitor of metalloproteinase-1
(TIMP-1) are newly discovered inflammatory cytokines.

(a) Liver lobule of the control group (HE, 20x) (b) Liver lobule of the sham group (HE, 20x)

(c) Liver lobule of the LPS 600 group (HE, 20x) (d) Liver lobule of the LPS 1000 group (HE, 20x)

Figure 12: Pathology of liver lobule at 24 h postoperation (HE, 20x).
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Clinical trials have confirmed that the serum levels of MMP-
9 and TIMP-1 increased significantly on the first day of sepsis
occurrence, beginning to decrease on the third day, and the
increase of concentration is especially evident in the serum
of deceased patients [29, 30]. We find that TIMP-1 has no
significant change in the early stage of urosepsis; MMP-9
increases significantly 1 hour after the operation but only in
the LPS 1000 group. When the diagnostic point is
73.89 ng/mL, the diagnostic sensitivity is 60% and the speci-
ficity is 90%, which have certain diagnostic significance but
are not as good as that of histone H3. Therefore, the diagnos-
tic capacity of MMP-9 in the early stage of urosepsis is yet to
be verified.

To sum up, ligating the ureter after an injection of
1000μg/kg LPS into the ureter of the rabbit can establish
the animal model of urosepsis. On the basis of a realistic sim-
ulation of the pathogenesis of urosepsis, this method ensures
a long enough survival time to collect clinical data and spec-
imens. The increase of serum histone H3 can be detected
within 1 hour of the infection with high diagnostic sensitivity
and specificity of urosepsis as well, which is a sufficient bio-
marker for the early diagnosis of urosepsis. Furthermore,
peripheral platelet count and serum MMP-9 concentration
are also potential indexes. Whether these indexes can be used
as biomarkers in clinical diagnosis needs to be further veri-
fied by clinical trials in the future.

100 𝜇m

(a) Renal tubular of the control group (HE, 20x)

100 𝜇m

(b) Renal tubular of the sham group (HE, 20x)

(c) Renal tubular of the LPS 600 group (HE, 20x)

100 𝜇m

(d) Renal tubular of the LPS 1000 group (HE, 20x)

Figure 13: Pathology of renal tubular at 24 h postoperation (HE, 20x).
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Endometrial carcinoma (EC) is the fifth widely occurring malignant neoplasm among women all over the world. However, there is
still lacking efficacy indicators for EC’s prognosis. Here, we analyzed two databases including an RNA-sequencing-based TCGA
dataset and a microarray-based GSE106191. After normalizing the raw data, we identified 114 common genes with upregulation
and 308 common genes with downregulation in both the TCGA and GSE106191 databases. Bioinformatics analysis showed that
the differently expressed genes in EC were related to the IL17 signaling pathway, PI3K-Akt signaling pathway, and cGMP-PKG
signaling pathway. Furthermore, we performed the least absolute shrinkage and selection operator (LASSO) Cox regression
analysis and generated a signature featuring 17 prognosis-related genes (MAL2, ANKRD22, METTL7B, IL32, ERFE, OAS1,
TRPC1, SRPX, RAPGEF4, PSD3, SIMC1, TRPC6, WFS1, PGR, PAMR1, KCNK6, and FAM189A2) and found that it could
predict OS in EC patients. The further analysis showed that OAS1, MAL2, ANKRD22, METTL7B, and IL32 were significantly
upregulated in EC samples after comparison with normal samples. However, TRPC1, SRPX, RAPGEF4, PSD3, SIMC1, TRPC6,
WFS1, PGR, PAMR1, KCNK6, and FAM189A2 were significantly downregulated in EC samples in comparison with normal
samples. And correlation analysis showed that our results showed that the expressions of 17 prognosis-related hub genes were
significantly correlated based on Pearson correlation. We here offer a newly genetic biomarker for the prediction of EC
patients’ prognosis.

1. Introduction

Endometrial carcinoma (EC) is the fifth commonly occurring
malignant neoplasm among women all over the world, with
an estimated 382,000 new EC cases and nearly 90,000 deaths
in 2018 [1, 2]. Especially in the United States, it is speculated
that the number of newly diagnosed ECs will be increasing
over time. It is estimated that the occurrence rate is still rising
with increasing risk factors for certain ECs, including obesity
rate and the aging of the US population [3]. The incidence
rate of EC increases after the age of 30, and the peak inci-
dence is within 60 to 69 years. 20% to 30% of patients with
EC are diagnosed in the advanced stage during surgery. In
the clinic, the five-year survival rate of patients in stage III
ranged from 40% to 70% and in stage IV was within 0 to
10% [1, 4]. Despite therapeutic advances having been made,
high recurrence rate and metastasis remain to be big chal-

lenges [4]. To determine effective therapeutic strategies in
ameliorating the prognostic status of EC patients is thus
essential.

Presently, as per the World Health Organization (WHO)
classification system classification, EC comprises two sorts
on the basis of histological features [5]. Endometrioid adeno-
carcinoma or well-differentiated endometrioid subtypes
accounted for 80% over EC cases and was considered as
estrogen-dependent type I of EC [1, 4, 6]. Approximately
10% of EC cases were type II, manifested as nonendometrial
or poorly differentiated EC. Difference existed in the molec-
ular changes of the two EC types [1, 4, 7]. In general, in the
activated oncogene and inactivated tumor suppressor gene,
defective DNA repair contributed mainly to the occurrence
of neoplasms [1, 8]. For instance, the inactivated tumor sup-
pressor gene PTEN accompanied by DNA mismatch repair
gene defects manifested as the microsatellite instability
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phenotype, or activated KRAS2 and/or adhesion molecules
genes were detected in the early stage of type I EC [9]. Previ-
ous studies have shown that mutated TP53 and Her-2
occurred in type II EC, which was probably caused by the
background of the atrophic endometrium. It seems that these
molecular changes were specific in type I and type II of ECs
[10, 11]. Although many efforts have been made to set up a
molecularly based histological classification, it is still urgently

needed to identify the gene expression profiles between dif-
ferent histological types of ECs that distinguish normal cells
from cancer cells. There have been public reports showing
that the differentially expressed genes existed in different his-
tological sorts of EC [12, 13]. However, a limited set of genes
were reported in these studies. More and more researches are
thus needed to characterize EC and unearth the genes func-
tioning importantly in the mechanisms of EC.
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Figure 1: Screening of DEGs in EC. (a, b) Heat map (a) and volcano map (b) identified 2118 genes with upregulation and 3989 genes with
downregulation by analyzing the TCGA database. (c, d) Heat map (c) and volcano map (d) showed 156 genes with upregulation and 416
genes with downregulation by analyzing the GSE106191 database. (e, f) Venn map analysis of common upregulated and downregulated
genes in EC by analyzing the TCGA and GSE106191 databases.
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Figure 2: Continued.
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Herein, we attempted to systematically screen more novel
differentially expressed genes and related molecular path-
ways and the clinical significance of the identified genes in
EC. To sum up, identification of EC-related genes and gene
pathways as well as the clinical implication is conducive to
understanding the pathophysiology of this cancer and unco-
vering the potential diagnostic biomarkers of EC.

2. Materials and Methods

2.1. Establishment and Verification of Gene Prognostic
Model. We carried out the LASSO Cox regression model
(R package “glmnet”) to select the candidate genes and sub-
sequently established the prognostic model [14, 15]. We ulti-
mately retained 17 genes and their coefficients and utilized
the minimum criteria to determine the penalty parameter
(λ). We calculated the risk score after centralizing and stan-
dardizing (applying the “scale” function in R) the TCGA
expression data. The risk score formula was shown as fol-
lows: risk score =∑7iXi × Y i (X: coefficients, Y: gene expres-
sion level).

2.2. Identification of Differentially Expressed Genes (DEGs).
We obtained expression matrixes and platform information
from Gene Expression Omnibus (GEO) datasets. The dataset
GSE106191 was used, which includes the primary tumor of
66 endometrial cancer patients (64 carcinoma samples and

33 hyperplasia samples). Then, Software R (version 3.5.1,
https://www.r-project.org) and “limma” packages (http://
www.bioconductor.org/) [16] were applied to select the
DEGs existing in the EC samples and control samples. These
selection criteria were adjusted p value < 0.05 and fold
change ðFCÞ ≥ 2 or fold change ðFCÞ ≤ 0:5.

2.3. Functional Enrichment Analysis. We usually applied
Gene Ontology (GO) functional enrichment analysis to
describe gene functions, consisting of molecular function
(MF), biological process (BP), or cellular component (CC)
[17, 18]. And we then utilized the Kyoto Encyclopedia of
Genes and Genomes (KEGG) pathway enrichment analysis
to identify molecular interaction and relation networks. p
value < 0.05 was thought to be statistically significant. Based
on the DEGs in the GEO datasets, we conducted GO and
KEGG enrichment analyses by the online tool DAVID
(https://david. http://ncifcrf.gov/home.jsp) [19, 20]. The top
significantly enriched analysis results were shown.

2.4. Survival Analysis. For identification of prognosis-
predicting gens, we integrated the clinical data of EC patients
in The Cancer Genome Atlas (TCGA) and carried out
Kaplan-Meier curve analysis [21, 22]. The survival curves of
DEGs were drew by “survival” package in R. p value < 0.05
was denoted as a significantly statistical difference.
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Figure 2: KEGG pathway analysis of DEGs in EC. (a) KEGG pathway analysis of upregulated genes by analyzing the TCGA database. (b)
KEGG pathway analysis of upregulated genes by analyzing the GSE106191 database. (c) Venn map analysis of upregulated gene-related
pathways. (d) KEGG pathway analysis of downregulated genes by analyzing the TCGA database. (e) KEGG pathway analysis of
downregulated genes by analyzing the GSE106191 database. (f) Venn map analysis of downregulated gene-related pathways.
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2.5. Statistical Analysis. SPSS 22.0 software (Chicago, USA)
was employed to analyze the data. All representative data
were shown as the mean ± standard deviation (SD) [23–25].
We carried out the Students’ t-test and one-way ANOVA
to separately determine the difference existing in two groups
and multiple groups. p value < 0.05 was denoted as a signifi-
cantly statistical difference [26–28]. All experiments were
performed in three independent times in replicates at one
time.

3. Results

3.1. Screening of DEGs in EC. To identify the DEGs in EC, we
analyzed two databases including the RNA-sequencing-
based TCGA dataset and microarray-based GSE106191.
After normalizing the raw data, we identified 2118 genes with
upregulation and 3989 genes with downregulation by analyz-
ing the TCGA database (Figures 1(a) and 1(b)). Meanwhile,
we found 156 genes with upregulation and 416 genes with
downregulation by analyzing the GSE106191 database
(Figures 1(c) and 1(d)). Among the DEGs, 114 common
genes with upregulation and 308 common genes with down-
regulation were identified in both the TCGA and GSE106191
databases (Figures 1(e) and 1(f)).

3.2. Bioinformatics Analysis of DEGs in EC. Next, we per-
formed KEGG and GO analyses of DEGs in endometrial car-

cinoma using TCGA and GSE106191, respectively. As
presented in Figure 2, the KEGG analysis showed that the
pathways related to DEGs were similar by analyzing either
TCGA or GSE106191 (Figures 2(a), 2(b), 2(d), and 2(e)).
The KEGG analyses of upregulated genes were related to
bladder cancer, cell cycle, cytokine-cytokine receptor interac-
tion, IL17 signaling pathway, cytokine, and cytokine receptor
(Figure 2(c)). The KEGG analyses of downregulated genes
were related to ECM-receptor interaction, focal adhesion,
PI3K-Akt signaling pathway, protein digestion and absorp-
tion, proteoglycans in carcinoma, relaxin signaling pathway,
and cGMP-PKG signaling pathway (Figure 2(f)).

Furthermore, the GO analysis also showed that the bio-
logical processes related to DEGs were similar by analyzing
either TCGA or GSE106191 (Figures 3(a), 3(b), 3(d), and
3(e)). The GO analyses of upregulated genes were related to
chromosome segregation, mitotic nuclear division, mitotic
sister chromatid segregation, nuclear chromosome segrega-
tion, nuclear division, organelle fission, and sister chromatid
segregation (Figure 3(c)). The GO analysis of downregulated
genes exhibited a relationship to extracellular matrix organi-
zation and structure organization (Figure 3(f)).

3.3. Identification of Prognosis-Related DEGs in EC. In the
above analysis, we identified 572 DEGs in EC. In order to
identify prognosis-related DEGs in ECs, we carried out
the Kaplan-Meier Plotter to determine the correlation of
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Figure 3: GO analysis of DEGs in EC. (a) GO analysis of upregulated genes by analyzing the TCGA database. (b) GO analysis of upregulated
genes by analyzing the GSE106191 database. (c) Venn map analysis of upregulated gene-related pathways. (d) GO analysis of downregulated
genes by analyzing the TCGA database. (e) GO analysis of downregulated genes by analyzing the GSE106191 database. (f) Venn map analysis
of downregulated gene-related pathways.
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the DEG expression with the overall survival (OS) time in
EC. Finally, we identified 30 DEGs that were related to
the prognosis of EC, including KCNK6, IL32, FAM189A2,
WFS1, GREB1, WFDC1, PGR, PAMR1, TRPC6, ADAM28,
ANKRD22, GLDC, RAPGEF4, MCM10, TRO, OAS1, BEX4,
PSAT1, METTL7B, TIMP3, FBXO17, PTTG1, POLQ,
MAL2, SIMC1, ERFE, TRPC1, SRPX, UST, and PSD3.
Among these genes, higher expressions of BEX4, ERFE,
FBXO17, GLDC, MAL2, MCM10, METTL7B, OAS1, POLQ,
PSAT1, PSD3, PTTG1, RAPGEF4, SIMC1, SRPX, TIMP3,
TRO, TRPC1, and UST were correlated to shorter OS time
in patients with EC (Figures 4(a)–4(s)). However, higher
expressions of WFS1, GREB1, FAM189A2, ANKRD22,
WFDC1, TRPC6, KCNK6, IL32, PGR, PAMR1, and
ADAM28 were correlated to longer OS time in patients with
EC (Figures 5(a)–5(k)).

3.4. Establishing a Prognostic Gene Model in the TCGA
Cohort.We utilized the least absolute shrinkage and selection
operator (LASSO) Cox regression analysis to establish the
prognostic gene model. Figures 6(a) and 6(b) revealed a 17-
gene signature constructed in the light of the optimum λ value.
We calculated the risk score as follows: risk score = ð4e − 04Þ
∗MAL2 + ð−0:0263Þ ∗ANKRD22 + ð0:0493Þ ∗METTL7B
+ ð0:0688Þ ∗ IL32 + ð0:0022Þ ∗ ERFE + ð0:01Þ ∗OAS1 +
ð0:0745Þ ∗ TRPC1 + ð0:1564Þ ∗ SRPX + ð0:4778Þ ∗ RAPGEF
4 + ð0:0496Þ ∗ PSD3 + ð0:0383Þ ∗ SIMC1 + ð−0:3016Þ ∗
TRPC6 + ð−0:2001Þ ∗WFS1 + ð−0:0341Þ ∗ PGR + ð−0:0821Þ
∗ PAMR1 + ð−0:0912Þ ∗KCNK6 + ð−0:0813Þ ∗ FAM189A2.
543 patients with EC were divided equally into the low-risk
group and the high-risk group on the basis of the median score
calculated by the risk score formula. Compared to patients in
the low-risk group, those in the high-risk group displayed a
larger death toll and a shorter survival time (Figure 6(c)). Our
data revealed that an obviously lower OS time was observed

in the high-risk group of EC patients, in comparison with the
low-risk group of EC patients by Kaplan-Meier Plotter analysis
(Figure 6(d)). We applied time-dependent receiver operating
characteristic (ROC) analysis to assess the sensitivity and spec-
ificity of the prognostic model. And our results indicated that
the area under the ROC curve (AUC) was 0.757 for 1-year,
0.758 for 3-year, 0.798 for 5-year, and 0.735 for 10-year survival
(Figure 6(e)).

3.5. Genetic Alteration Differences of Prognostic Genes in EC
Patients. Furthermore, genetic alteration of prognostic genes
in EC was analyzed using the cBioPortal database, which
included 726 patients from seven related studies. We
observed that the mutation rates of prognostic genes for EC
ranged from 0.8% to 10% for individual genes (MAL2, 5%;
ANKRD22, 4%; METTL7B, 2.5%; IL32, 2.6%; ERFE, 0.8%;
OAS1, 3%; TRPC1, 9%; SRPX, 6%; RAPGEF4, 10%; PSD3,
10%; SIMC1, 7%; TRPC6, 7%; WFS1, 6%; PGR, 7%; PAMR1,
7%; KCNK6, 4%; and FAM189A2, 5%). Among these genes,
RAPGEF4 and PSD3 were found to have the highest muta-
tion rate in EC, which are mutated in about 10% EC cases
(Figure 7).

3.6. Validation of 17 Prognosis-Related Hub Gene Expressions
in EC. For verification of the bioinformatics analysis data in-
depth, UALCAN databases were used to confirm our find-
ings. As presented in Figure 7, compared to normal samples,
OAS1, MAL2, ANKRD22, METTL7B, and IL32 were dra-
matically upregulated in EC samples, whereas TRPC1, SRPX,
RAPGEF4, PSD3, SIMC1, TRPC6, WFS1, PGR, PAMR1,
KCNK6, and FAM189A2 were greatly downregulated in EC
samples (Figures 8(a)–8(o)).

We also analyzed the correlation among these 17
prognosis-related hub genes in EC. Our results showed that
the expressions of the 17 prognosis-related hub genes were
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Figure 4: Identification of DEGs related to poor prognosis in EC. (a–s) Among these genes, higher expressions of BEX4, ERFE, FBXO17,
GLDC, MAL2, MCM10, METTL7B, OAS1, POLQ, PSAT1, PSD3, PTTG1, RAPGEF4, SIMC1, SRPX, TIMP3, TRO, TRPC1, and UST
were correlated to shorter OS time in patients with EC.
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Figure 5: Continued.

11BioMed Research International



significantly correlated based on Pearson correlation. The
most significantly negatively correlated gene pairs included
FAM189A2-MAL2, MAL2-FAM189A2, TRPC6-OAS1,

OAS1-TRPC6, WFS1-ANKRD22, and ANKRD22-WFS1.
And the most significantly positively correlated gene pairs
included SIMC1-MAL2, MAL2-SIMC1, PGR-WFS1, WFS1-
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Figure 5: Identification of DEGs related to good prognosis in EC. (a–k) Higher expressions of WFS1, GREB1, FAM189A2, ANKRD22,
WFDC1, TRPC6, KCNK6, IL32, PGR, PAMR1, and ADAM28 were correlated to longer OS time in patients with EC.
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PGR, RAPGEF4-TRPC1, TRPC1-RAPGEF4, RAPGEF4-
SRPX, SRPX-RAPGEF4, IL32-ANKRD22, ANKRD22-IL32,
FAM189A2-PGR, PGR-FAM189A2, FAM189A2-KCNK6,
KCNK6-FAM189A2, SRPX-TRPC1, TRPC1-SRPX, TRPC6-

SRPX, SRPX-TRPC6, PAMR1-RAPGEF4, RAPGEF4-
PAMR1, ERFE-METTL7B, METTL7B-ERFE, FAM189A2-
WFS1, WFS1-FAM189A2, PSD3-RAPGEF4, RAPGEF4-
PSD3, OAS1-MAL2, and MAL2-OAS1 (Figure 9).
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Figure 6: Establishing a prognostic gene model in the TCGA cohort. (a) LASSO coefficients profiles of 30 prognostic genes in EC. (b) LASSO
regression with tenfold cross-validation obtained 17 prognostic genes using minimum lambda value. (c) 543 patients with EC were divided
equally into low-risk group and high-risk group on the basis of the median score calculated by the risk score formula. (d) Lower OS time was
observed in the high-risk group of EC patients, in comparison with the low-risk group of EC patients by Kaplan-Meier Plotter analysis. (e)
Time-dependent receiver operating characteristic (ROC) analysis to assess the sensitivity and specificity of the prognostic model.
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4. Discussion

Emerging studies revealed that the occurrence of EC resulted
from the abnormally expressed multiple carcinoma-related
genes [29, 30], amid which have been shown to display a rela-
tionship to EC’s susceptibility and progression [29, 30].
Many molecular biology methods have been used to identify
biomarkers of cancers [31–34]. Nevertheless, the majority of
them merely concentrated on a single genetic factor, limiting
these biomarkers’ reliability.

Our current study discovered more EC-related genes with
differential expression than previous researches, indicating
they may play importantly in the mechanism of EC. Our data
revealed 114 common genes with upregulation and 308 com-
mon genes with downregulation in EC samples in comparison
with normal samples. Bioinformatics analysis showed that
these genes were significantly correlated to multiple key sig-
naling in EC, such as the cGMP-PKG signaling pathway. Fur-
thermore, we identified that 30 DEGs were related to the
prognosis of EC, comprising KCNK6, IL32, FAM189A2,
WFS1, GREB1, WFDC1, PGR, PAMR1, TRPC6, ADAM28,
ANKRD22, GLDC, RAPGEF4, MCM10, TRO, OAS1, BEX4,
PSAT1, METTL7B, TIMP3, FBXO17, PTTG1, POLQ,
MAL2, SIMC1, ERFE, TRPC1, SRPX, UST, and PSD3.

Here, we conducted GO and KEGG analyses of the
involved biological processes and pathways related to these
DEGs in EC’s progression. The pathway analysis of these
DEGs showed that the interconnected network of genes par-
ticipated in the cyclic guanosine monophosphate- (cGMP-)
protein kinase G (PKG) signaling pathway. As previously
described, the contractility of the uterine smooth muscle is
of importance for the periodic shedding of the endometrial
lining and the expulsion of the fetus during parturition.
There was one study showing that the nitric oxide- (NO-)

cGMP signaling pathway participates in the relaxation of
the smooth muscle. cGMP-dependent PKG, which is essen-
tial for reducing cytoplasmic calcium and muscle tension,
was the downstream target of the NO-cGMP pathway [35].
PKG was responsible for controlling the uterine smooth
muscle tone which produced force near menstruation and
regulated blood flow to the endometrial lining. The above
data together confirmed that PKG functioned crucially in
controlling the contraction of the uterine and vascular
smooth muscle during the periodical menstruation [35].
PI3K-AKT signaling is one of the most important pathways
in our study. PI3K-AKT signaling could be antagonized by
the tumor suppressor phosphatase and tensin homolog
(PTEN) which was reported to be usually mutated in several
sorts of neoplasms, such as the endometrium, skin, brain,
and prostate cancers [36–38]. PTEN has a powerful phospha-
tase activity, which is the best characterized physiological
function leading to the tumor suppressor function of PTEN.

The IL17 signaling pathway was also one of the impor-
tant pathways detected here. In inflammatory mediators,
more and more evidence emphasizes the role of the
interleukin-17 (IL17) cytokine family in malignant diseases.
IL17 is becoming a crucial cytokine to promote and develop
carcinomas by maintaining a chronic inflammatory micro-
environment which is conducive to tumor formation [39,
40]. While IL17 may regulate chemokines and cytokines in
gynecologic cancers, Toll-like receptors may function impor-
tantly in the gynecologic carcinomas’ development via trig-
gering an inflammatory response and cell survival in the
microenvironment of the tumor [41].

Our study generated a signature featuring17 prognosis-
related genes (MAL2, ANKRD22, METTL7B, IL32, ERFE,
OAS1, TRPC1, SRPX, RAPGEF4, PSD3, SIMC1, TRPC6,
WFS1, PGR, PAMR1, KCNK6, and FAM189A2) and
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Profiled for copy number alterations
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Profiled for structural variants
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Study of origin Endometrial cancer (MSK, 2018) Uterine Corpus Endometrial Carcinoma (TCGA, Pan-Cancer Atlas)

# samples per patient 0 3

Profiled for copy number
alterations
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Profiled for mutations Yes No

Profiled for structural variants Yes No

Figure 7: Genetic alteration differences of prognostic genes in EC patients. The mutation rates of prognostic genes for EC ranged from 0.8%
to 10% for individual genes (MAL2, 5%; ANKRD22, 4%; METTL7B, 2.5%; IL32, 2.6%; ERFE, 0.8%; OAS1, 3%; TRPC1, 9%; SRPX, 6%;
RAPGEF4, 10%; PSD3, 10%; SIMC1, 7%; TRPC6, 7%; WFS1, 6%; PGR, 7%; PAMR1, 7%; KCNK6, 4%; and FAM189A2, 5%).
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demonstrated that they were utilized as predictors of OS in
EC patients. We obtained many genes that were previously
reported to be involved in endometriosis patients or endome-
trial stromal cells. For instance, the members of the transient
receptor potential (TRP) ion channel superfamily, known as
having the calcium permeability, has become pivotal modu-

lators in the endometrium. Previous studies have shown that
TRPC1 and TRPC6 were highly expressed in the entire
endometrium during the periodical menstruation. Addition-
ally, TRPV2, TRPV4, TRPC1/4, and TRPC6 were found in
human endometrial stromal cells (hESCs) from patients
with endometriosis [25]. Previous reports suggested that
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Figure 8: Validation of 17 prognosis-related hub gene expressions in EC.
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the cAMP2-activated exchange protein (EPAC2, RAP-
GEF4), another cAMP mediator, took part in endometrial
stromal cell differentiation via regulating calreticulin
(CALR) expression [42]. Compared with the control group,
the level of interleukin-32 (IL32) in peritoneal fluid (PF) in
women with endometriosis was significantly higher. The
endometrial cells treated with IL32 in vitro significantly
enhanced cell viability, proliferation, and invasion capabili-
ties [43]. In silico methods can distinguish many key genes
related to the maintenance of telomeres, which were
unknown to the occurrence and prognosis of EC before,
including WFS1. Prognostic biomarkers of EC are essential
for ameliorating risk assessment before and after surgery
and making guided- treatment decisions. PGR and PTEN
were one of the most clinically valuable EC prognostic bio-
markers. In our research, we showed that significant genes
with upregulation in EC samples included OAS1, MAL2,
ANKRD22, METTL7B, and IL32 after comparison with nor-
mal samples. Obvious genes with downregulation in EC sam-
ples comprised TRPC1, SRPX, RAPGEF4, PSD3, SIMC1,

TRPC6, WFS1, PGR, PAMR1, KCNK6, and FAM189A2.
And correlation analysis showed that our results showed that
the expressions of 17 prognosis-related hub genes were sig-
nificantly correlated based on Pearson correlation.

However, there are still several limitations in our litera-
ture. Firstly, the number of samples is limited, which should
be enlarged in the following study, and all the samples are
from public datasets; our own data is also very important.
Secondly, we need to conduct more researches to expound
the function and potential mechanisms of these promising
biomarkers in the progression of EC.

5. Conclusion

In summary, our findings revealed 114 common genes with
upregulation and 308 common genes with downregulation
in EC samples relative to normal ones. Bioinformatics analy-
sis showed these genes exhibited a significant relationship to
multiple signaling and biological processes, such as the
cGMP-PKG signaling pathway and PI3K-AKT signaling.
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Moreover, we constructed a 17-gene signature to make a pre-
diction of OS in EC patients using the TCGA cohorts. We
collectively supplied a potential gene signature for the predic-
tion of EC patients’ prognosis.
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Background. The role of miRNAs in renal cell carcinoma (RCC) is not certain. We wanted to study the biological functions and
potential mechanisms of miR-101-3p in RCC. Methods. miR-101-3p was inhibited in A498 and OSRC-2 (two RCC cell lines).
We studied its effect on cell invasion and proliferation. Target EZH2 of miR-101-3p was designated by different methods,
including luciferase functional analysis and Western blotting. The expression level of the target gene in treated cells was
quantitatively analyzed by quantitative real-time polymerase chain reaction. In addition, induction of miR-101-3p to prevent
tumor formation of A498 cells in mice was further studied. Results. The overexpression of miR-101-3p significantly inhibited
the proliferation, migration, and invasion in two RCC cells. Western blotting and luciferase functional analysis indicated that
miR-101-3p regulated the expression of EZH2 in two cell lines. Mice inoculated with A498 and OSRC-2 cells transfected with
miR-101-3p mimics showed significantly smaller xenografts and weaker EZH2 expression levels than the control group.
Conclusions. miR-101-3p inhibited RCC cell proliferation, migration, and invasion by targeting EZH2.

1. Introduction

RCC is one of the most common malignancies of the urinary
system [1], accounting for about 2%~3% of adult malignancies
[2]. For localized and early-stage RCC, the best treatment is
radical and partial nephrectomy, which has a 92.6% 5-year
survival rate [3]. However, for metastatic RCC, the 5-year sur-
vival rate is expected to be very poor due to its resistance to
radiotherapy and chemotherapy [4]. Although the advent of
antiangiogenic drugs with tyrosine kinase inhibitors (TKI)
has improved the prognosis of RCC, the associated resistance
remains elusive [5]. It is important to uncover the mechanism
of renal cancer and find potential prognostic biomarkers and
therapeutic targets for renal cancer. Thus, we sought to find
the molecular mechanism underlying RCC pathogenesis.

miRNA is a small nontranslated RNA that inhibits the
expression of target genes through translation inhibition or
transcriptional silencing [6]. Current studies have shown that

miRNAs can act on at least 30% of protein-coding genes [7].
With the continuous development of technology, various
miRNAs have been identified and have been widely proven
to play an important role in tumorigenesis. Among them,
miR-101-3p has been declared to regulate cancer develop-
ment by acting as a tumor suppressor or an oncogene in
tumorigenesis. For example, Wang et al. found that miR-
101-3p promotes apoptosis of oral cancer cells by targeting
BICC1 [8]. Wu et al. reported that it diametrically targets
SRF to inhibit HOX transcript antisense RNA- (HOTAIR-)
induced proliferation of gastric cancer cells [9]. In hepatocel-
lular carcinoma, the LINC00052/miR-101-3p axis inhibited
cell proliferation and metastasis by targeting SOX9 [10]. In
non-small-cell lung cancer (NSCLC), it inhibits the growth
and metastasis of NSCLC by blocking the PI3K/Akt signaling
pathway by targetingMALAT-1 [11]. However, until now, its
roles and underlying molecular mechanisms in RCC progres-
sion still remain unknown and need to be elucidated.
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Figure 1: Continued.

2 BioMed Research International



Thus, we focused on the role of miR-101-3p in RCC and
found its low expression in RCC tissue based on the starBase
database and clinical tumor specimen analysis. Its overex-
pression inhibited the proliferation, invasion, and migration
of RCC cells. In addition, we found that the enhancer of zeste
2 polycomb repressive complex 2 subunit (EZH2) is a direct
downstream target of miR-101-3p. Then, this miRNA in
RCC was studied using A498 and OSRC-2 cells as models.
These two cell lines have been widely used in the study of
RCC. Therefore, we used the functional gain/loss method to
demonstrate that it affected the proliferation and invasion
of RCC cells in vitro and in vivo, respectively. Our findings
suggest the oncogenic role of miR-101-3p in RCC and may
provide a new potential target for RCC therapy.

2. Materials and Methods

2.1. RCC Tissue Samples. Between January 2019 and June
2020, 11 RCC samples and normal samples were collected
from Shanghai Tenth People’s Hospital. Fresh tumor tissue
was stored in liquid nitrogen to avoid RNA degradation.
The specimens were used with the consent of all patients
and approved by the Ethics Committee of Shanghai Tenth
People’s Hospital of Tongji University.

All procedures in this study were performed in accor-
dance with the ethical standards of the institutional and/or
national research committee and with the World Medical
Association’s Declaration of Helsinki.

2.2. Bioinformatics Analysis. The GEO dataset GSE16441 was
used for analysis. In this dataset, microRNAs from 17 RCC
tumors and 17 corresponding nontumor samples were
hybridized on a single-channel platform for miRNA expres-
sion analysis. Differentially expressed miRNAs were identi-
fied and presented by a clustered heat map and volcano
plot [12, 13]. The expression of miR-101-3p and EZH2 was

evaluated based on the starBase database (http://starbase
.sysu.edu.cn/). The potential target genes of miR-101-3p were
predicted using TargetScan (http://www.targetscan.org/),
miRTarBase (http://mirtarbase.cuhk.edu.cn/), and miRDB
(http://mirdb.org/) [14].

2.3. Cell Culture. Human RCC cell lines A498, OSRC-2, 786-
O, and SW839 and human normal kidney tubular epithelial
cell line (HK-2) were purchased from the Cell Bank of the
Chinese Academy of Sciences (Shanghai, China) and were
cultured, respectively, in DMEM (Invitrogen, Carlsbad, CA)
supplemented with 10% fetal bovine serum (FBS), 50U/ml
of penicillin, and 50μg/ml of streptomycin (Invitrogen).

2.4. RNA Extraction, Reverse Transcription, and Quantitative
Real-Time PCR (qRT-PCR) Analyses. Total RNA was mea-
sured using a rapid RNA extraction kit (Epizyme, Shanghai).
The purity and concentration of RNA were measured using a
NanoDrop 2000 spectrophotometer. The cDNA was synthe-
sized using a Bulge Loop™ miRNA RT primer kit (RiboBio,
China). An SYBR green qPCR kit (Yeason, Guangzhou,
China) was used for qRT-PCR. Expressions of miR-101-3p
and EZH2 were normalized to GAPDH or U6 applying the
2-ΔΔCt method.

2.5. Western Blotting Analysis. The sample is lysed on ice for
30 minutes with a RIPA buffer (1 : 100 protease inhibitors).
After measuring the protein content, calculate the sample
amount. After adding enough electrophoresis solution, start
to prepare for loading. After electrophoresis, the electropho-
resis can be stopped just after the bromophenol blue runs
out, and the membrane is transferred. The hybridization
was carried out overnight at 4°C (1 : 10000 for GAPDH, 1 :
1000 for EZH2). Then, it was extensively washed and
incubated in a blocking buffer for 1 h at room temperature
with appropriate horseradish peroxidase combined with a
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Figure 1: miR-101-3p was upregulated in RCC tissues and cell lines. (a, b) Expression level of miR-454 in the miRNA expression profiling
array was presented by the clustered heat map and volcano plot. (c) Kaplan-Meier survival analyses indicated that high miR-101-3p
expression was closely related to poor survival. (d) miR-101-3p was highly expressed in RCC samples and cell lines when compared with
normal tissues and HK-2. (e, f) The expression of miR-101-3p in RCC cell lines and 11 paired clinical specimens (∗P < 0:05, ∗∗P < 0:01,
∗∗∗P < 0:001, and ∗∗∗∗P < 0:0001).
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secondary antibody (1 : 1000). After three times of washing
and film scanning, we analyzed the molecular weight and
net optical density value of the target band with the gel image
processing system.

2.6. Cell Proliferation Assays. Cell Counting Kit-8 is used to
measure cell proliferation. Briefly, 1 × 103 transfected RCC
cells per well were seeded into 96-well plates and cultured
for 24-120 h. Every 24 h, we measured optical density values
using an automatic microplate reader (BioTek Solutions,
Thousand Oaks, CA, USA) and incubated with CCK-8 (10
μl) in 5% CO2 for 2 h [15].

2.7. Wound Healing Assays. First, draw horizontal lines
evenly behind the 6-hole plate with a marker, cross the hole
every 1 cm, and then lay the plate. On the next day, lines per-
pendicular to the horizontal lines were scratched with a
spearhead. Then, wash the cells with PBS 3 times, and the
cells were removed. After adding a serum-free medium, the
cells were cultured in an incubator at 37°C and 5% CO2. Sam-
ples were taken at 0, 6, 12, and 24 h, and photos were taken.

2.8. Transwell Assays. Dilute Matrigel gel with a serum-free
cell culture medium or PBS buffer at the ratio of 1 : 8 at 4°C,
take 100μl and evenly smear on the surface of the polycar-
bonate membrane in the upper chamber, place at 37°C for
0.5-1 h, and polymerize it into a gel. Add a medium contain-
ing 10% FBS or chemokines to the lower chamber of the 6-
well plate, take cell suspension to the upper chamber, and
finally put it into the incubator for 12-48 h culture, cell fixa-
tion, cell staining, and counting.

2.9. Cell Transfection. ThemiRNA negative control (miR-NC),
miR-101-3p mimics, and inhibitors were transfected instanta-
neously using Lipofectamine 2000 according to the manufac-
turer’s protocol. In the overexpressed EZH2, the EZH2 vector
and the overexpressed plasmid (oeEZH2) were synthesized by

IBSBIO Biotechnology. We transfected the plasmid into
HEK293T cells and packaged lentivirus. After 24h, the lentivi-
rus supernatant was collected and used to infect cells.

2.10. Luciferase Reporter Assays. The binding sites of miR-
101-3p and EZH2 were obtained from TargetScan, and vec-
tors containing the mutant-type (Mut) or wild-type (WT)
sequence were synthesized by Genomeditech (China). Culti-
vate HEK293T cells, inoculate them in 24-well plates, and
grow them for 10-24 hours. The reporter gene plasmid and
transcription factor expression plasmid are cotransfected
into cells. The protein is extracted and used for luciferase
detection. Add the substrate and measure the luciferase
activity. Calculate relative fluorescence intensity and com-
pare with the no-load control.

2.11. Immunohistochemistry (IHC). IHC was performed to
assess the expression level of EZH2 in the tissues, as
described earlier [16]. Frozen sections 4-8μm were placed
at room temperature for 30 minutes, fixed in acetone at 4°C
for 10 minutes, washed with PBS for 5 minutes 3x, and incu-
bated with hydrogen peroxide for 5-10 minutes to eliminate
endogenous peroxidase activity.

2.12. Statistical Analysis. Statistical analysis was performed
using GraphPad Prism 7 (GraphPad Software, CA). All data
were mean ± standard deviation ðSDÞ of three independent
experiments. Statistical significance between groups was ana-
lyzed using Student’s t-test [17, 18]. Correlations between
miR-101-3p and EZH2 were tested using Pearson’s correla-
tion coefficient analysis. All data were examined and statisti-
cally significant at P < 0:05 [19].

3. Results

3.1. miR-101-3p Was Upregulated in RCC Tissues and Cell
Lines. To detect its expression in RCC tissues, we searched
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Figure 2: OverexpressingmiR-101-3p attenuated proliferation, migration, and invasion of RCC cells. (a) miR-101-3pmimics’ expression efficiency
was detected by qRT-PCR in OSRC-2 and A498 cells. (b) CCK-8 assays of the viability of RCC cells after transfection with miR-101-3p mimics or
NC. (c) Wound healing analysis of RCC cells after transfection with miR-101-3p mimics or NC. (d) Transwell assays of RCC cells after
transfection with miR-101-3p mimics or NC (∗P < 0:05, ∗∗P < 0:01, ∗∗∗P < 0:001, and ∗∗∗∗P < 0:0001).
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the GEO dataset and identified GSE95384, which conducted
miRNA expression profiling array analyses in 8 RCC tumor
samples compared with matched nontumor samples. It was
considerably upregulated in RCC samples (fold changes > 2,
P value < 0.05) (Figures 1(a) and 1(b)). Based on the starBase
database, we also found overexpression of miR-101-3p in
RCC tissues compared with normal samples (P < 0:01), and
Kaplan-Meier survival analysis revealed that high expression
of miR-101-3p was closely associated with poor survival
(P < 0:005) (Figure 1(c)). And it was highly expressed com-
pared with normal tissues and HK-2 (Figure 1(d)). Addition-
ally, we also validated its expression in RCC cell lines and
clinical specimens (Figures 1(e) and 1(f)). Because OSRC-2
and A498 showed higher expressions of miR-101-3p, we
chose these two cell lines for further studies.

3.2. Overexpressing miR-101-3p Attenuated Proliferation,
Migration, and Invasion of RCC Cells. miR-101-3p mimics
were transfected into OSRC-2 and A498 cells, and the expres-
sion efficiency was detected by qRT-PCR (Figure 2(a)). CCK-

8 assays showed that the viability of RCC cells was attenuated
after transfection with the mimics (Figures 2(b) and 2(c)). In
addition, cell migration of OSRC-2 and A498 cells was signif-
icantly suppressed after transfection of the mimics
(Figures 2(d) and 2(e)). Transwell assay also showed that
overexpression of miR-101-3p mimics inhibited the migra-
tion and invasion of RCC cells (Figures 2(g) and 2(h)).

3.3. EZH2 Was the Downstream Target of miR-101-3p. We
queried the TargetScan, miRTarBase, and miRDB databases
to explore downstream target genes of miR-101-3p. Seven-
teen candidates emerged after overlapping the results from
three databases (Figure 3(a)). Since the above results show
that miR-101-3p acts as an anticancer gene in RCC, we
focused on tumor agonists in the predicted targets. Based
on starBase and GEPIA databases, we measured the expres-
sion of RCC samples (data not shown) and found that
EZH2 was apparently upregulated in RCC tissues compared
with normal samples (Figures 3(f) and 3(g)). Pearson’s corre-
lation coefficient analysis also displayed that the miR-101-3p
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Figure 3: EZH2 was the downstream target of miR-101-3p. (a) The diagram of miR-101-3p potential target genes predicted by TargetScan,
miRTarBase, and miRDB. (b, c) Schematic of EZH2 wild-type (WT) and mutant (Mut) luciferase reporter vectors. (d) Relative luciferase
activity measured by luciferase assays in HEK293T cells cotransfected with miR-101-3p mimics or NC. (e) Pearson’s correlation coefficient
analysis of miR-101-3p expression levels with EZH2 in starBase. (f, g) Relative expression of EZH2 in unpaired or paired RCC tissues based on
starBase and GEPIA databases. (h–j) Kaplan-Meier survival analyses of EZH2 expression with poor survival. Data indicate mean ± SD of
three experiments (∗P < 0:05).
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expression level was negatively correlated with EZH2 for
both our clinical samples and starBase (Figure 3(e)). And
Kaplan-Meier survival analyses indicated that high EZH2
expression was closely related to poor survival (P < 0:05)
(Figures 3(h)–3(j)) to further verify that miR-101-3p targeted
EZH2. We obtained the binding sites of miR-101-3p in the 3′
-UTR of EZH2 and inserted the luciferase reporter into the
wild-type or mutant sequence (Figures 3(b) and 3(c)). It
revealed that the mimics significantly reduced relative lucif-
erase activity in the transfected wild-type HEK293T cells
compared with the mutant group (Figure 3(d)). According
to interpretation, the above results imply that EZH2 is the
target gene of miR-101-3p.

3.4. Overexpressing miR-101-3p Prevented RCC Proliferation
In Vivo.Western blotting and qRT-PCR verified that overex-
pression of miR-101-3p could reduce the protein level of
EZH2 (Figures 4(a) and 4(b)). A498 cells were infected with
lentivirus overexpressing miR-101-3p, and the efficacy was
verified by qRT-PCR and Western blotting. We concluded
that its upregulation in RCC cells obviously prevented cell
proliferation (Figures 4(c) and 4(d)). Additionally, the tumor
volume, weight, and growth rate of A498 cells overexpressed
with it were obviously decreased, compared with those in the
control group (Figures 4(e)–4(h)). Specifically, IHC analysis
showed that EZH2 levels were decreased in the miR-101-3p
stimulation group compared to the control group. In RCC
cells, these results reported that EZH2 exerted tumor effects
conversely with miR-101-3p.

3.5. EZH2 Restoration Reversed the Effects of miR-101-3p in
RCC Cells. We further validated that miR-101-3p attenuated
RCC tumor characteristics via targeting EZH2 through res-
cue experiments. miR-101-3p mimics were cotransfected
with EZH2 overexpressed plasmids or NC into RCC cells.
Western blotting and qRT-PCR were implemented to assess
the expression of EZH2 in RCC cells (Figures 5(a) and
5(b)). We concluded that miR-101-3p mimics inhibited the
tumor characteristics of RCC cells, and EZH2 recovery
partially attenuated these effects (Figures 5(c)–5(j)). And
miR-101-3p mimics decreased the protein level of EZH2
while the effect was likewise reversed after transfection with
EZH2 overexpressed plasmids. It suggested that miR-101-
3p prevented the malignant progression of RCC by prevent-
ing the expression of EZH2.

4. Discussion

Currently, studies have demonstrated that miRNAs are closely
related to RCC occurrence [20–23]. However, as far as we
know, its expression level and function in RCC nonetheless
remain to have a lot of questions. We found it was highly
reflected in tumor tissues, which was consistent with data from
the starBase database. Moreover, the results from miRNA
expression profiling arrays (GSE16441) also revealed that it
was significantly upregulated in RCC tumor specimens.

To date, miR-101-3p has been widely mentioned in other
tumors; however, its role in renal carcinogenesis has not been
determined. It prevents growth and metastasis of NSCLC by
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blocking PI3K/Akt signaling by targeting MALAT-1 [11]. Like-
wise, miR-101-3p prevents EMT by targeting TRIM44 to
reduce glioblastoma metastasis [24]. miR-101-3p can advance
the apoptosis of oral cancer cells by targeting BICC1 [8]. A
recent study reported that miR-101-3p prevented retinoblas-
toma cell proliferation by targeting EZH2 and HDAC9 [25].
Wang and Liu concluded that autophagy in endometrial cancer
cells can be prevented by miR-101-3p targeting EZH2 [26].

In this research, we observed that tumor characteristics of
RCC cells were suppressed after overexpression of miR-101-
3p. Additionally, Kaplan-Meier survival analyses showed
that higher miR-101-3p expression indicated a better
survival, which also revealed that it exerted a tumor-
preventing effect on RCC. A previous study has reported that
the von Hippel-Lindau (VHL) tumor suppressor could
change the expression of miRNA [27]. Interestingly, we
observed that miR-101-3p was relatively lowly expressed in
OSRC-2 and A498 cells compared with HK-2 cells.

Luciferase reporter analysis showed that it directly targeted
EZH2 by binding to 3′-UTR and inhibiting the translation of
EZH2 mRNA, which was consistent with Western blotting
results. Pearson’s correlation coefficient analysis also disclosed
that the miR-101-3p expression level was negatively correlated
with EZH2 in RCC tissues. EZH2 can alter downstream target
gene expression by H3K27me3 [28]. EZH2 has been well stud-
ied in prostate cancer, and its mutations are the leading cause of
the progression of prostate cancer [29]. Recently, EZH2 was
said to play an important role in malignancy [28, 30]. For
instance, Xia et al. showed that EZH2 promotes the aggregation
of macrophages and the invasion of lung cancer by enhancing
the expression of CCL5 [31]. EZH2-mediated miR-139-5p reg-
ulated pancreatic cancer’s epithelial-mesenchymal transition
and lymph node metastasis [32]. As far as we know, the role
of EZH2 in RCC has not been previously studied.

In summary, we revealed that miR-101-3p acted as an
antioncogene to prevent the progression of RCC through tar-
geting EZH2, which perhaps may provide a new therapeutic
target for RCC.

Data Availability

The related data would be provided if required.

Conflicts of Interest

The authors declare that they have no conflicts of interest.

Authors’ Contributions

The contributions of the authors involved in this study are as
follows: (i) conception and design: Yunfei Xu and Yunze
Dong; (ii) administrative support: Yunfei Xu; (iii) provision
of study materials or patients: Tiancheng Xie and Huan
Liu; (iv) collection and assembly of data: Yuchen Gao; (v)
data analysis and interpretation: Yunze Dong; (vi) manu-
script writing: all authors; and (vii) final approval of manu-
script: all authors. Yunze Dong and Yuchen Gao
contributed equally to this work.

Acknowledgments

This study was funded by the National Natural Science Foun-
dation of China (Nos. 81971371 and 81902567).

References

[1] C. Gu, X. Shi, C. Dai et al., “RNAm6Amodification in cancers:
molecular mechanisms and potential clinical applications,”
The Innovation, vol. 1, no. 3, p. 100066, 2020.

[2] U. Capitanio, K. Bensalah, A. Bex et al., “Epidemiology of renal
cell carcinoma,” European Urology, vol. 75, no. 1, pp. 74–84,
2019.

[3] J. J. Patard, G. Pignot, B. Escudier et al., “ICUD-EAU interna-
tional consultation on kidney cancer 2010: treatment of metasta-
tic disease,” European Urology, vol. 60, no. 4, pp. 684–690, 2011.

[4] W. Zhai, J. Ma, R. Zhu et al., “MiR-532-5p suppresses renal
cancer cell proliferation by disrupting the ETS1-mediated
positive feedback loop with the KRAS-NAP1L1/P-ERK axis,”
British Journal of Cancer, vol. 119, no. 5, pp. 591–604, 2018.

[5] J. C. van der Mijn, J. W. Mier, H. J. Broxterman, and H. M.
Verheul, “Predictive biomarkers in renal cell cancer: insights
in drug resistance mechanisms,” Drug Resistance Updates,
vol. 17, no. 4-6, pp. 77–88, 2014.

[6] B. Chai, Y. Guo, X. Cui et al., “MiR-223-3p promotes the pro-
liferation, invasion and migration of colon cancer cells by

miR-NC miR-101-3p mimic oeEZH2 miR-101-3p mimic+
oeEZH2

OSRC-2

(i)

m
iR

-N
C

m
iR

-1
01

-3
p

m
im

ic
oe

EZ
H

2
m

iR
-1

01
-3

p
m

im
ic

+E
ZH

2

500
400
300
200
100

0

N
um

be
r o

f
in

va
de

d 
ce

lls
 p

er
 fi

el
d

⁎⁎⁎⁎

⁎⁎
⁎⁎⁎⁎

⁎⁎⁎⁎

⁎⁎
⁎⁎⁎⁎

OSRC-2

(j)

Figure 5: EZH2 restoration reversed the effects of miR-101-3p in RCC cells. (a, b) The protein level of EZH2 in RCC cells cotransfected with
miR-101-3p mimics and EZH2 overexpressed plasmids or NC. (c–j) Wound healing and transwell assays of RCC cells cotransfected with
miR-101-3p mimics and EZH2 overexpressed plasmids or NC. Data represent mean ± SD (∗∗P < 0:01, ∗∗∗P < 0:001, and ∗∗∗∗P < 0:0001).

11BioMed Research International



negative regulating PRDM1,” American Journal of Transla-
tional Research, vol. 11, no. 7, pp. 4516–4523, 2019.

[7] L. Yu, X. Gong, L. Sun, H. Yao, B. Lu, and L. Zhu, “miR-454
functions as an oncogene by inhibiting CHD5 in hepatocellu-
lar carcinoma,” Oncotarget, vol. 6, no. 36, pp. 39225–39234,
2015.

[8] H. Wang, Y. Guo, N. Mi, and L. Zhou, “miR-101-3p and miR-
199b-5p promote cell apoptosis in oral cancer by targeting
BICC1,” Molecular and Cellular Probes, vol. 52, p. 101567,
2020.

[9] X. Y. Wu et al., “miR-101-3p suppresses HOX transcript anti-
sense RNA (HOTAIR)-induced proliferation and invasion
through directly targeting SRF in gastric carcinoma cells,”
Oncology Research, vol. 25, no. 8, pp. 1383–1390, 2017.

[10] S. Yan, X. Shan, K. Chen et al., “LINC00052/miR-101-3p axis
inhibits cell proliferation and metastasis by targeting SOX9
in hepatocellular carcinoma,” Gene, vol. 679, pp. 138–149,
2018.

[11] X. Q. Zhang, X. He, Y. Liu et al., “MiR-101-3p inhibits the
growth and metastasis of non-small cell lung cancer through
blocking PI3K/AKT signal pathway by targeting MALAT-1,”
Biomedicine & Pharmacotherapy, vol. 93, pp. 1065–1073,
2017.

[12] C. Gu, J. Chen, X. Dang et al., “Hippo pathway core genes
based prognostic signature and immune infiltration patterns
in lung squamous cell carcinoma,” Frontiers in Oncology,
vol. 11, 2021.

[13] C. Gu, X. Shi, W. Qiu et al., “Comprehensive analysis of the
prognostic role and mutational characteristics of m6A-
related genes in lung squamous cell carcinoma,” Frontiers in
Cell and Development Biology, vol. 9, p. 661792, 2021.

[14] C. Gu, X. Shi, Z. Huang et al., “A comprehensive study of con-
struction and analysis of competitive endogenous RNA net-
works in lung adenocarcinoma,” Biochimica et Biophysica
Acta (BBA) - Proteins and Proteomics, vol. 1868, no. 8,
p. 140444, 2020.

[15] C. Gu, Z. Huang, X. Chen et al., “TEAD4 promotes tumor
development in patients with lung adenocarcinoma via ERK
signaling pathway,” Biochimica et Biophysica Acta (BBA) -
Molecular Basis of Disease, vol. 1866, no. 12, p. 165921, 2020.

[16] W. Zhai, R. Zhu, J. Ma et al., “A positive feed-forward loop
between LncRNA-URRCC and EGFL7/P-AKT/FOXO3 sig-
naling promotes proliferation and metastasis of clear cell renal
cell carcinoma,” Molecular Cancer, vol. 18, no. 1, p. 81, 2019.

[17] J. Chen, C. Gu, X. Chen et al., “Clinicopathological and prog-
nostic analyses of 86 resected pulmonary lymphoepithelioma-
like carcinomas,” Journal of Surgical Oncology, vol. 123, no. 2,
pp. 544–552, 2021.

[18] C. Chen, X. Zhang, C. Gu et al., “Surgery performed at night by
continuously working surgeons contributes to a higher
incidence of intraoperative complications in video-assisted
thoracoscopic pulmonary resection: a large monocentric retro-
spective study,” European Journal of Cardio-Thoracic Surgery,
vol. 57, no. 3, pp. 447–454, 2020.

[19] X. Pan, C. Gu, R. Wang, H. Zhao, J. Yang, and J. Shi, “Trans-
manubrial osteomuscular sparing approach for resection of
cervico-thoracic lesions,” Journal of Thoracic Disease, vol. 9,
no. 9, pp. 3062–3068, 2017.

[20] A. Batool, “Role of EZH2 in cell lineage determination and rel-
ative signaling pathways,” Frontiers in Bioscience-Landmark,
vol. 24, no. 5, pp. 947–960, 2019.

[21] C. Cardoso, C. Mignon, G. Hetet, B. Grandchamps, M. Fontes,
and L. Colleaux, “The human EZH2 gene: genomic organisa-
tion and revised mapping in 7q35 within the critical region
for malignant myeloid disorders,” European Journal of Human
Genetics, vol. 8, no. 3, pp. 174–180, 2000.

[22] G. Laible, A. Wolf, R. Dorn et al., “Mammalian homologues of
the polycomb-group gene enhancer of zeste mediate gene
silencing in Drosophila heterochromatin and at S-cerevisiae
telomeres,” EMBO Journal, vol. 16, no. 11, pp. 3219–3232,
1997.

[23] R. L. Wang, M. Xin, Y. Li, P. Zhang, and M. Zhang, “The func-
tions of histone modification enzymes in cancer,” Current Pro-
tein & Peptide Science, vol. 17, no. 5, pp. 438–445, 2016.

[24] L. Li, M. Y. Shao, S. C. Zou, Z. F. Xiao, and Z. C. Chen, “MiR-
101-3p inhibits EMT to attenuate proliferation and metastasis
in glioblastoma by targeting TRIM44,” Journal of Neuro-
Oncology, vol. 141, no. 1, pp. 19–30, 2019.

[25] Q. F. Jin, W. He, L. Chen, Y. Yang, K. Shi, and Z. You, “Micro-
RNA-101-3p inhibits proliferation in retinoblastoma cells by
targeting EZH2 and HDAC9,” Experimental and Therapeutic
Medicine, vol. 16, no. 3, pp. 1663–1670, 2018.

[26] C. L. Wang and B. Liu, “miR-101-3p induces autophagy in
endometrial carcinoma cells by targeting EZH2,” Archives of
Gynecology and Obstetrics, vol. 297, no. 6, pp. 1539–1548,
2018.

[27] Z. Y. Lei, T. D. Klasson, M. M. Brandt et al., “Control of angio-
genesis via a VHL/miR-212/132 axis,” Cell, vol. 9, no. 4,
p. 1017, 2020.

[28] R. Duan, W. du, and W. J. Guo, “EZH2: a novel target for can-
cer treatment,” Journal of Hematology & Oncology, vol. 13,
no. 1, p. 104, 2020.

[29] S. Varambally, S. M. Dhanasekaran, M. Zhou et al., “The poly-
comb group protein EZH2 is involved in progression of pros-
tate cancer,” Nature, vol. 419, no. 6907, pp. 624–629, 2002.

[30] I. M. Bachmann, O. J. Halvorsen, K. Collett et al., “EZH2
expression is associated with high proliferation rate and
aggressive tumor subgroups in cutaneous melanoma and can-
cers of the endometrium, prostate, and breast,” Journal of Clin-
ical Oncology, vol. 24, no. 2, pp. 268–273, 2006.

[31] L. L. Xia, X. Zhu, L. Zhang, Y. Xu, G. Chen, and J. Luo, “EZH2
enhances expression of CCL5 to promote recruitment of mac-
rophages and invasion in lung cancer,” Biotechnology and
Applied Biochemistry, vol. 67, no. 6, pp. 1011–1019, 2020.

[32] J. Ma, J. Zhang, Y. C. Weng, and J. C. Wang, “EZH2-mediated
microRNA-139-5p regulates epithelial-mesenchymal transi-
tion and lymph node metastasis of pancreatic cancer,” Mole-
cules and Cells, vol. 41, no. 9, pp. 868–880, 2018.

12 BioMed Research International



Retraction
Retracted: N-Acetylcysteine Improves Inflammatory Response in
COPD Patients by Regulating Th17/Treg Balance through
Hypoxia Inducible Factor-1α Pathway

BioMed Research International

Received 12 March 2024; Accepted 12 March 2024; Published 20 March 2024

Copyright © 2024 BioMed Research International. This is an open access article distributed under the Creative Commons
Attribution License, which permits unrestricted use, distribution, and reproduction in any medium, provided the original work
is properly cited.

This article has been retracted by Hindawi following an
investigation undertaken by the publisher [1]. This investi-
gation has uncovered evidence of one or more of the follow-
ing indicators of systematic manipulation of the publication
process:

(1) Discrepancies in scope

(2) Discrepancies in the description of the research
reported

(3) Discrepancies between the availability of data and
the research described

(4) Inappropriate citations

(5) Incoherent, meaningless and/or irrelevant content
included in the article

(6) Manipulated or compromised peer review

The presence of these indicators undermines our confi-
dence in the integrity of the article’s content and we cannot,
therefore, vouch for its reliability. Please note that this notice
is intended solely to alert readers that the content of this arti-
cle is unreliable. We have not investigated whether authors
were aware of or involved in the systematic manipulation
of the publication process.

Wiley and Hindawi regrets that the usual quality checks
did not identify these issues before publication and have
since put additional measures in place to safeguard research
integrity.

We wish to credit our own Research Integrity and
Research Publishing teams and anonymous and named
external researchers and research integrity experts for con-
tributing to this investigation.

The corresponding author, as the representative of all
authors, has been given the opportunity to register their
agreement or disagreement to this retraction. We have kept
a record of any response received.

References

[1] X. Liu, Z. Hu, and H. Zhou, “N-Acetylcysteine Improves
Inflammatory Response in COPD Patients by Regulating
Th17/Treg Balance through Hypoxia Inducible Factor-1α Path-
way,” BioMed Research International, vol. 2021, Article ID
6372128, 7 pages, 2021.

Hindawi
BioMed Research International
Volume 2024, Article ID 9753627, 1 page
https://doi.org/10.1155/2024/9753627

https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/


RE
TR
AC
TE
DResearch Article

N-Acetylcysteine Improves Inflammatory Response in COPD
Patients by Regulating Th17/Treg Balance through Hypoxia
Inducible Factor-1α Pathway

Xiaopeng Liu, Zhixiong Hu, and Haiying Zhou

Department of Respiratory Medicine, Jinshan Hospital, Fudan University, Shanghai 201508, China

Correspondence should be addressed to Haiying Zhou; mipanba234265682@163.com

Received 24 April 2021; Accepted 17 June 2021; Published 29 June 2021

Academic Editor: Tao Huang

Copyright © 2021 Xiaopeng Liu et al. This is an open access article distributed under the Creative Commons Attribution License,
which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.

Introduction. This study was aimed to investigate the effects of N-acetylcysteine (NAC) on chronic obstructive pulmonary disease
(COPD) and the change of Th17/Treg cytokine imbalance.Material and Methods. A total of 121 patients with stable COPD at the
stage of C or D were consecutively enrolled and randomly divided into 2 groups. Patients in the treatment group received NAC
granules (0:2 g × 10 bags, 0.4 g each time, 3 times/d) for half a year. The control group was treated with the same amount of
placebo therapy. The peripheral blood of the patient was collected and the cytokine, T lymphocyte subsets were detected.
Results. We found the oral administration of NAC could regulate Th17/Treg balance to resist inflammation in COPD patients.
Serum testing showed that the proportion of Treg in CD4+ T cells has increased and the Th17/Treg ratio has decreased during
the NAC treatment. In vitro studies, we found that NAC regulated Th17/Treg balance through Hypoxia Inducible Factor-1α
pathway. Conclusions. Our result could provide new diagnosis and treatment for elderly patients with COPD from the
perspective of immunity ideas.

1. Introduction

Chronic obstructive pulmonary disease (COPD) belongs to a
class of common chronic respiratory diseases characterized
by irreversible continuous airflow limitation and high fatal-
ity rate, which currently places a huge burden on the world’s
disease economy [1]. It is associated with both airway and
extrapulmonary inflammation, as indicated by increased
reactive oxygen species (ROS) levels and proinflammatory
markers in peripheral blood. COPD manifests as a series of
overlapping phenotypes, including chronic bronchitis,
emphysema, small airway disease, and frequent exacerba-
tions. Despite differences in pathology, they share many
common but complex pathogenetic processes, including
inflammation, excessive oxidative stress, apoptosis, and
autoimmunity [2–6].

N-acetylcysteine (NAC) belongs to a class of antioxi-
dants, which has both antioxidant and anti-inflammatory
properties. NAC exerts its antioxidant effect by acting
directly as a ROS scavenger and a precursor of reduced gluta-

thione [7]. Oral NAC has been shown to affect the body’s
redox balance through increasing both plasma glutathione
levels and lung lavage glutathione levels in patients with sta-
ble COPD. However, the clinical effectiveness of NAC in
COPD treatment is still controversial. Although it was found
in some early studies that NAC had no effect, more recent
studies have shown that increasing the dose (1200mg daily
or above) of NAC can reduce the exacerbation of COPD
patients and extend the time to the first exacerbation [8–
11]. And the most principle of related mechanism is for its
antioxidative effect, such as reducing ROS production by
alveolar macrophages as well as reducing exhaled H2O2.
There are limited data on the anti-inflammatory activity of
NAC in COPD patients.

In recent years, lymphocytes, especially CD4+ T cells
involved in the pathogenesis of COPD, have become an
active topic of research [3, 5, 6, 12]. Studies have revealed that
the imbalance between T helper (Th)17 cells and regulatory
T (Treg) cells played a vital role in the development and out-
come of COPD [5, 12]. Interestingly, though Th17 and Treg
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cells shared a common requirement for TGF-β in their differ-
entiation, they express distinct transcriptional regulators
(RORγt versus Foxp3, respectively) and present opposing
functions (inflammatory versus anti-inflammatory). Recent
studies have shown that NAC could play as a regulatory role
on T lymphocyte subsets differentiation and improve the
patient’s immune function [13–16]. However, the effect of
NAC for T lymphocyte subtype transformation on patients
with stable COPD is still unknown.

In this study, we explored the treatment effect of oral
NAC on elderly patients with COPD in clinic. And we also
determined the change of Th17/Treg balance in peripheral
blood of patients who accepted NAC, in order to provide
new diagnosis and treatment for elderly patients with COPD
from the perspective of immunity ideas.

2. Materials and Methods

2.1. Ethics Statement. This research was approved by the
research ethics committees of Jinshan Hospital Affiliated to
Fudan University, China (approval number: Jinshan Medical
Ethics Research 2019-13-02). All patients were approached
in accordance with the approved ethical guidelines. They
had agreed before participating in this study and signed
informed consent. All methods used in the study were per-
formed in accordance with the relevant guidelines and regu-
lations developed by the aforementioned ethics committees.

2.2. Participants and Trial Design.A total of 121 patients with
stable COPD at the stage of C or D based on the Global Ini-
tiative for Chronic Obstructive Lung Disease randomly
selected from September 2018 to June 2019 were recruited
in this research (Jinshan Hospital Affiliated to Fudan Univer-
sity, China). They were randomly divided into two groups.
Patients in the treatment group were treated with conven-
tional inhalation of bronchodilators (long-acting anticholin-
ergic drugs (LAMA, tiotropium, 18μg daily) and oral NAC
granules (0:2 g × 10 bags, 0.4 g each time, 3 times/d, Guang-
dong Baiao Pharmaceutical) for half a year. The control
group was treated with conventional airway expansion ther-
apy and the same amount of placebo therapy. No other
phlegm-resolving drugs, glucocorticoids, bronchodilators
were used during the study. Lung function of each patient
was evaluated at the beginning of the study. No significant
differences were observed in terms of age, gender, and smok-
ing status of patients between the treatment and control indi-
viduals (P > 0:05). Clinical data of all individuals are given in
detail in Table 1.

2.3. Diagnosis of COPD. Diagnosis of COPD was confirmed
in accordance with the diagnostic criteria of the Global initia-
tive for chronic Obstructive Lung Disease. The diagnostic cri-
teria for group C were as follows: CAT (COPD assessment
test) score <10 or mMRC (modified British Medical Research
Council) score was between 0 and 1, the FEV1/pred% is less
than 50%, and/or acute exacerbations occur more than 2
times in one year or at least one acute exacerbation occurs
which is required in hospital treatment. The diagnostic cri-
teria for group D were as follows: CAT score of 10 or more

or mMRC score of 2 or more, FEV1/pred% <50% and/or
acute exacerbations ≥2 times per year, or the number of hos-
pitalizations for acute exacerbations is once or more.

2.4. Inclusion and Exclusion Criteria for the Study. The inclu-
sion criteria were as follows: (1) patients confirmed as having
COPD at stage of C and D; (2) patients who received no anti-
biotics, glucocorticoids, and theophylline medications within
2 weeks before entering the study; and (3) patients who
signed informed consent forms for voluntary participation
in the study. The exclusion criteria were as follows: (1)
patients with acute exacerbations which may affect the natu-
ral process of IL-17 and IL-10 in COPD; (2) patients accom-
panied by pulmonary interstitial fibrosis, tuberculosis,
bronchial pneumonia, and lung cancer; (3) patients with
major diseases of nonrespiratory system, such as diabetes,
severe cardiovascular and cerebrovascular diseases, and neu-
rological diseases or liver and kidney dysfunction; and (4)
patients with mental illness and cognitive impairment.

2.5. Blood Samples and Measurements. The peripheral
venous blood of the patient was collected in tubes containing
ethylene diamine tetraacetate acid (EDTA) in the early
morning. The blood samples were immediately centrifuged
at 3,000 rpm for 15 minutes after collected, and serum was
obtained and stored at −80°C until used. The serum levels
of IL-17, IL-10, IL-9, TGF-β, TNF-a, and IL-1β were deter-
mined by using ELISA test kits (R&D Systems, Minneapolis,
MN), following the manufacturer’s instructions. Briefly, the
antibody was diluted to a content of 5μg/mL, and then, 0.1
mL of that was added into the plate hole and placed at 4°C
overnight. The next day, the solution in the plate was discard-
ing, and a 0.1mL aliquot of the sample was added into the
reaction well. Then, place the reaction well into a humid
chamber at 37°C for 1 hour. Then, discarding the solution
and 0.1mL of freshly diluted enzyme-labeled antibody was
added at 37°C for 1 hour. Then, a 0.1mL aliquot of substrate
solution was added to each well at 37°C for 30 minutes, and
0.05mL of stop solution was added to each reaction well.
The color intensity was measured at a wavelength of 450
nm by using a photometer. The standard curve was plotted
based on the concentration of the standard sample and the
OD of each well.

2.6. Inflammation-Pathway Microarray. Expression microar-
ray analysis was conducted with HWayen inflammation-

Table 1: Comparison of baseline data between the two groups.

Term
Control group

(N = 61)
Treatment group

(N = 60)
P

value

Gender
(male)

28 30 0.269

Age
(mean ± SD) 72:65 ± 7:96 70:89 ± 8:62 0.116

Smoking
index

569:07 ± 264:32 592:76 ± 228:54 0.305

mMRC score 2:62 ± 0:85 2:69 ± 0:91 0.277
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pathway microarray CSP100. All the procedures and data
analysis were performed by HWayan, China.

2.7. Flow Cytometry Analysis. Peripheral blood mononuclear
cells (PBMCs) were freshly isolated by Ficoll density gradient
centrifugation (Pharmacia, Uppsala, Sweden). The isolated
PBMCs were washed twice with PBS and resuspended at
106 cells/mL in complete culture medium (RPMI 1640 sup-
plemented with 1% penicillin/streptomycin, 2mML-gluta-
mine, and 10% heat-inactivated fetal bovine serum; Gibco
BRL, Gaithersburg, MD, USA). For Th17 cells analysis, cells
were detected as described previously. For the analysis of
Treg cells, a human regulatory T-cell staining kit (BD Phar-
mingen™, USA) was used to measure CD4+ CD25+ Foxp3
+ cells as Treg cells according to the manufacturer’s protocol.
Briefly, PBMCs were incubated with a cocktail of fluorescein
isothiocyanate-conjugated anti-CD4 and APC-conjugated
anti-CD25 for 30 minutes at 4°C. After fixation and perme-
abilization, the cells were blocked by normal rat serum and
stained using PE-conjugated anti-Foxp3 for 45 minutes at
4°C. The flow cytometry analyses were performed on a FACS
Calibur flow cytometer (BD biosciences, San Jose, CA, USA)
equipped with the CellQuest software (BD biosciences). Iso-
type controls were conducted to ensure antibody specificity.

2.8. Western Blot Analysis. The cells were lysed in lysis buffer
containing 4% sodium dodecyl sulfate (SDS), 20% glycerol,
100mM dithiothreitol (DTT), and Tris-HCl, pH6.8. A total
of 30μg of the supernatant proteins was loaded and sepa-
rated by 8-15% sodium dodecyl sulfate-polyacrylamide gel
electrophoresis. The samples were incubated with primary
antibodies overnight at 4°C after the proteins were trans-
ferred to a polyvinylidene fluoride (PVDF) membrane (Milli-
pore, 0.2μm or 0.45μm, as appropriate), following the
electrophoresis [17]. The primary antibodies were used at
dilutions of 1 : 1000 for GAPDH (Cell Signaling), 1 : 1000
for HIF1-α (Cell Signaling). Then, the membranes were incu-
bated with HRP-conjugated secondary antibodies and visual-
ized with an ECL Chemiluminescent kit (NovexTM).

2.9. Statistical Analysis. All analyses were done by using the
SPSS software, version 20.0 (IBM Corp., Armonk, NY,
USA). Continuous variables were reported as mean ± SD
[18]. For two-group comparisons, the independent sample t
-test was used for normally distributed data [19]. All tests
were two-tailed, and a value of P < 0:05 was considered sta-
tistically significant.

3. Results

3.1. Oral NAC downregulated the level of IL-17 while
upregulated the level of IL-10 in the serum of patients with
COPD. Previous studies demonstrated that increased IL-17
level and decreased IL-10 level in serum were positively cor-
related with the progression of COPD [20, 21]. To determine
whether oral NAC regulated the level of IL-17, IL-10, and
other related inflammation cytokine in the serum, we
obtained peripheral blood from the patient with COPD for
further evaluation. As shown in Figure 1, the level of IL-17
was downregulated in the serum of COPD patients treated

with oral NAC, compared to the control counterparts. Con-
versely, the serum level of IL-10 was upregulated by oral
NAC treatment in the COPD patients, compared to the con-
trol counterparts (Figure 1). Meanwhile, other proinflamma-
tion cytokines, including IL-9, TGF-β, TNF-a, and IL-1β,
were all downregulated. These data demonstrated that oral
NAC treatment at a dose of 1200mg/day was helpful for
improving the inflammatory status of COPD patients.

3.2. Oral NAC suppressed circulating Th17 cells while
promoted Treg cells in the serum of COPD patients. To further
explore the effect of oral NAC, we used IL-17 and Foxp3 as
the biomarker of Th17 and Treg cells in the flow cytometry
analysis, respectively. As shown in Figures 2(a) and 2(b),
the frequencies of Th17 cells were significantly decreased in
the peripheral blood of COPD patients in the NAC treatment
group than those in the control group (P < 0:05). On the con-
trary, the frequencies of Treg cells were increased accordingly
(Figures 2(c) and 2(d)).

3.3. Oral NAC rebalances the Th17/Treg ratio. Constantly, we
found that the Th17/Treg ratio was evidently decreased after
taking oral NAC in the treatment group from 5.7 to 0.28.
This result further proved that NAC could protect patients
with COPD by suppressing Th17 immune responses and
modulating the Th17/Treg balance in favor of Treg cells.
Interestingly, we found that Th17 cells had a negative corre-
lation with Treg cells whether COPD patients took NAC or
not (Figure 3).

3.4. NAC decreased HIF1-α expression of T cells isolated from
peripheral blood of COPD patients. Studies have shown that
NAC can downregulate the protein of HIF-α by posttran-
scription mechanism [22, 23]. And specifically, HIF1-α is
considered as a key regulatory molecule that could directly
promote Th17 differentiation by inducing RORγt transcrip-
tion and inhibit Treg differentiation through facilitating
Foxp3 protein degradation [24]. So, we conducted an
inflammation-pathway array to further analyze the pathway
related to the change (n = 10), and we found that HIF1-a
and MAPKp38 exhibited the greatest fold changes in Th17
and Treg cells. Next, we detected the protein and RNA
change of HIF1-α and p38 expression in Th17 and Treg cells
after NAC treatment in COPD patients (n = 121). As shown
in Figure 4, in the treatment group, western blot revealed that
HIF1-α significantly decreased in both cells, while p38 had
no significant change. The result might reveal that NAC
improves inflammatory response in COPD patients by regu-
lating Th17/Treg balance through the HIF1-α pathway.

4. Discussion

COPD is a type of high-incidence chronic disease in the
respiratory system. The occurrence and development of the
disease have not been completely studied [1]. In recent years,
immune system disorders have been closely related to the
cause of the disease. Many researchers have conducted in-
depth research in this area. Relevant data showed that, in
addition to Th1 and Th2 cells that participated in immune-
pathological inflammation, Th17 cells and Treg cells, as
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Figure 1: Oral NAC decreases the level of IL-17 and increases IL-10 in the serum of COPD patients. The level of serum IL-17 in the treatment
group increased after oral administration of NAC. The level of serum IL-10 increased in the treatment group after oral administration of
NAC. (∗P < 0:05; ∗∗P < 0:01; ∗∗∗P < 0:001).
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Figure 2: TH17 cell decreased while Treg increased after NAC treatment in the COPD patients. PBMC isolated from peripheral blood and
were stained for IL-17 and Foxp3 in order to measure the percentage of Th17 and Treg. (a, b) The percentage of Th17 cells significantly
decreased after oral administration of NAC. (c, d) The percentage of Treg cells significantly decreased after oral administration of NAC
(∗∗∗P < 0:01).
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Figure 4: NAC significantly decreased HIF1-α expression of Th17 and Treg cells isolated from peripheral blood of COPD patients.
Inflammation-pathway array, western-blot, and qRT-PCR revealed the decreased expression of HIF1-α in Th17 and Treg cells in the NAC
control group. (∗P < 0:05; ∗∗P < 0:01; ∗∗∗P < 0:001).
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subgroups of CD4+ T cells, also played an important role in
balancing COPD patients’ immune status [5, 20]. Previous
researches showed that during the development and acute
exacerbation period in patients with COPD, the ratio of Treg
and Th17 cells in the peripheral blood has changed signifi-
cantly, as well as in bronchoalveolar lavage (BAL). The
Th17 cells in the serum and Th17/Treg ratio showed a rising
trend, but Treg cells were constantly falling. The normal
Th17/Treg balance was broken, which led to the appearance
of an inflammatory response. At the same time, the increase
in Th17 cell level was negatively correlated with the decrease
in Treg level, suggesting that the imbalance between these
two subgroups might be one of the causes of COPD [21,
25]. Therefore, proper intervention in the Th17/Treg balance
of COPD patients was important for the treatment of COPD.

Previous researches have confirmed that NAC had the
capability to inhibit the accumulation of neutrophils in the
lungs of COPD patients, reducing inflammation, and had a
strong expectorant effect [7, 9, 10]. At the same time, NAC
had a regulatory effect on immune function and could
weaken cytokine activity. Some recent studies had shown
that oral NAC could regulate the Th1/Th2 ratio balance,
improving the quality of life of COPD patients in groups C
and D, increasing lung function to a large extent [26]. Our
study showed that the drug could increase the serum
interleukin-10 level after oral NAC at a dosage of 1200mg
daily in the treatment group, while the proinflammation
cytokine IL-9, TGF-β, TNF-a, IL-1β, and IL-17 were all
downregulated dramatically. Moreover, the proportion of
Th17 in CD4+ T cells was decreased, and the proportion of
Treg in CD4+ T cells was increased. Therefore, the
Th17/Treg ratio was reduced compared with that before
diagnosis and treatment. The results suggested that after
NAC treatment, the Th17 immune response decreased, the
Treg immune response increased, and Th17/Treg tended to
back to a new balance, the immune status of COPD patients
return to normal. To figure out the mechanism of this effect
of NAC, we used inflammation-pathway microarray, western
blot, and qRT-PCR to verified that HIF1-α might be a key
metabolic sensor. In this study, we found HIF-1a was truly
significantly downregulated after treatment. Previous studies
reported that HIF-1α could upregulate IL-17 expression
through RORγt; meanwhile, it also cooperated with RORγt
protein to regulate IL-17A-related genes during Th17 devel-
opment, thus enhanced the development of Th17 [13, 22].
On the other hand, reports showed that HIF-1 targeted
Foxp3 for ubiquitination and proteasomal degradation, using
the same ubiquitin ligase system that was responsible for the
degradation of HIF-1α itself [24]. So, based on the experi-
mental data and result, we proposed a hypothesis that NAC
could rebalance the Th17/Treg ratio and improve the
immune status of COPD patients through downregulating
HIF1-a.

In summary, this study reveals that NAC could affect the
Th17/Treg balance in the COPD patients and had a good
therapeutic effect for the immune status of COPD patients
which might be through regulating the HIF1-α expression.
By studying the Th17/Treg balance, possible intervention
targets may be further found and developed.
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The proteasome has been validated as an anticancer drug target, while the role of a subunit of proteasome, PSMC6, in lung
adenocarcinoma (LUAD) has not been fully unveiled. In this study, we observed that both the RNA and protein of PSMC6 were
highly upregulated in LUAD compared with the adjacent normal tissues. Moreover, a high PSMC6 expression was associated
with poor prognosis. In accordance with this finding, PSMC6 was associated with poor tumor differentiation. Furthermore, the
silence of PSMC6 by small interference RNAs (siRNAs) could significantly inhibit cell growth, migration, and invasion in lung
cancer cell lines, suggesting that PSMC6 might serve as a promising therapeutic target in LUAD. To further explore the
molecular mechanism of PSMC6 in LUAD, we observed that the proteasome subunits, such as PSMD10, PSMD6, PSMD9,
PSMD13, PSMB3, PSMB1, PSMA4, PSMC1, PSMC2, PSMD7, and PSMD14, were highly correlated with PSMC6 expression.
Based on the gene set enrichment analysis, we observed that these proteasome subunits were involved in the degradation of
AXIN protein. The correlation analysis revealed that the positively correlated genes with PSMC6 were highly enriched in WNT
signaling-related pathways, demonstrating that the PSMC6 overexpression may activate WNT signaling via degrading the AXIN
protein, thereby promoting tumor progression. In summary, we systematically evaluated the differential expression levels and
prognostic values of PSMC6 and predicted its biological function in LUAD, which suggested that PSMC6 might act as a
promising therapeutic target in LUAD.

1. Introduction

Lung cancer is among the most frequent malignancies world-
wide, accounting for nearly 20% of cancer-related deaths in
2018 [1]. The major risk factors for lung cancer are smoking,
radon exposure, and exposure to other carcinogens [2, 3].
Patients with lung cancer often had unfavorable outcomes,
and the 5-year survival rate for lung cancer remains less than
20% [4]. Novel treatments and drug designs are direly sought
to improve patients’ prognoses and relieve their financial
burden [5].

Proteasome inhibition is considered a promising treat-
ment strategy for various malignancies, including lung
cancer. The 26S proteasome is an important protease in
eukaryotic cells, which is composed of a 20S core particle
(CP) and one or two 19S regulatory particles (RP) capping
one or both ends of the 20S CP [6]. The 26S proteasome
mediates degradation of numerous cellular proteins and

participates in multiple cellular processes, especially the cell
cycle [7], which makes it a potential target in cancer therapy.

26S proteasome assembly induced by PSMD5 inactiva-
tion is observed during colorectal tumor progression, and it
has been further validated that reduced 26S proteasome
levels could impair cancer cell viability and that partial deple-
tion of the 19S RP subunits could effectively result in inhibi-
tion of the 26S proteasome [8, 9]. Those subunits are essential
for the 19S RP to carry out functions such as identification,
binding, deubiquitination, unfolding, and translocation of
substrates before proteolysis [10, 11]. Receptor RPN13 in
the 19S regulatory particle is found overexpressed in ovarian
and colon cancer, and it could interact with RA190, a bis-
benzylidine piperidone active against cervical and ovarian
cancer [12–14]. Of note, PSMC6 codes for one of the six
AAA-type ATPase subunits of the 19S RP and has been iden-
tified as a protective gene in lower grade glioma [15, 16]. Its
high bortezomib sensitivity makes it the most prominent
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target in multiple myeloma [17]. A recent study has
demonstrated that PSMC6 overexpression could impair cell
cycle progression and cell proliferation via inhibiting the
PI3K/AKT signaling pathway [18]. Meanwhile, S5aC, a mul-
tiubiquitin binding component of the 19S RP, is found capa-
ble of inducing A549 lung cancer cell death [19]. Therefore, a
closer investigation of genes related to the 26S proteasome in
lung cancer shall provide detailed information on the cellular
functions of those subunits in lung cancer carcinogenesis and
reveal potential therapeutic targets. In the present study, we
investigated the clinical and functional relevance of PSMC6
in lung adenocarcinoma (LUAD) and explored its underly-
ing mechanism in the initiation and progression of LUAD.

2. Materials and Methods

2.1. Data Acquisition. The gene expression data of The
Cancer Genome Atlas (TCGA) and the protein expression
data were downloaded from the UCSC Xena database [20]
and an earlier study [21]. The Fragment Per Kilo-Million
(FPKM) and read count-based data were collected from the
TCGA cohort. Briefly, the raw fastq data were aligned to
reference genome by STAR v2 [22] and gene expression
levels were quantified by HTSeq [23]. The gene-level protein
intensities were collected, imputed by the minimal protein
intensity, and logarithm transformed.

2.2. Differential Expression. The differential expression
between two groups was conducted by Wilcoxon rank sum
test, while the multisample comparison was tested by the
Kruskal-Wallis test. Moreover, the fold change was also
employed to test the difference.

2.3. Survival Analysis. The Cox proportional hazard regres-
sion model was used to evaluate the association between
PSMC6 expression and survival time. Particularly, the
PSMC6 expression was discretized as high and low expres-
sion levels using the median as cut-off. The survival analysis
was implemented in R survival package (https://cran.r-
project.org/web/packages/survival/index.html).

2.4. Functional Inference of PSMC6. The prediction of the
biological function for PSMC6 was conducted by integrating
the correlation analysis, protein-protein interaction (PPI)
analysis, and gene set enrichment analysis (GSEA). The PPI
data was obtained from the BioGRID database [24]. Specifi-
cally, we first extracted the proteins (genes) directly interact-
ing with PSMC6 from the PPI network. Secondly, those
interacting proteins that showed a significantly positive cor-
relation with PSMC6 were retained for the next step analysis
(p value < 0.05, Spearman correlation > 0:3). Thirdly, those
genes were subjected to the gene set enrichment analysis
(GSEA) against the pathways curated from the Reactome
database, and hypergeometric test was employed to test the
statistical significance of the GSEA. The GSEA was imple-
mented in the R clusterProfiler package [25].

2.5. Cell Culture, RNA Isolation, and Quantitative Real-Time
PCR (qRT-PCR). The cells were cultured following a previous
study [26]. Total RNA was isolated from the A549 and

H1299 cell lines using TRIzol reagent (Sangon, China). The
reverse transcription of the RNAs was performed to synthe-
size the cDNAs following the instructions of PrimeScript™
RT reagent Kit (Takara Bio Inc.). The mRNA expression
was quantified by qRT-PCR using SYBR premix Ex Taq II
with LightCycler 480II (Roche) instrument. The sequences
of the primers are as follows: PSMC6 forward, 5-CGGGTG
AAAGTGCTCGTTTG-3 and reverse, 5-AGCAAAGCAGG
ATCCAGTGT-3 and GAPDH forward, 5-GTCGTGGAG
TCTACTGGTGTC-3 and reverse, 5-GAGCCCTTCCA
CAATGCCAAA-3. All these experiments were conducted
in triplicates.

2.6. RNA Interference and Transfection. We purchased the
synthetic PSMC6 siRNAs and its negative control (NC) at
the concentration of 100 nM from GenePharma (Shanghai,
China). Specific siRNAs targeting PSMC6 are as foloows:
si-PSMC6 #1: 5′-ACAAGGAGATCGACGGCCGTCTT
AA-3′ and si-PSMC6 #2: 5′-CGGCCGTCTTAAGGAGTT
AAGGGAA-3′. Following the manufacturer’s procedure,
the transfection was conducted with Lipofectamine 2000
Transfection Reagent (Life, USA), which was purchased from
Life Technologies. All these experiments were conducted in
triplicates.

2.7. Cell Counting Kit-8 (CCK-8) Analysis. The CCK-8 assay
was used to determine the cell proliferation level following
the method from a previous study [26]. All these experiments
were conducted in triplicates.

2.8. Cell Invasion and Migration Assays. The cell invasion
and migration assays were performed following the method
of a previous study [27]. Specifically, Transwell plates (8μm
pore size, 6.5mm diameter; Corning, USA) precoated with
Matrigel Basement Membrane Matrix (coating concentra-
tion: 1mg/ml; BD Biosciences, Franklin Lakes, NJ) were used
for the migration assay according to the manufacturer’s pro-
tocol. Subsequently, the media containing 1% FBS into the
upper chamber of the Transwell filter on a 24-well plate were
used for cell seeding after transfection, and those containing
10% FBS into the lower well of the plate were used as an
attractant. After 72 h of incubation, cells on the upper side
of the filters or migrated to the lower side were removed or
fixed with methanol, stained with Giemsa, and counted
under a microscope. Migration assays were performed with
the same procedure, except that the Transwell chamber
inserts were not coated with Matrigel, and the medium con-
taining 10% FBS was used for cell suspensions. All these
experiments were conducted in triplicates.

3. Results

3.1. PSMC6 Is a Poor Prognosis in Lung Adenocarcinoma. To
reveal the expression pattern of PSMC6 in lung adenocarci-
noma (LUAD), we collected two cohorts from the Cancer
Genome Atlas (TCGA) and Xu et al. and evaluated its differ-
ential expression levels between the tumor and normal
tissues. Specifically, the mRNA and protein expressions of
PSMC6 were highly upregulated in LUAD as compared with
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the adjacent normal tissues (Figure 1(a), Wilcoxon rank sum
test, p value < 0.001). Notably, the PSMC6 protein was
expressed over fourfold in LUAD than that in the normal
tissues (Figure 1(a)).

Moreover, the tumor samples were stratified into the
high- and low-expression groups. The survival analysis of
PSMC6 RNA and protein expressions revealed that patients
with high PSMC6 RNA expression had shorter overall sur-
vival (OS) than those with a low expression (Figure 1(b),
log-rank test, p value < 0.05). Consistently, the LUAD sam-
ples with high PSMC6 protein expression had both shorter
disease-free survival (DFS) and OS than those with low
PSMC6 protein expression (Figure 1(b), log-rank test, p
value < 0.05). These results indicated that PSMC6 overex-
pression might result in a worse prognosis and act as a
prognostic biomarker in LUAD.

3.2. The Association of PSMC6 with the Clinical
Characteristics. To evaluate the clinical significance of
PSMC6 in LUAD, we compared the RNA or protein expres-

sion of PSMC6 of tumor samples with different clinical
characteristics. Notably, PSMC6 was expressed higher in
LUAD with residual tumor than those without (Figure 2(a),
p value < 0.01), suggesting that PSMC6 was associated with
residual tumor, which was considered a risk factor of tumor
recurrence [28, 29]. Among the three disease types, LUAD
with adenomas and adenocarcinomas had a higher RNA
expression of PSMC6 than the other two disease types
(Figure 2(b), Kruskal-Wallis test, p value < 0.001), indicating
that LUAD with the disease type of adenomas and adenocar-
cinomas might have a higher degree of malignancy. Consis-
tently, PSMC6 RNA expression was higher in the LUAD
patients with poorly differentiated tumor than those with
well and moderately differentiated tumors (Figure 2(c)),
suggesting that PSMC6 was associated with the tumor differ-
entiation. Furthermore, among the 7 major subtypes of
LUAD, solid adenocarcinoma of the lung had the highest
protein expression of PSMC6 (Figure 2(d)), suggesting that
solid adenocarcinoma of the lung might have a relatively
worse prognosis than other subtypes. These results disclosed
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Figure 1: The upregulation of PSMC6 in lung adenocarcinoma (LUAD). (a) The RNA and protein expression levels of PSMC6 in LUAD and
adjacent normal tissues. (b) The correlation between survival time and PSMC6 RNA or protein expression levels. The red and blue lines
indicate the samples with high and low PSMC6 expression. DFS: disease-free survival; OS: overall survival.
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that PSMC6 was clinically relevant to factors including resid-
ual tumor, disease type, tumor differentiation, and LUAD
subtype.

3.3. Silence of PSMC6 Inhibits Cell Proliferation of Non-
Small-Cell Lung Cancers. To uncover the functional role of
PSMC6 in non-small-cell lung cancer (NSCLC), we per-
formed CCK-8 assay to test the impact of PSMC6 on the cell
proliferation (Materials and Methods). Specifically, we
designed two small interface RNAs (siRNA) for PSMC6
mRNA, termed as si-PSMC6 #1 and si-PSMC6 #2, and
transfected into two NSCLC cell lines, A549 and H1299. As
shown in Figures 3(a) and 3(b), the siRNA transfection could
efficiently suppress the RNA expression levels of PSMC6 in
the two cell lines (p value < 0.01) using quantitative real-

time polymerase chain reaction (qPCR). With the siRNA
transfection, the cell proliferation levels were found to be
significantly inhibited at the fifth day (Figures 3(c) and
3(d), p value < 0.05). These results demonstrated that silence
of PSMC6 could efficiently inhibit the cell proliferation of
NSCLC.

3.4. Silence of PSMC6 Inhibits Migratory and Invasive
Abilities of Non-Small-Cell Lung Cancer Cells. As PSMC6
was negatively associated with survival time of LUAD
patients, we then investigated whether silence of PSMC6
could restrict the migratory and invasive abilities of NSCLC
cells. Expectedly, the number of migratory cancer cells was
obviously decreased in the cells with si-PSMC6 transfection
than the negative controls (Figure 4(a)). The quantitative
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Figure 2: The association of PSMC6 expression with clinical factors. The association of PSMC6 expression with residual tumor, disease type,
differentiation, and subtype are displayed in (a), (b), (c), and (d), respectively. ∗, ∗∗, and ∗∗∗ represent the p values below 0.05, 0.01, and 0.001.
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analysis revealed that the number of migratory cells with si-
PSMC6 transfection was greater in the cells with si-PSMC6
treatment (Figure 4(b)). Consistently, the tumor cell invasion
was also inhibited by the PSMC6 silence (Figures 4(c) and
4(d)). These results indicated that silence of PSMC6 could
inhibit migratory and invasive abilities of cancer cells.

3.5. The Proteasome Might Activate WNT Signaling via
Degrading AXIN Protein. To gain insights into the molecular
mechanism of PSMC6 in LUAD, we conducted a correlation
analysis between PSMC6 and other genes using both RNA-
seq and proteome data. Totally, we identified 1222 genes
coexpressed with PSMC6 (Spearman correlation > 0:3), of
which, 26 genes encoded proteins interacting with PSMC6
protein. The gene set enrichment analysis revealed that deg-
radation of beta-catenin by the destruction complex and deg-
radation of AXIN was significantly enriched by these 26
genes (Figure 5(a)). Specifically, the proteasome subunits
such as PSMD10, PSMD6, PSMD9, PSMD13, PSMB3,
PSMB1, PSMA4, PSMC1, PSMC2, PSMD7, and PSMD14

were involved in those two pathways (Figure 5(b)). As the
AXIN protein acted as a tumor suppressor to inhibit WNT
signaling pathway, its degradation might result in WNT sig-
naling activation. Consistently, the positively correlated
genes with PSMC6 were highly enriched in WNT signaling-
related pathways such as beta-catenin-independent WNT
signaling, signaling by WNT, and TCF-dependent signaling
in response to WNT at both RNA (Figure 5(c), FDR < 0:05)
and protein (Figure 5(d), FDR < 0:05) levels. These results
indicated that PSMC6 might activate WNT signaling via
degrading AXIN protein.

4. Discussion

The proteasome has been validated as an anticancer drug
target [30], while the role of a subunit of proteasome,
PSMC6, in lung adenocarcinoma (LUAD) has not been fully
unveiled. In this study, we observed that both the RNA and
protein of PSMC6 were highly upregulated in LUAD com-
pared with the adjacent normal tissues. Moreover, high
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Figure 3: The impact of PSMC6 silence on the tumor cell proliferation. The relative mRNA expression of PSMC6 in negative controls and cell
lines with siRNA treatments (si-PSMC6 #1 or #2). The experiments for A549 and H1299 cell lines are shown in (a) and (b), respectively. The
cell proliferation levels of A549 and H1299 with and without siRNA treatments (si-PSMC6 #1 and si-PSMC6 #2) are displayed in (c) and (d).
∗, ∗∗, and ∗∗∗ represent the p values below 0.05, 0.01, and 0.001.
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PSMC6 expression was associated with poor prognosis. To
our knowledge, previous studies rarely reported this finding.
However, the other subunits of proteasome, such as PSMD3,
PSMC2, and PSMD4, were upregulated in several cancers
and associated with prognosis [31–33]. After systematic
treatments, some LUAD patients might still have residual
tumors, which had been considered a risk factor of recur-
rence [28, 29]. In accordance with this finding, PSMC6 was
associated with poor tumor differentiation, suggesting that
high expression of PSMC6 in patients with residual tumors
or poor tumor differentiation indicates that PSMC6 may be
associated with tumor recurrence. Moreover, the PSMC6
was also observed to have higher expression levels in some
histology subtypes such as adenomas/adenocarcinomas and
solid tumor subtypes. The solid predominant subtype of
LUAD has been observed to have much worse prognosis than
other subtypes [34].

Moreover, the silence of PSMC6 by siRNA could signifi-
cantly inhibit cell growth, migration, and invasion in lung
cancer cell lines. Consistently, PSMC6 was also identified as
a target for bortezomib sensitivity in multiple myeloma by
CRISPR genome-wide screening [16]. We thus speculated
that PSMC6 might serve as a promising therapeutic target
in LUAD.

To further explore the molecular mechanism of PSMC6
in LUAD, we observed that the proteasome subunits, such
as PSMD10, PSMD6, PSMD9, PSMD13, PSMB3, PSMB1,
PSMA4, PSMC1, PSMC2, PSMD7, and PSMD14, were
highly correlated with PSMC6 expression. It should be noted
that these proteins could directly interact with PSMC6 and
act as components of proteasome. Among these proteasome
subunits, PSMB3 [35] and PSMD14 [36] have been found
to promote lung adenocarcinoma progression, while PSMA4
polymorphisms are associated with lung cancer susceptibility
and response to cisplatin-based chemotherapy [37], suggest-
ing that the proteasome may be associated with the LUAD
progression and drug response due to numerous subunits.
Based on the gene set enrichment analysis, we observed that
these proteasome subunits were involved in the degradation
of the AXIN protein. The correlation analysis revealed that
the positively correlated genes with PSMC6 were highly
enriched in WNT signaling-related pathways. The activity
of WNT signaling was enhanced by the degradation of the
AXIN complex via the proteasome [38], further demonstrat-
ing that the PSMC6 overexpression may activate WNT
signaling via degrading AXIN protein, thereby promoting
tumor progression. However, this mechanism needs to be
validated by more experimental data.
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Figure 4: The impact of PSMC6 silence on cell invasion and migration. The cell invasion (a, b) and migration (c, d) of A549 and H1299 after
negative controls and siRNA transfections are counted by Transwell assay. ∗, ∗∗, and ∗∗∗ represent the p values below 0.05, 0.01, and 0.001.
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In summary, we systematically evaluated the differential
expression levels and prognostic values of PSMC6 and pre-
dicted its biological function in LUAD, which suggested that
PSMC6might act as a promising therapeutic target in LUAD.

Data Availability

All data supporting this study are collected from a public
database such as TCGA and Gene Expression Omnibus
(GEO), which have been cited as references in Materials
and Methods.
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Procollagen-lysine, 2-oxoglutarate 5-dioxygenases (PLODs) are a family of enzymes. However, the clinical and functional roles of
PLOD3 in colon adenocarcinoma (COAD) have not been investigated. The present study found that PLOD3 was highly
upregulated in COAD, which may be resulted from its aberrant DNA methylation. The upregulation of both PLOD3 mRNA
and protein was confirmed in our tissue samples. Moreover, high PLOD3 was identified to be associated with unfavorable
prognosis in COAD. As genome instability is a hallmark of cancer, PLOD3 was expressed higher in COAD samples with high
chromosomal instability (CIN-high) than those with low CIN (CIN-low) and higher in those with low MSI than high MSI,
indicating that PLOD3 expression was associated with tumor genomic instability. Furthermore, immune cells showed
significantly different infiltrating levels between the high and low PLOD3 expression groups, and the immune score was
negatively correlated with PLOD3 expression and higher in samples with low PLOD3 expression, suggesting that high PLOD3
expression was associated with reduced immune cell infiltrating levels in COAD. To further uncover the underlying mechanism
of PLOD3 in PLOD3, we compared the COAD samples of high PLOD3 expression with those of low PLOD3 expression and
found that high expression of PLOD3 was associated with reduced expression of immune regulators and enhanced activities of
two tumor-promoting pathways, including gluconeogenesis and TGF-beta signaling in epithelial-mesenchymal transition
(EMT), suggesting that high expression of PLOD3 causes poor prognosis in COAD by weakening the immune cell infiltration
and enhancing activities of tumor-promoting pathways. In summary, the present study highlights the importance of PLOD3
and provides the evidence about the functional role of PLOD3 in COAD.

1. Introduction

Colon cancer is one of the most prevalent malignancies
worldwide. It is estimated globally that colorectal cancer
would account for 6.1% of new cancer cases and for 9.2% of
cancer-related deaths [1]. Heritable factors are not responsi-
ble for most colorectal cancer cases, and chronic intestinal
inflammation has been widely detected in colon cancer
patients, while environmental mutagens and modifiable fac-
tors like unhealthy diet and lifestyle are related to the occur-
rence of colorectal cancer [2, 3].

A previous study has demonstrated a systemic immune-
inflammation index for colorectal cancer using the total
number of neutrophils, platelets, and lymphocytes, which
could serve as a prognostic indicator for predicting overall
survival and help identify patients of higher risk [4]. Of note,
glycoproteins are critical players in the cellular and humoral
immune system, participating in the assembly of major histo-
compatibility complex (MHC) antigens, T cell recognition of
antigen-presenting cells, and the classical antibody-antigen
recognition by immunoglobulins [5]. Meanwhile, glycosyla-
tion, as an important posttranslational modification, is
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associated with multiple fundamental mechanisms in cancer
development and progression other than immune modula-
tion, further suggesting that glycoproteins and related genes
could be potential biomarkers and drug targets in cancer
diagnosis and management [6].

One of those glycoproteins is procollagen-lysine, 2-
oxoglutarate 5-dioxygenase 3, which is encoded by PLOD3,
and it is an enzyme essentially involved in the biosynthesis
of several collagens and glycosylation activity [7]. Emerging
evidence suggests that PLOD3 is associated with tumorigen-

esis in various cancer types. PLOD3 knockdown could
inhibit tumor growth in lung cancer through regulating the
PKC-delta signaling pathway [8], and also in lung cancer,
PLOD3 is found to interact with STAT3 immunosuppressive
signals, which promotes lung cancer metastasis via dysregu-
lated RAS-MAP kinase pathway [9]. Moreover, it is reported
that PLOD3 downregulation would lead to decreased expres-
sion levels of TWIST1, further resulting in the inhibition of
β-catenin and AKT signaling and suppressing the progres-
sion of renal cell carcinoma [7]. In addition, a recent study
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Figure 1: PLOD3 is upregulated in COAD. The RNA and protein expression of PLOD3 are upregulated in the COAD samples of (a) TCGA
and (b) CPTAC cohorts, respectively. (TCGAðtumorÞ = 469, TCGAðnormalÞ = 41, CPTACðtumorÞ = 97, and CPTACðnormalÞ = 100). (c) The PLOD3
promoter is hypomethylated in COAD samples of TCGA cohort. (d) The promoter DNA methylation and RNA expression of PLOD3 are
negatively correlated in TCGA cohort. The line was fitted by using RNA expression and DNA methylation of PLOD3 as response and
predictor variables, respectively. The symbol ∗∗∗ indicates the P value <0.001 (log2 FC: log2 fold change).
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has implied that MYC and TWIST1 are essential for the acti-
vation of innate immunity and cellular invasion, as the
recruitment and polarization of tumor-associated macro-
phages (TAMs) require a certain cytokinome elicited by
them, and overexpression of TWIST1 could promote metas-
tasis in hepatocellular carcinoma [10]; meanwhile in another
study, inactivation of PLOD3 is found to inhibit in vitro and
in vivo liver tumorigenesis in hepatocellular carcinoma [11].
Such findings hint an underlying association between
PLOD3 and antitumor immunity, and such association
may as well exist in the context of colon cancer, which we
hope to elucidate in this study.

2. Materials and Methods

2.1. Public Datasets. The count-based mRNA expression
data and protein expression data were obtained from
UCSC Xena (http://xena.ucsc.edu/) and LinkedOmics (http://
www.linkedomics.org/), respectively. The mRNA expression
data was prenormalized by fragment per kilo-million reads
(FPKM), and the protein expression was quantile-normalized
for further analysis.

2.2. Clinical Sample Preparation. Six pairs of fresh colon ade-
nocarcinoma and adjacent normal tissues were collected from

Tenth People’s Hospital of Tongji University, Tongji Univer-
sity School of Medicine, which was approved by the Human
Research Ethics Committee of this hospital. The written
informed consent was collected from each patient. All samples
were stored in −80°C for the following experiments.

2.3. Quantitative Real-Time Polymerase Chain Reaction
(qPCR). The tissue samples were lysed using a Trizol reagent
(Invitrogen, USA). Following the manufacturer’s protocol,
we performed the reverse transcription using RevertAid First
Strand cDNA Synthesis Kit (Thermo, Fermentas, USA). The
mRNA expression was quantitatively analyzed using an ABI
Stepone plus (StepOnePlus™). GAPDH is an internal
reference. The primers for PLOD3 are as follows: forward:
5′- CTGAAGAAGTTCGTCCAGAGTG-3′ and reverse: 5′-
ACCGATGAATCCACCAGAATTG-3′; the primers for
GAPDH are as follows: forward: 5′- GGAGCGAGATC
CCTCCAAAAT-3′ and reverse: 5′- GGCTGTTGTCATAC
TTCTCATGG-3′. All these experiments were conducted in
triplicates. The average values were used as the RNA expres-
sion levels of the samples.

2.4. Western Blot. Total protein was isolated from tissue
samples using RIPA lysis buffer (Beyotime Biotechnology,
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Figure 2: Validation of PLOD3 upregulation in COAD and adjacent normal tissue samples. (a) The mRNA expression of PLOD3 is
upregulated in the COAD tissue of our cohort using the qPCR method (n = 6). (b, c) The protein expression of PLOD3 is upregulated in
COAD samples of our cohort using Western blot. The symbol ∗∗∗ indicates the P value <0.001.
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China) and then quantified by the BCA assay kit (Beyotime
Biotechnology, China). Each 20μg total protein was
electrophoresed on 10% SDS-polyacrylamide gel and then
transferred to polyvinylidene fluoride (PVDF) membranes
(Millipore, USA). The primary antibodies used were anti-
PLOD3 (Proteintech, China) and anti-GAPDH (Cell Signal-
ing Technology, USA). Membranes were then washed three
times in TBST solution for 15min each and then incubated
with secondary antibodies for 1 h.

2.5. Two-Sample and Multisample Comparisons and Survival
Analysis. The two-sample and multisample comparisons
were conducted using the Wilcoxon rank sum test and
Kruskal-Wallis test, respectively. The tumor samples were
stratified into high and low groups using the median expres-

sion of PLOD3 as the threshold. The Cox proportional haz-
ard regression model was built to fit the survival time/status
with the PLOD3 expression, and the log-rank test was used
to evaluate the statistical significance.

2.6. Estimation of Immune Cell Proportion. The immune cell
proportions were estimated using TIP (tracking tumor
immunophenotype) [12], which used CIBERSORT [13] and
marker genes of 14 immune cell types. The mRNA expres-
sion was normalized to transcript per million reads (TPM)
using R scater package and coding length of gene. The
TPM-based mRNA expression was used as the input in
TIP. The immune scores were estimated by ESTIMATE
(Estimation of STromal and Immune cells in MAlignant
Tumours using Expression data) [14].
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Figure 3: PLOD3 expression is increased with the progression of COAD. The (a) RNA and (b) protein expression are increased in advanced
stages of COAD (TCGAðstage IÞ = 78, TCGAðstage IIÞ = 182, TCGAðstage IIIÞ = 131, TCGAðstage IVÞ = 65, CPTACðstage IÞ = 10, CPTACðstage IIÞ = 39,
CPTACðstage IIIÞ = 40, and CPTACðstage IVÞ = 8). (c) COAD patients with high expression of PLOD3 have shorter overall survival than those
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2.7. Gene Set Enrichment Analysis. The genes were ranked by
the correlation coefficients between PLOD3 and the remain-
ing genes using TCGA mRNA expression data. The enrich-
ment scores for genes of immune regulators and those
involved in signaling pathways were calculated based on the
ranks and correlation coefficients of these genes. A total of
1000 times permutation was used to evaluate the statistical
significance of the enrichment score and the immune regula-
tors and pathways. This analysis was implemented in R clus-
terProfiler package [15].

3. Results

3.1. The RNA and Protein Expression of PLOD3 Are
Upregulated in COAD. To investigate the expression pattern
of PLOD3 in colon adenocarcinoma (COAD), we collected
mRNA expression data from The Cancer Genome Atlas
(TCGA) [16] and protein expression data from Clinical Pro-
teomic Tumor Analysis Consortium (CPTAC) [17]. Specifi-
cally, PLOD3 mRNA was found to be highly upregulated in
COAD of TCGA cohort as compared with the adjacent nor-
mal tissues (Figure 1(a), P value <0.001). Consistently, the
PLOD3 protein expression was also upregulated in COAD
tissues of CPTAC cohort (Figure 1(b), P value <0.001).
Moreover, we also collected the DNA methylation data of
TCGA cohort and observed that the promoter DNA methyl-
ation levels of PLOD3 were decreased in COAD samples
(Figure 1(c), P value <0.001). The correlation analysis
revealed that the promoter DNA methylation of PLOD3
was negatively correlated with its mRNA expression
(Figure 1(d), Spearman correlation = −0:48), suggesting that
the dysregulation of PLOD3 was associated with its promoter
hypomethylation.

3.2. Validating the Upregulation of PLOD3 in COAD and
Adjacent Normal Tissues. To validate the upregulation of

PLOD3 in COAD and adjacent normal tissues, we collected
six pairs of COAD and normal tissues and detected the
mRNA and protein expression levels in these samples. The
mRNA expression was also upregulated in the COAD sam-
ples compared with the adjacent normal tissues using the
qPCR method (Figure 2(a), P value <0.001). Consistently,
theWestern blot assay confirmed the upregulation of PLOD3
protein in COAD (Figures 2(b) and 2(c), P value <0.001).
These results further demonstrated high expression of
PLOD3 in COAD.

3.3. High Expression of PLOD3 Indicates Poor Prognosis in
COAD. As PLOD3 was highly upregulated in COAD sam-
ples, we then investigated whether its expression was associ-
ated with COAD prognosis. The comparison of the tumor
samples with distinct TNM stages revealed that PLOD3 was
increased in the advanced TNM stages in both TCGA and
CPTAC cohorts (Figures 3(a) and 3(b), P value <0.01). Fur-
thermore, we stratified the tumor samples into two groups
by the PLOD3 expression (high vs. low). The comparison
of the two tumor groups indicated that the high group had
significantly shorter overall survival time than those of low
group (Figure 3(c), P value <0.05). These results indicated
that PLOD3 expression was associated with poor prognosis
in COAD.

3.4. PLOD3 Expression Is Associated with Tumor Genomic
Instability. The genomic instability in cancer includes abnor-
mal chromosomal instability and microsatellite instability
(MSI), which are characterized by widespread imbalances
in chromosome number (aneuploidy) or loss of heterozygos-
ity [18] and hypermutable phenotype caused by the loss of
DNA mismatch repair activity [19]. To further investigate
the association between PLOD3 and some genomic features,
we found that PLOD3 was expressed higher in COAD sam-
ples with high chromosomal instability (CIN-high) than
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Figure 4: PLOD3 is associated with genomic instability. PLOD3 is expressed higher in COAD samples with (a) high chromosomal instability
(CIN-high) or (b) lowmicrosatellite instability (MSI-low) (CIN-high vs. CIN-low: 75 vs. 20 andMSI-high vs. MSI-low: 22 vs. 73). The symbol
∗∗∗ indicates the P value <0.001.
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those with low CIN (CIN-low) (Figure 4(a), P value <0.001).
In contrast, PLOD3 was expressed lower in COAD samples
with high microsatellite instability (MSI-high) than those

with low MSI (MSI-low) (Figure 4(b), P value <0.001). These
results indicated that PLOD3 expression was associated with
tumor genome instability.
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Figure 5: Correlation between immune cell infiltration and PLOD3 expression. The correlation between PLOD3 expression and the
proportions of tumor-infiltrating immune cells, including CD4 naïve, CD8 naïve, CD8 effector, and Tregs, and immune scores are
displayed in (a–d) and (e), respectively. The symbols of ∗, ∗∗, and ∗∗∗ indicate the P values <0.05, 0.01, and 0.001, respectively.

6 BioMed Research International



3.5. PLOD3 Expression Is Associated with the Immune Cell
Infiltration. As high immune cell infiltration was associated
with high tumor burden and PLOD3 was associated with
tumor genome instability, we then investigated the associa-
tion of PLOD3 expression with immune cell infiltration.
We first estimated the immune cell proportions in TCGA
tumor samples using CIBERSORT (Materials and Methods).
We found that the proportions of CD4 naïve and CD8
effector were negatively correlated with PLOD3 expression
(Figures 5(a) and 5(c)), while the proportions of CD8 naïve
and regulatory T cells (Tregs) were positively correlated with
PLOD3 expression (Figures 5(b) and 5(d)). Consistently,
these immune cells showed significantly different infiltrating
levels between the high and low PLOD3 groups
(Figures 5(a)–5(d)). Furthermore, we also estimated the
immune scores for TCGA samples using the ESTIMATE
method (Materials and Methods) and found that the
immune score was negatively correlated with PLOD3 expres-
sion and higher in samples with low PLOD3 expression

(Figure 5(e)). These results indicated that high PLOD3
expression was associated with reduced immune cell infiltrat-
ing levels in COAD.

3.6. PLOD3 Is Correlated with Immune Regulators and
Tumor-Promoting Genes. As PLOD3 was associated with
immune cell infiltration, we then tested association of
PLOD3 expression with immune regulators and investigated
the downstream pathways regulated by PLOD3 using TCGA
mRNA expression data. The correlation analysis was con-
ducted between PLOD3 and the remaining genes, and the
genes were preranked by Spearman’s correlation with a
decreasing order. The genes encoding immune stimulators
and inhibitors and those involved in signaling pathways were
collected from previous studies [20]. To test whether the
genes involved in the pathways were significantly clustered
within the positively or negatively correlated genes, we con-
ducted gene set enrichment analysis on the preranked genes.
Specifically, we found that both immune stimulators and
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inhibitors were enriched in genes negatively correlated with
PLOD3 (Figure 6(a), FDR < 0:05). Moreover, the genes
involved in two tumor-promoting pathways, including
gluconeogenesis and TGF-beta signaling in epithelial-
mesenchymal transition (EMT), were significantly enriched
in those positively correlated with PLOD3 (Table 1 and
Figure 6(b), FDR < 0:05). Consistently, the key genes
involved in immune stimulation and inhibition showed
reverse expression patterns with PLOD3 (Figure 6(c)), while
those involved in gluconeogenesis and TGF-beta signaling in
EMT, such as MDH2, G6PC3, ALDOA, TGFB1, and
SMURF1, had similar expression patterns with PLOD3
(Figure 6(d) and Table 1). These results indicated that
PLOD3 is correlated with immune regulators and tumor-
promoting genes.

4. Discussion

Procollagen-lysine, 2-oxoglutarate 5-dioxygenases (PLODs)
are a family of enzymes that regulate the hydroxylation of
lysine and stabilization of collagen [21]. However, the clinical
and functional roles of PLOD3 in COAD have not been
investigated. The analysis of mRNA and protein expression
data revealed that both mRNA and protein of PLOD3 were
highly upregulated in COAD. The correlation analysis
revealed that the promoter DNA methylation of PLOD3
was negatively correlated with its mRNA expression
(Figure 1(d), Spearman correlation = −0:48). Consistently,
the dysregulation of PLOD3 by aberrant DNA methylation
has been found in melanoma [22]. Moreover, we also con-
firmed the upregulation of PLOD3 in COAD tissues using
qPCR and Western blot (Figure 2). Furthermore, we also
investigated the prognostic value of PLOD3 in COAD.
PLOD3 was increased in the advanced TNM stages in both
TCGA and CPTAC cohorts (Figures 3(a) and 3(b), P value
<0.01), and high expression of PLOD3 indicated relatively
worse prognosis in COAD. The association of PLOD3 with
poor prognosis has been found in ovarian cancer [23], gastric
cancer [24], and glioma [25].

As genome instability is a hallmark of cancer [26], we
then investigated the association between PLOD3 and geno-
mic instability such as chromosomal instability (CIN) and
microsatellite instability (MSI) in COAD. PLOD3 was
expressed higher in COAD samples with high chromosomal
instability (CIN-high) than those with low CIN (CIN-low)
and higher in those with low MSI than high MSI (Figure 4),
indicating that PLOD3 expression was associated with tumor
genomic instability. The acquisition of genomic instability is
a crucial feature in colon cancer development [18] and can

promote inflammatory signaling [27]. We found that
immune cells showed significantly different infiltrating levels
between the high and low PLOD3 groups, and the immune
score was negatively correlated with PLOD3 expression and
higher in samples with low PLOD3 expression (Figure 5),
suggesting that high PLOD3 expression was associated with
reduced immune cell infiltrating levels in COAD [28, 29].
To further uncover the underlying mechanism of PLOD3
in PLOD3, we compared the COAD samples of high PLOD3
expression with those of low PLOD3 expression and found
that high expression of PLOD3 was associated with reduced
expression of immune regulators and enhanced activities of
two tumor-promoting pathways, including gluconeogenesis
and TGF-beta signaling in epithelial-mesenchymal transition
(EMT). The gluconeogenesis plays a role in signaling, prolif-
eration, and the cancer stem cell (CSC) tumor phenotype
[24]. Notably, TGF-beta signaling in EMT is a key player in
angiogenesis, tumor growth, and metastasis in colon cancer
[30], suggesting that PLOD3 might regulate immune micro-
environment of COAD via TGF-beta signaling. In accor-
dance with that, knockdown of PLOD3 inhibited HIF-1α
accumulation via the ERK signaling pathway under hypoxia,
suggesting that PLOD3 had the potential to regulate the
tumor microenvironment [25].

Although the present study uncovered the expression
pattern and potential clinical and scientific significances of
PLOD3 in COAD, it still has some limitations. For example,
the upstream and downstream relationship between the
PLOD3 expression and genomic instability or immune cell
infiltration needs further investigation. Moreover, the down-
stream pathways of PLOD3 in COAD should be validated by
in vivo/vitro experiments. However, the present study still
highlights the importance of PLOD3 and provides the evi-
dence about the functional role of PLOD3 in COAD.
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Table 1: The statistical significance of core genes involved in EMT and gluconeogenesis.

ID NES P value P.adjust q values Core_enrichment

Gluconeogenesis 3.00 2.32E-10 2.40E-08 1.03E-08
MDH2, G6PC3, ALDOA, FBP1, SLC25A1, SLC25A10, GPI, PC, ENO3,
SLC37A4, PCK2, TPI1, SLC25A11, GAPDH, ALDOB, GOT2, ALDOC,

PCK1, SLC25A13

TGFB signaling in EMT 2.27 1.40E-04 1.03E-03 4.39E-04
UBC, UBA52, PARD6A, PRKCZ, SMURF1, CGN, ARHGEF18, UBB,

F11R, RPS27A, TGFB1
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Accurate screening on cancer biomarkers contributes to health assessment, drug screening, and targeted therapy for precision
medicine. The rapid development of high-throughput sequencing technology has identified abundant genomic biomarkers, but
most of them are limited to single-cancer analysis. Based on the combination of Fisher score, Recursive feature elimination, and
Logistic regression (FRL), this paper proposes an integrative feature selection algorithm named FRL to explore potential cancer
genomic biomarkers on cancer subsets. Fisher score is initially used to calculate the weights of genes to rapidly reduce the
dimension. Recursive feature elimination and Logistic regression are then jointly employed to extract the optimal subset.
Compared to the current differential expression analysis tool GEO2R based on the Limma algorithm, FRL has greater
classification precision than Limma. Compared with five traditional feature selection algorithms, FRL exhibits excellent
performance on accuracy (ACC) and F1-score and greatly improves computational efficiency. On high-noise datasets such as
esophageal cancer, the ACC of FRL is 30% superior to the average ACC achieved with other traditional algorithms. As biomarkers
found in multiple studies are more reliable and reproducible, and reveal stronger association on potential clinical value than single
analysis, through literature review and spatial analyses of gene functional enrichment and functional pathways, we conduct cluster
analysis on 10 diverse cancers with high mortality and form a potential biomarker module comprising 19 genes. All genes in this
module can serve as potential biomarkers to provide more information on the overall oncogenesis mechanism for the detection of
diverse early cancers and assist in targeted anticancer therapies for further developments in precision medicine.

1. Introduction

Cancers are genomic diseases that cause uncontrolled abnor-
mal cell growth through the constant accumulation of certain
genetic mutations [1]. Genes that present specific regulation
signals to activate corresponding signaling pathways in can-
cers are called genomic biomarkers and can be tested by
DNA chips [2]. Traditional methods for cancer diagnosis
concentrate on abnormalities in human organs and cells,
which are intended to be error prone and time consuming
as they depend on individual arbitration by an ultrasonic

image diagnosis [3, 4]. Precision medicine is defined as the
patient-targeted treatment based on the characteristics of
genetic abnormalities and biomarkers. Currently, driven by
the popularity of precision medicine [5], the goal of targeted
therapies for cancers is to track and address biomarkers from
multidimensional gene expression data [6].

The DNA chip is one of the applications of microarray
technology. Chips can obtain gene expression data by
synchronously tracking the expressions of a large number
of genes. A gene expression profile has the characteristics of
small sample sizes, high dimensionality, and large amounts
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of noise and redundancy. Feature selection algorithms can
identify genomic biomarkers by selecting prominent subsets
and classifying the chosen features [7]. The diagnosis and
treatment of diverse cancers in biomedicine can be improved
and the time required can be reduced by using feature selec-
tion algorithms [8].

Feature selection is a classic and effective method to filter
out redundant features and form comprehensible models
between the eigenvalues and vectors from a given dataset,
and it can be categorized into three categories: filter, wrapper,
and embedded algorithms [9]. Liang and Vucetic present a
filter algorithm for feature selection that uses auxiliary
microarray data [7]. Based on divergence or correlation indi-
cators, filter methods function at the intrinsic properties of
the dataset to reduce feature redundancy and increase the
new classification information [10]. Typically, features with
scores above a set threshold are selected. If there is no set of
the threshold, the highest-scoring groups are extracted. As
open-loop methods, filter methods have good universality
and are faster than wrapper and embedded methods [11].
Piao et al. presents a wrapper method of the support vector
machine to generate and evaluate subsets of genes [12].
Wrapper methods search feature subsets and perform itera-
tive computation until optimal characteristic features are
obtained. In terms of performances on the final model, wrap-
per methods are better than filter methods, but their calcula-
tion costs are high [13]. Embedded feature selection methods
integrate the processes of feature selection and model train-
ing, which are automatically completed in the same optimi-
zation procedure. However, these algorithms are prone to
overfitting, as the parameters need to be set to stop the train-
ing process at an appropriate time. Sun presents an ensemble
scheme for simultaneously reducing dimensionality and
extracting features, which greatly improves computational
efficiency and accuracy [14]. Normally, an ideal feature selec-
tion scheme works as follows: filter algorithms are applied for
reducing data dimensionality, and wrapper or embedded
methods are further conducted for feature selection [15, 16].

In biomedical fields, diverse kinds of feature selection
algorithms have been applied in extracting specific genomic
biomarkers for targeted anticancer therapies [17, 18]. Ensem-
ble classifiers can generally achieve greater precision and
generalization ability than individual classifiers [19]. Bio-
markers that are more reliable and reproducible, and reveal
great potential on clinical application, can be more easily
discovered through multiple analyses than through a single
study [20]. In order to promote the classification capability
of current feature selection methods, this paper creatively
proposes a new feature selection algorithm named FRL by
combining the advantages of filter methods and embedded
methods (Figure 1). This method is implemented as follows:
The original data are downloaded, and RMA is utilized to
perform based on the R platform. Then, extensive gene
extraction is performed on the feature space via a filtering
method called Fisher score. Next, Recursive feature elimina-
tion and Logistic regression are conjointly utilized to select
the relevant features and remove redundant features from
the previous dataset in the embedded layer. Furthermore,
the selected genes from a total of 10 datasets are grouped

together, and ten datasets are compared in pairs and repeated
genes on intersections are extracted. Lastly, validation of
obtained gene groups is performed, and a genomic biomarker
module is constructed through literature review and spatial
analyses of functional enrichment and functional pathways.

The full thesis is structured as follows: Section 2 intro-
duces the entire process of our novel FRL algorithm and
the relevant validation method. In Section 3, the performance
of our FRL is evaluated via four different methods, and
esophageal cancer is the representative simulation scenario
for comparison with Limma. The selected potential bio-
markers in the biomarker module have been validated by
diverse analyses in Section 3 as well. Section 4 and Section
5 present the discussion and conclusion.

2. Materials and Methods

2.1. Datasets. To validate the classification performance of
the FRL and explore more reliable and reproducible potential
biomarkers, we apply it to ten microarray gene expression
datasets for cancers (GSE1420, GSE3325, GSE7696,
GSE9750, GSE16088, GSE18520, GSE18842, GSE54129,
GSE56315, and GSE65194). From among all cancer types,
we selected the most common types of cancers that have high
mortality, namely, lung cancer (21.5%), which is the leading
cause of death among men, and breast cancer (15.5%), which
is the leading cause for women death [21]. The qualities of
these public gene expression datasets regarding diverse can-
cers are summarized in Table 1. All of the datasets are
retrieved from a public repository called the Gene Expression
Omnibus (GEO), which can be downloaded from the
National Center for Biotechnology Information website
(https://www.ncbi.nlm.nih.gov/).

2.2. Modulated Characteristics of the Gene Expression Data
before Applying FRL. In the pretreatment step illustrated in
the first column of Figure 1, we initially downloaded the orig-
inal files of the gene expression data from the aforemen-
tioned database. A background correction method called
the robust multiarray average (RMA), which eliminates more
noise than other frequently used measures, such as the
model-based expression index (MBEI) [35], is applied to
the datasets through the bioconductor package on the R plat-
form. The aim of background correction is to remove the
effect of the labeled probe on gene expression by binding it
to a non-specifically labeled DNA molecule. During this pro-
cess, because of the diverse regions included in genes, which
will directly lead to different probe signals corresponding to
certain genes, the number of genes is often slightly less than
the number of probes. In allusion to this, we first averaged
the probe groups corresponding to a given gene and then
choose the largest probe group as the representative to match
with the corresponding gene. Then, according to the refer-
ence sequences in the public nucleic acid database, a matrix
with samples and gene expression data is constructed.
Normalization and summarization are performed on matri-
ces for subsequent feature selection. In addition, the gene
expression data are transformed into the form of log2 to
reduce calculation complexity.
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2.3. Integrative Feature Selection Scheme (FRL) for Identifying
Multiple Genomic Biomarkers. Because of the curse of dimen-
sionality, the high-dimensional data from gene expression
profiles present challenges for the use of traditional feature
selection methods, including overfitting, weak generalization
ability, and high variance [36]. The relationship between the
samples and features of the cancer datasets is formulated by
the following matrix:

x1 = x11,x12,x13, ⋯ x1nð Þ ; y1½ �
x2 = x21,x22,x23, ⋯ x2nð Þ ; y2½ �
x3 = x31,x32,x33, ⋯ x3nð Þ ; y3½ �

⋮ ⋮ ⋮

xm = xm1,xm2,xm3, ⋯ xmnð Þ ; ym½ �

2
666666664

3
777777775
, ð1Þ

where xm is defined as the m link of the characteristic vector,
and ym describes the column vector representing the sample
categories. Typically, in the machine learning field of a super-
vised pattern, every xm is matched with a compatible labeled
ym; the feature selection methods in a supervised pattern are

aimed at deducing the proper function that can describe the
relationship between xm and ym. Furthermore, the function
can suggest the main influencing factor in the original data.
Thus, it is vital to propose an effective and robust feature
selection method.

To precisely extract genomic biomarkers, we designed an
integrative algorithm called FRL. This method is applied on
the ten abovementioned cancer datasets. The aim of the
FRL algorithm is to focus on dimensionality reduction and
sift the optimal subset for further selection of genomic
biomarkers. In this method, the scores of each feature are ini-
tially computed and ranked based on Fisher score evaluation
system; after ranking the scores of genes in descending order,
new subsets with high-score genes are formed for each type
of cancer. Recursive feature elimination and Logistic regres-
sion are cooperatively used to improve the precision of sub-
sets in the next feature selection round. Then, the most
ideal subset among the obtained subsets is selected based
on relevant measures. Finally, genes are classified into bio-
marker modules by literature review and spatial analysis of
functional enrichment. These processes will be elaborated
below in detail. Procedure 1 presents the entire process of
the FRL feature selection method.

Table 1: Introduction of the gene expression data on 10 cancers.

ID Dataset Cancer Normal References

GSE1420 Esophageal 8 16 [22]

GSE3325 Prostate 6 13 [23]

GSE7696 Glioblastoma 80 4 [24, 25]

GSE9750 Cervical 33 24 [26]

GSE16088 Osteosarcoma 14 6 [27]

GSE18520 Ovarian 53 10 [28]

GSE18842 Lung 46 45 [29]

GSE54129 Gastric 111 21 [30]

GSE56315 Diffuse large B-cell lymphoma 55 33 [31, 32]

GSE65194 Breast 153 11 [33, 34]

Input dataset
Filter layer

Embedded layer Output

Pretreatment Fisher’s
Score

Dataset 1
Feature
subset 1

Feature
subset 1

Logistic regression

Recursive feature elimination

Logistic regression

Manual Genomic
biomarkers

module

Classification performance

Validation

Correlation heatmap

ACC and F1-score barchart Gene ontology analysis

selection

Logistic regression

Recursive feature elimination

Recursive feature elimination

Feature
subset 2

Feature
subset 2

Feature
subset 3

Feature
subset 3

Dataset 2

Dataset 3

Figure 1: Each rectangle represents a dataset. In the first step, pretreatment on original data is performed. The filter layer performs gene
extraction and removes redundancy. The embedded layer is utilized to accurately extract the relevant features from the last step. The
selected genes are then grouped to form a genomic biomarker module and are validated through diverse methods.
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2.3.1. Filter Layer: Use Fisher Score to Identify and Delete
Redundant Features and Enhance the Quality of Training
Datasets. The filter method is implemented as follows: A
threshold or correlation coefficient is set as an evaluation cri-
terion by the tester(s), and then the genes of identical quality
are extracted based on specific penalty functions and used to
form brand-new subsets. This filter mechanism accelerates
the speed and performance of classification by converting
data with high dimensionality to binary classification prob-
lems. In the supervised feature selection field, the formula
of Fisher score is defined as follows:

F xið Þ =
∑c

k=1nk μj
k − μj

� �2

σjð Þ2
ð2Þ

The equation uses c to represent the total number of
categories. nk refers to the sample amount of the j class. μj

k
and μj indicate the mean values of the j class and the mean
values of the current gene expression level, respectively. σj

denotes the variance value of the j class across the whole
dataset. Fisher score is employed as the evaluation standard
in a filter layer. The scores of each sort can be calculated
by equation (2). All genes within the same dataset are
scored and arranged in descending order. We identify the
inflection point of each cancer category, extract the data
before this point to form a subset, and construct matrix
A1. The dimension D1 of the present matrix is reduced to
1593 averagely from the initial dimension of 21654. This
procedure can produce a high-quality output, even with
poor computing power.

2.3.2. Embedded Layer: Employ Recursive Feature
Elimination and Logistic Regression to Narrow Down the
Feature Space.High generalization ability is the core criterion
used to identify whether a supervised learning algorithm is
effective. Ensemble algorithms can be more effective than a
single algorithm to achieve this standard. Thus, here, Recur-
sive feature elimination and Logistic regression are jointly
utilized to traverse the whole feature space. In this step, the
iteration pace P varies from 2 to 5 and is established based
on the dimensionality D1 of each cancer. We set 5 for a data-
set that has a dimension of over 2000, 3 for a dataset that has
a dimension of over 1000 but less than 2000, and 2 for a data-
set that has a dimension of less than 1000. Simultaneously,
we divide matrix A1 into K pieces to perform cross valida-
tion. The index K is set based on the dimensionality D1 of
either data set. If K is set as 4, the whole dataset will be
divided into 4 pieces. The K-fold cross validation will orderly
extract one as a test set among 4 sets, leaving the other 3
pieces as a training set for the training model and classifier.

Recursive feature elimination is a typical backward
reduction algorithm. However, it cannot be used alone and
must be implemented with appropriate classifiers. Recursive
feature elimination processes as follows: Firstly, certain clas-
sifiers are combined with Recursive feature elimination to
train the A1′train. Next, the value of each feature is calculated
and irrelevant features are eliminated. Then, the dataset is
automatically reconstructed and values for features are calcu-
lated again until the optimal feature subsets are obtained.

Logistic regression is applied as the classifier for Recur-
sive feature elimination to determine the probability in each
category. Logistic regression is a generalized linear algorithm
on binary classification. It is based on the linear regression

Method: FRL
Input: Gene expression original matrix M = fðXi, yiÞgmi=1
Output: Gene subset S
For n in 1 : 10

Pretreat and Apply Robust Multi-Array average to remove the effect of labeled probes on real gene expression and form
matrixA, B, C,D, E, F,G,H, I, J
End
For i in 1 : N

Calculate the fisher score xi of A based on formula ðEquation (2)Þ
End
Divide the same maximum number features as one cluster. Spot the inflection point and extract the abundant data. Name new matrix
as A1
Set up the iteration step P and K according to diverse dimension D1
For x in 1 : P : D1

For x in 1 : K-fold
Train recursive feature elimination model with logistic regression classifier in A1′train
Calculate accuracy ðACCÞ in A1′test
Use K-fold cross validation to calculate average ACC

End
End
Obtain the current dimension D2 with the optimal performance ACC
Select the feature subset according to D2 to make A2 matrix
Extract the repeated genes from A2, B2, C2,D2, E2, F2, G2,H2, I2, J2 and make a new matrix
Obtain final feature subset S.

Procedure 1: Procedures of FRL (mainly illustrated byAmatrix).

4 BioMed Research International



model and sigmoid function. Hypothesize the linear function
as follows:

g xð Þ = ωTx + b: ð3Þ

The sigmoid function can be defined by formula (4), and
the logistic regression can be defined by formula (5):

φ jð Þ = 1
1 + e−j

, ð4Þ

φ xð Þ = 1
1 + e−ωT x+b

: ð5Þ

The cost function, which can be used to measure the
quality of the Logistic regression model is listed as follows:

J ω, bð Þ = 1
m
〠
m

i=1
−y ln a + 1 − yð Þ ln 1 − að Þð Þ: ð6Þ

In equation (6), a denotes the probability that is calcu-
lated by Logistic regression. y represents the label of this sam-
ple, and there is a total of m samples. The aim for Logistic
regression is to reduce the outcome of function (6) as much
as possible via iteration. Through the use of multiple samples
tofit the Logistic regressionmodel for several times, the impor-
tant features can be filtered out. After the above processes are
completed, we obtain the matrixA2 and sort all of the matrices
obtained in this step on 10 cancers into corresponding S
subsets. Finally, we validate the existing genes and form a bio-
marker module through meta-analysis in a biomedical field.

2.4. Performance Evaluation. Four evaluation indexes are
applied to evaluate method performance. A confusion matrix
is used to compute and output four types of records. False
Negative (FN) represents the number of positive samples
predicted as negative samples; False Positive (FP) represents
the number of negative samples predicted as positive sam-
ples; True Negative (TN) represents the number of negative
samples predicted as negative samples; True Positive (TP)
represents the number of positive samples predicted as posi-
tive samples. The following equations demonstrate the calcu-
lation of common indicators based on TP, TN, FP, and FN:

Accuracy : ACC = TP + TN
TP + FN + FP + FN

,

F1‐score : F1 =
2TP

2TP + FP + FN
,

Precision : PRE =
TP

TP + FP
:

ð7Þ

Heat maps are presented to test the validation of selected
genomic biomarkers of the FRL model. The efficiency level of
features is reflected in the sharp edges of the heat map. The
heat maps are constructed based on the rationale of the
Euclidean distance with the ggplot2 package on the R
platform. By clustering measurements of samples in Euclid-
ean distance, the clustering results of samples are obtained.

XMN and YMN denote two matrices, in which the rows and
columns are indexed by i and j. The calculation of Euclidean
distance is presented as follows:

XMN =

x11 x12 ⋯

x21 x22 ⋯

⋮ ⋮ ⋯

x1n

x2n

⋮

xi1 xi2 ⋯

⋮ ⋮ ⋯

xm1 xm2 ⋯

xin

⋮

xmn

2
66666666664

3
77777777775
,

YMN =
y11 y12 ⋯

⋮ ⋮ ⋯

ym1 ym2 ⋯

y1j

y2j

ymj

⋯

⋯

⋯

y1n

⋮

ymn

2
66664

3
77775,

d xi, yj
� �

=
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
xik k2 + yj

��� ���2 + 2xiyTj :
r

ð8Þ

3. Results

3.1. Validation for Oncology Datasets via Diverse Indicators.
The first column in Figure 1 displays the initial dataset and
the same dataset that has been processed by the RMA
method. Compared with the initial dataset, the pretreated
datasets obviously exhibit high concentrations and are prone
to discover an intrinsicl relationship among genes.

Figure 2(a) exhibits the Fisher score values in a descend-
ing order, from which we can observe an obvious inflection
point in each subimage. Figure 2(b) presents the distribu-
tion of genes with diverse scores in a more visible way. It
is obvious that the genes with high scores only account for
a tiny fraction among the whole dataset. As listed in
Table 2, only a tiny quantity of genes remain, which demon-
strates that Fisher score can rapidly and effectively reduce
the dimensionality.

The 2-NUM column in Table 2 displays the results for
the step of feature selection in the embedded layer. This out-
come has higher accuracy and precision parameters than
those in the previous filter step. A series of genes are conse-
quently selected from the recurring data, and the ultimate
output is shown below in Table 3. The relevant performance
of each subset is examined. Through literature review and
spatial analysis of functional enrichment and functional
parameters, a biomarker module is formed.

To validate the capability of the biomarker module,
Euclidean distance matrices are adopted for clustering based
on GSE3325, GSE7696, GSE54129, and GSE56315. We can
directly observe that the subset obtained after feature selec-
tion clearly delimits the area (Figure 3). Thus, the final subset
can be key features to represent each cancer dataset.

To prove the validity of the FRL feature selection method
on a single cancer, the diverse datasets of esophageal cancer
(GSE1420, GSE23400) are chosen as representative datasets.
GSE1420 is treated as the training set, and GSE23400 [37]
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is treated as the test set. We use genes selected by FRL on the
esophageal dataset to examine the indicators of generaliza-
tion ability through four main classifiers. Figure 4 shows
the receiver operating characteristic (ROC) curve and the
area under the ROC curve (AUC), which is an effective and
intuitive measure for evaluating feature selection classifica-

tion performance. The AUC is more than 93% on three
classifiers and the average AUC reaches 92%, obviously indi-
cating that the generalization ability of the biomarker module
is satisfied.

In addition, we build an isolated environment by dividing
another dataset of esophageal cancer (GSE26886) into a test
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Figure 2: This figure directly displays the scores of genes in GSE1420, GSE9750, and GSE16088. (a) Image using a descending order to
show the scores. (b) Original scores are shown in a scatter plot. The x axis represents the number of genes, while the y axis expresses
the scores of genes.

Table 2: Performance measures of the original dataset, the first round, and the second round.

ID 0-ACC 0-NUM 1-ACC 1-F1-score 1-NUM 2-ACC 2-F1-score 2-NUM

GSE1420 62.50% 12549 100% 100% 1803 100% 100% 78

GSE3325 83.33% 21654 83.33% 75.76% 1302 100% 100% 69

GSE7696 96.15% 21654 100% 100% 1803 100% 100% 65

GSE9750 65.00% 21654 90.00% 89.52% 1403 100% 100% 78

GSE16088 66.67% 12549 83.33% 85.19% 2003 100% 100% 78

GSE18520 89.47% 21653 100% 100% 753 100% 100% 50

GSE18842 57.14% 21654 71.43% 69.60% 3453 96.43% 96.42% 77

GSE54129 85.00% 21654 85.00% 78.11% 1011 100% 100% 77

GSE56315 96.30% 21654 100% 100% 1603 100% 100% 78

GSE65194 94.00% 21654 100% 100% 801 100% 100% 79
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set and a training set. 35% of the samples in GSE26886 [38]
are randomly chosen to construct the training set. The
remaining samples are utilized as the test set. Figure 5 pre-
sents the ROC curve of each fold. Three of the classifiers
reach a value of 0.99 on areas under the ROC curve (AUC),
and the average Gini index on four classifiers is 0.97, which
effectively implies that the potential genomic biomarkers
selected by FRL may have strong associations with cancers.

Breast cancer (GSE65194) is chosen as another repre-
sentative to examine the validation of FRL classification
performance. CREBBP, EP300, ESR1, GATA3, and MYC
are well-known genetic biomarkers and mutate frequently
in breast tumors [39]. These five approved genetic bio-
markers on breast cancer are comparedwith the same amount
of potential biomarkers selected by FRL on GSE65194.
Figure 6 displays the Precision-Recall (P-R) curve. The AUC

of the five known biomarkers is 93.2%. The AUC of FRL
can be 6.8% higher than those on the five mentioned
biomarkers. It is meaningful and feasible to develop fur-
ther clinical experimental verification on potential genomic
biomarkers selected by FRL.

3.2. Comparisons between FRL and Other Feature Selection
Methods. To compare with the differential expression analy-
sis tool GEO2R based on Limma, esophageal cancer
(GSE26886) is chosen as the representative. Figure 7 displays
the classification results on Limma by ROC curve in each
fold, and the average AUC is 96.25%. It is 2.25% lower than
the genes selected by FRL. On classification precision, the
FRL algorithm can reach 95.56%, while Limma can only
reach 91.11%. In order to obtain persuasive data, 10-fold
cross validation is looped 20 times. The average ACC and

Table 3: Performance indicators on the final subsets for diverse cancers.

ID Dataset Gene-num PRE ACC F1-score

GSE1420 Esophageal 5 89.58% 87.50% 86.82%

GSE3325 Prostate 2 100% 100% 100%

GSE7696 Glioblastoma 3 92.46% 96.15% 94.27%

GSE9750 Cervical 5 92.22% 90% 90.21%

GSE16088 Osteosarcoma 4 100% 100% 100%

GSE18520 Ovarian 2 96.49% 94.74% 95.18%

GSE18842 Lung 3 91.29% 89.29% 89.24%

GSE54129 Gastric 3 100% 100% 100%

GSE56315 Diffuse large B-cell lymphoma 4 100% 100% 100%

GSE65194 Breast 3 100% 100% 100%

GSE3325 GSE7696

GSE54129 GSE56315

(a)

GSE3325 GSE7696

GSE54129 GSE56315

(b)

Figure 3: (a) Heat map of original matrix. (b) Heat map of the matrix that uses the Euclidean distance to cluster.
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F1-score of FRL are 96.24% and 96.37%, respectively. And
the average ACC and F1-score of Limma are 96.04% and
95.91%, respectively. FRL is 0.2% and 0.46% superior to
Limma. When looped 100 times, the metrics of FRL on
ACC reaches 96.32% and can still reach 0.1759% higher than
Limma. It is obvious that FRL has greater classification preci-
sion than the current differential expression analysis tool
GEO2R based on the Limma algorithm on the GEO platform.

The following five methods are used for making compari-
sons with the FRL feature selection algorithm in terms of their
ACCs and F1-scores (Figure 8): Ridge regression (Ridge),
Extremely randomized trees (Extra Trees), Random Forest,
Lasso, and Lasso-Logistic regression. Since there are only a
few genes that have significance to carcinogenesis and can be
regarded as biomarkers, by repeated experiments, we found
that when the context confines the size of subset to approxi-
mately 80, it can achieve perfect classification capability. To
follow variable-controlling approaches, 78 is chosen as the
standard dimensionality for genes in all the subsets for all
the participating methods being used as a comparison.

Table 4 lists the final prediction results of the aforemen-
tioned methods. Focusing on certain particularly low-
quality datasets, such as GSE1420 (esophageal) and
GSE18842 (ovarian), we summarize that the ACCs of FRL
are 30% and 17.622%, respectively. These values are much
higher than those of the other traditional algorithms. Regard-
ing the average statistics (Table 4), it is clear that FRL is
10.01% and 10.428% superior to other traditional methods
in terms of their average ACC and F1-score, respectively.
Compared to the Lasso-Logistic regression, which is a cur-
rent principal feature selection method for effective dimen-
sionality reduction, FRL can be 5.464% and 4.534% higher
than it on ACC and F1-score, respectively.

As GSE18842 (ovarian) has the highest dimensionality
after the selection in a filter layer and may consume the lon-
gest time in the embedded layer, FRL and the abovemen-
tioned five methods are applied on GSE18842 (ovarian) to
test the time consumed in the whole feature selection process.
In order to follow variable-controlling approaches, the final
subset dimensionality is restricted to 78 for all methods. As
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Figure 4: Esophageal cancer datasets (GSE1420, GSE23400) are used for experiments. GSE1420 is used as a training set, whereas GSE23400 is
used as the test set. The ROC curve displays the generalization results.
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data shown in Table 5, FRL consumes only 79.619 s and can
be at least three times faster than the second fastest method
Lasso. However, Lasso displays low performance on ACC
and F1-score. Compared to the method with approximate
ACC, FRL calculates 52 times faster than Random Forest.
Obviously, FRL can greatly decrease computation time, accel-
erate computation speed, and improve computation efficiency.

In general, an obvious and intuitive conclusion is that
FRL exhibits better performance relative to current website
analysis tools and other traditional feature selection methods.
Compared with FRL, the conventional feature selection algo-
rithms extract and establish unreliable and frail subsets,
which may result from inappropriate performance of met-
rics, unbalanced labels for the dataset, and low noise immu-
nity in the models themselves. For the remaining tested
datasets, FRL also shows unique robustness, high precision,
and stable classification capability.

3.3. A Functional Analysis of the Biomarker Module. The 19
genes in the biomarker module are as follows: ALPI,

AMACR, ANKHD1, ARHGAP44, ARHGEF15, ARHGEF26,
ATXN8OS, CRISP3, HOPX, HSPB8, LSM7, MAFB, NGRN,
PPP3R1, RDH5, SLC5A1, SPARC, SPRR3, and TCTN2. Ini-
tially, we corroborate genes in the biomarker module
through the following four approaches: CCLE (the Cancer
Cell Line Encyclopedia, https://portals.broadinstitute.org/
ccle), COSMIC (the Catalogue Of Somatic Mutations In
Cancer, https://cancer.sanger.ac.uk/cosmic), NCG (the
Network of Cancer Genes, https://ncg.kcl.ac.uk/index.php),
and literature reviews. To depict the hereditary characteris-
tics of cancer cells, the CCLE project has cooperated with
the Broad Institute, Dana Farber Cancer Institute, and
Novartis Institute. CCLE exhibits expression of genes in
diverse tumor cell lines, and all the genes in our biomarker
module can be found in it. COSMIC has been a neutral world-
wide reference standard as it provides a comprehensive and
detailed introduction for over 700 mutated genes. [40, 41].
The NCG is a database of tumor-driven genes and includes
cancer information, orthology, and gene expressions in
normal tissues. Furthermore, the literature is also searched to
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Figure 5: The results of another esophageal dataset (GSE26886) in the form of the ROC curve by FRL are visualized.
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Figure 6: (a) The P-R curve of classification results by the five approved genetic biomarkers on GSE65194. (b) The P-R curve of classification
results by potential genetic biomarkers selected by FRL on GSE65194.
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Figure 7: The results of another esophageal dataset (GSE26886) in the form of an ROC curve by Limma are visualized.
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confirm the validationof the 19genes in total, which introduces
the detailed function and potential carcinogenic pathways of
the above 19 genes. Table 6 apparently shows associations
between the biomarker module and various cancers.

To further explore the basic biological functions of the
biomarker module, cluster-Profiler from the R platform is
used to perform a Gene Ontology (GO) analysis. The results
concentrate in the range of P < 0:05, as shown in Figure 9.
P < 0:05 is a statistics standard to denote that selected objects
own significant difference. These 19 genes are mainly
enriched with these three functional pathways: regulation of
synapse organization, regulation of synapse structure or
activity, and regulation of Ras protein signal transduction
(P < 0:0015). These pathways are relative to the regulation
of cellular component organizations and related protein
expressions, which are consistent with the characteristics that
cancer cells perform invasive and expansionary growth to the
surrounding tissue. More detailed statistics are provided in
the supplementary materials.

Through analysis of the biomarker module, we classify
the genes into two main categories. The initial category, con-
taining ANKHD1, ATXN8OS, HSPB8, LSM7, MAFB, and
TCTN2, is involved in the direct regulation of cancer cell pro-
liferation, apoptosis, and cancerization. We discovered that a

single biomarker in this category can activate various signal-
ing pathways in different cancers. For instance, ANKHD1 is
an ankyrin-repeat-containing gene involved in the regulation
of a variety of cellular functions, including transcription, cell
cycling, ion channels, cell survival, and cell signaling path-
ways. ANKHD1 is expressed in the cytoplasm or nuclei of
different tissues. In prostate cancer cell lines, ANKHD1 is a
positive regulator of YAP1 and promotes cell growth and cell
cycle progression by promoting cyclin A [42]. In the K562
line of leukemia cells, ANKHD1 acts as a skeleton protein
and affects its malignant phenotype by interacting with
SHP2 [43]. In human multiple myeloma cell lines, ANKHD1
can act on the promoter region of the cyclin-dependent
kinase inhibitor p21 to upregulate the proliferation of multi-
ple myeloma cells and affect the cell cycle progression [44].
Another example is HSPB8. As a gene involved in the heat
shock protein family, HSPB8 is ubiquitously expressed in a
variety of human tissues. In triple-positive hormone-
sensitive breast cancer cell lines (MCF-7), HSPB8 regulates
the proliferation and reduction of the migratory ability for
MCF-7 cells [45]. In ovarian cancer cell lines, the downregu-
lation of HSPB8 positively directs the migration progress of
the transforming growth factor alpha (TGF-α) for ovarian
cancer cells [46]. HSPB8 is detected to be overexpressed in
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gastric cancer, and it regulates the proliferation and apo-
ptosis progress of gastric cells by activating the ERK-
CREB signaling [47].

The second category contains protein-coding genes,
namely, ALPI, ARHGEF15, ARHGEF26, SLC5A1, AMACR,
ARHGAP44, CRISP3, HOPX, NGRN, RDH5, SPRR3, and
PPP3R1, which indirectly play significant roles in the regula-
tion progress of proteins. Mutations in these genes impact
protein expression levels and further lead to the development
of prostate, breast, and colorectal cancers, as well as other
cancer types. For example, ARHGEF15 regulates the activa-
tion of Rho family proteins. As essential signaling molecules,
Rho family proteins modulate gene expression progress, cell
motility progress, cell cycles, and other processes by regulat-
ing downstream molecules such as p21-activated kinase
(PAK) and the myosin-binding subunit of myosin phospha-
tase (MYPT1) [48]. The transcripts of CRISP3 are wide-
spread in human glands such as the prostate. CRISP3
induces the abundant changes in the cell adhesion protein
subsets Lasp1 and TJP1, which are included both in in vitro
and in vivo environments, and CRISP3 can therefore pro-

mote the development of tumors in the prostate [49]. The
overexpression of HOPX, upregulation of p21, and downreg-
ulation of cyclin D1 and CDK4 regulate the progress of
migration and invasion of MDA-MB-468 cells to modulate
tumor growth of the breast [50]. Colorectal cancer (CRC) is
an example where the expression of SPRR3 promotes the
binding between PCAT18 and miR-759 and therefore
restores a portion of the proliferation and invasion capabili-
ties of CRC cells [51]. The combination of GO analysis and
the literature review directly displays the connection between
the proposed biomarker module and diverse cancers.

4. Discussion

The high cost and low reproducibility of microarray experi-
ments make it arduous for experimental researchers to iden-
tify common genomic biomarkers of the same type of cancer
[52]. Research reflects that tumors with similar phenotypes
or representing the same type of cancer can have diverse
responses to the same treatment, which may result from
differences in gene expression [53]. By combining all the
separate cancer datasets described above, highly universal
clues can be summarized and missing important clustering
details can be avoided, thereby enhancing the accuracy of
the algorithm as well as revealing the gene expression
mechanism [54].

The first contribution of this paper is the introduction of
the FRL feature selection method. The FRL framework can
effectively screen out robust genes with high accuracy. The
traditional filter method, which aims at acquiring and remov-
ing redundant features, is not useful for extracting robust
subsets of cancers. This paper uses Fisher score to screen
subsets in the filter layer, and it mainly depends on human
judgment to choose the optimal subset. A deficiency in the
filter layer is the threshold setting requirement. In practice,
the subset selected by human judgment will differ from the
optimal subset. Therefore, in the future, we could explore
more algorithms to obtain accurate calculations of the
threshold, thereby enhancing flexibility and adaptability. In
addition, Fisher score is effective for selecting high-score fea-
tures. Thus, it is possible that some biomarkers with low
scores are ignored in the selection process. In the future, we
can pay more attention to low-score genes, which would be
beneficial for the thorough exploration of certain cancers.

The second contribution of this paper is the effective
extraction of genes to form a biomarker module based on
10 cancers associated with high mortality. Cluster studies
can be beneficial in revealing the core mechanisms of high-
mortality cancers [53]. Through GO analysis and multiple
literature review, all the genes in this module have been
verified to be related to diverse cancers. Furthermore, details
of some of the pathways involving these genes have been
obtained. The biomarker module tends to provide a range
of genes that have great performances. It could overcome
the difficulty of single genes, i.e., it is hard for a single gene
to recur on gene chips; therefore, this narrows down the
selection scope for clinical researchers. However, there is still
a limitation for directly applying potential biomarkers in our
module on a single type of cancer. With comprehensive

Table 5: Comparisons between FRL and five other feature selection
algorithms on time consumption.

Algorithm Time consumption

FRL 79.619 s

Ridge 3328.9418 s

Extra Trees 2690.1589s

Random Forest 4148.396 s

Lasso 263.944 s

Lasso-Logistic regression 264.042 s

Table 6: Metavalidation results of selected genes.

CCLE Literature COSMIC NCG

ALPI √ √ √

AMACR √ √ √

ANKHD1 √ √ √

ARHGAP44 √ √ √

ARHGEF15 √ √ √

ARHGEF26 √ √ √

ATXN8OS √ √

CRISP3 √ √ √

HOPX √ √ √

HSPB8 √ √ √ √

LSM7 √ √ √

MAFB √ √ √ √

NGRN √ √ √

PPP3R1 √ √ √

RDH5 √ √ √

SLC5A1 √ √ √

SPARC √ √ √

SPRR3 √ √ √

TCTN2 √ √ √
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information obtained from cluster studies on multiple data-
sets, we can combine calculated data with clinical data,
whole-genome sequencing, and the use of gene expression
atlases to further explore the types and sites of gene muta-
tions for single types of cancer in the future, which can attach
great significance to the development of the health evaluation
of ultra-early cancers associated with high mortality, the
evaluation of radiotherapy efficacy, the prediction of the effi-
cacy of target drugs, and monitoring for early postoperative
recurrence of single types of cancers in precision medicine.
Furthermore, we can upload our biomarker module data
to a public database for other researchers to download,
which can overcome drawbacks such as data deficiency
and accelerate the identification process of all cancer bio-
markers in Homo sapiens.

5. Conclusions

We present an integrative feature selection algorithm called
FRL, which employs Fisher score, Recursive feature elimina-
tion, and Logistic regression (FRL). It has greater precision
performance than differential expression analysis tools based

on Limma and five traditional feature selection methods.
Time consumption has also been reduced through compari-
son with the abovementioned five methods. With the help of
this method, we screened 19 genes from a total of 189224
genes in 10 high-mortality-cancer datasets to form a bio-
marker module. Via GO analysis and multiple meta-
analysis in the biological field, all genes in this module are
proven capable of serving as potential biomarkers of the reg-
ulation of cancer cellular component organization or related
protein expressions, which corresponds to the characteristics
that cancer cells perform invasive and expansionary growth
to the surrounding tissue. This module is beneficial to health
assessment, drug screening, and targeted therapy. In addi-
tion, the selected potential biomarker module can supply
information on the development of cancers with high
mortality, which assists in precision medicine.

Data Availability

The datasets for this study (GSE1420, GSE3325, GSE7696,
GSE9750, GSE16088, GSE18520, GSE18842, GSE54129,
GSE56315, GSE65194, GSE26886 and GSE23400) can be
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Figure 9: 25 pathways of GO analysis on 19 selected genes. The selected genes are mainly enriched in the following functional pathways:
regulation of synapse organization, regulation of synapse structure or activity, and regulation of Ras protein signal transduction (P<0.0015).
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found in https://www.ncbi.nlm.nih.gov/. The code of FRL
can be found in https://github.com/jianan-kristine/code.git.
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MicroRNAs (miRNAs) have been demonstrated to involve in liver fibrogenesis. However, the miRNA-gene regulation in liver
fibrosis is still unclear. Herein, the miRNA expression profile GSE40744 was obtained to analyze the dysregulated miRNAs
between liver fibrosis and normal samples. Then, we predicted the target genes of screened miRNAs by miRTarBase, followed
by gene ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) analysis. Then, the protein-protein interaction
(PPI) network was constructed to identify the functional miRNA-gene regulatory modules. Furthermore, we verified the hub
gene expression using the gene expression profile GSE14323. Finally, 89 DEMs were identified in fibrotic liver samples
compared to normal liver samples. The top 3 upregulated DEMs (miR-200b-3p, miR-200a-3p, and miR-182-5p) and
downregulated DEMs (miR-20a-5p, miR-194-3p, and miR-148a-3p) were further studied. 516 and 1416 target genes were
predicted, respectively. KEGG analysis demonstrated that the predicted genes were enriched in the p53 signaling pathway and
hepatitis B, etc. Through constructing a PPI network, the genes with the highest connectivity were identified as hub genes. Of
note, most of the hub genes were potentially targeted by miR-20a-5p and miR-200a-3p. Based on the data from GSE14323, the
expression of EGFR, STAT3, CTNNB1, and TP53 targeted by miR-200a-3p was significantly downregulated in fibrotic liver
samples. Oppositely, the expression of PTEN, MYC, MAPK1, UBC, and CCND1 potentially targeted by miR-20a-5p was
significantly upregulated. In conclusion, it is demonstrated that miR-20a-5p and miR-200a-3p were identified as the novel liver
fibrosis-associated miRNAs, which may play critical roles in liver fibrogenesis.

1. Introduction

Liver fibrosis results from chronic liver disease, which has
the potential to progress into cirrhosis, complicating with
the loss of architecture and attendant functional failure
[1]. If advanced chronic fibrosis is not prevented, liver fibro-
sis may lead to liver cancer and liver failure, which are
major causes of morbidity and mortality worldwide [2–5].
Increasing studies report that hepatocytes activated hepatic
stellate cells and macrophages and cooperate in liver fibro-
sis. However, the underlying mechanism remains incom-
pletely uncovered.

MicroRNA (miRNA) is a type of highly conserved
tissue-specific nonsmall protein noncoding RNA. The dys-
regulation of miRNA expression is related to various cancers
by acting as tumor suppressor and oncogene. miRNA actu-

ally participates at the posttranscriptional level and binds
to the 3′UTR of its target messenger RNA (mRNA) to
inhibit expression. The dysfunction of miRNA interferes
with the expression of carcinogenic or tumor suppressor tar-
get genes, which is related to the pathogenesis of cancer [6].
Compelling evidence indicates that dysregulated expression
of miRNAs is found in many types of diseases, including
liver fibrosis [7–11]. It is well-studied that many miRNAs
are aberrantly expressed in liver tissues from the patients
with liver fibrosis. As we know, it is a complicated patholog-
ical process of liver fibrogenesis, involving large numbers of
miRNAs and genes. To dig the miRNAs-to-gene regulatory
network in complex cellular systems, increasing studies
focus on the identification of novel liver fibrosis-associated
miRNAs and their regulatory networks [12–16]. For exam-
ple, miRNA-221 and miRNA-222 are screened out as the
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biomarkers in liver fibrosis [17], and miR-19b-3p [18],
miRNA-181a [19, 20], miR-873-5p [21], and miR-34a-5p
[22] are reported to regulate the progression of liver fibrosis.

This study analyzed the GSE40744 data set and identi-
fied DEMs between fibrotic liver samples and normal liver
samples. Using bioinformatics tools to predict various key
miRNA target genes. On this basis, in corresponding data-
bases, such as Kyoto Encyclopedia of Genes and Genomes
(KEGG) and Gene Ontology (GO) databases, the consen-
sus targets are combined for further analysis. Then, the

expression levels of hub target genes were explored in
the GSE14323 database. This is of great value for improv-
ing the diagnosis and treatment of liver fibrosis.

2. Materials and Methods

2.1. Identification of DEMs Associated with Liver Fibrosis.
GEO2R [23] was used to identify DEMs from the data of
GSE40744 [24], containing the miRNA expression data from
18 fibrotic and 19 normal liver samples. The miRNAs with
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Figure 1: Identification of different expression miRNAs. (a) GSE40744 data after normalization. (b) Volcano plot of the DEMs. The black
dots represent miRNAs that are not differentially expressed between liver fibrosis samples and normal liver samples, and the red dots and
blue dots represent the upregulated and downregulated miRNAs in liver fibrosis samples, respectively.
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adjusted P value (adj. P) < 0.05 and ∣log 2 ðfold changeÞ ∣ >1
were identified as DEMs. GSE14323 is a gene expression
microarray, including 41 fibrosis and 19 normal liver sam-
ples, used to evaluate miRNA-regulated hub gene expression.

2.2. Prediction of Target Genes.We used miRTarBase (http://
mirtarbase.mbc.nctu.edu.tw/php/index.php) to predict the
target genes [25].

2.3. GO and KEGG Pathway Analysis. DAVID (https://david
.ncifcrf.gov/) was introduced to perform GO and KEGG
pathway enrichment analysis [26, 27]. FDR < 0:05 was statis-
tically significant.

2.4. Construction of PPI and miRNA-Gene Network. STRING
(http://string-db.org) was used to construct the PPI net-
work and to identify the hub genes with the highest con-
nectivity [28].

2.5. Statistical Analysis. The gene expression was shown as
mean ± SD. Unpaired Student’s t-test in Graphpad software
was performed to estimate the differences. P < 0:05 was con-
sidered statistically significant.

3. Results

3.1. DEM Identification and Target Gene Prediction. In our
study, we obtained the miRNA expression profile GSE40744
from GEO and checked the data consistency. The normalized
data was visualized (Figure 1(a)) and then conducted a differ-
ential expression analysis using the GEO2R tool. Totally, 89
miRNAs were identified as DEMs between liver fibrosis
samples and normal liver samples, including 62 upregulated
miRNAs and 27 downregulated miRNAs (Figure 1(b)). As
listed in Tables 1 and 2, miR-182-5p, miR-200a-3p, miR-
200b-3p, miR-20a-5p, miR-194-3p, and miR-148a-3p were
screened out as the top changed miRNAs, which was selected
for further study. Furthermore, 516 and 1416 genes were pre-
dicted to be regulated by the top 3 upregulated and downreg-
ulated miRNAs through miRTarBase, respectively. (Table S1).

3.2. GO Functional Enrichment Analysis. DAVID and
STRING databases were used to obtain the GO functional
annotation of the target genes. For the genes targeted by the
3 upregulated miRNAs (Table S2), positive regulation of
transcription from RNAP II promoter, negative regulation
of apoptotic process, negative regulation of transcription
from RNA RNAP II promoter, positive regulation of
transcription, and DNA-templated and positive regulation
of cell proliferation were enriched in the biological process

Table 1: Top ten upregulated differentially expressed miRNAs between liver fibrosis samples and normal liver samples.

miRNA name logFC t B P value Adj. P value

hsa-mir-182-5p 3.58038 14.95512 29.6132 1.66E-17 1.23E-14

hsa-mir-200a-3p 3.166491 5.59633 4.6646 2.04E-06 5.46E-05

hsa-mir-200b-3p 2.934094 5.47836 4.3002 2.96E-06 7.56E-05

hsa-mir-155-5p 2.736842 16.72755 33.1346 4.06E-19 9.05E-16

hsa-mir-452-5p 2.634678 11.13642 20.7549 1.58E-13 8.77E-11

hsa-miR-29b-3p 2.524444 8.92977 14.7507 7.19E-11 1.00E-08

hsa-mir-31-5p 2.517047 6.38599 7.1117 1.68E-07 5.68E-06

hsa-mir-150-5p 2.345526 8.08317 12.2786 8.86E-10 7.04E-08

hsa-mir-708-5p 2.249942 5.40739 4.0813 3.70E-06 9.08E-05

hsa-mir-224-3p 2.218392 6.17261 6.4504 3.30E-07 1.10E-05

Table 2: Top ten downregulated differentially expressed miRNAs between liver fibrosis samples and normal liver samples.

miRNA name logFC t B P value Adj. P value

hsa-mir-20a-5p -2.064474 -3.68137 -1.0193 7.18E-04 8.15E-03

hsa-miR-194-3p -1.806374 -7.87003 11.6433 1.69E-09 1.11E-07

hsa-mir-148a-3p -1.792602 -8.298 12.9139 4.65E-10 4.50E-08

hsa-mir-1281 -1.75383 -4.87317 2.4477 1.97E-05 3.77E-04

hsa-mir-574-3p -1.648655 -7.51855 10.5856 4.94E-09 2.89E-07

hsa-mir-1308 -1.64269 -3.68312 -1.0145 7.14E-04 8.15E-03

hsa-mir-572 -1.603509 -2.86486 -3.1265 6.76E-03 4.56E-02

hsa-mir-378-3p -1.570848 -6.46778 7.3648 1.30E-07 4.60E-06

hsa-mir-130b-3p -1.530614 -7.04856 9.1541 2.11E-08 1.07E-06

hsa-mir-193b-3p -1.450292 -7.89223 11.7097 1.58E-09 1.10E-07
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(BP) category (Figure 2(a)); nucleoplasm, nucleus, cytosol,
cytoplasm, intracellular ribonucleoprotein complex, and
focal adhesion were enriched in the cellular component
(CC) category (Figure 2(b)); protein binding, chromatin
binding, chromatin DNA binding, protein kinase binding,
and sequence-specific DNA binding were enriched in the
molecular function (MF) category (Figure 2(c)). For the
genes targeted by the 3 downregulated miRNAs (Table S3),

regulation of transcription, DNA damage response, TGFBR
signaling pathway, positive regulation of transcription, and
cell cycle were enriched in the BP category; cytosol,
nucleoplasm, membrane, nucleus, and cytoplasm were
enriched in the CC category; protein binding, ubiquitin-
protein ligase binding, protein kinase binding, protein
kinase activity, and poly(A) RNA binding were enriched in
the MF category.
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Figure 2: GO functions for the target genes of top three upregulated miRNAs and top three downregulated miRNAs. (a) Enriched biological
process of the upregulated miRNAs. (b) Enriched cellular component of the upregulated miRNAs. (c) Enriched molecular function of the
upregulated miRNAs. (d) Enriched biological process of the downregulated miRNAs. (e) Enriched cellular component of the downregulated
miRNAs. (f) Enriched molecular function of the downregulated miRNAs.
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3.3. KEGG Pathway Analysis. To demonstrate the biological
function of the 6 selected DEMs, the target genes were subse-
quently used in KEGG pathway analysis. For 3 upregulated
miRNAs (Figure 3(a), Table S4), 18 significantly enriched

KEGG pathways were identified, containing microRNAs in
cancer, prostate cancer, FoxO signaling pathway, pathways
in cancer, and proteoglycans in cancer. And 12 significantly
enriched KEGG pathways for downregulated miRNAs were
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Figure 3: KEGG pathway enrichment analysis of target genes of six selected DEMs. (a) For upregulated miRNAs. (b) For downregulated
miRNAs. The lines represent gene count and the columns represent—log2 FDR.

Table 3: Hub genes identified in the PPI interaction.

Gene symbol Description Degree P1 P2 P3
Upregulated miRNA

TP53 Tumor protein P53 136 + + +

EGFR Epidermal growth factor receptor 106 — — —

PTEN Phosphatase and tensin homolog 105 + + —

JUN Jun proto-oncogene 93 + — —

VEGFA Vascular endothelial growth factor A 89 — — —

KRAS KRAS proto-oncogene, GTPase 87 + — —

STAT3 Signal transducer and activator of transcription 3 86 + — —

CTNNB1 Catenin beta 1 85 — — —

NOTCH1 Notch receptor 1 85 — — —

EP300 E1A binding protein p300 82 + — +

Downregulated miRNA

TP53 Tumor protein P53 235 + + +

UBC Ubiquitin C 191 — — —

RPS27A Ribosomal protein S27a 184 — — —

MYC MYC proto-oncogene, bHLH transcription factor 175 + — +

HSP90AA1 Heat shock protein 90 alpha family class A member 1 153 — — —

MAPK1 Mitogen-activated protein kinase 1 144 + — —

PTEN Phosphatase and tensin homolog 134 + + —

CCND1 Cyclin D1 125 + + +

HSPA8 Heat shock protein family A (Hsp70) member 8 124 — — —

VEGFA Vascular endothelial growth factor A 119 — — —

P1: hepatitis B; P2: p53 signaling pathway; P3: cell cycle. “+” and “-,” respectively, indicate genes can and cannot be found in corresponding KEGG pathways.
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identified (Figure 3(b), Table S4), including pathways in
cancer, TGF-beta signaling pathway, cell cycle, endocytosis,
and bladder cancer. Interestingly, both of the 2 groups of
genes targeted by upregulated miRNAs or downregulated
miRNAs were enriched in the process, prostate cancer,
pathways in cancer, HTLV-I infection, hepatitis B, p53
signaling pathway, pancreatic cancer, cell cycle, and chronic
myeloid leukemia. Excluding the process of cancer, it is
evident that hepatitis B, p53 signaling pathway, and cell cycle
play central roles in liver fibrosis. Therefore, the genes
targeted by upregulated miRNAs or downregulated miRNA,
which are included in these three pathways, may modulate
liver fibrosis progress.

3.4. PPI and miRNA-Hub Gene Network. The results revealed
that most of the target genes displayed broad external
relationships. According to the node degree, the genes with
the highest connectivity were identified as the hub genes
(Table 3), including TP53, EGFR, PTEN, JUN, VEGFA,

KRAS, STAT3, CTNNB1, NOTCH1, and EP300 for the 3
upregulated miRNAs, and TP53, UBC, RPS27A, MYC,
HSP90AA1, MAPK1, PTEN, CCND1, HSPA8, and VEGFA
for the downregulated miRNAs. Collectively, TP53 gained
the highest connectivity in both groups (136 and 235). Mean-
while, TP53 and PTEN were the only two hub genes enriched
in all three pathways.

Subsequently, the miRNA-hub gene network was con-
structed (Figure 4). We found that nine in ten hub genes
(TP53, PTEN, RPS27A, MYC, MAPK1, UBC, CCND1,
HSPA8, and VEGFA) were potentially regulated by miR-
20a-5p. miR-200a-3p could potentially target five (TP53,
PTEN, EGFR, STAT3, and CTNNB1) in ten hub genes. In
another way, we also found that TP53, as the highest-
degree node, was potentially targeted by miR-20a-5p, miR-
200a-3p, and miR-194-3p; PTEN was potentially regulated
by miR-20a-5p, miR-200a-3p, and miR-182-5p. The results
above prompted that miR-20a-5p and miR-200a-3p are two
potential regulators in liver fibrogenesis.

NOTCH1

JUN

TP53 KRAS

miR-194-3p miR-200b-3p

miR-200a-3pmiR-20a-5p

miR-148a-3p miR-182-5pHSP90AA1
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Figure 4: The regulatory network between dysregulated miRNAs and hub genes.
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3.5. Evaluation of the Hub Gene Expression. Because there
was no survival outcome data of miRNA in fibrosis, we just
evaluated the hub gene expression regulated by the two
selected miRNAs using GSE14323. We found that the
expression of four (EGFR, STAT3, CTNNB1, and TP53)
in five targets of miR-200a-3p (upregulated) was signifi-
cantly downregulated in fibrotic liver samples compared
with normal liver samples (Figures 5(a)–5(d)). Similarly,
the upregulated genes, PTEN, MYC, MAPK1, UBC, and
CCND1, may be regulated by miR-20a-5p (Figures 5(e)
and 5(g)–5(j)). Although HSPA8 and VEGFA in fibrotic
liver samples were not significantly higher than that in nor-

mal liver samples, the P values were near 0.05 (Figures 5(k)
and 5(l)). And the expression level of RPS27A in normal
liver tissue and fibrotic liver tissue has no significant differ-
ence (Figure 5(f)). To verify the relationship between miR-
NAs and genes, we rechecked the data from miRTarBase
[29]. The regulation of PTEN, MYC, CCND1, and VEGFA
by hsa-miR-20a-5p was identified in at least one luciferase
reporter assay, qRT-PCR, ELISA, and western blot, previ-
ously. The result was similar for hsa-miR-200a-3p. So, it
was reasonable that the miRNAs identified in our study par-
ticipated in the liver fibrosis progress via regulating their
target genes.
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Figure 5: The mRNA expression of predicted targets of miR-200a-3p and miR-20a-5p from the GSE14323 dataset.
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4. Discussion

Although it is extensively reported that miRNAs participate
in the whole process of liver fibrogenesis, including cell
death, the proinflammatory factor secretion by macrophage,
and hepatic stellate cell (HSC) activation [11, 30], the profiles
of liver fibrosis available are limited. In our study, we reana-
lyzed the miRNA expression profile GSE40744 for the
identification of DEMs and the gene expression profile
GSE14323 for validation of target gene expression. Finally,
89 DEMs were identified, including 27 downregulated DEMs
and 62 upregulated DEMs.

Pathway enrichment analysis found that the top 3 upregu-
lated miRNAs and top 3 downregulated miRNAs are involved
in the regulation of signal pathways. For example, the hall-
mark feature of cancer is abnormal cell proliferation. Cell cycle
dysregulation is the main body of abnormal cell proliferation,
which leads to tumor progression. The abnormal function of
cell cycle regulators leads to uncontrolled cell proliferation,
making it an attractive therapeutic target in cancer treatment.
According to reports, in the rat liver fibrosis model, miR-34a
regulates cell proliferation and apoptosis by inhibiting SIRT1
to activate p53. The miR-34a/SIRT1/p53 signaling pathway
is activated in liver cells and is a therapeutic target for liver
fibrosis. By a series of integrated analyses, miR-20a-5p and
miR-200a-3p were screened out as the most potential modula-
tor in liver fibrosis. miR-20a-5p was reported to inhibit prolif-
eration and metastasis of HCC by targeting Runt-Related
Transcription Factor 3 (RUNX3) and Hepatocyte Growth
Factor (HGF). miR-200a-3p was reported to promote HCC
proliferation and metastasis by targeting Zinc Finger E-Box
Binding Homeobox 1 (ZEB1) and Cyclin Dependent Kinase
6 (CDK6) [31, 32]. Until now, there is no study showing the
role of miR-200a-3 and miR-20a-5p in liver fibrosis, besides
our previous study on miR-20a-5p/TGFBR2 axis [30]. In this
study, we also identified many other potential target genes of
miR-200a-3 and miR-20a-5p involved in liver fibrosis. For
example, a case-control analysis showed that TP53 mutation
reflects a moderate dietary exposure to aflatoxins leading to
liver fibrosis [33], and p53 signal pathway is involved in liver
fibrosis by inducing hepatocyte apoptosis [34]. It was
reported EGFR played the key role in CCl4-induced liver
fibrosis [35], if the expression of EGFR was inhibited, fibrosis
and stellate cell activation were attenuated [36]. Another
well-studied gene in liver fibrosis is PTEN, which was
reported in the regulation of Kupffer cell activation [37].
The activation of the PTEN/p65 signaling pathway promoted
liver fibrosis in nonalcoholic fatty liver disease [38].

This study has limitations. First, it is necessary to collect
clinical samples to further study the expression levels of
miR-20a-5p and miR-200a-3p. We plan to collect more sam-
ples in future studies to explore the correlation between the
expression of miR-20a-5p, miR-200a-3p, and their target
genes and the clinical parameters of patients with liver fibro-
sis. Second, it is necessary to further explore the regulation of
miR-20a-5p and miR-200a-3p on the proliferation and cell
cycle of liver fibrotic cells. Finally, we will further verify the
regulation of miR-20a-5p and miR-200a-3p and their target
genes on the progression of liver fibrosis.

In conclusion, this study identified 89 DEMs between
fibrotic liver samples and normal liver samples by reanalyz-
ing the GSE40744 data set. By constructing miRNA gene reg-
ulatory network and PPI network, further study miR-20a-5p
and miR-200a-3p. Based on the GSE14323 database, our
results showed that EGFR, STAT3, CTNNB1, and TP53
targeting by miR-200a-3p (upregulated) were significantly
downregulated in fibrotic liver samples. The expression of
PTEN, MYC, MAPK1, UBC, and CCND1 potentially regu-
lated by miR-20a-5p (downregulated) was significantly over-
expressed in fibrotic liver samples. In short, miR-200a-3 and
miR-20a-5p were identified as the novel liver fibrosis-
associated miRNAs, which may play key roles in liver fibro-
genesis, suggesting the value of the further study.
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Among the primary causes of cancer-associated death in the world, liver hepatocellular carcinoma (LIHC) ranks the third. LIHC is
defined as the sixth most frequently diagnosed carcinoma. The gene mitochondrial carrier 1 (MTCH1) is a protein-coding gene.
Recent research suggests that MTCH1 may be associated with some diseases. Here, our study attempts to explore the role and
implication of MTCH1 in LIHC. Kaplan Meier Plotter and GEPIA (Gene Expression Profiling Interactive Analysis) databases
were employed to determine the expression of MTCH1 and its correlation with prognostic status in LIHC patients. For the first
time, our results suggested that MTCH1 was aberrantly expressed in human pan-cancer and highly expressed in LIHC. Its high
expression was closely associated with metastasis of tumor, stage of cancer, and poor survival of patients. Then, through
enrichment analysis, MTCH1 was found to be closely related to RNA splicing in LIHC. Subsequently, we conducted a series of
functional experiments. PCR data showed that LIHC cell lines and samples are highly expressed MTCH1. CCK-8 (Cell
Counting Kit-8) assays and Transwell assays indicated that silencing MTCH1 certainly suppressed cell proliferation, migration,
and invasion. These findings shed the clue that MTCH1 could be regarded as the potential prognosis biomarker of LIHC and a
promising therapeutic target for LIHC.

1. Background

As the International Agency for Research on Cancer
reported, liver hepatocellular carcinoma (LIHC) is the third
primary inducer amid cancer-associated death worldwide
[1]. Meanwhile, LIHC is considered the sixth most diagnosed
carcinoma [2, 3]. In the last few years, over 700,000 people
are dying of LIHC annually, and the number is still growing
every year. In the present, chemotherapy, surgical resection,
and liver transplantation are effective methods for the early
stage of LIHC [4]. Nevertheless, treatment strategies are lim-
ited to advanced-stage cases [5]. Compared to early primary
LIHC, distant metastasis in the advanced stage is the pivotal
inducer of tumor death, because LIHC is a highly aggressive
and complex neoplasm disease [6–8]. No specific treatment

strategy that focuses on LIHC has been developed. Thus,
uncovering the hidden mechanisms in the pathogenesis of
LIHC would be conducive to offering a new strategy or pre-
dictive prognostic indicator for LIHC.

The mitochondrial carrier 1 (MTCH1) is a protein-
coding gene and originally described as the interactor of pre-
senilin 1 [9]. It is also named as presenilin 1-associated pro-
tein (PSAP). MTCH1 has two widely expressed transcripts
from alternative splicing. Both of them are complete mito-
chondrial outer membrane proteins and contain two proa-
poptotic domains [10]. In the absence of proapoptotic
proteins, the two transcripts can induce apoptosis when
overexpressed in cells [11]. Recent research suggests that
MTCH1 may be associated with some diseases. For instance,
Vural et al. reported that the MTCH1 expression level was
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associated with clinical and apoptotic parameters of neuro-
Behcet’s disease (NBD) [12]. Therefore, further characteriza-
tion of the functional role of MTCH1 is needed.

Here, we studied the MTCH1 expression level in LIHC
and its clinical implication. Also, to explore the role of
MTCH1 in LIHC, wemeasured LIHC cell proliferation, inva-
sion, and migration after ablating MTCH1. We first revealed
the role of MTCH1 in LIHC and supplied new ideas for the
treatment of LIHC.

2. Material and Methods

2.1. TNMplot Database. The database is available at http://
www.tnmplot.com, including 56,938 samples from The Can-
cer Genome Atlas (TCGA, 394 metastatic, 9,886 tumorous,
and 730 normal), gene chip-based studies (453 metastatic,
29,376 tumorous, and 3,691 normal samples), TARGET (1
metastatic, 1,180 tumorous, and 12 normal), and the
Genotype-Tissue Expression (GTEx, 11,215 normal sam-
ples). In our research, we applied this database to determine
the expression of MTCH1 in pan-cancer and make a com-
parison with MTCH1 expression profiles in normal and neo-
plasm tissues.

2.2. GEPIA Database. Gene Expression Profiling Interactive
Analysis (GEPIA, http://gepia.cancer-pku.cn/index.html),
functioning as an interactive web server, was applied for the
analysis of RNA sequencing data from the TCGA and the
GTEx projects utilizing standard processing pipeline. GEPIA
offered several function analyses, containing the differential
expression of neoplasm/normal samples, survival analysis
of patients, profiling classified by carcinoma types or patho-
logical stages, similar gene detection, correlation analysis,
and others [13, 14]. Here, we conducted GEPIA to determine
the relationship between MTCH1 expression and pathologi-
cal stages and survival. Besides, we wanted to dig outMTCH1
coexpression genes.

2.3. The Kaplan Meier Plotter Database. The database is
available at employed to evaluate 54 k gene-exerted impacts
on survival in 21 types of carcinomas, comprising lung (n
=3,452), breast (n=6,234), gastric (n=1,440), and ovarian
(n=2,190) carcinomas [15]. The main purpose of this data-
base is to discover and verify survival biomarkers based on
a meta-analysis. The sources of the database consisted of
TCGA, European Genome-phenome Archive (EGA), and
Gene Expression Omnibus (GEO).

2.4. Enrichment Analysis. Gene Ontology (GO) enrichment
analysis was used for gene annotation and biological pro-
cesses (BP) analysis. Gene information in the network was
analyzed by the Kyoto Encyclopedia of Genes and Genomes
(KEGG) database [16–18]. For DEGs’ functions and signal
pathway analysis, we employed the databases for Annotation,
Visualization, and Integrated Discovery (DAVID; http://
david.ncifcrf.gov). P < 0:05 with gene counts of >5 indicated
a significant statistical difference.

2.5. Clinical Samples. 6 LIHC patients diagnosed by patho-
logical and histological detection from our hospital were sub-

jected to our study. All patients did not receive chemotherapy
or radiotherapy before surgery. Our experiments were offi-
cially approved by the Ethics Committee of our hospital.
All patients acknowledged and signed informed consents.

Additionally, the expression detail of LIHC patients was
from the TCGA database (http://cancergenome.nih.gov).
419 samples were chosen in total, containing 369 LIHC sam-
ples and 50 normal samples.

2.6. Cell Culture. Human LIHC cell lines (Hep3B, Huh-7,
BEL-7402, and MHCC-97H) and normal liver cell HL7702
were acquired from the cell bank of the Chinese Academy
of Sciences (Shanghai, China) and maintained in RPMI
1640 (Gibco, USA) medium supplied by 10% fetal bovine
serum (FBS, Gibco, USA) and 1% streptomycin/penicillin
(Sigma-Aldrich) under 37°C humidified chamber containing
5% CO2 [19].

2.7. Cell Transfection. For transfection, siRNA of MTCH1
(si-MTCH1) was synthesized by Genepharma (Shanghai,
China). Before transfection, cells were plated in 24-well
plates. The next day, cells were transfected with siRNAs
utilizing Lipofectamine 2000 (Invitrogen, USA) as manu-
ally instructed. Cells were reseeded and used for other
studies after 48 hours of transfection. The siRNA
sequences were as follows: si-MTCH1, 5′-CATCGTGCA
AGTGGATGGTAAGATA-3′; si-NC, 5′-UUCUCCGAA
CGUGUCACGUTT-3′.

2.8. RNA Extraction and Quantification. The whole RNA
from LIHC cells and tissues was harvested with TRIzol
reagent (Invitrogen, USA) and then reversely transcribed
into cDNA using RevertAid First Strand complementary
DNA Synthesis Kit (Fermentas, China). qRT-PCR reaction
aiming at analyzing the relative RNA expression was per-
formed on the Rotor-Gene 3000 system (Corbett Research,
Australia) with IQ SYBR Green Supermix PCR kit (Bio-
Rad, USA). All experiments were carried out in triplicate.
The RNA primers were as follows: MTCH1, 5′-ATCCCC
TGCTCTACGTGAAG-3′ (forward), 5′-GTGAAGAAGCT
CGGCAGATAG-3′ (reverse); GAPDH, 5′-CTGGGCTAC
ACTGAGCACC-3′ (forward), 5′-AAGTGGTCGTTGAG
GGCAATG-3′ (reverse).

2.9. Cell Proliferation. The cell proliferation ability of BEL-
7402 and MHCC-97H was measured by the CCK-8 kit
(Beyotime Inst. Biotech, China). Taken briefly, 1 × 103 of si-
MTCH1 or control-transfected cells in each well were plated
in a 96-well plate. At different time incubations (0, 24, 48, 72,
and 96h), cell proliferation viability was measured by CCK8-
kit. The wavelength at 450nm was measured by a microplate
reader (Bio-Rad).

2.10. Transwell Assay. 24-well plate of Transwell chamber
(Costar, USA) was taken for Transwell assay. Taken briefly,
1 × 105 cells/well maintained in medium without serum were
plated in the upper chambers precoated with fresh Matrigel
(Corning, USA). 600μl of medium with 20% FBS was added
into the lower chambers. A cotton swab was used to remove
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noninvaded cells. The invaded cells were washed twice by
PBS and then fixed by methanol for 10min. And then they
are stained with DAPI for 10 minutes. The cells at random
5 fields were photographed under a microscope. Similar
experimental procedures were performed in migration
assays. The only difference was that for the migration assay,
chambers needed not to precoat with Matrigel.

2.11. Statistical Analysis. SPSS 22.0 (Chicago, USA) and
GraphPad Prism 5.0 (San Diego, USA) software were
employed to analyze the data. All derived data were shown
as the mean ± SD of three separate experiments in triplicate.
The difference between two compared groups or among
more groups was separately analyzed by Student’s t-test
and ANOVA [20, 21]. The differences existing in survival-
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Figure 2: Diagnostic value of MTCH1 in liver cancer. (a) Violin plots of the expression of MTCH1 in liver normal and tumor tissues based on
gene chip data of TNMplot. (b) Violin plots of the expression of MTCH1 in liver normal and tumor tissues based on RNAmicroarray data of
TNMplot. (c) Violin plots of the expression of MTCH1 in liver normal, tumor, andmetastatic tissues based on gene chip data of TNMplot. (d)
Box plots of MTCH1 gene expression in different liver cancer stages based on the GEPIA database.
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associated curves were assessed by the log-rank test. P < 0:05
represented a significant statistical difference [22–24].

3. Results

3.1. Abnormal Expression of MTCH1 Was Shown in Human
Pan-Cancer. There were few types of carcinomas used for the
study of MTCH1 expression. Here, we employed the Kaplan
Meier Plotter online tool to investigate the MTCH1 expres-
sion profile in human pan-cancer. The data revealed that
MTCH1 expression was largely heightened in three types of
carcinomas, containing liver carcinoma, pancreas carcinoma,
and uterine carcinoma, but decreased in 13 types of carcino-
mas tissues, such as Acute Myeloid Leukemia (AML) and
breast carcinoma (Figure 1). Our results suggested that
MTCH1 expression was abnormal in human pan-cancer.

3.2. Diagnostic Value of MTCH1 in Liver Cancer. To analyze
MTCH1 expression profiles in normal and tumor tissues, we

conducted the TNMplot online tool. Gene chip and RNA-seq
data displayed that, compared to normal tissues, MTCH1
expression was increased in liver carcinoma tissues
(Figures 2(a) and 2(b)) (P < 0:001). Next, we in-depth vali-
dated MTCH1 expression in metastatic tissues, and our data
indicated MTCH1 expression was greatly higher in metasta-
tic tumor tissues, compared to that in nonmetastatic tumor
tissues and normal tissues (Figure 2(c)). Tumor metastasis
often means advanced tumor stage and tumor deterioration,
so we analyzed the association between the expression of
MTCH1 and tumor stage by the GEPIA database. As pre-
sented in Figure 2(d), the MTCH1 expression was signifi-
cantly different among different cancer stages with the
highest expression in stage III. Our result implied that
MTCH1 was a probably useful biomarker for the diagnosis
of liver carcinoma.

3.3. Highly Expressed MTCH1 in LIHC Exhibited an
Association with Poorly Prognostic Status. To explore
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MTCH1 expression-exerted influence on the prognosis of
LIHC patients, we conducted survival analysis for LIHC
patients using the GEPIA database. It could be seen clearly
from Figures 3(a) and 3(b) that, compared to LIHC patients
with low expression of MTCH1, LIHC patients with high
expression of MTCH1 exhibited lower overall survival (OS)
rate and disease-free survival (DFS) rate. Besides, Kaplan
Meier Plotter analysis showed that patients with highly
expressed MTCH1 demonstrated short survival time
(Figure 3(c)). These data indicated that high expression of
MTCH1 presented an association with poor survival in
patients with LIHC.

3.4. Enrichment Analysis of MTCH1 Coexpression Genes. For
identifying the most likely involved biological pathways of
MTCH1, we submitted coexpressed genes with MTCH1 into
DAVID for GO and KEGG pathway enrichment analysis.
Figure 4(a) presents biological process terms by GO analysis.
MTCH1 coexpression genes were mainly enriched in RNA
splicing (via transesterification reactions), RNA splicing
(via transesterification reactions with bulged adenosine as a
nucleophile), mRNA splicing (via spliceosome), RNA splic-
ing, RNA localization, and so on. In cell component terms

(Figure 4(b)), those genes were mainly enriched in spliceoso-
mal complex, catalytic step 2 spliceosome, nuclear speck,
U2-type spliceosomal complex, chromosomal region,
nuclear periphery, chaperone complex, nuclear envelope,
ubiquitin ligase complex, and ribonucleoprotein granule.
Figure 4(c) suggests that molecular function terms primarily
participated in catalytic activity (acting on RNA), single-
stranded RNA/DNA binding, ubiquitin-like protein trans-
ferase activity, mRNA 3′-UTR binding, and so on. Addi-
tionally, KEGG pathway analysis (Figure 4(d)) revealed
that MTCH1 coexpression genes were significantly enriched
in spliceosome, RNA transport, amyotrophic lateral sclero-
sis, Salmonella infection, endocytosis, ubiquitin-mediated
proteolysis, viral carcinogenesis, cell cycle, oocyte meiosis,
and mRNA surveillance pathway. MTCH1 coexpression
genes in LICH were mostly involved in the processes and
pathways related to RNA.

3.5. Increased Expression of MTCH1 Was Shown in the
Tissues and Cell Lines of LIHC. We employed TCGA data-
base to analyze MTCH1 expression. Among 369 LIHC tumor
samples and 50 normal samples, it was found that compared
to normal samples, tumor samples were highly expressed
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MTCH1 (Figure 5(a)). To further validate that result, we
additionally screened 6 pairs of LIHC samples and normal
samples by PCR (quantitative reverse transcription) assays.
The experimental data were the same as the findings in
TCGA (Figure 5(b)). Besides, we also detected MTCH1
expression in LIHC cell lines. According to Figure 5(c),
MTCH1 was upregulated in carcinoma cell lines, particularly
in BEL-7402 and MHCC-97H. Our findings showed that
MTCH1 probably played an important part in the progres-
sion of LIHC.

3.6. Knockdown of MTCH1 Suppressed the Capability of Cell
Proliferation In Vitro. siRNAs were transfected into BEL-
7402 and MHCC-97H cells to explore the impacts of reduc-
tion of MTCH1 on cell proliferation. The expression of
MTCH1 mRNA was greatly reduced (Figures 5(d) and
5(e)). Subsequently, the data of CCK-8 assay detection
showed that ablating MTCH1 could significantly reduce cell
proliferation capability (Figures 5(f) and 5(g)).

3.7. Knockdown of MTCH1 Inhibited LIHC Cell Invasive and
Migration Abilities. We evaluated the influence of reduced
MTCH1 on cell invasion and migration by Transwell assay.
Based on the results in cell lines, MHCC-97H was chosen
for Transwell assays. As Figures 6(a) and 6(b) demon-
strate, si-MTCH1 could significantly weaken cell migration
and invasion rates. Taken together, MTCH1 might be
involved in the development of LIHC and displayed as
an oncogene.

4. Discussion

Many biomarkers have been studied in cancers [25]. Apopto-
sis is a way of programmed cell death [26], which is required
for multicellular organism’s development and internal envi-
ronment stability. Apoptosis exhibits importance in the path-
ogenesis of several diseases [27]. However, the extent of
apoptosis varies from one to another. For instance, excessive

apoptosis is shown in degenerative diseases [28], while a
small amount of apoptosis is in carcinoma. Actually, apopto-
sis is intricate and participated in various pathways. Exoge-
nous and endogenous connections are well-studied amid
apoptotic pathways [29]. The first is the response of death
receptors on the plasma membrane-mediated response to
external signals. The second is the transition of cells to the
final executor of mitochondria. MTCH1 and MTCH2 dis-
played importance in the process of mitochondrial apoptosis
[30]. They are named mitochondrial carrier homologs
because their sequence is similar to inner membrane carriers.
MTCH1 possesses two isoforms produced by alternative
splicing, both of which contain two proapoptotic domains
and are complete mitochondrial outer membrane proteins.
Previous reports have shown that MTCH1 is vital in apopto-
sis, suggesting that it displays importance in carcinoma [12].
Nevertheless, it is still elusive towards the part of MTCH1 in
human carcinomas. Our study for the first time explores the
MTCH1 expression profile in twenty-two types of carcino-
mas by TNMplot databases. Bioinformatics analysis and
functional verification imply that MTCH1 acts as an onco-
gene in LIHC.

Till now, there are few studies to validate MTCH1expres-
sion and implication in some types of carcinomas. However,
in our literature, we analyzed MTCH1 expression and
explored the corresponding implication in LIHC. After the
analysis of MTCH1 expression in the TNMplot database
and clinical samples, we found LIHC tissues and cells are
highly expressed MTCH1. Additionally, our data indicated
that higher expression of MTCH1 exhibited an association
with metastasis of neoplasm, stage of carcinoma, and poor
survival of LIHC patients. Our data implied that MTCH1
expression was a probable indicator of LIHC patients’ prog-
nosis. Subsequently, we carried out GO and KEGG enrich-
ment analysis to explore the function and the mechanism
of MTCH1 involved in LIHC. The results suggested that
MTCH1 possibly participates in the regulated process of
RNA splicing in LIHC.
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Figure 5: MTCH1 expression was raised in the tissues and cell lines of LIHC. (a) Analysis of MTCH1 expressions in LIHC tumor and normal
samples in TCGA database. (b) To analyze MTCH1 expressions in 6 pairs LIHC tumor and normal liver samples. (c) Assessment of MTCH1
expressions in LIHC cell lines and normal liver cell lines. (d, e) Detection of MTCH1 mRNA expression in BEL-7402 and MHCC-97H cell
lines transfected with si-MTCH1. (f, g) Si-MTCH1 suppressed cell proliferation in BEL-7402 and MHCC-97H. ∗P < 0:05.
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As we all know, RNA splicing is an extensive process that
causes a transcriptional variation of structural and the diver-
sity of proteomic [31]. Deregulated splicing occurs in carci-
nomas, resulting in various products with function and
nonfunction. The events from cancer-specific splicing easily
promote the development of disease [32]. Abnormal splicing
exerts an effect on many carcinomas and brought about mul-
tiple features. Apoptosis and metastasis could be influenced
by alternative splicing of numerous genes [33]. For instance,
BCL2L1 (BCLXL), as a transcript variant of anti-apoptotic
protein, is highly expressed in carcinoma and resistant to
apoptosis [34]. Transcripts from abnormal TP53 splicing
showed a relationship with apoptosis and proliferation. The
above-mentioned studies suggest that abnormal splicing
widely occurred in carcinomas, and MTCH1 might affect
LIHC progression via RNA splicing.

Finally, we assessed the impacts of reduced MTCH1 on
LIHC cell metabolism. The results demonstrated that reduc-
ing MTCH1 powerfully suppressed MHCC-97H and BEL-
7402 cell proliferation, invasion, and migration. Our data
collectively revealed that MTCH1 was displayed as an onco-
gene and functioned crucially in the oncogenesis and devel-
opment of LIHC.

This study has some limitations. First, the number of
clinical samples is not large enough. In future research, we

will collect more LIHC clinical samples to detect MTCH1
gene expression and MTCH1 protein expression. Second,
we plan to analyze the function of MTCH1 in animal models
in subsequent studies.

5. Conclusions

Based on multiple public databases, we analyzed the high
expression of MTCH1 in LIHC, and its high expression is
closely related to tumor metastasis, tumor staging, and poor
patient quality of life. Highly expressed MTCH1 was found
in LIHC samples and cell lines. The unsatisfying prognosis
of LIHC patients was also found to be related to high MTCH1
expression. Besides, our findings suggested that MTCH1 facil-
itated LIHC cell proliferation, invasion, and migration. We
have revealed for the first time that MTCH1 may play a role
in the occurrence and development of LIHC. Collectively,
our findings suggested that MTCH1 was a promising progno-
sis factor and therapeutic target for LIHC, providing new and
useful information for the study of the mechanism of LIHC.

Data Availability

The expression detail of LIHC patients was from the TCGA
database (http://cancergenome.nih.gov).
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Figure 6: Knockdown of MTCH1 inhibited the invasive and migration abilities of LIHC cells. (a, b) Analysis of cell migration and invasion
ability in siRNA-transfected MHCC-97H. ∗P < 0:05.
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Background. Rheumatoid arthritis (RA) is a chronic condition that manifests as inflammation of synovial joints, leading to joint
destruction and deformity. Methods. We identified single-cell RNA-seq data of synovial fibroblasts from RA and osteoarthritis
(OA) patients in GSE109449 dataset. RA- and OA-specific cellular subpopulations were identified, and enrichment analysis was
performed. Further, key genes for RA and OA were obtained by combined analysis with differentially expressed genes (DEGs)
between RA and OA in GSE56409 dataset. The diagnostic role of key genes for RA was predicted using receiver operating
characteristic (ROC) curve. Finally, we identified differences in immune cell infiltration between RA and OA patients, and
utilized flow cytometry, qRT-PCR, and Western blot were used to examine the immune cell and key genes in RA patients.
Results. The cluster 0 matched OA and cluster 3 matched RA and significantly enriched for neutrophil-mediated immunity and
ECM receptor interaction, respectively. We identified 478 DEGs. In the top 20 degrees of connection in the PPI network, the
key genes for RA were obtained by comparing with the gene markers of cluster 0 and cluster 3, respectively. ROC curve showed
that CCL2 and MMP13 might be diagnostic markers for RA. We found aberrant levels of CD8+T, neutrophil, and B cells in RA
fibroblasts, which were validated in clinical samples. Importantly, we also validated the differential expression of key genes
between RA and OA. Conclusion. High expression of CCL2 and MMP13 in RA may be a diagnostic and therapeutic target.

1. Introduction

Rheumatoid arthritis (RA) is a chronic inflammatory disease
that affects joint synovial tissue, causing joint pain and disabil-
ity [1]. RA is characterized by infiltration of synovium with
inflammatory cells, hyperplasia of synovial fibroblasts, and pro-
gressive inflammation of the joint, leading to cartilage destruc-
tion, bone erosion, and disability [2, 3]. A large population
studies found that in RA patients, the mortality was increased
with years compared to the general population [4]. Within 10
years of RA onset, at least 50% of patients in developed coun-
tries are unable to take full-time jobs, probably due to the
resulting disability [5]. Patients with RA represent approxi-
mately 0.5%-1% of the world’s population and have regional
variations [6]. The prevalence is higher in women aged between
35 and 50 years than in age-matched men [7].

The etiology of RA is complex and includes not only
genetic and epigenetic factors but also smoking, infection,
microbiota, and others [8]. Although the etiology of RA is
not fully understood, its autoimmune properties have been
widely recognized. Autoreactive CD4+T cells will stimulate
macrophages and synovial fibroblasts to secrete cytokines,
including TNF, IL-1, and IL-17, which contribute to invasive
vasculitis through recruitment of immune cells and expan-
sion of synovial fibroblasts [9, 10]. In addition, RA has a
specific tissue response characterized by an aggressive proin-
flammatory phenotype of local fibroblasts with stromal regu-
latory, osteoclastogenic, and invasive properties [11]. In RA,
stable reprogramming of synovial fibroblasts disrupts their
protective regulatory processes, promotes their survival,
and increases their production of proinflammatory agents
and proteases [12]. Rheumatoid synovial fibroblasts are able

Hindawi
BioMed Research International
Volume 2021, Article ID 5544264, 17 pages
https://doi.org/10.1155/2021/5544264

https://orcid.org/0000-0001-8697-8410
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1155/2021/5544264


to generate and support a sustained leukocyte infiltration
[13]. Therefore, a deep and extensive understanding of syno-
vial fibroblasts and their potential roles in the pathogenesis of
RA is of great importance for the prevention and treatment
of RA.

With the continuous development of medical standards,
conventional treatments can alleviate the condition of RA
patients, but cannot completely cure them [14]. Notably,
patient awareness of RA, the willingness to seek medical
treatment, the time to receive appropriate treatment, and
the diagnostic capability of physicians all influence the treat-
ment and prognosis of RA [15]. Early diagnosis and treat-
ment often delay and prevent joint deformities, improve the
quality and life span of patients, and are a prerequisite for
early detection of patients.

Therefore, it is very important to explore the pathogene-
sis of RA to develop accurate treatments and new drug tar-
gets. This study broadens the candidate list of therapeutic
targets for RA, as well as the underlying mechanisms of
inflammatory infiltration, by exploring the differences in
gene expression and the different biological functions
between RA and OA patients. It was further clarified that
chemokines and matrix metalloproteinases (MMPs) signal-
ing were involved in the pathological process of RA associ-
ated with immune cell infiltration.

2. Materials and Methods

2.1. Rheumatoid Arthritis Data Collection. Data used in this
study were obtained from the gene expression omnibus
(GEO) public database (https://www.ncbi.nlm.nih.gov/geo).
GSE109449 included gene expression profile of 192 single
synovial fibroblasts from 2 rheumatoid arthritis (RA)
patients and 192 single synovial fibroblasts from 2 osteoar-
thritis (OA) patients through single-cell RNA-seq (scRNA-
seq) based on GPL18573 [16].

GSE56409 included gene expression profile of fibroblasts
which were isolated from synovium, bone marrow, or skin
tissue samples of 12 rheumatoid arthritis patients and 6 oste-
oarthritis patients at the time of knee or hip replacement sur-
gery based on GPL570 of array [17]. The raw data was
processed and normalized using the Robust Multiarray Aver-
aging (RMA) methodology.

2.2. Processing of the scRNA-Seq Data. The quality control,
statistical analysis, and exploration of the scRNA-seq data
for GSE109449 were performed using the Seurat R package
[18, 19]. Principal component analysis (PCA) was used to
identify significantly available dimensions with a P value <
0.05. The uniform manifold approximation and projection
(UMAP) algorithm [20] was used for the visualization of
unsupervised clustering. The differential expression analysis
was used the limma R package [21, 22]. Set the filtering
threshold P value < 0.05. Different cell clusters were anno-
tated by the singleR package [23].

2.3. Enrichment Analysis. Biological process (BP) in Gene
Ontology (GO) and Kyoto Encyclopedia of Genes and
Genomes (KEGG) enrichment analysis [24–27] of gene

markers of clusters was performed using Enrichr online tool
[28]. The P value < 0.05 was considered significantly
enriched.

2.4. Difference Analysis. Differential expression analysis
between RA and OA in GSE56409 was performed using the
limma R package [21, 29]. Genes with an |log2(FoldChange)|
>1 and P value < 0.05 were identified as differentially
expressed genes (DEGs).

2.5. Generation of Protein-Protein Interaction (PPI) Network.
The PPI network of common genes was identified through the
Search Tool for the Retrieval of Interacting Genes (STRING)
(http://string-db.org/) database. The combined score >0.7
was considered significant. The PPI network was visualized
by the Gephi software [30]. The PPI network genes were
ranked based on their degree of connectivity with other genes.

2.6. Identification of Immune Cell Infiltration. The marker
gene sets of different immune cell types were obtained from
Bindea et al [31]. We used the single-sample gene set enrich-
ment analysis (ssGSEA) in R package GSVA [32] to derive
the enrichment scores of each immune cell. The ssGSEA
applies gene signatures expressed by immune cell popula-
tions to individual samples. A threshold value of 0.05 was
established for P values < 0.05.

2.7. Sample Collection. Synovial tissue and peripheral blood
samples from 5 patients of RA and 5 patients of OA were
collected from the Nanxishan hospital of Guangxi Zhuang

Table 1: The primers of this study.

Genes Primers

GAPDH
F: 5′-TGACCGTCGGAGTCAGGGATTT-3′
R: 5′-GCCAACGAATTTGCCATGGGTGG-3′

ICAM1
F: 5′-TGCAAGAAGATAGCCAACCAAT-3′
R: 5′-GTACACGGTGAGGAAGGTTTTA-3′

CXCL1
F: 5′-AAGAACATCCAAAGTGTGAACG-3′
R: 5′-CACTGTTCAGCATCTTTTCGAT-3′

MMP1
F: 5′-AGATTCTACATGCGCACAAATC-3′
R: 5′-CCTTTGAAAAACCGGACTTCAT-3′

ITGA6
F: 5′-GTGCTTGCTCTACCTGTCGG-3′
R: 5′-GCTCCCGGGGTCTCCATATT-3′

MMP3
F: 5′-GGGTCTCTTTCACTCAGCCAACAC-3′

R: 5′-ACAGGCGGAACCGAGTCAGG-3′

CCL2
F: 5′-ACCAGCAGCAAGTGTCCCAAAG-3′
R: 5′-TTTGCTTGTCCAGGTGGTCCATG-3′

THBS1
F: 5′-TTTGACATCTTTGAACTCACCG-3′
R: 5′-AGAAGGAGGAAACCCTTTTCTG-3′

MMP13
F: 5′-CACTTTATGCTTCCTGATGACG-3′
R: 5′-TCTGGCGTTTTTGGATGTTTAG-3′
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Autonomous Region. All subjects read and signed the
informed consent form. The study was in conformance
with the guidelines of the 1975 Declaration of Helsinki
and was approved by the ethics committee of the Nan-
xishan hospital of Guangxi Zhuang Autonomous Region
(2021NXSYYEC-001).

2.8. Quantitative Real-Time Polymerase Chain Reaction
(qRT-PCR). The total RNA was isolated from synovial tissue
samples by using Trizol (Thermo, California, USA). After
uniform quality between groups, total RNA was reverse tran-
scribed to complementary DNA (cDNA) using PrimeScript™
RT Master Mix (TaKaRa, Tokyo, Japan). The qRT-PCR was
performed using the SYBR Green Master Mix (Thermo, Cal-
ifornia, USA) using cDNA according to the manufacturer.
The primer sequence of genes was shown in Table 1. Genes
were normalized to GAPDH. Relative expression of mRNA
was calculated through the 2–ΔΔCT method [33].

2.9. Western Blot. The synovial tissue samples of RA and OA
were lysed on ice for 40min in radio immunoprecipitation
assay (RIPA) buffer (Beyotime, Shanghai, China). Proteins
were loaded and separated by 10% SDS-polyacrylamide gel
electrophoresis (SDS-PAGE) and then transferred onto polyvi-
nylidene fluoride (PVDF) membranes. The membranes were
incubated with the primary antibodies (all antibodies were pur-
chased from Abcam) after blocking with skim milk. Protein
bands were then incubated with corresponding secondary anti-
bodies and detected by enhanced chemiluminescence (ECL)
reagents. GAPDH protein was used as an internal reference
protein.

2.10. Flow Cytometry. Peripheral blood samples were surface-
labeled with anti-CD19 FITC (BD, California, USA), anti-
CD3 PC5.5 (BD, California, USA), anti-CD8-PE antibody
(BD, California, USA), or anti-CD45 PC7 (BD, California,
USA) for 10min at room temperature. The red blood cells
in the blood were lysed with red blood cell lysate (BD, Cali-
fornia, USA), then washed with PBS twice, and detected on
the Dxflex Flow cytometry (Beckman, California USA). The
results were analyzed using the Kaluza v2.1.1 software.

2.11. Statistical Analysis. Data analysis was used SPSS 20.0
software. Data were presented as mean ± standard
deviations (SD) [34, 35]. Student’s t-test was used to compare
the differences between two groups [36]. The P value < 0.05
was considered statistically significant. Test level α = 0:05
(two-sided).

3. Results

3.1. The mRNA Signatures in Fibroblast of Synovial Tissue.
The article flow chart is shown in Figure 1. First, we analyzed
scRNA-seq data from fibroblasts of 2 RA and 2 OA patients
(GSE109449). Based on quality control and normalization
of the data, 31654 genes were found in the 384 cells
(Figure 2(a)). The number of detected genes was significantly
correlated with sequencing depth (Figure 2(b)). Among
31654 corresponding genes, the variant analysis revealed
2000 highly variable genes (Figure 2(c)). In addition, princi-
pal component analysis (PCA) results showed significant
separation between fibroblasts from RA and OA patients
(Figure 2(d)). To identify the available dimensions and
screen the related genes by PCA, we finally selected 13

PPI network

GSE56409

PCA

UMAP

4 clusters

Cell annotations

ROC curve

Flow cytometry

Fibroblasts of
RA and OA in

GSE109449
scRNA-seq Quality control

Differential
analysis

Marker genes
of 4 clusters

Biological
function

Differentially
expressed genes

Top 20
degree

Quantification
of immune cells

Correlation
analysis

Key genes

qRT-PCR and
western blot

Figure 1: The flowchart of this study. Using single-cell sequencing data and transcriptome data to identify gene signatures and potential
diagnostic markers of RA patient. OA: osteoarthritis; PCA: principal component analysis; PPI: protein-protein interaction; RA:
rheumatoid arthritis; ROC: receiver operating characteristic curve; UMAP: uniform manifold approximation and projection.
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principal components (PCs) to travel further analysis (P
value < 0.05) (Figure 2(e)).

3.2. Cell Subpopulations in Fibroblast of RA and OA. To
determine whether fibroblast subpopulations differ between
RA and OA, we performed clustering analysis for the cells.
Through the uniform manifold approximation and projec-
tion (UMAP) algorithm, we clustered fibroblasts into 4 sepa-
rate clusters (Figure 3(a)). When these cell subpopulations
were compared with the clinical phenotypes, we found that
cluster 0 matched the OA group, and cluster 3 matched the
RA group (Figure 3(b)). Next, we performed differential
expression analysis, identifying 1561 marker genes in the
four clusters (Figure 3(c)). Gene markers of cluster 0 were
more highly expressed in OA than in RA, whereas gene
markers of cluster 3 were more highly expressed in RA than
in OA (Figure 3(d)). These clusters were annotated as cell
types based on the score by singleR. However, different clus-
ters were not annotated as different cell fibroblast subpopula-
tions for RA and OA (Figure 3(e)).

3.3. Different Biological Function of Cell Subpopulations. To
identify distinct biological roles for subpopulations of RA
and OA patient fibroblasts, we performed enrichment analy-
sis of gene markers of cluster 0 and cluster 3. It was found
that gene markers of cluster 0 were significantly enriched in
biological process (BP) of neutrophil activation involved in
immune response, neutrophil-mediated immunity, and neu-

trophil degranulation (Figure 4(a)). Gene markers of cluster
3 were significantly enriched in BP of extracellular matrix
organization, collagen fibril organization, and skeletal system
development (Figure 4(b)). KEGG enrichment results
showed that gene markers of cluster 0 were significantly
enriched in protein processing in protein processing in the
endoplasmic reticulum, glycolysis/gluconeogenesis, and pro-
teoglycans in cancer (Figure 4(c)). While gene markers of
cluster 3 were significantly enriched in focal adhesion, ECM
receptor interaction, and phagosome (Figure 4(d)).

3.4. Gene Expression in Fibroblasts of RA. Afterwards, we
obtained 478 differentially expressed genes (DEGs) using
gene expression data in fibroblasts from RA patients and
OA patients (Figure 5(a), Table S1). The 294 upregulated
DEGs and 184 downregulated DEGs were included
(Figure 5(b)). The PPI network of DEGs with interactions
was acquired through a string database (Figure 5(c)). We
screened the top 20 greatest degree genes of connection in
the PPI network as candidates (Table 2). Comparing with
the gene markers of clusters, we found that MMP3, ITGA6,
MMP1, and CXCL1were the intersection genes for cluster
0, and THBS1, CCL2, MMP13, and ICAM1 were the
intersection genes for cluster 3 (Figure 5(d)). Therefore, we
considered that these 8 genes might be associated with
arthritis and were defined as key genes. THBS1, CCL2,
MMP13, and ICAM1 may be potential markers for RA.
Among the differential results, THBS1, CCL2, MMP13,
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Figure 2: RA-related principal component genes were screened based on single-cell sequencing. (a) Quality control of synovial fibroblasts in
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Figure 3: Identification of four cell subpopulations for fibroblast. (a) The UMAP algorithm reduced the dimensionality of 13 PCs and
clustered into four cell clusters. UMAP: uniform manifold approximation and projection. (b) The cell clusters were matched to the sample
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ICAM1, MMP3, MMP1, and CXCL1 showed higher
expression in RA compared with OA, while ITGA6 showed
lower expression in RA (Figure 5(e)). Receiver operating
characteristic (ROC) curve results showed that CCL2 and

MMP13 had a good predictive diagnostic role for RA
(Figure 5(f)). CCL2 and MMP13 with the highest area
under the receiver operating characteristic curve (AUC)
values (AUC > 0:8).
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Figure 5: Identification of differentially expressed genes between RA and OA in GSE56409. (a) Heatmap of differential gene expression in RA
and OA. RA: rheumatoid arthritis; OA: osteoarthritis. Red are upregulation and blue are downregulation. (b) Volcano plot of differentially
expressed genes between RA and OA. Red are upregulation and blue are downregulation. (c) PPI network of differentially expressed
genes. The colors from blue to red, representing the greater degree to which genes are connected in the network. (d) Venn diagram of the
intersection among cluster 0, cluster 3, and the top 20 degrees in the PPI network. Then obtained eight key genes. (e) Differential
expression of key genes between RA and OA in GSE56409. RA: rheumatoid arthritis; OA: osteoarthritis. (f) ROC curve of key genes for
predicting diagnosis of RA. AUC: area under ROC curve.
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3.5. Immune Cell Changes in RA Patients. Immunoinflamma-
tion appeared in our enrichment results, especially cluster 0
which matched OA. To compare the differences in immune
responses between RA and OA patients, we quantified the
infiltration of immune cells according to the immune score
(Figure 6(a)). We found that B cells were significantly
decreased, and CD8+T cells and neutrophil were signifi-
cantly increased in RA compared to OA (Figure 6(b)). The
results of the correlation analysis with the key genes showed
that neutrophil was significantly associated with all of the key
genes (Figure 6(c)).

Importantly, we validated significant results of our anal-
ysis in blood or synovial tissue samples from RA and OA
patients. Using flow cytometry, we found that the levels of
CD8+T cells and neutrophil were significantly higher in RA
patients than in OA patients, while the levels of B cells were
significantly decreased (Figure 6(d)). QRT-PCR results
found that the mRNA levels of THBS1, CCL2, MMP13,
ICAM1, MMP3, MMP1, and CXCL1 were higher in RA
compared with OA, and ITGA6 was lower expressed in RA
(Figure 6(e)). The differential expression results of the genes
were also validated by Western blot experiments, except
ITGA6 (Figure 6(f)).

4. Discussion

Previous studies have highlighted fibroblasts as potential
therapeutic targets for RA [37]. In the present study, we
sought to identify cell subpopulations of RA patient fibro-
blasts by comparing the results of single-cell sequencing of
synovial tissue fibroblasts from RA and OA patients. And
describe the contribution of different cell subpopulations to

the molecular mechanisms of RA. Transcriptome data were
further combined to screen for potential fibroblast-specific
markers. Importantly, we utilized molecular experiments to
validate key results. These are particularly important, as such
biomarkers may contribute to the early diagnosis and early
treatment of the disease.

Unfortunately, we did not get different annotations
for the different cell subpopulations. Of the four subpop-
ulations identified, cluster 0 may be more representative
for OA, whereas cluster 3 may be representative for RA.
Gene markers for cluster 3 (MMP13, COMP, SLC40A1,
OGN, COL1A1, and TGFBI) play a significant role in
collagen, fibronectin, and laminin interactions that
increase fibroblast migration, invasion, and cell adhesion
[38–40]. In healthy joints, synovial fibroblasts form a
layer in synovial tissue with a thickness of one to two
cells [41]. In synovial tissue of RA patients, synovial
fibroblasts form thicker layers (15-20 cells thick), mainly
due to a higher proliferation rate, and the formation of
antiapoptotic properties [42]. In addition, these gene
markers are also major drivers of the inflammatory
response in RA patients and are identified as potential
markers for RA [5, 43]. The synovium is a major target
of inflammation in RA.

Here, we first recognize that distinct fibroblast subpop-
ulations differ in their molecular functions. Gene markers
for cluster 0 are mainly enriched in neutrophil-mediated
immunity, glycolysis/gluconeogenesis. Aberrant neutrophil
responses contribute to tissue damage and are associated
with arthritic pathological conditions [44, 45]. Aerobic gly-
colysis is manifested by inflammatory signals or rapid cell
division, reflecting systemic inflammation [46]. Marker
genes of cluster 3 were mainly associated with ECM recep-
tor interaction, collagen fibril organization. Activated
synovial fibroblasts produce multiple ECM remodelling
components, such as matrix metalloproteinases, cytokines,
and chemokines, which actively promote cellular resorp-
tion and infiltration of the joint, perpetuating and perpet-
uating joint inflammation [47]. Previous studies have
found that collagen fibril organization is associated with
the pathology of RA [48]. The presence of thinner fibers
and high concentrations of collagen cleavage products
have been associated with RA events [49].

Among the key genes we identified, chemokine ligand
2 (CCL2) and matrix metalloproteinases 13 (MMP13)
were predicted as potential diagnostic markers for RA.
Essential cytokines in the development of RA are IL-6,
and IL-6 activation of endothelial cells increases adhesion
molecule expression and CCL2 production [50]. CCL2
levels are increased in the plasma and synovial fluid of
RA patients, closely correlating with increased joint infil-
tration of immune cells, particularly macrophages [51].
Studies have shown that CCL 2 is an effective therapeutic
target for RA patients [52, 53]. MMP13 expression is
increased in synovial fibroblasts of RA patients [54]. Ele-
vated expression of MMP13 in RA patients may promote
fibroblast migration and invasion [55]. MMP13 is also an
effective therapeutic target for multiple drugs in RA
patients [56]. In contrast to OA patients, we observed

Table 2: Top 20 genes with the largest degree in the PPI network.

Genes Degree

IL6 60

CXCL8 40

CCL2 30

PTGS2 28

ICAM1 28

THBS1 27

CXCL1 25

CD34 25

NCAM1 24

KIT 22

MMP3 21

ITGB3 20

IL15 20

FGF13 20

ITGA6 18

MMP13 17

PGR 17

AR 17

CXCL9 17

MMP1 17
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Figure 6: Continued.
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upregulation of CCL2, MMP13 in RA patients, suggesting
potential novel targets.

Specifically, in the differential immune cell infiltration
results, we found that the levels of CD8+T cells and neutro-

phils were higher in RA fibroblasts than in OA patients,
whereas the levels of B cells were decreased. CD8+T cells
are activated in RA and produce a large number of chemo-
kines and proinflammatory cytokines [57, 58]. Neutrophil
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Figure 6: Changes of immune cell and key genes in RA patients. (a) Infiltration levels of immune cells in RA and OA. RA: rheumatoid
arthritis; OA: osteoarthritis. Red represents high infiltration and blue represents low infiltration. (b) The difference of infiltration for
immune cells in RA compared to OA. RA: rheumatoid arthritis; OA: osteoarthritis. (c) Correlations between immune cells and key genes
were analyzed through Pearson correlation. Node color from blue to red represents negative to positive correlation. × P > 0:05. (d) The
levels of CD8+T cell, neutrophils, and B cell in blood samples of RA and OA patients were detected by flow cytometry. (e) QRT-PCR was
used to detect the mRNA levels of key genes in synovial tissue of RA and OA patients. ∗∗P < 0:01, ∗∗∗P < 0:001. (f) Western blot was used
to detect the expression of key genes in synovial tissue of RA and OA patients.
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entry into the synovium is an important feature of the RA
inflammatory response, which is again fueled by an intricate
network of cytokines [59]. Neutrophils damage cartilage in
synovial fluid and damage surrounding tissues, leading to a
state of oxidative stress resulting from the release of reactive
oxygen species (ROS) and increasing inflammatory condi-
tions [60]. The number of total B cells in the blood of rheu-
matoid arthritis patients has been shown to be reduced
compared to healthy controls [61]. However, it has also been
shown that B cell depletion in RA patients is a potential ther-
apeutic intervention [62].

Some limitations are included in this study. The low
number of samples we analyzed may have biased the inter-
pretation of the results. Whether the identified potential tar-
gets have clinically significant will requires subsequent in-
depth exploration. Although we validated the differences in
key genes and immune cells between RA and OA, this has
some limitations for interpretation of validation results as
we failed to isolate fibroblast samples for experimentation.

5. Conclusion

Chemokine and matrix metalloproteinases (MMPs) signal-
ing plays an important role in RA pathogenesis, as several
chemokines and their receptors have been implicated in the
inflammatory response and immune infiltration in fibro-
blasts. Therefore, targeting chemokines and MMPs is a suit-
able approach for the diagnosis and treatment of RA,
especially CCL2, and MMP13. The significance of potential
target genes in RA disease is evaluated herein. This informa-
tion provides a solid background for the development of new
drugs or other treatments.
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Gynecological malignancies are tumors of the female reproductive system, mainly cervical cancer, endometrial cancer, and ovarian
cancer. Endometrial cancer (EC) is the most common gynecological malignant tumor in developed countries. The aim of this study
was to construct a network of programmed cell death protein 1 (PD-1) coexpressed genes through bioinformatics analysis and
screen the potential biomarkers of PD-1 in endometrial cancer. In addition, genes and pathways involved in PD-1 and
modulating tumor immune status were identified. We select the EC transcriptomic dataset in TCGA to retrieve gene sets on the
cBioPortal platform, and the PD-1 coexpressed genes were obtained on the platform. GO and KEGG enrichment analysis of
coexpressed genes was performed using the DAVID database. The target protein-protein interaction (PPI) network was
constructed using Cytoscape 3.7.1 software, and the hub genes were then screened. A total of 976 coexpression genes were
obtained. The enrichment analysis showed that PD-1 coexpressed genes were significantly enriched in overall components of
the cell structure, the interaction of cytokines with cytokine receptors, chemokine signaling pathways, and cell adhesion
molecules (CAMs). Ten hub genes were obtained by node degree analysis. CD3E gene is involved in the prognosis and immune
process of EC, and the expression level is related to PD-1 (Pearson correlation coefficient is 0.82, P < 0:01). Patients with low
CD3E gene expression in EC have a poor prognosis. The coexpression hub genes of PD-1 are related to immunity, in which
CD3E is a prognostic marker that is involved in the PD-1/PD-L1-induced tumor immune escape. This study provides a new
area to study the mechanism of PD-1/PD-L1 in EC and the precise treatment with targeted drugs.

1. Introduction

Gynecological malignancies are tumors of the female repro-
ductive system, mainly cervical cancer, endometrial cancer,
and ovarian cancer. Endometrial cancer is the most common
gynecological malignant tumor in developed countries [1].
Although people continue to improve the existing treatment
methods to improve the effect of surgical treatment, com-
bined with chemotherapy and radiotherapy-based auxiliary

treatment methods, the treatment effect and disease progno-
sis are still not satisfactory. In recent years, with the impor-
tance of the concept of the tumor microenvironment and
the continuous deepening of research on the tumor immune
mechanism, the role of tumor immunotherapy in the treat-
ment of malignant tumors has been increasing.

The goal of immunotherapy is usually to reverse the
immune escape mechanism of tumors and restore the local
immune response against cancer cells [2, 3]. Recent
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immunotherapy research focuses on antibodies that block
programmed cell death protein 1 (PD-1) or its ligands (such
as PD-L1). The combination of PD-L1 and PD-1 can cause T
cell dysfunction and failure and promote the production of
IL-10 in tumors and thus promote T cell apoptosis [4]. Some
scholars have found that PD-1 is significantly expressed in
peripheral blood of patients with liver cancer, kidney cancer,
and gastric cancer [5], and the expression level of PD-1 on T
cells may be positively correlated with the progression of gas-
tric cancer and chronic lymphocytic leukemia [6, 7]. Since
the first PD-1/PD-L1 inhibitor (pembrolizumab) was
approved by the Food and Drug Administration in 2014,
many immune checkpoint inhibitors have been used in clin-
ical practice [8]. PD-1/PD-L1 has shown effective and long-
lasting antitumor effects on inhibitors, especially in some
refractory tumors [9, 10]. Although PD-1/PD-L1 inhibitors
have still attracted widespread attention, their relatively low
response rate has limited their use in patients [11, 12]. In
addition, some patients still show resistance and related
adverse reactions. There is a need for high-sensitivity assays
or comarkers for identifying biomarker expression in patient
populations to identify more precise targets for PD-1/PD-L1
and improve the feasibility of treatment. The urgent problem
is to improve the accuracy and effectiveness of PD-1/PD-L1
inhibitors in EC treatment. At the same time, it also helps
to understand the PD-1/PD-L1 pathway regulation mecha-
nism in EC more clearly and deeply. In addition, PD-1/PD-
L1 therapy can also be combined with other therapies (such
as chemotherapy and targeted therapy), which is expected
to achieve the purpose of improving efficacy, reducing side
effects, and improving patient survival and quality of life.

Thepurposeof thisstudywastoanalyzetheECdataset inThe
Cancer Genome Atlas (TCGA) database (https://cancergenome
.nih.gov/) using bioinformatics methods, which will help to
screen and analyze PD-1 coexpressed genes, describe the PD-1
molecular regulatory network, explore the possible involvement
ofPD-1 inECbiologicalprocessesandcoregenes related toprog-
nosis, and provide new clues for EC anti-PD-1 research.

2. Materials and Methods

2.1. Materials. The dataset downloaded from this study is
from the TCGA database, a research project of the National
Cancer Institute, which uses a consistent genomic platform
to analyze at least 20 different tumor types and provide
researchers with original and processed data [13]. cBioPortal
is one of the TCGA online data analysis platforms, which
contains genetic mutations and transcriptome and proteo-
mics data. In this study, the EC dataset in the TCGA database
was selected on the cBioPortal platform. There were 549 clin-
ical samples, including 177 RNA-seq samples.

2.2. PD-1 Expression in EC. Dynamic analysis of PD-1 gene
expression profile data was performed through the GEPIA
(http://gepia.cancer-pku.cn/) website to obtain the PD-1
expression level and survival analysis results in EC tissues.

2.3. Data Processing and PD-1 Coexpression Gene Screening.
The data of 177 RNA-seq samples were statistically analyzed

through the cBioPortal platform, and information on PD-1
coexpressed genes was obtained. The screening criteria for genes
with coexpression relationship were Spearman coefficient > 0:3.

2.4. Function and Enrichment Analysis. The DAVID database
(https://david.ncifcrf.gov/summary.jsp) was used to perform
GO function enrichment and KEGG pathway enrichment
analysis of PD-1 coexpressed genes. DAVID is an online bio-
informatics resource designed to provide researchers with a
comprehensive set of functional annotation tools to under-
stand the biological mechanisms involved in the function of
a large number of genes or proteins [14]. A P value of
<0.05 and the number of genes greater than 10 represent sta-
tistically significant results.

2.5. Construction of PPI Network and Hub Gene Screening.
The STRING database [15] (https://string-db.org) and
Cytoscape 3.7.1 software [16] were used to jointly construct
a protein-protein interaction (PPI) network for PD-1 coex-
pressed genes. The STRING database integrates a text library,
experimental/biochemical evidence, coexpression data in
PubMed, and database correlations, thereby providing an
interactive analysis platform where proteins can be evaluated
for connections, associations, and interactions. The Cyto-
ubba plug-in is based on the top 10 genes with the highest
degree as core genes. 10 hub genes and PD-1 genes were
introduced for interaction analysis in the STRING database
online analysis platform, an interaction analysis network
was established between hub genes and PD-1, and the inter-
action between hub genes and PD-1 was described.

2.6. Survival Analysis. Combined with the clinical information
of EC, the gene expression of hub (transcripts per million
(TPM)) was grouped on the GEPIA website, and the quartile
method was used to separate the high expression group
(≥75%) and the low expression group (≤25%). These hub genes
were analyzed for survival using the logrank test and Kaplan-
Meier test. The logrank test results P < 0:05 considered the dif-
ferences to be statistically significant, and then, coexpressed
genes related to the prognosis of EC were screened.

2.7. Correlation Analysis between Prognosis-Related Hub
Genes and PD-1. The 10 hub genes were analyzed on the
GEPIA website, and the hub genes related to the prognosis
of EC were screened, and their correlation with PD-1 expres-
sion was analyzed and plotted.

3. Results

3.1. PD-1 Expression in Endometrial Cancer and Its Impact
on Prognosis. The difference in PD-1 expression between
endometrial cancer and normal tissues in the TCGA database
was analyzed on the GEPIA website. The results showed that
compared with normal tissues, PD-1 expression was signifi-
cantly increased in EC. In addition, the overall survival time
of patients with high expression of PD-1 EC was significantly
higher than that of patients with low expression.

3.2. PD-1 Coexpression Gene Screening and Enrichment
Analysis. Coexpressed genes of PD-1 gene were screened on
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the cBioPortal platform, and there were 976 coexpressed
genes. The GO enrichment analysis of the coexpressed genes
showed that the coexpressed genes were mainly concentrated
in biological processes such as protein binding, cytoplasmic
membrane, cell membrane and plasma membrane compo-
nents, and cell structure (Figure 1(a)). KEGG enrichment
analysis showed that PD-1 coexpressed genes were signifi-
cantly enriched in the interaction of cytokines with cytokine
receptors, chemokine signaling pathways, and cell adhesion
molecules (CAMs) as seen in Figure 1(b).

3.3. PPI Network Construction and Interaction Analysis of
Coexpressed Genes. The STRING database shows that there
are 5384 pairs of interactions between these coexpressed
genes, which are much higher than the expected value of
532, and the average node degree is 33.9. The top 10 genes
with the highest degree are CD2, PRF1, CTLA4, TBX21,
CD3E, CCR5, CXCR3, LCK, IL2RG, and CD247. These
genes occupy an important position in the entire network
structure. 10 hub genes and PD-1 genes are introduced to
the STRING database online analysis platform, and an inter-
action analysis network was established between hub genes
and PD-1 (Figure 2). The results show that the hub genes that
interact with PD-1 are CD2, PRF1, CTLA4, TBX21, CD3E,
CCR5, CXCR3, LCKH, and CD247. CD3E is an important
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Figure 1: (a) The significantly enriched KEGG pathways of coexpression genes. (b) The significantly enriched GO biological processes of
coexpression genes.
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Figure 2: The protein-protein interaction analysis of PD-1 and hub
genes.
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gene related to the prognosis of EC. CD3E gene is involved in
the immune process, and its expression is related to PD-1
(Pearson correlation coefficient is 0.82; P value is less than
0.01). Those with low CD3E gene expression in EC have a
poor prognosis.

3.4. Hub Gene Survival Analysis. On the GEPIA website,
using the EC data available on the platform, the hub genes
of the top 10 degrees were analyzed for survival. The results
showed that among EC patients, only the expression level
of CD3E gene was different from the overall survival time
of EC patients. Compared with normal tissues, CD3E expres-
sion was significantly increased in EC (Figure 3(a)), and EC
patients with high CD3E gene expression had a better prog-
nosis than the CD3E gene low expression group
(Figure 3(b)). CD3E gene is involved in the immune regula-
tion of cells. Defects in this gene lead to immune deficiency
and may be important genes related to the prognosis of EC.

3.5. Correlation Analysis of CD3E Gene and PD-1. The corre-
lation between the expression of CD3E gene and PD-1 in EC
was analyzed on the GEPIA platform (Figure 4). The Pearson
correlation coefficient of CD3E gene and PD-1 was 0.82, and
the P value was less than 0.01, indicating that this gene not
only was related to the prognosis of EC but also has a coex-
pression relationship with PD-1. In EC, CD3E gene may be
involved in the PD-1/PD-L1-mediated tumor immune
escape process.

4. Discussion

In recent years, immunotherapy has become a promising
cancer treatment, which has shown a lasting response in
some patients. PD-1/PD-L1 as a target for cancer immuno-

therapy has shown clinical therapeutic value in a variety of
tumors. PD-1/PD-L1 inhibitors are currently in phase II clin-
ical trials for advanced endometrial cancer. One patient had
disease progression after the previous three chemotherapy
treatments and had a complete remission (CR) of up to 17
months after receiving pembrolizumab [17]. Twenty-four
patients with endometrial tumor tissue or mesenchymal cells
with PD-L1 expression ≥ 1% in immunohistochemical stain-
ing participated in a phase Ib clinical trial (NCT 02054806),
indicating that pembrolizumab has tolerable drug toxicity
and is resistant to treatment. The follow-up of the effect
found that the objective response rate (ORR) was 13%
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(3/24) and stable disease (SD) was 13% (3/24) of the treat-
ment [18]. The response rate of patients in the
Mumizumab-treated group was 13%, and most of the tumor
patients were ineffective in anti-PD-1/PD-L1 treatment. All
these suggest that the role of the PD-1/PD-L1 pathway in
EC and the network regulation mechanism need to be further
studied in order to obtain more accurate and effective antitu-
mor effects.

In this study, TCGA’s EC dataset was analyzed, and 976
genes coexpressed with PD-1 were screened from the tran-
scriptome data. These genes are mainly enriched in integral
components of the plasma membrane such as the cytoplas-
mic membrane and cell membrane and participate in the
interaction of cytokines and cytokine receptors and cell adhe-
sion molecules (CAMs). The chemokine signaling pathway
may play a role in cellular immune regulation and signal
transfer and may be involved in the immune escape mediated
by the PD-1/PD-L1 pathway. Network interaction analysis of
PD-1 coexpressed genes revealed that 10 genes had the most
extensive effects with other genes. Gene annotation of these
genes found that they are involved in the immune response
and play an important role in the immune response. Among
them, CD2, CTLA4, LCK, TBX21, CD247, and CD3 are
related to T cell development and maturation, functional reg-
ulation, and signaling functions and play a vital role in adap-
tive immune response. CTLA4 is a negative regulator of T
cells and can control T cell activation by competing with
the costimulatory molecule CD28 for binding to the shared
ligands CD80 and CD86. Some scholars have found that
patients with stage IV endometrial cancer with mismatch
repair defects and PD-L1 negative stage show a strong clini-
cal response to the combined inhibition of PD-1 and
CTLA-4 [19]. Lymphocyte-specific protein tyrosine kinase
(LCK) signaling regulates cisplatin resistance and induces
DNA repair genes. Targeting LCK signaling through the
immunosuppressive drug saracatinib, which is currently
undergoing clinical evaluation, can make chemoresistant
tumor cells sensitive to cisplatin and provide opportunities
for targeting signaling pathways in endometrioid tumors
[20]. The function of CD247 enhances the T cell antigen
receptor (TCR) signaling cascade. Defects in CD247 function
can cause TCR to participate in impaired T cell activation.
Some scholars have shown that compared with patients with
ovarian cysts, the expression of CD247 in peripheral blood
lymphocytes of patients with ovarian cancer is reduced, while
the expression of CD247 in tumor-infiltrating lymphocytes
of cancer tissues is reduced compared to adjacent tissues,
and the abnormal expression of CD247 is related to differen-
tiation and classification of ovary cancer. This finding sug-
gests that CD247 targeted therapy could be a potential
treatment strategy for ovarian cancer. CXCR3 is a receptor
for C-X-C chemokines CXCL9, CXCL10, and CXCL11. It
mediates the proliferation, survival, and angiogenic activity
of human mesangial cells (HMCs) through the heterotri-
meric G protein signaling pathway and may promote cell
chemotaxis. Studies have found that changes in the expres-
sion level of CXCR3 are closely related to endometriosis
and endometrial cancer and provide help for the differential
diagnosis of endometrial cancer [21]. The IL2RG gene is

located on the X chromosome and is mutated in humans
with X-linked severe combined immunodeficiency (XSCID).
IL2RG controls lymphocyte development, growth, differenti-
ation, and survival and is associated with allergic and autoim-
mune diseases, cancer, and immune deficiency [22]. PRF1
(perforin-1) plays an important role in killing other cells rec-
ognized by the immune system as nonself. Some scholars
have reported that the expression of perforin in CD8+

tumor-infiltrating lymphocytes and peripheral blood T lym-
phocytes in patients with endometrial cancer increases the
cytolytic capacity of CD8+ T cells [23]. CCR5 is a cell mem-
brane protein that is a member of the G protein-coupled
receptor (GPCR) superfamily. Both CCL5/CCR5 axis and
CCL3/CCR5 axis may be involved in the migration and pro-
liferation of oral cancer cells [24]. The STRING network
interaction analysis of the hub gene and PD-1 showed that
except for the IL2RG gene, the remaining nine hub genes
interacted with PD-L1. It is speculated that these nine hub
genes in the PD-1/PD-L1 pathway play an important role.
Further analysis of the survival of 10 hub genes revealed that
among EC patients, only the CD3E gene was associated with
the prognosis of EC, and the prognosis in the high expression
group was better than that in the low expression group.

CD3 is a T cell coreceptor complex and is essential for
TCR signaling and T cell differentiation. The CD3 complex
consists of four transmembrane proteins, δ, γ, ε, and ζ.
Abnormal expression of any of these proteins has been found
to be associated with immunodeficiency diseases [25]. CD3E
is a member of the CD3 complex, which exists on the surface
of T lymphocytes and plays a vital role in the adaptive
immune response. Studies have shown that although the
expression of PD-L1 in tumor biopsy tissue can indeed pre-
dict the response to anti-PD-1 treatment, many tumors pre-
dicted to be PD-L1 positive do not respond, and there are
also in PD-L1 negative tumors some reactions [26, 27].
Therefore, some scholars examined the correlation between
CD3E expression and putative targets in 9,601 human
tumors spanning 31 cancer types. In a dataset of 26 patients
receiving anti-PD-1 treatment, CD3E and the coexpression
of PD-1 were higher than that of nonresponders. Some
patients with a high correlation of CD3E-PD-1 did not
respond, while other patients with low correlation did
respond to anti-PD-1 treatment. When examining anti-PD-
1 responders and nonresponders in metastatic melanoma,
scholars found a significantly higher correlation between
CD3E and PD-1 between responders and nonresponders,
which supports the tumor hypothesis related to CD3E
expression in the microenvironment [28]. That can be used
as a useful criterion for identifying new therapeutic targets
with potential for therapeutic response. Similarly, in a similar
analysis of clear cell renal cancer patients’ response to
immune checkpoint therapy, no significant difference in
CD3E-PD-1 correlation was found between responders and
nonresponders [29]. More detailed expression analysis of
responders and nonresponders in other cancer types will
help elucidate other genetic and tumor microenvironmental
factors that influence the response to new and existing ther-
apies [29, 30]. We believe that CD3E may be expressed in T
cells in the tumor microenvironment and is a promising
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therapeutic target. The high expression of CD3E in this study
is a favorable prognostic factor in EC, and it is related to the
occurrence and invasion of EC. CD3E may become a bio-
marker to evaluate the prognosis of EC anti-PD-1 therapy.
The prediction of disease and the prognosis are of certain
clinical significance.

The limitation of this study is that further research is still
needed to verify our findings. In addition, functional research
on the screened genes needs to be explored.

5. Conclusions

PD-1 as an important molecular target for tumor immuno-
therapy plays an important role in the antitumor treatment
of EC. In this study, by analyzing the EC dataset in TCGA,
the coexpressed CD3E gene of PD-1 related to the prognosis
of EC was screened, and their regulatory network was ana-
lyzed, which provided a new reference for the anti-PD-1
research of EC.

Abbreviations

TCGA: The Cancer Genome Atlas
DAVID: Database for Annotation, Visualization, and Inte-

grated Discovery
KEGG: Kyoto Encyclopedia of Genes and Genomes
GO: Gene Ontology
PD-1: Programmed cell death protein 1
EC: Endometrial cancer
PPI: Protein-protein interaction
CAMs: Cell adhesion molecules.

Data Availability

The data generated during the present study are available
from the corresponding author on reasonable request.

Conflicts of Interest

The authors declare that they have no competing interests.

Authors’ Contributions

LN Wang and Z Liu handled data collection, data analysis,
and manuscript writing; AH Zhang and Wenwen Zhang
worked on data collection; PP Qu took care of supervision
and acquired resources. Lina Wang and Zhen Liu contrib-
uted equally to this work.

Acknowledgments

The project is supported by the National Science Foundation
for Young Scientists of China (Grant No. 81802605).

References

[1] A. Bregar, A. Deshpande, C. Grange et al., “Characterization of
immune regulatory molecules B7-H4 and PD-L1 in low and
high grade endometrial tumors,” Gynecologic Oncology,
vol. 145, no. 3, pp. 446–452, 2017.

[2] K. M. Mahoney, G. J. Freeman, and D. F. McDermott, “The
next immune-checkpoint inhibitors: PD-1/PD-L1 blockade
in melanoma,” Clinical Therapeutics, vol. 37, no. 4, pp. 764–
782, 2015.

[3] A. Kythreotou, A. Siddique, F. A. Mauri, M. Bower, and D. J.
Pinato, “PD-L1,” Journal of clinical pathology, vol. 71, no. 3,
pp. 189–194, 2018.

[4] M. Wang, C. Zhang, Y. Song et al., “Mechanism of immune
evasion in breast cancer,” Oncotargets and Therapy, vol. -
Volume 10, pp. 1561–1573, 2017.

[5] R. J. Motzer, B. Escudier, D. F. McDermott et al., “Nivolumab
versus everolimus in advanced renal-cell carcinoma,” New
England Journal of Medicine, vol. 373, no. 19, pp. 1803–1813,
2015.

[6] J. M. Taube, “Unleashing the immune system: PD-1 and PD-
Ls in the pre-treatment tumor microenvironment and correla-
tion with response to PD-1/PD-L1 blockade,” Oncoimmunol-
ogy, vol. 3, no. 11, article e963413, 2014.

[7] A. V. Maker, “Precise identification of immunotherapeutic tar-
gets for solid malignancies using clues within the tumor micro-
environment—evidence to turn on the LIGHT,”
Oncoimmunology, vol. 5, no. 1, article e1069937, 2016.

[8] A. K. Karlsson and S. N. Saleh, “Checkpoint inhibitors for
malignant melanoma: a systematic review and meta-analysis,”
Clinical, cosmetic and investigational dermatology, vol. 10,
p. 325, 2017.

[9] H. O. Alsaab, S. Sau, R. Alzhrani et al., “PD-1 and PD-L1
checkpoint signaling inhibition for cancer immunotherapy:
mechanism, combinations, and clinical outcome,” Frontiers
in Pharmacology, vol. 8, p. 561, 2017.

[10] V. Jindal and S. Gupta, “Expected paradigm shift in brain
metastases therapy—immune checkpoint inhibitors,” Molecu-
lar Neurobiology, vol. 55, no. 8, pp. 7072–7078, 2018.

[11] A. Polk, I.-M. Svane, M. Andersson, and D. Nielsen, “Check-
point inhibitors in breast cancer - current status,” Cancer
Treatment Reviews, vol. 63, pp. 122–134, 2018.

[12] Z. Sheng, X. Zhu, Y. Sun, and Y. Zhang, “The efficacy of anti-
PD-1/PD-L1 therapy and its comparison with EGFR-TKIs for
advanced non-small-cell lung cancer,” Oncotarget, vol. 8,
no. 34, pp. 57826–57835, 2017.

[13] U. R. Chandran, O. P. Medvedeva, M. M. Barmada et al.,
“TCGA expedition: a data acquisition and management sys-
tem for TCGA data,” PLoS One, vol. 11, no. 10, article
e0165395, 2016.

[14] X. Jiao, B. T. Sherman, D. W. Huang et al., “DAVID-WS: a sta-
teful web service to facilitate gene/protein list analysis,” Bioin-
formatics, vol. 28, pp. 1805-1806, 2012.

[15] D. Szklarczyk, J. H. Morris, H. Cook et al., “The STRING data-
base in 2017: quality-controlled protein-protein association
networks, made broadly accessible,” Nucleic acids research,
vol. 45, no. D1, pp. D362–D368, 2017.

[16] P. Shannon, A. Markiel, O. Ozier et al., “Cytoscape: a software
environment for integrated models of biomolecular interac-
tion networks,” Genome Research, vol. 13, no. 11, pp. 2498–
2504, 2003.

[17] E. Sharon, H. Streicher, P. Goncalves, and H. X. Chen,
“Immune checkpoint inhibitors in clinical trials,” Chinese
Journal of Cancer, vol. 33, no. 9, pp. 434–444, 2014.

[18] P. A. Ott, Y.-J. Bang, D. Berton-Rigaud et al., “Safety and anti-
tumor activity of pembrolizumab in advanced programmed
death ligand 1–positive endometrial cancer: results from the

6 BioMed Research International



KEYNOTE-028 study,” Obstetrical & Gynecological Survey,
vol. 73, no. 1, pp. 26-27, 2018.

[19] M. S. Oh and Y. K. Chae, “Deep and durable response with
combination CTLA-4 and PD-1 blockade in mismatch repair
(MMR)-proficient endometrial cancer,” Journal of Immuno-
therapy, vol. 42, no. 2, pp. 51–54, 2019.

[20] C. Saygin, A. Wiechert, V. S. Rao et al., “CD55 regulates self-
renewal and cisplatin resistance in endometrioid tumors,”
Journal of Experimental Medicine, vol. 214, no. 9, pp. 2715–
2732, 2017.

[21] I. Y. Grigorian, N. Linkova, V. Polyakova, E. Paltseva, and
K. Kozlov, “Signal molecules of endometrium: gerontological
and general pathhological aspects,” Advances in gerontology,
vol. 28, pp. 453–461, 2015.

[22] J.-X. Lin andW. J. Leonard, “The common cytokine receptor γ
chain family of cytokines,” Cold Spring Harbor Perspectives in
Biology, vol. 10, no. 9, p. a028449, 2018.

[23] H.-B. Jie, R. M. Srivastava, A. Argiris, J. E. Bauman, L. P. Kane,
and R. L. Ferris, “Increased PD-1+ and TIM-3+ TILs during
cetuximab therapy inversely correlate with response in head
and neck cancer patients,” Cancer Immunology Research,
vol. 5, no. 5, pp. 408–416, 2017.

[24] J. M. da Silva, T. P. M. Dos Santos, L. M. Sobral et al., “Rele-
vance of CCL3/CCR5 axis in oral carcinogenesis,” Oncotarget,
vol. 8, no. 31, pp. 51024–51036, 2017.

[25] G. de Saint Basile, F. Geissmann, E. Flori et al., “Severe com-
bined immunodeficiency caused by deficiency in either the δ
or the ε subunit of CD3,” The Journal of Clinical Investigation,
vol. 114, no. 10, pp. 1512–1517, 2004.

[26] Q. Sodji, K. Klein, K. Sravan, and J. Parikh, “Predictive role of
PD-L1 expression in the response of renal medullary carci-
noma to PD-1 inhibition,” Journal for Immunotherapy of Can-
cer, vol. 5, pp. 1–6, 2017.

[27] S.-P. Wu, R.-Q. Liao, H.-Y. Tu et al., “Stromal PD-L1-positive
regulatory T cells and PD-1-positive CD8-positive T cells
define the response of different subsets of non-small cell lung
cancer to PD-1/PD-L1 blockade immunotherapy,” Journal of
Thoracic Oncology, vol. 13, no. 4, pp. 521–532, 2018.

[28] S. G. Gaffney, E. B. Perry, P.-M. Chen, A. Greenstein, S. M.
Kaech, and J. P. Townsend, “The landscape of novel and com-
plementary targets for immunotherapy: an analysis of gene
expression in the tumor microenvironment,” Oncotarget,
vol. 10, no. 44, pp. 4532–4545, 2019.

[29] D. Miao, C. A. Margolis, W. Gao et al., “Genomic correlates of
response to immune checkpoint therapies in clear cell renal
cell carcinoma,” Science, vol. 359, pp. 801–806, 2018.

[30] S. Gettinger, J. Choi, N. Mani et al., “A dormant TIL phenotype
defines non-small cell lung carcinomas sensitive to immune
checkpoint blockers,” Nature Communications, vol. 9, pp. 1–
15, 2018.

7BioMed Research International



Research Article
Cell Heterogeneity Analysis in Single-Cell RNA-seq Data Using
Mixture Exponential Graph and Markov Random Field Model

Yishu Wang ,1 Xuehan Tian,2 and Dongmei Ai 1,3

1School of Mathematics and Physics, University of Science & Technology Beijing, China
2School of Mathematics and Statistics, Qingdao University, China
3Basic Experimental Center of Natural Science, University of Science and Technology Beijing, China

Correspondence should be addressed to Yishu Wang; yishu6661@126.com and Dongmei Ai; aidongmei@ustb.edu.cn

Received 15 March 2021; Accepted 30 April 2021; Published 22 May 2021

Academic Editor: Tao Huang

Copyright © 2021 Yishu Wang et al. This is an open access article distributed under the Creative Commons Attribution License,
which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.

Advanced single-cell profiling technologies promote exploration of cell heterogeneity, and clustering of single-cell RNA (scRNA-
seq) data enables discovery of coexpression genes and network relationships between genes. In particular, single-cell profiling of
circulating tumor cells (CTCs) can provide unique insights into tumor heterogeneity (including in triple-negative breast cancer
(TNBC)), while scRNA-seq leads to better understanding of subclonal architecture and biological function. Despite numerous
reports suggesting a direct correlation between circulating tumor cells (CTCs) and poor clinical outcomes, few studies have
provided a thorough heterogeneity characterization of CTCs. In addition, TNBC is a disease with not only intertumor but also
intratumor heterogeneity and represents various biological distinct subgroups that may have relationships with immune
functions that are not clearly established yet. In this article, we introduce a new scheme for detecting genotypic characterization
of single-cell heterogeneities and apply it to CTC and TNBC single-cell RNA-seq data. First, we use an existing mixture
exponential family graph model to partition the cell-cell network; then, with the Markov random field model, we obtain more
flexible network rewiring. Finally, we find the cell heterogeneity and network relationships according to different high
coexpression gene modules in different cell subsets. Our results demonstrate that this scheme provides a reasonable and effective
way to model different cell clusters and different biological enrichment gene clusters. Thus, using different internal coexpression
genes of different cell clusters, we can infer the differences in tumor composition and diversity.

1. Introduction

Cells in the same tissue are commonly viewed as identical
functional units. The analysis of traditional detection methods
is always based on the overall average reaction of cells [1].
However, it has been suggested that the system-level function
of a tissue is produced by heterogeneous cells between which
there is a slight difference. Particularly in cancer cells, there
is phenotypic and functional heterogeneity even in the same
tumor [2]. The functional heterogeneity of cancer cells within
tumors merits careful consideration in the conceptual history
of metastasis, which involves weak and varying genetic expres-
sion between cells, or different functional cell subpopulations
[3]. Traditional sequencing is always based on the average

reaction of cells, so it is difficult to detect the difference.
Sequencing studies on bulk tumor tissue can only identify
the average gene expression. One basic aspect of cancer cell
heterogeneity in the same tumor is the different levels of gene
expression. By sequencing the transcriptomes of single cells in
depth, low-abundance mutations can be detected that facilitate
cancer classification and identification of cell heterogeneity.
Recent advances have enabled the analysis of DNA and RNA
within a single cell. Single-cell RNA-Seq technology is feasible
and reproducible for gene expression-based classification of cell
subpopulations [4–7]. Zhang et al. have demonstrated that
scRNA-seq allows researchers to study the heterogeneity of
gene expression in individual cells [8]. Here, we leverage the
power of single-cell RNA-seq to identify individual cells with
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specific genetic alterations or genomic expression profiles that
could be responsible for treatment resistance.

In metastatic pancreatic cancer research, the significance
of CTCs in selecting appropriate therapies, monitoring thera-
peutic response, and innovating new treatments has been
widely recognized. The heterogeneity and rarity of CTCs
warrant the use of single-cell technologies to provide us with
amore comprehensive understanding of these cells. Moreover,
triple-negative breast cancer (TNBC) is a special type of breast
cancer which represents various clinical and biological sub-
groups that have not yet been clearly defined [9]. Intertumor
heterogeneity denotes patients who suffer from the same type
of cancer but have greatly different gene expression patterns,
which may be related to the tumor immune system. Single-
cell RNA sequencing technology has been used to explain
tumor microenvironment heterogeneity by identifying dis-
tinct cell subsets that may be associated with immunosurveil-
lance and are potential immunotherapy targets.

However, large-scale data is a significant obstacle to
obtaining the highest-resolution analysis of intracell genetic
heterogeneity, due to the data complexity of scRNA-seq data-
sets. Recent research on heterogeneity analysis has focused
almost completely on using clustering algorithms (such as
PCA, SVM, and hierarchical clustering) to find modularity
in gene expression [10, 11]. Wang et al. [12] have reviewed
the methods and tools that dedicate to the different task and
usages. They also provided a guide to utilize scRNA-seq tech-
nology [8]. Although these methods have achieved impressive
results, as gene expression data and module complexity
increase, traditional clustering algorithms have difficulty dis-
covering the different expression modules. The corresponding
computational problem has fewer objects (cells) than the
number of variables (genes). Usually only a few out of 1000
genes are significantly differentially expressed in distinct cell
types, which reduces the effectiveness of traditional models.
Because when clustering on the whole transcriptome, many
genes would be regarded as irrelevant attributes and may even
impede the identification of cell types. It has been claimed that
for a broad range of data distributions, the conventional sim-
ilarities (such as Euclidean norm or Cosine measure) become
less reliable as the dimensionality increases [13]. The reason is
that all data become sparse in high dimensional space, and
therefore, the similarities between objects measured by these
metrics are generally low. This inspired us to propose a more
favorable network clustering algorithm to uncover additional
unknown genetic changes and cellular states, which would
normally be regarded as irrelevant attributes.

Graphical models bring together graph theory and prob-
ability theory in a powerful formalism for multivariate statis-
tical modeling. The key idea is factorization: the collection of
probability distributions that factorize according to the struc-
ture of an underlying graph. Inspired by this ideology, if sin-
gle cells construct a network, one can use a graphical model
to divide this graph. One of the most deliberate graphical
models is the exponential random graph model (ERGM)
[14], which takes into consideration the probability distribu-
tion of the existing network ensuing from the exponential
family to model the edge distribution of the existing graph.
But, the ERGM model on its own cannot represent the clus-

tering feature of the network. In this study, we adopted a
mixture ERGM model proposed by Wang et al. [1], which
extends the latent space model to take account of the cluster-
ing feature and identify single-cell RNA-seq data for different
cell subtypes.

By representing data as a relationship graph in which
nodes correspond to data points and edges (valued as 0 or 1)
represent the relationships between data points, the graph
can be partitioned into homogeneous and well-separated sub-
graphs to achieve the clustering task. Regarding the single-cell
RNA-seq data, we first calculated the Pearson correlation coef-
ficients (PCCs) among all the cells pairwise, based on their
mRNA expressing profile. More specifically, we used Fisher’s
method to test the significance of the difference between PCCs
(see Materials and Methods). We thus obtained a cell-cell
network with valued edges (0 or 1).

However, in the original MixtureERGM model, subnet-
works were based on the hypothesis that edges between nodes
from different two subnetworks arise randomly. We found that
this assumption was not accurate enough for the gene coex-
pression network. Because gene subnetworks denote different
functional assemblies or gene pathways, there are usually latent
relationships between different subnetworks, such as hub nodes
or functional genes. Based on this, we improved the original
MixtureERGM model by introducing forms of dependence
between subnetworks with a Markov structure. That is, using
the MixtureERGM model, when given the network structure
and node classifications grouped by MixtureERGM, the poste-
rior probability of the intercluster network configured by the
Markov random field model can be inferred through a Bayes-
ian framework. Meanwhile, there are two advantages to the
Markov random field model. First, the model can incorporate
network structures, which account for long-distance depen-
dencies in associate states. Second, the computational frame-
work with the Monte Carlo Markov chain is well established.
In addition, we proposed an online EM algorithm for our Mix-
tureERGM model which can solve the computation challenge
for large networks. Actually, online parameter estimation using
mixture models has already been studied by [15, 16].

We downloaded the single-cell RNA-seq data from Ting
et al. [17] and Wang et al. [18]. These two scRNA-seq datasets
are for pancreatic CTCs and triple-negative breast cancer
(TNBC), respectively, and both focus on defining subsets of
tumors with different molecular characterizations and finding
the highly differentially expressed genes. Studies of bulk
sequencing populations cannot resolve the degree of heteroge-
neity across these poorly understood cell populations. In the
original studies connected with these datasets, cell types corre-
sponding to each cell cluster were inferred based on prior
knowledge about type-specific marker genes and the clustering
results of gene expressions. In the present study, our scheme
based onMixtureERGM and theMRFmodel provided power-
ful technical support for mining biological information in gene
expression data and revealing the heterogeneity of gene expres-
sion between different tumor cells. Furthermore, we found
various expressing genes and enriched GO functional patterns
which helped us to determine the functions of cell subgroups.

Because our research was focused on the network cluster-
ing for scRNA-seq analysis, in order to demonstrate the
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effectiveness of our methodology for identifying cell types, we
compared it with another network clustering algorithm pro-
posed by Salter et al. [13], on one synthetic dataset and two
real scRNA-seq datasets. To avoid the simulation setup favor-
ing our own model, we generated synthetic dataset from [13].

2. Materials and Methods

2.1. Cell-Cell Network. To obtain cell clustering information
and determine different gene coexpression patterns in differ-
ent cell subgroups, we first transformed the single-cell gene
expression data into a cell-cell network. We excluded the
edges between cells if the Pearson correlation coefficient
between two cell data arrays in the gene expression matrix
was corPearson correlation < 0:27, which corresponds to the 0.95
quantile of the Student t-distribution. In Eq. (1), nm is the
number of gene samples and r is the Pearson correlation
coefficient (PCC). Otherwise, one edge was selected to repre-
sent a relationship between the two cells.

T = r

ffiffiffiffiffiffiffiffiffiffiffiffiffi
nm − 2
1 − r2

r
~ tnm−2: ð1Þ

2.2. MixtureERGMModel. In the network, each node is a cell,
with an adjacent matrix Y , where yi,j denotes the value of the
relationship between nodes i and j. yi,j = 1 denotes an edge
between nodes i and j. In the ERGM model, the probability
of one observed network Y is proportional to the exponent
of the sum of the network statistics multiplied by some
parameters:

P Y jθð Þ = exp θT S Yð Þð Þ − γ θð Þ
� �

, ð2Þ

where θ is the parameters of the model, S ðYÞ are network
summary statistics chosen by the analyst, and γðθÞ is a nor-
malization constant (also called a partition function in statis-
tical physics).

We introduce unobserved indicator variables Zi as the
class vector for every node classification, following a multino-
mial distribution:

Zi = Zi1, Zi2,⋯, ZiGð Þ ~M 1, α1, ::, αg
� �

, ð3Þ

where the latent variable Zig=1 if node i belongs to class g
and zero otherwise.

Then, we assume that the network of each subgroup of
cells with the attached edges fits a finite ERGM model and
has a specific parameter vector θg. The probability of net-
work Yg given the classification of nodes is as follows:

P∅ Y ∣ Zð Þ =
Y
q,l,i,j

exp θTl,q S Yð Þð Þij − γ θl,q
� �n oh iZiqZ jl , ð4Þ

where θl,q is the parameter of ERGM， and ðSðYÞÞij is the sum
of network statistics calculated by the analyst, such as edges,
geometrically weighted in-degree distribution, geometrically

weighted out-degree distribution, mixed 2-stars, and trian-
gles. According to Cho et al. [9], the latent variable Ziq = 1
if node i belongs to class g and zero otherwise. Since we
focused on finding the clustering results of mixture ERGMs,
we tried to select network statistics, such as the differences of
network attributes of nodes, with the attached edges inside or
outside one cluster. In order to infer the properties of subnet-
works, we selected the terms of ERGM in one cluster, includ-
ing the following: edges, geometrically weighted in-degree
distribution, geometrically weighted out-degree distribution,
and mixed 2-stars. So, the joint probability of network Y
under given conditions Z is as follows:

P∅ Y , Zð Þ = P∅ Zð ÞP∅ Y ∣ Zð Þ
=
Y
i,q

α
Ziq

i

Y
q,l,i,j

exp θTl,q S Yð Þð Þiq − γ θl,q
� �n oh iZilZ jl

:

ð5Þ

The classifications of nodes and parameter estimation
can be inferred with an iterated online EM algorithm [1].

2.3. Markov Random Field Modeling Approach.After exploit-
ing the network features with the MixtureERGM model, we
obtained the node classifications and network joint optimal
probability distribution simultaneously. Nevertheless, in
order to take the intercluster relationships into consideration
by prioritizing hub nodes, we introduced a new indicator
value hub value: hvi = ni/degreei for each node i , where ni
is the number of subgroups attached with node i, and
degreei is the degree of node i in the network. Then, we nor-
malized the hub value to a range between 0 and 1. We utilized
a Gaussian Markov random field model to formulate the
intercluster network probability. Under the null hypothesis
of no hub node, each hub value has a uniform (0,1) distribu-
tion. In this paper, we consider ω = ðω1, ω2,⋯:,ωnÞ, where
ωi =Φ−1ð1 − hvi/2Þ and Φð:Þ are the CDF (Cumulative
Distribution Function) of Nð0, 1Þ. Define the state of node i
by Ti = 1 (Hi0 is false) if node i is the hub node; that
is,Ti = 1 or Ti = 0 corresponds to whether Hi1 or Hi0 holds.
Then, the null distribution of ωi will be exactly the standard
normal (Eq. (6)). Under the alternative hypothesis, i.e., the
node state is not a hub node, Ti = 0, we follow Chen et al.
[19] by assuming the distribution (Eq. (7)).

P ωi ∣ Ti = 0ð Þ ∼N 0, 1ð Þ, ð6Þ

P ωi ∣ Ti = 1ð Þ ∼N μi, σ
2
i

� �
, ð7Þ

and μi ∣ σ
2
i ∼Nð�u, σ2i /aÞ,σ2i ∼ InverseGammaðυ/2, υd/2Þ.

The distribution of network configuration is defined as
follows:

P T1,⋯, Tn ∣ θ0ð Þ = 1
Z θ0ð Þ exp

�
h〠

i

I1 Tið Þ + τ0 〠
<i,j>∈ε

di + dj

� �
I0 Tið ÞI0 T j

� �

+ τ1 〠
<i,j>∈ε

di + dj

� �
I1 Tið ÞI1 T j

� ��
,

ð8Þ
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where θ0 = ðhτ0, τ1Þ are the prior parameters or hyper-
parameters, I0ð:Þ and I1ð:Þ are the indicator functions, di =
degreei

1/2, and Zðθ0Þ is a normalizing function that is
summed over all 2n possible configurations.

Given the network structure and the node classification
grouped by theMixtureERGM algorithm, the posterior prob-
ability of the intercluster network configuration can be
inferred with a Bayesian framework:

P T ∣ ω, θ0ð Þ∝ P ω ∣ Tð ÞP T ∣ θ0ð Þ: ð9Þ

The inference of labels and parameters are according to
the posterior distribution of T :

T̂ = argmax
T

P ω ∣ Tð ÞP T ∣ θ0ð Þ: ð10Þ

A Gibbs sampler as outlined above can be applied to
stochastically search for the solution to the above optimiza-
tion problem [20].

2.4. Gene Set Enrichment Analysis. Suppose that there are M
genes in the background set, and m of those genes is priori-
tized. The number of overlap genes between the background
set and the prioritized set with a functional gene set isMp and
mp, respectively. In the hypergeometric test, the enrichment
P value was calculated as follows:

P =
C
mp

Mp
C
m−mp

M−Mp

Cm
M

: ð11Þ

2.5. Choosing the Number of Clusters. The integrated classifi-
cation likelihood (ICL) is used to choose the optimal number
of classes, as explained in [21]. This strategy was carried out
by running the MixtureERGM algorithm from 2 to Q classes
and selecting the solution which maximized the ICL criterion
(Q can be decided by the researchers). The ICL criterion can
be defined as follows:

ICL Gð Þ = −2LC X, Z,∅ð Þ + GM +G − 1ð Þ log nð Þ, ð12Þ

where LC is the value of the classification log-likelihood, G is
the number of groups, and M is the number of summary
statistics in the model.

3. Results

3.1. Simulation Results. We simulated one undirected net-
work from three ERGM types using sufficient network statis-
tics: the number of edges and m2stars, the geometrically
weighted edgewise shared partner distribution, and the geo-
metrically weighted degree distribution. These three ERGMs
formed three separate clusters, the parameters of which were
generated:

We then applied our algorithm and the role analysis
algorithm [13] to fit a mixture of ERGMs. When we ran this
experiment 50 times, the averaged parameters estimated by
these two algorithms were as follows:

�αrole =

0:8
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ð13Þ

This showed that our method estimated much more
accurately than role analysis. The method was also better at
clustering the ERGM networks and estimating ERGM
parameters in the synthetic dataset. On the other hand,
Figure 1 shows the clustering of the synthetic dataset by the
two models. It is evident that the clustering results of Mix-
tureERGM almost agreed with the ground truth, while the
role analysis nearly clustered into one group.

3.2. CTC scRNA-seq Datasets.We applied the MixtureERGM
model and MRF approach to the two single-cell RNA-seq
datasets. The first one was from mouse pancreatic circulating
tumor cells, from Ting et al. [17], containing 149 cells and
19,681 genes; the second was from triple-negative breast
cancer, from Wang et al. [18], containing 1534 cells and
21785 genes.

3.2.1. Pancreatic CTCs. Circulating tumor cells (CTCs) are
shed from primary tumors into the bloodstream, mediating
the hematogenous spread of cancer to distant organs. Analyz-
ing the CTC RNA-seq enabled us to define and classify the
subsets of CTCs with different highly expressed marker genes.

To construct a more meticulous interrelationship network
of pancreatic circulating tumor single cells and cell heteroge-
neity from the network angle, we first constructed a cell-cell
network according to this single-cell RNA expressing profile
and applied the MixtureERGM model to it, resulting in five
cell clusters. ICL of the MixtureERGM algorithm led to selec-
tion of 3 groups (Figure 2). Meanwhile, we compared the
results from ourmethodology and from role analysis in detect-
ing the number of significant enrichment functional GO items
(P value <0.05) (see Table 1(a)).

Figure 3(a) gives the clustering results of MixtureERGM,
in which there were five cell clusters, three of which had
significant GO functional enrichment. These were cell clus-
ters 1, 3, and 5 in our clustering results, where cluster 1 was
consistent with pancreatic dual adenocarcinoma (PDAC) cell
lines (P value of GO enrichment was 3:12 × 10 − 15), cluster
3 was consistent with the classical CTCs (P value of GO
enrichment was 5:36 × 10 − 16), and cluster 5 was consistent
with the primary tumor cells with Ting et al. (P value of GO
enrichment was 7:42 × 10 − 17). Figure 1(b) gives the high
coexpression gene GO enrichment items.

In order to explore the detailed coexpression gene mod-
ule in different cell types, we adopted the WGCNA approach
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for these three clusters. Figure 4 gives the heat map results of
the coexpression gene patterns and the biologically significant
results in these three cell populations, where yellow bars indi-
cate the negative log of P values in formula (11). In this figure,

we can see that the high-expression genes in cell cluster 1
mainly participated in functions that regulated exocytosis, cel-
lular responses to external stimuli, extracellular structure orga-
nization, and transport to the Golgi, in addition to subsequent

Table 1

(a) Comparison results of MixtureERGM model and role analysis model in pancreatic CTC database

Method Num MixtureERGM model Role analysis model

Number of different expressing genes across different cell groups 236 185

Number of GO enrichment gene modules, in which numbers of genes > 20 (P value <0.05) 15 10

(b) Comparison results of MixtureERGM model and role analysis model in triple-negative breast cancer (TNBC) database

Method Num MixtureERGM model Role analysis model

Number of different expressing genes across different cell groups 556 323

Number of GO enrichment gene modules, in which numbers of genes > 20 (P value <0.05) 28 21

2 3 4 5 6 7
Number of clusters

1

300

350

400

IC
L

450

500

Figure 2: The plot of ICL of MixtureERGM algorithm against number of clusters for CTC dataset.

(a) MixtureERGM (b) Role analysis

Figure 1: Clustering results with three groups of synthetic dataset by (a) MixtureERGM and (b) role analysis, where the original groups are
denoted by the different color circles and grouping results by algorithm are denoted by the different color nodes.
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modification. Meanwhile, the high-expression genes in cell
cluster 3mainly participated in positive regulation of the cellu-
lar catabolic process and protein folding, ribosome leukocyte-
and myeloid leukocyte-mediated immunity, and the adaptive
immune system, which is consistent with its cell category.

Furthermore, the high-expression genes in cell cluster 5
mainly participated in positive regulation of organelle organi-
zation, histone deacetylation, and selenoamino acid metabo-
lism, which are all important functions in primary tumor
development.
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Figure 3: (a) Gene expression profiles of circulating tumor cells were clustered using MixtureERGM algorithm with 5 underlying clusters.
Each column represents one cell. (b) GO enrichment results of high coexpression genes in these three cell clusters generated by
MixtureERGM algorithm. P values are denoted by the color bars.

6 BioMed Research International



Next, to find the hub node cells, which are important
connectors among different function patterns and for inter-
network rewiring information, we applied the MRF model
to the classified cell-cell mixture network. Figure 5 gives the
results for hub nodes in the cell network, in which we found
three important hub nodes. The hub nodes specifically
expressed in immune cells were MP7-8, TuMP2-10b, and
TuMP2-10d. These hub cell nodes indicated a link with
translation or GTP hydrolysis, which are both important in
the metabolism and evolution of tumors. The coexpression
of these genes identified in some regulatory T-cell clusters
may be potential immunotherapy targets. From gene expres-
sion profile, we can find that TuMP2 cell has high expressed
gene KRT7, KRT8, which is functional in epithelial, and low
expressed gene Cd61, which is functional in hematopoietic.
Specially, gene KRT8 is also found in the triple-negative
breast cancer dataset, which may be a generic cancer gene.

On the other hand, although MixtureERGM and the
MRFmodel gave the CTC clusters and the molecular features
of tumor cells, defining cell heterogeneity required additional
analysis. For this, we used nonparametric differential gene
expression analysis, including a rank product (RP) method-
ology [22] to identify relevant differentially expressed genes
between two different cell clusters. CD45 is found to express
differently in CTC cells and primary tumor cells.

The first step was to analyze the differentially expressed
genes between cell clusters 3 and 5. There were 63 differen-
tially expressed genes and 476 edges in this gene-gene
network. Through MFR algorithm analysis, we found three
important hub node genes. Pathway and process enrichment
analysis gave the significant biology functions, expressed in
(Figure 6(a)). These hub genes play an important role in pro-
tein coding. Other similar results are shown in Figures 6(b)
and 6(c).
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Figure 4: Coexpression gene modules in cell cluster 1 (A), cell cluster 3 (B), and cell cluster 5 (C). Yellow bars indicate the negative log of P values.
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Next, we analyzed the protein-protein interaction enrich-
ment translated by these differentially expressed genes from
CTC cell clusters and tumor cell clusters. We obtained the
protein-protein network by protein-protein interaction
enrichment analysis (P value <0.05). Then, we used a molecu-
lar complex detection (MCODE) algorithm, obtaining the
function enriched protein modules shown in Figure 7. Func-
tion enrichment analysis demonstrated that these proteins

were mostly involved in cancer pathways, cytokine-mediated
signaling pathways, and interleukin signaling, which are all
important pathways in tumor evolution. We found that the
difference between CTC cell clusters and tumor cell clusters
was mainly caused by these different gene functions. As indi-
cated in that study, our method based on scRNA-seq data
enabled the discovery of minor subgroups of CTC cells that
were related to immunosuppression or cancer metastasis.
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Figure 5: Hub nodes were generated by MRF algorithm, green nodes denote cell cluster1, red nodes denote cell cluster 3, and light blue nodes
denote cell cluster 5. (a) Negative log of P values when calculating the significance of GO enrichment functions of high-expression genes in
these hub cells are indicated by yellow bars.
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Gene name Gene function
Cldn2 claudin 2
Rplp0 ribosomal protein, large, P0
Cnbp cellular nucleic acid binding protein

(a)

Gene name Gene function
Dd×1 DEAD box helicase 1
Cdca2 cell division cycle associated 2
Sephs1 selenophosphate synthetase 1

(b)

Gene name Gene function
𝜐naaf2 dynein, axonemal assembly factor 2
Egln1 egl-9 family hypoxia-inducible factor 1
Ma:2b methionine adenosyltransferase II, beca

(c)

Figure 6: (a) Gene network of differentially expressed genes between cell clusters 3 and 5 and hub node genes. (b) Gene network of
differentially expressed genes between cell clusters 1 and 3 and hub node genes. (c) Gene network of differentially expressed genes
between cluster 1 and cluster 5.
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CENPF
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FSHB

ADORA2A

(b)

Figure 7: (a) Protein fully connected interaction network. Different colors denote different protein modules. (b) Enriched protein clusters in
the protein-protein network translated by these differentially expressed genes.
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3.2.2. Triple-negative breast cancer (TNBC). TNBC is the most
vicious subtype of breast cancer usually with bad prognosis.
The identification of cell types using scRNA-seq technology
promoted to identify the constitution of cell types, followed
by differentially expressed genes or “marker gene” which
maybe related with prognosis [12]. We downloaded the TNBC
single-cell RNA-seq data, which included 1534 cells, from the
GEO database (https://www.ncbi.nlm.nih.gov/geo/). Similar
to the scheme for CTC data, we introduced the MixtureERGM
and MRF model into this single-cell gene expression profile
and obtained cell type classifications and hub nodes in the
cell-cell network. We divided these 1534 cells into 15 clusters,
where there were 7 GO-enriched cell types. Table 2 gave the
results of cell type functional annotations, where P value <
0.001 (here, we adopted a more strictly hypergeometric test
level than that in Table 1). We also give the comparison results
with the role analysis clustering algorithm in Table 1(b).

In order to introduce how cell moved through biological
progress in pseudo time, we employed the Monocle algo-
rithm proposed by Trapnell et al., for which we chose the
different expressing genes among our cell clusters. Figure 8
shows these single-cell trajectories, where CD8+ T-cell (clus-
ter 3 in our clustering results) and macrophages (cluster 4 in
our clustering results) have similar branching trajectories.
This is consistent with the high coexpression gene patterns.
Genes “JUNB,” “DUSP1,” “FOS,” “EGR1,” “KRT19,”
“KRT8,” and “SPARC” were all marker genes in both of these
clusters. Figure 9 shows a two-dimensional projection of
expressing pattern for the “KRT19” and “KRT8” genes in
different cells, which illustrates the consistently high expres-
sion in the typical cell subgroups.

The final stage was to deeply exploit these specific
expressed genes. First, we performed enrichment analysis in
the PaGenBase (a pattern gene database for the global and
dynamic understanding of gene function) [23]. The FOS,
KRT8, and KRT19 genes belong to specific breast cells (P value
= 0.00136). Next, we adopted a comprehensive platform inte-
grating information on human disease-associated genes—Dis-
GeNET [24]—and found several of these genes to be closely
related with other malignant tumors. For example, DUSP1,
JUNB, and SPARC genes were significantly related with
Endometrioid (P value = 0.0082); DUSP1, EGR1, FOS, and
JUNB genes were significantly related with lung tumor (P value
= 0.0074); more results are given in Figures 10(a) and 10(b).

It is worth mentioning that we also found several genes to
be significantly related with COVID [25]. For example: genes
DUSP1, EGR1, FOS, and JUNB are enriched in GO
COVID245. These genes are functioned as RNA-Wilk-
CD14+monocytes, which is related with patient-C1A-mild-
down. More results could be found in Table 3. From the func-
tional category results, we can see that most of these genes are
involved in the CD14+monocyte function, which is an impor-
tant role in the immune system (see Figure 10(c)).

4. Discussion

In this study, we introduced the MixtureERGM MRF model
into single-cell RNA-seq data, demonstrating that the algo-
rithm can perform effective clustering and simultaneously
find the hub nodes in cell networks. We also compare our
approach with another method of network clustering algo-
rithm: role analysis which is focused on finding roles of nodes
in networks. It extracts a network into several ego-networks,
in which every node is interlinked with the others. However,
this assumption would destroy the inherent correlation of
one network and may amplify the conditional correlation,
which is not real connections among nodes. In contrast, the
MixtureERGM model considers the joint probability of the
observed network proportional to the exponent of the sum
of the subnetwork statistics, where SðYÞij are different
network statistics according to the belongings of nodes i
and j. For the relationships between two different subnet-
works, we adopted the Hidden Markov random field model
to prioritize hub nodes with network rewiring. The Mixture-
ERGM and MRF models fit the cell-cell network with graph
angle, which overcomes the high-dimension problems in
single-cell RNA-seq data. RNA-seq data is generally on the
scale of tens of thousands, which can greatly complicate the
clustering problem.

We applied the MixtureERGM network clustering model
and MRF algorithm to find the heterogeneity and hub nodes
of two datasets. In the first dataset, cluster 1 is consistent with
pancreatic dual adenocarcinoma (PDAC) cell lines, cluster 3 is
consistent with classical CTCs, and cluster 5 is consistent with
the primary tumor cells clustered by Ting et al. From the heat
map (Figure 3), it is clear that genes within the same cluster
have a strong correlation, while there are marked differences
between genes in different clusters. Meanwhile, we used a non-
parametric differential gene expression analysis including rank
product (RP) methodology to identify relevant differentially
expressed genes between two different cell clusters. Finally,
we analyzed the protein-protein interaction enrichment trans-
lated by these differentially expressed genes from CTC cell
clusters and tumor cell clusters. We found that the difference
between CTC cell clusters and tumor cell clusters is mainly
caused by these different gene functions. Identifying immune
cell subtypes and their distribution is important to reveal
immune cell infiltration patterns among different patients,
which may provide an opportunity for the design of personal-
ized treatments. With the second dataset, we obtained the
trajectories for different cell types using our methodology, as
well as the different expression genes across different cell
clusters. Specifically, we found seven important marker genes

Table 2: Results of cell type functional annotations found by
MixtureERGM model.

Cluster ID GO annotations

1 Epithelial cells

2 Chondrocytes

3 CD8+ T-cells

4 Macrophages

5 Fibroblasts

6 B-cells

7 Endothelial cells
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playing important roles in the immune system, all of which
were closely linked to generic cancer genes.

As the statement of Zhang et al. [8], there have been
many scRNA data analysis tools, with different advantages
and disadvantages. For avoiding the model-based methods
heavily depending on whether the data fit the model, they
present one multiple kernel combination methods, which
could automatically learns similarity information from
scRNA-seq data and transform the candidate solution into
a new one. Different with the kernel learning method, our
method was focused on clustering cells according to their

network property, determined by the correlation of gene
expression profiles. So we did not compare these two
methods in different directions. However, some limitations
of our method can be found. (i) The computation time
would rapidly increase when the cell numbers are more
than ten thousands. (ii) The number of clusters needs to
be determined in advance, which may leading to subjective
assume by researchers. In the future, we will continue
improving efficiency and effectiveness of the network
clustering algorithm based on characteristics of scRNA-
seq data.
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Table 3: Genes found to be significantly related with COVID.

GO items GO functions P value Gene names

COVID245 RNA_Wilk_CD14+monocytes_patient-C1A-mild_down 0.0001 DUSP1|EGR1|FOS|JUNB

COVID191 RNA_Stukalov_A549-ACE2_24h_up 0.00025 DUSP1|EGR1|FOS|JUNB

COVID046 RNA_Wyler_Caco-2_24h_up 0.00025 DUSP1|EGR1|FOS|JUNB

COVID253 RNA_Wilk_CD14+monocytes_patient-C4_down 0.00027 DUSP1|EGR1|FOS|JUNB

COVID189 RNA_Stukalov_A549-ACE2_18h_up 0.0017 DUSP1|EGR1|JUNB

COVID257 RNA_Wilk_CD14+monocytes_patient-C6_down 0.0025 DUSP1|FOS|JUNB

COVID346 RNA_Wilk_B-cells_patient-C5_down 0.0067 DUSP1|FOS|JUNB

0 1 2 3 4 5 6
-log10(P)

Cell-specific: Breast cell

(a)

0 1 2 3 4 5 6 7 8

Middle cerebral artery occlusion
Ameloblastoma
Juvenile-onset still disease
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Intervertebral disc degeneration
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Human papilloma virus infection
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Childhood Astrocytoma
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Figure 10: Enrichment function items of genes “JUNB,” “DUSP1,” “FOS,” “EGR1,” “KRT19,” “KRT8,” and “SPARC.” (a) Cell category in
which genes high expressed, (b) comparison with the information on human disease-associated genes, and (c) comparison with COVID
gene functional dataset.
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Background. Thymoma is a heterogeneous tumor originated from thymic epithelial cells. The molecular mechanism of thymoma
remains unclear. Methods. The expression profile, methylation, and mutation data of thymoma were obtained from TCGA
database. The coexpression network was constructed using the variance of gene expression through WGCNA. Enrichment
analysis using clusterProfiler R package and overall survival (OS) analysis by Kaplan-Meier method were carried out for the
intersection of differential expression genes (DEGs) screened by limma R package and important module genes. PPI network
was constructed based on STRING database for genes with significant impact on survival. The impact of key genes on the
prognosis of thymoma was evaluated by ROC curve and Cox regression model. Finally, the immune cell infiltration,
methylation modification, and gene mutation were calculated. Results. We obtained eleven coexpression modules, and three of
them were higher positively correlated with thymoma. DEGs in these three modules mainly involved in MAPK cascade and
PPAR pathway. LIPE, MYH6, ACTG2, KLF4, SULT4A1, and TF were identified as key genes through the PPI network. AUC
values of LIPE were the highest. Cox regression analysis showed that low expression of LIPE was a prognostic risk factor for
thymoma. In addition, there was a high correlation between LIPE and T cells. Importantly, the expression of LIPE was modified
by methylation. Among all the mutated genes, GTF2I had the highest mutation frequency. Conclusion. These results suggested
that the molecular mechanism of thymoma may be related to immune inflammation. LIPE may be the key genes affecting
prognosis of thymoma. Our findings will help to elucidate the pathogenesis and therapeutic targets of thymoma.

1. Introduction

Thymoma is the most common anterior mediastinal com-
partment tumor, originating from the thymic epithelial cell
population [1]. The incidence of thymomas is approximately
2.5 cases per million people per year, with an age distribution
ranging from 10 to 80 years [2]. In addition, thymoma is
often associated with autoimmune diseases, especially myas-
thenia gravis (MG) [3, 4]. However, the potential molecular
oncogenesis of thymoma remains unknown. Generally, when
a thymoma is diagnosed, the patient will receive surgical
treatment. For stages III and IV patients, the 5-year survival
rates were 74% and <25%, respectively [5]. At present, nei-
ther surgeon nor physician can predict the prognosis and
metastasis status of thymoma patients through X-ray exami-
nation, nor can detailed treatment plan be formulated before

operation [6]. Obviously, the establishment of additional pre-
dictors is very beneficial for the identification and treatment
of thymoma.

The pathogenesis of thymoma is various, and the rapid
development of “genome” technology, including whole-
genome expression analysis and next-generation sequencing
(NGS), provides new means to explore the complexity and
map of genomic alterations in thymoma [7–9]. Epigenetic
modifications, including epigenetic alterations, are a feature
of cancer because they play an important role in the process
of carcinogenesis [10, 11]. In addition, the thymus provides a
special microenvironment for the development and selection
of mature T cells. Recent evidence suggests that immune
responses such as T cells are involved in the development
of thymoma [12, 13]. However, the understanding of the
pathogenesis of thymoma is still limited.
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In recent years, with the development of molecular biol-
ogy, more and more research projects have begun to explore
methods to accurately predict the prognosis of thymoma. In
this study, we used multiomics datasets from the tumor
genome map (TCGA). The results may be helpful to under-
stand the pathogenesis of thymoma and identify LIPE as a
potential new therapeutic target through bioinformatics
analysis. The novelty of this work is that we combined the
variance and difference of gene expression to screen the genes
related to the prognosis of thymoma through coexpression
network and PPI network. Then, the key genes were further
screened by methylation modification.

2. Materials and Methods

2.1. TCGA Dataset Processing and Coexpression Analysis.
Thymoma mRNA-seq expression data, methylation data,
mutation data, and clinical materials were obtained from
TCGA website (https://portal.gdc.cancer.gov/). The variance
of gene expression was calculated, and the top 1/4 genes were
intercepted for coexpression analysis through weighted gene
coexpression network analysis (WGCNA).

2.2. Screening of Differentially Expressed Genes. The differen-
tially expressed genes (DEGs) between thymoma and control
were identified by limma R package. Set the filtering thresh-
old P < 0:05.

2.3. Construction of PPI Network. The gene was mapped into
the STRING database (https://string-db.org) to obtain the
protein-protein interaction (PPI) network. A significant PPI
network was obtained by comprehensive score ≥ 0:7, which
was demonstrated by the Cytoscape software. The selection
of key genes was based on their association with other pro-
teins: genes with higher connectivity were considered to play
an important role in the PPI network [14, 15].

2.4. Enrichment Analysis. In order to analyze the biological
functions and signaling pathways of differentially expressed
genes in thymoma-related modules, we performed enrich-
ment analysis. Gene Ontology (GO) and the Kyoto Encyclo-
paedia of Genes and Genomes (KEGG) were enriched by
clusterProfiler R package. P < 0:05 was the threshold used
for the significant terms. Gene set enrichment analysis (GSEA)
was performed with the GSEA software for genes [16, 17].

2.5. Differential Methylation and Mutation Analysis. The
quality of the original probe data obtained from the methyl-
ated microarray was checked, including background correc-
tion, probe type difference adjustment, and probe exclusion.
According to these in sample standardized procedures,
DNA methylation was scored as a β value. We used samr R
package for differential methylation analysis. For a CpG site
to be considered differentially methylated, the difference in
the median β value in thymoma and normal samples should
be at least 0.1 and the P value <0.05. The nonsilent mutation
(gene-level) data were analyzed using Maftools R-package.

2.6. Statistical Analysis. Statistical analysis was performed
using the SPSS software, version 23.0 (SPSS Inc., Chicago,

USA). Kaplan-Meier method was used to estimate the overall
survival (OS). Cox regression model and Cox proportional
hazards regression method were used to identify predictors
of OS [18]. P value <0.05 was considered statistically signifi-
cant [19].

3. Results

3.1. Coexpression of Genes in Thymoma. According to the
variance results of thymoma gene expression, the top 1/4
genes with larger variance were selected for coexpression
analysis. A coexpression network consisting of 5758 genes
was obtained. Taken 0.9 as the threshold of correlation coef-
ficient, select the soft threshold as 7 (Figure 1(a)). A total of
11 coexpression modules were identified through WGCNA
analysis (Figure 1(b)). In addition, we calculated the correla-
tion between module genes and thymoma. We found that
MEgreen, MEblue, and MEturquoise had the highest correla-
tion with tumor samples (Figure 1(c)). Furthermore, 2559
differentially expressed genes (DEGs) were screened between
thymoma and control group (P < 0:05) (Figure 1(d)).

3.2. Enrichment of Differentially Expressed Genes in Modules.
Further, 913 intersection genes between DEGs and the three
modules with the highest correlation were selected as the
important genes for subsequent study and enrichment analy-
sis. The results of GO enrichment showed that these genes
were involved in 1234 biological processes (BP), 151 cell com-
ponents (CC), and 214 molecular functions (MF). It mainly
included cell growth, positive regulation of MAPK cascade,
ERK1 and ERK2 cascade, response to transforming growth
factor beta, and Wnt signaling pathway (Figure 2(a)). KEGG
enrichment results showed a total of 40 terms, mainly involv-
ing cell adhesion molecules, ECM-receptor interaction, focal
adhesion, and PPAR signaling pathway (Figure 2(b)). In addi-
tion, the GSEA results showed some of the same results as
KEGG, mainly including cGMP-PKG signaling pathway, cho-
lesterol metadata, and PPAR signaling pathway (Figure 2(c)).
These same signaling pathways cover a large number of differ-
entially expressed genes (Figure 2(d)).

3.3. Identification of Key Prognostic Genes. The overall survival
(OS) analysis of selected important genes identified 88 genes
with significant impact on prognosis (P < 0:05). Mapping these
genes into the STRING database yielded a PPI network of 45
genes, which was displayed by Cytoscape (Figure 3(a)). The
top six genes with the highest connectivity were analyzed in
depth as key genes. Among them, the expression of MYH6
and SULT4A1 in osteosarcoma was higher than that in control
group, while the expression of LIPE, ACTG2, KLF4, and TF
was decreased (Figure 3(b)). In addition, high expression of
LIPE and MYH6 could improve the OS of patients, and
ACTG2, KLF4, SULT4A1, and TF decreased the OS of patients
(Figure 3(c)). ROC curves showed that the AUC values of these
six genes were all greater than 0.6, especially those of LIPE, and
KLF4 and TF were greater than 0.9 (Figure 3(d)).

3.4. The Effect of Key Genes on Prognosis. Multivariate sur-
vival analysis was performed by Cox regression model, and
nomogram was generated by Cox regression coefficients.
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The nomogram showed that low expression of LIPE was a risk
factor for predicting the overall survival time of thymoma at 5
and 8 years (Figure 4(a)). Calibration plots showed that the
nomograms performed well compared with an ideal model
(Figure 4(b)). In addition, Cox risk ratio model suggested that
the survival rate of the high-risk population for thymoma was
poor (Figure 4(c)). Among them, low expression of LIPE and
MYH6 and high expression of ACTG2, KLF4, SULT4A1, and
TF were important risk factors.

3.5. Changes of Immune Microenvironment in Thymoma. By
comparing the immune cell infiltration between thymoma

and control, we found that dendritic cells (DC) decreased
most significantly in thymoma (Figure 5(a)). These differen-
tially infiltrated immune cells were clustered into four groups
(Figure 5(b)). The strongest correlation was found between T
cells and CD8 T cells or Th17 cells in thymoma tissues
(Figure 5(c)). In addition, we analyzed the correlation between
key genes and immune cells (Figure 5(d)). LIPE had the stron-
gest positive correlation with T cells and Th2 cells, MYH6 had
the strongest positive correlation with NK cells, TF, KLF4, and
aDC had the strongest positive correlation, SULT4A1 and
pDC had the strongest positive correlation, and ACTG2 and
neutrophils had the strongest positive correlation.
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Figure 1: Coexpression analysis of gene expression in thymoma. (a) Determination of soft threshold power in coexpression analysis. The left
image shows the scale-free fit index (y-axis) as a function of the soft-thresholding power (x-axis). The right image shows the average
connectivity (degree, y-axis) as a function of the soft-thresholding power (x-axis). (b) Module cluster tree of thymoma genes with large
variance. Branches with different colors correspond to different modules. (c) The correlation between module and clinical trait. Each row
corresponds to a module, and each column corresponds to a feature. Each cell contains the corresponding correlation and P value. (d)
The differentially expressed genes between thymoma and control. Red nodes were significantly upregulated genes, and green nodes were
significantly downregulated genes.
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3.6. Regulatory Factors Associated with Thymoma. By com-
paring gene methylation modifications between thymoma
and control, we obtained 943 differential methylation sites
(Figure 6(a)). Among them, the methylation sites of chr1

accounted for the most, accounting for 13% (Figure 6(b)).
Fourteen genes were identified as methylation factors
because they had opposite levels of methylation and expres-
sion (Figure 6(c)). Among them, LIPE was significantly
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Figure 2: Enrichment analysis of thymoma-related module genes. (a) Important genes were involved in biological processes. Red nodes are
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associated with OS in thymoma. In addition, GTF2I, the gene
with the highest frequency of mutations in thymoma, was
missense mutation in all samples (Figure 6(d)).

4. Discussion

Like other malignant tumors, the growth and proliferation of
thymoma have many biological factors. However, the exact

molecular basis of thymoma occurrence remains unclear. In
this study, the possible molecular mechanism and regulatory
factors of thymoma were explored through multiomics.

Early studies have shown that changes in certain genes
seem to be associated with the development of thymic tumors
[20, 21]. Our data suggest that there is a large difference in
gene expression between thymoma and control. By identify-
ing coexpression network constructed by genes with larger
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Figure 3: Identification of key genes affecting overall survival of thymoma. (a) Cytoscape software shows the PPI network of important genes
based on the STRING database. (b) The expression of six genes with the highest connectivity in the PPI network. ∗∗∗P < 0:001. (c) The effect
of six genes with the highest connectivity in the PPI network on the overall survival of thymoma (Kaplan-Meier plot). Red and green curves
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variance, module genes with high correlation with thymoma
were obtained. Intersection with differentially expressed
genes yielded 913 genes possibly associated with thymoma
development.

GO functional enrichment analysis is very powerful and
widely used to identify biological functions of gene expres-
sion data [22]. In the GO functional enrichment results,
MAPK cascade, ERK1 and ERK2 cascade, response to trans-
forming growth factor beta (TGF-β), and Wnt signaling
pathway were mainly involved. Mitogen-activated protein
kinase (MAPK) is a complex and interrelated signal cascade,
which is closely related to the occurrence and progress of
tumor, and plays an important regulatory role in cell prolifer-
ation, differentiation, migration, and survival [23, 24]. ERK
1/2 is also an effective target for anticancer [25]. Studies have
shown that MAPK signal and ERK 1/2 were significantly
activated in thymoma [26]. TGF-β inhibited apoptosis and
had reduced expression of IFN-γ in effector cell, a key medi-
ator of antitumor immunity [27]. Recently, it had been

proved that Wnt pathway was activated in human thymoma,
which may be involved in the tumorigenesis [28]. These find-
ings further confirmed that a variety of inflammatory pro-
cesses and cytokines were involved in the pathogenesis of
thymoma.

In addition, in KEGG enrichment results, ECM also regu-
lated intercellular communication, cell connectivity plasticity,
and cell adhesion molecules interacting with various cytoki-
nes/chemokines or growth factors [29, 30]. There were 34%
of the genes in the ECM-receptor interaction pathway mutated
repeatedly in cancer [31]. Focal adhesion kinase (FAK) is
highly expressed in thymic epithelial tumors and can be used
as an independent prognostic biomarker [32]. PPARγ overex-
pression more than doubled insulin-stimulated thymoma viral
protooncogene phosphorylation during low lipid availability
[33]. GSEA results had the same terms as KEGG enrichment
results, in which cholesterol accumulation was a common fea-
ture of cancer tissues. Recent evidence showed that cholesterol
played a crucial role in the progress of cancer including breast,
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Figure 4: The expression of key genes affects the prognosis of patients with thymoma. (a) Nomogram for predicting overall survival in
patients with thymoma. (b) Plots depict the calibration of each model in terms of agreement between predicted and observed 5-year and
8-year outcomes. (c) Risk factor correlation diagram. The green dot was the survival thymoma patient, and the red dot was the dead
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prostate, and colorectal cancer [34]. Activation of cGMP PKG
signal may promote the growth of cervical cancer cells [35].

By screening the DEGs that had a significant impact on the
prognosis of thymoma, we identified LIPE, MYH6, ACTG2,
KLF4, SULT4A1, and TF as key genes. LIPEwas also predicted
as a new prognostic marker of thymoma in other studies [36].
Consistent with our analysis, MYH6 was differentially
expressed in thymoma [37]. We found that MYH6 may be a
potential target for thymoma. ACTG2, KLF4, SULT4A1, and
TF were all involved in the occurrence or development of can-
cer, but their biological significance in thymoma was not clear
[38–41]. This needs further study and discussion of the follow-
up experiments.

From the perspective of immunemicroenvironment, innate
immune cells such as DC and adaptive immune cells such as T
cells played an important role in thymoma [13, 42, 43]. There
was a strong correlation between LIPE and immune cells, sug-
gesting that LIPE may participate in the prognosis of thymoma
by regulating the immunity system. Interestingly, we found that
LIPE was also a gene regulated by methylation. DNA and RNA
methylation genes are commonly studied as biomarkers [44,
45], which also seems to be a way for LIPE to participate in
the development of thymoma [46]. On the other hand, genetic
difference in thymoma was also an effective way to screen
potential therapeutic targets [9]. GTF2I mutation occurs at high
frequency in thymoma and is a marker of good prognosis [47].
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Figure 5: Immune cell infiltration in thymoma. (a) The difference of immune cell infiltration between thymoma and control. The blue line
represents a significant difference. (b) Clustering of immunocytes with differential infiltration. The red line represents the positive correlation
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immune cells, and blue line represents negative correlation. ∗P < 0:05 and ∗∗P < 0:01.
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methylation sites in different chromosomes. (c) The expression and methylation of methylation factors. Red node represents upregulation,
and blue node represents downregulation. Yellow represents positive gene expression, while blue represents negative gene expression. (d)
The top 20 genes with the highest mutation frequency in thymoma. Each cell represents a sample.
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However, this study also had some limitations. Firstly,
conclusions may be limited by small samples, especially con-
trol samples. Secondly, the results of this study had not been
verified by molecular experiments, so the interpretation of
the results may be cautious. In this study, the possible molec-
ular changes and pathogenesis of thymoma were investigated
using the multiomics data from TCGA database. This study
identified key genes related to the prognosis of thymoma,
including LIPE, MYH6, ACTG2, KLF4, SULT4A1, and TF.
The expression of these genes in thymoma may be a promis-
ing biomarker, which needs further study.

5. Conclusion

In this study, potential targets associated with thymoma were
identified by combining thymoma-related gene expression,
methylation, and mutation data. Using a variety of bioinfor-
matics analysis methods, we found that important genes
related to thymoma were associated with immune inflamma-
tory response. LIPE, MYH6, ACTG2, KLF4, SULT4A1, and
TF were the key genes affecting the prognosis of thymoma.
Among them, LIPE was also modified by methylation.
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Background. The aim of this study was to systematically evaluate the relationship between the expression of m6A RNAmethylation
regulators and prognosis in HCC. Methods. We compared the expression of m6A methylation modulators and PD-L1 between
HCC and normal in TCGA database. HCC samples were divided into two subtypes by consensus clustering of data from m6A
RNA methylation regulators. The differences in PD-L1, immune infiltration, and prognosis between the two subtypes were
further compared. The LASSO regression was used to build a risk score for m6A modulators. In addition, we identified miRNAs
that regulate m6A regulators. Results. We found that fourteen m6A regulatory genes were significantly differentially expressed
between HCC and normal. HCC samples were divided into two clusters. Of these, there are higher PD-L1 expression and
poorer overall survival (OS) in cluster 1. There was a significant difference in immune cell infiltration between cluster 1 and
cluster 2. Through the LASSO model, we obtained 12 m6A methylation regulators to construct a prognostic risk score.
Compared with patients with a high-risk score, patients with a low-risk score had upregulated PD-L1 expression and worse
prognosis. There was a significant correlation between risk score and tumor-infiltrating immune cells. Finally, we found that
miR-142 may be the important regulator for m6A RNA methylation in HCC. Conclusion. Our results suggest that m6A RNA
methylation modulators may affect the prognosis through PD-L1 and immune cell infiltration in HCC patients. In addition, the
two clusters may be beneficial for prognostic stratification and improving immunotherapeutic efficacy.

1. Introduction

Hepatocellular carcinoma (HCC) is an increasingly serious
health problem with nearly 600,000 newly diagnosed patients
with liver cancer [1]. The most prominent features of HCC
are invasiveness and frequent recurrence [2]. Although great
progress has been made in the treatment methods in recent
decades, the prognosis of HCC patients is not optimistic,
and the 5-year survival rate is less than 20% [3]. Most
patients with advanced HCC have a high rate of recurrence
and metastasis after treatment, which may be one of the rea-
sons for poor prognosis [4].

The occurrence of liver cancer is a complex process
involving multiple risk factors. It mainly includes cirrhosis,

alcoholism, diabetes, and metabolic syndrome [5]. Surgical
resection and liver transplantation are common effective
treatments [6]. However, as most patients with advanced dis-
ease are diagnosed, only 15% of HCC patients are likely to
receive effective treatment [7]. Patients with early HCC are
always asymptomatic or present with nonspecific symptoms,
such as abdominal pain, jaundice, and weight loss, leading to
HCC being initially undetected. Therefore, exploring the
pathogenesis of hepatocellular carcinoma and searching for
promising biomarkers for diagnosis and prognosis of hepato-
cellular carcinoma are helpful to provide effective therapeutic
targets and improve the prognosis of patients.

N6-methyladenosine (m6A) is a ubiquitous internal mod-
ification of RNA at the posttranscriptional level [8]. It plays a
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key role in pre-RNA splicing, translation regulation, and
RNA decay [9, 10]. Studies showed that abnormal m6A mod-
ification is closely related to the progression of hepatocellular
carcinoma [11, 12].

The liver tissue can stimulate immune response and pre-
vent undesirable pathogen attack and tumorigenesis [13].
Sinusoidal endothelial cells in the liver can express pro-
grammed cell death ligand-1 (PD-L1) of immunosuppressive
molecules, thereby regulating the immunogenicity of the
liver microenvironment [14]. Immunotherapy has been
shown effective and safe in the treatment of large numbers
of solid tumors, prolonging overall survival (OS) [15, 16].
Han et al. found that YTHDF1-deficient (YTHDF 1−/−)
mice exhibited an antigen-specific elevation of antitumor
response [17]. Therefore, m6A regulators involved in
immune pathways may be considered a target to enhance
the response of tumor immunotherapy [18].

It is well known that carcinogenesis is a multistep process
that triggers the accumulation of genetic alteration [19]. Like
other solid cancers, this also occurs in the development of
HCC. With the advancement of HCC biology and molecular
classification, it led to the discovery of different phenotypes
of HCC and the discovery of significant molecular markers
for treatment [20]. Therefore, molecular subtype-related fea-
tures provide valuable information for treatment and prog-
nosis. The aim of this study was to systematically evaluate
the relationship between the expression of m6A RNA meth-
ylation regulators and prognosis in HCC.

2. Materials and Methods

2.1. Dataset. We obtained RNA-Seq transcriptome data and
relevant clinical data from The Cancer Genome Atlas
(TCGA) database for patients with primary hepatocellular
carcinoma. This included 374 tumor specimens of hepatocel-
lular carcinoma and 50 normal tissues. We downloaded tran-
script per million mapped read (FPKM) data which had been
normalized by using Perl. All data are open; therefore,
approval from the Ethics Committee is not required.
GSE147889 included microRNA (miRNA) profiling of liver
tissue specimens from ninety-seven samples of HCC tumor
tissue, with corresponding samples of surrounding tissue.

2.2. Difference Analysis. The FTO, YTHDC2, YTHDC1,
ZC3H13, METTL14, METTL3, HNRNPA2B1, HNRNPC,
YTHDF1, METTL13, WTAP, RBM15, YTHDF2, ALKBH5,
KIAA1429, and YTHDF3 are m6A methylation regulators.
Differential expression analysis of m6A regulators and PD-
L1 between HCC samples and normal was analyzed through
the EdgeR R package [21]. A P < 0:05was significant [22–24].
The immunoscore for each HCC patient was calculated
through the estimate R package.

2.3. Consensus Clustering Analysis. The consensus clustering
analysis of m6A RNA methylation regulators based on the
expression in HCC samples was performed through the Con-
sensusClusterPlus package [25]. The Kaplan-Meier survival

Consensus matrix k = 2
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Figure 1: Differential features of m6A methylation regulators of HCC patients. (a) Expression of m6A RNA methylation regulators in HCC
and normal. (b) Differential expression of m6A RNAmethylation regulators in HCC and normal. (c) The k = 2 in consensus clustering matrix.
(d) Heatmap for cluster 1 and cluster 2 samples of HCC patients. (e) Kaplan-Meier curves of overall survival in two clusters for HCC patients.
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Figure 2: Expression level of PD-L1 was associated with m6A methylation. (a) Differential expression of PD-L1 between HCC and normal.
(b) Differential expression of PD-L1 between cluster 1 and cluster 2. (c) Correlation between PD-L1 and m6A RNAmethylation regulators. ×
represents P > 0:05.
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curves were plotted using survival R package. P < 0:05 was
considered statistically significant. The Hallmark gene set
for different HCC subtypes was analyzed through GSEA soft-
ware. The enrichment pathway was determined by P value <
0.05 and NES.

2.4. Risk Score and Prognosis. Cox regression analysis and
least absolute shrinkage and selection operator (LASSO)
were performed to evaluate the impact of m6A methylation
regulators on the prognosis of HCC, which is a regression
analysis method that performs both variable selection and
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Figure 3: Immune cell infiltration in two clusters. (a) Infiltration level of immune cells in two clusters. (b) Differences of immune cell
infiltration between cluster 1 and cluster 2. (c) GSEA showed that biological functions were differentially enriched in cluster 1 and cluster 2.

7BioMed Research International



−10 −8 −6 −4 −2

0.2

0.6

1.0

1.4

Log (�휆)

Bi
no

m
ia

l d
ev

ia
nc

e

16 16 16 15 16 15 12 10 6 1 1 0

(a)

−10 −8 −6 −4 −2

−20

0

20

40

60

80

Log lambda

C
oe

ffi
ci

en
ts

16 16 15 10 1

(b)

ZC3H13

KIAA1429

YTHDC2

HNRNPA2B1

ALKBH5

YTHDC1

WTAP

METTL3

FTO

METTL13

RBM15

YTHDF2

371

371

371

371

371

371

371

371

371

371

371

371

0.82 (0.69, 0.97)

1.36 (1.00, 1.86)

0.98 (0.77, 1.23)

1.59 (0.99, 2.56)

0.74 (0.53, 1.05)

1.10 (0.72, 1.69)

1.20 (0.87, 1.66)

1.40 (0.97, 2.01)

0.86 (0.65, 1.13)

1.45 (1.03, 2.05)

1.09 (0.78, 1.52)

2.19 (1.33, 3.61)

0.020

0.051

0.830

0.058

0.090

0.649

0.259

0.073

0.281

0.033

0.617

0.002

Variable N Hazard ratio p

1 1.5 2 2.5 3 3.5

(c)

Figure 4: Continued.
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regularization in order to enhance the prediction accuracy
and interpretability of the resulting statistical model. HCC
samples were divided into different groups through the
median risk score based on the coefficients of LASSO and
the expression of m6A regulators.

3. Results

3.1. m6A RNA Methylation Regulator Levels in HCC. We
compared the expression of sixteen m6A regulators between
HCC and normal (Figure 1(a)). In addition to YTHDF3
and RBM15, the expression of these genes was significantly
different in HCC compared with normal tissues
(Figure 1(b)). This suggested that m6A RNA methylation
regulators played an important role in the development of
HCC.

k = 2was determined based on consensus clustering anal-
ysis, and HCC samples were divided into two subtypes
according to the expression of m6A methylation regulators,
namely, cluster 1 and cluster 2 (Figure 1(c)). The expression
of FTO, YTHDC2, YTHDC1, ZC3H13, and METTL14 in

cluster 1 was significantly lower than that in cluster 2
(Figure 1(d)). The overall survival (OS) of cluster 2 was lon-
ger than that of cluster 1 (Figure 1(e)). The results showed
that the subtypes of expression clustering in the m6A regula-
tor were associated with the prognosis of HCC.

3.2. m6A RNA Methylation Affected PD-L1. We then evalu-
ated the correlation between m6A methylation regulators
and PD-L1. Compared with normal, the expression level of
PD-L1 in HCC tissues was significantly higher
(Figure 2(a)). As well as compared with cluster 2, PD-L1
was significantly higher in cluster 1 (Figure 2(b)). The results
of correlation analysis showed that the expression of PD-L1
was positively correlated with the expression of METTL14,
RBM15, YTHDF2, FTO, YTHDC1, WTAP, YTHDC2, and
ZC3H13 and negatively correlated with the expression of
METTL13 and KIAA1429 (Figure 2(c)).

3.3. Association of Immune Cell Infiltration with m6A RNA
Methylation. Next, we calculated the infiltration levels of 22
immune cell types between the two subgroups
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Figure 4: m6A methylation regulators influenced the prognosis of HCC. (a, b) LASSO regression analysis of m6A methylation regulators. (c)
Forest map of twelve m6A methylation regulators predicting the impact on prognosis of HCC. (d) The nomogram to predict overall survival
in HCC patients.
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(Figure 3(a)). Cluster 1 showed higher levels of T cell follicu-
lar helper, NK cell activated, T cell regulatory (Tregs), and
macrophage M0 (Figure 3(b)). Cluster 2 showed higher levels
of B cell nave, T cell CD4+ memory resting, and macrophage
M2. GSEA was used to elucidate the biological functional dif-
ferences between the two subtypes. The results showed that
TGF-beta signaling and Hedgehog signaling were dynami-
cally correlated with cluster 2 (Figure 3(C)). Therefore,
TGF-beta and Hedgehog signaling may be related to the
tumor microenvironment of cluster 1/2.

3.4. Prognosis of HCC Affected by m6A RNA Methylation
Regulators. We performed LASSO regression analysis to
identify the clinical significance of m6A regulators in HCC
(Figures 4(a) and 4(b)). Twelve m6A regulators, namely,
ZC3H13, KIAA1429, YTHDC2, HNRNPA2B1, ALKBH5,
YTHDC1, WTAP, METTL3, FTO, METTL13, RBM15, and
YTHDF2, were identified. Univariate Cox regression analysis
showed that ZC3H13 may be a protective factor for HCC,
while METTL13 and YTHDF2 are risk factors for HCC
(Figure 4(c)). Nomogram results showed that increased
expression of ZC3H13 was associated with longer OS of
HCC (Figure 4(d)). Decreased expression of YTHDF2,
METTL13, and METTL3 is beneficial to OS of HCC.

3.5. Risk Scores of m6A Methylation Regulators. The risk
scores were calculated through the coefficients from the
results of LASSO. Risk score = coefficients × expression of
genes ð5:9813 × ZC3H13 − 0:6146 × KIAA1429 + 0:3476 ×
YTHDC2 − 0:7669 × HNRNPA2B1 − 1:6292 × ALKBH5 −
0:1771 × YTHDC1 + 0:8649 ×WTAP − 1:2779 ×METTL3
+ 1:6007 × FTO − 1:7691 ×METTL13 − 0:2269 × RBM15 −
1:0176 × YTHDF2Þ. The median risk score was used to
divide HCC patients into the high-risk and low-risk groups
(Figure 5(a)). Compared to the high-risk group, the levels
of FTO, ZC3H13, YTHDC2, and YTHDC1 were lower in
low risk. The mortality rate gradually decreased with the
increase of the risk score (Figure 5(b)). The OS was longer,
and the PD-L1 expression was lower in the high-risk group
than in the low-risk group (Figures 5(c) and 5(d)). In addi-
tion, the risk score was significantly positively correlated with
the level of T cell CD4+ memory resting and negatively cor-
related with infiltration level of Tregs and T cell follicular
helper (Figure 5(e)). This result confirmed that the risk scores
of m6A methylation regulator were associated with the
immune microenvironment of HCC.

3.6. miRNAs Regulating m6A Regulators. By comparing dif-
ferentially expressed miRNAs between HCC and control in
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Figure 6: Regulatory network of miRNAs. (a) Heatmap of differential miRNA expression in GSE147889. (b) Volcano map of differential
miRNA expression in GSE147889. (c) Intersection of differential miRNAs with predictive regulators of m6A regulator. (d) Regulation
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GSE147889, we identified 37 miRNAs that may be involved
in the regulation of HCC (Figures 6(a) and 6(b)). To identify
the miRNAs that regulate m6A regulators, we predicted 531
miRNAs with targeted regulatory relationships throughmiR-
target. Among them, 30 miRNAs and differentially expressed
miRNAs intersect and were considered regulators of m6A
regulators related to HCC (Figure 6(c)), because hsa-miR-
142-5p may be an important regulator as it regulated more
m6A regulators (Figure 6(d)).

4. Discussion

The m6A methylation has many important biological func-
tions and participates in the process of cancer [26, 27].
Herein, we found that the expression of m6A regulator is
related to the prognosis of HCC and to the immune microen-
vironment. We have also attempted to elucidate some poten-
tial molecular mechanisms that may help make early
diagnosis and develop molecular targeted therapies for hepa-
tocellular carcinoma. In addition, we used the selected twelve
m6A regulator to obtain a prognostic risk score.

At present, many evidences showed that m6A regulator is
related to the progression of HCC [28]. In this study, com-
pared with normal, YTHDF1 expression in HCC tissues
was significantly increased, while YTHDF2 expression was
significantly decreased. Elevated YTHDF1 promotes poor
prognosis in HCC patients and is involved in regulating the
metabolism and cell cycle progression of HCC cells [29]. A
study reported that overexpression of YTHDF2 inhibits the
proliferation and growth of HCC cells and promotes the apo-
ptosis of HCC cells [30]. Studies have shown that YTHDC2
and METTL3 can promote the development of hepatocellu-
lar carcinoma [31, 32]. METTL13 promotes the growth and
metastasis of HCC and is related to the survival status [33].
Consistent with our analysis results, the expression of
METTL14 in HCC tissues was lower than that in normal tis-
sues [34]. Contrary to our analysis, WTAP was significantly
elevated in HCC, which was associated with poor survival
outcomes [35]. ZC3H13 was downregulated in HCC and
was a protective gene, which was also confirmed by other
studies [36, 37]. The Cox risk score and clinical characteristic
analysis confirmed that ZC3H13, METTL13, and YTHDF2
could be used as prognostic indicators and even as targets
for new treatment of liver cancer.

Our results suggested that m6A methylation was associ-
ated with the development of hepatocellular carcinoma. OS
and PD-L1 expression in cluster 2 was significantly different
from that in cluster 1. The better prognosis of cluster 2
patients may be related to the lower expression level of PD-
L1 [38]. GSEA results showed that TGF-β signaling and
Hedgehog signaling were significantly enriched in cluster 2.
Transforming growth factor beta (TGF-β) inhibits the occur-
rence of early HCC by inducing cell arrest and apoptosis but
promotes the malignant progression of advanced HCC by
promoting the survival, metastasis, migration, and invasion
of tumor cells [39]. In HCC, aberrantly activated Hedgehog
signaling promotes the development and invasion of HCC
[40, 41]. This seems controversial with the good prognosis

of patients with cluster 2. m6A methylation is complex in
tumors, and its prognostic value in HCC needs further study.

In addition, the risk score was correlated with the expres-
sion of PD-L1. In the high-risk group, the PD-L1 expression
was lower and had a good prognosis. Cluster 2 is in the high-
risk score subtype of HCC. These findings suggested that
m6A methylation regulation participated in the regulation
of the immune microenvironment of HCC to some extent.
Overexpression of miR-142 inhibits the invasion and angio-
genesis of HCC cells and may be a potential therapeutic tar-
get for HCC [42]. Our results suggest that miR-142 may have
a regulatory effect on m6A regulator. Interestingly, it was
found that miR-142 was modified by methylation in tumor
patients and cell lines and participated in the growth of
HCC [43].

However, this study has some limitations. Firstly, our
analytical data were from public databases; there may be
some deviations. Secondly, more data, as well as large num-
bers of clinical and experimental data, are needed to verify
the accuracy and reliability of our analysis results. In addi-
tion, whether the classification based on consistent clustering
has clinical significance for HCC needs further confirmation.

5. Conclusions

In conclusion, the results suggested that the levels of m6A
methylation regulator were related to the OS and immunity
in HCC. This study has important proof value for demon-
strating the impact of m6A methylation in HCC. Further-
more, ZC3H13, METTL13, and YTHDF2 may be potential
predictors and therapeutic targets for HCC. miR-142 may
regulate m6A methylation and participate in HCC.
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COVID-19 has spread globally with over 90,000,000 incidences and 1,930,000 deaths by Jan 11, 2021, which poses a big threat to
public health. It is urgent to distinguish COVID-19 from common pneumonia. In this study, we reported multiple clinical feature
analyses on COVID-19 in Inner Mongolia for the first time. We dynamically monitored multiple clinical features of all 75
confirmed COVID-19 patients, 219 pneumonia patients, and 68 matched healthy people in Inner Mongolia. Then, we studied
the association between COVID-19 and clinical characteristics, based on which to construct a novel logistic regression model for
predicting COVID-19. As a result, among the tested clinical characteristics, WBC, hemoglobin, C-reactive protein (CRP), ALT,
and Cr were significantly different between COVID-19 patients and patients in other groups. The area under the curve (AUC)
of the receiver operating characteristic (ROC) curve was 0.869 for the logistic regression model using multiple factors associated
with COVID-19. Furthermore, the CRP reaction showed five different time-series patterns with one-peak and double-peak
modes. In conclusion, our study identified a few clinical characteristics significantly different between COVID-19 patients and
others in Inner Mongolia. The features can be used to establish a reliable logistic regression model for predicting COVID-19.

1. Introduction

Since early 2020, there has been an outbreak of a novel highly
infectious disease called coronavirus disease 2019 (COVID-19),
which quickly spread globally. As reported by the World
Health Organization (WHO), there are more than 90 million
confirmed COVID-19 cases and 1.9 million deaths across
212 countries by Jan 11, 2021, and these two numbers are still
increasing. COVID-19 is a new type of pneumonia with
several kinds of clinical manifestations caused by severe acute

respiratory syndrome coronavirus (SARS-CoV-2) [1]. SARS-
CoV-2 belongs to the coronavirus family, whosemembers also
cause infectious diseases like severe respiratory to viral cold,
severe acute respiratory syndrome (SARS), and Middle
East respiratory syndrome (MERS) [2]. By binding to
angiotensin-converting enzyme-2 (ACE-2), SARS-CoV-2 pri-
marily targets respiratory epithelium cells, which results in
inflammatory response and thereby induces epithelium cell
apoptosis. The transmission modes of COVID-19 are similar
to those of SARS, including contact, droplet, airborne, vomit,
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fecal-oral, bloodborne, mother-to-child, and animal-to-human
transmission [3, 4]. Based on the Diagnosis and Treatment for
COVID-19 (Trial version 7) published on Aug 19, 2020, a sus-
pected case is classified as a confirmed case if it has one of the
following etiological or serological evidence: RT-PCR detection
of SARS-CoV-2 nucleic acid is positive; viral gene sequence is
highly homologous with known SARS-CoV-2; the SARS-
CoV-2-specific IgM antibody and IgG antibody are positive;
the SARS-CoV-2-specific IgG antibody turns from negative to
positive, or the IgG antibody titer in the recovery phase is at
least 4 times higher than that in the acute phase [5].

Similar to SARS, pulmonary dysfunction and fibrosis are
the primary cause for the death of COVID-19 patients [6].
Cardiac arrest and total organ failure are the secondary cause,
indicating that the immune system also participates in the
course of disease progression [7–9]. The illness severity can
range from mild to critical in the cohort, including mild (mild
symptoms and no manifestations of pneumonia on imaging),
moderate (fever, respiratory symptoms, and manifestations of
pneumonia on imaging), severe (dyspnea, hypoxia, ≥30
breaths per minutes, and oxygen saturation ≤ 93% at rest, or
more than 50% lung involvement on imaging), and critical
(respiratory failure, mechanical ventilation required, shock,
or multiorgan system dysfunction) [5, 10, 11]. Furthermore,
some patients died from “consequent cytokine storm” due to
total organ failure by viral inflammatory response [12, 13].
When plenty of cytokines release to blood circulation, they
lead to electrolyte imbalance, metabolic acidosis, multiple
organ dysfunction, and total organ failure. Therefore, it is crit-
ical to have early diagnosis and frequent monitor especially for
patients with underlying diseases, whose immune systems
could be suppressed and are sensitive to cytokine release.

Though the RT-PCR test is served as the gold standard
technique to confirm the infection of SARS-CoV-2, the tech-
nique is time consuming and subject to false negative [11].
Therefore, other auxiliary tests combining clinical, molecular,
and radiological features would be beneficial for diagnosis. In
clinical, COVID-19 is mostly characterized by inflammatory
exudative pulmonary lesions with symptoms including fever,
dry cough, headache, myalgia, breathlessness, and asthenia
[14, 15]. Although clinical tests are essential for diagnosis, the
symptoms of patients at the early stage of COVID-19 could
not be differentiated from common viral pneumonia. Thus, it
is critical to study the association between cellular or molecular
markers and the severity and prognosis of COVID-19. Recently,
several strongly associated biomarkers, such as the lymphope-
nia (defined as lymphocyte count < 1000), elevated C-reactive
protein (CRP), and lactate dehydrogenase (LDH), were identi-
fied [16, 17]. In addition, non- or less-specific myocardial bio-
markers, such as creatine kinase (CK), elevated level of
hepatic enzyme, d-dimers, interleukin-6, C-reactive protein,
and procalcitonin, were also suggested to associate with the
poor prognosis of COVID-19 [18–20].

It has been reported that clinical, molecular, and radiolog-
ical features of COVID-19 patients are all varied with time.
However, the dynamic patterns of COVID-19 patients have
not been fully studied. For example, a series of clinical factors
such as white blood cell (WBC), C-reactive protein (CRP), and
lymphocyte (LYM) have been reported to be associated with

COVID-19 progression in previous studies [21]. Dynamic
monitoring of these inflammatory factors would be a benefit
for developing a suitable plan as well as predicting disease out-
come. COVID-19 is an acute infectious disease, and the early
symptom is similar to common cold; however, some patients
will develop rapid disease progression and multiple organ fail-
ures within only a few days from diagnosis.

Finally, previous studies have suggested that patients of dif-
ferent races or in different regions may have differences in
COVID-19 progression, symptoms, and prognosis. Several
studies have reported people living at multiple regions, such
as Asia, Europe, andNorth America, presented different clinical
symptoms of the disease. To date, about eighty thousand
COVID-19 confirmed cases have been reported in China, worse
more, there are nearly 31,021,218 confirmed cases with approx-
imately 960 thousand deaths globally, and the number is more
likely to increase [22]. Currently, most cases were from the
United States, which accounts for nearly 80% of total cases glob-
ally. However, since the Inner Mongolia population has unique
characteristics in terms of ethnicity, climate, and dietary culture,
we conducted this study from multicenter hospitals across
Inner Mongolia, aiming to investigate the difference among
people living in Inner Mongolia, China, during the time of
COVID-19 occurrence. We found several familial cluster cases
which confirmed with the previous study indicting the possibil-
ity of human-to-human transmission of SARS-CoV-2 [23].

We conducted a retrospective cohort study frommultiple
medical centers in the Inner Mongolia autonomous region,
China. This study is aiming to investigate the association
between the clinical parameters and prognosis in Inner Mon-
golia, especially the time-series patterns. Moreover, we try to
preliminarily study whether COVID-19 has the homogeneity
across different ethnic groups, viral load, clinical features as
well as transmission mode, and possible other influencing
factors as well.

2. Materials and Methods

2.1. Cohort Population of the Study. This retrospective
population-based cohort study was performed in eleven cities
across the Inner Mongolia region of China. Seventy-five
patients with COVID-19, 219 viral or bacterial acquired
pneumonia patients, and 68 heath individuals of Han or
Mongolian ethnicity were enrolled in the present study. All
COVID-19 patients were laboratory-confirmed clinically
diagnosed, and the admission date was ranged between Jan-
uary 21, 2020, and February 23, 2020. The criteria used for
the diagnosis of COVID-19 was confirmed by RT-PCR as
the following: RT-PCR detection of SARS-CoV-2 nucleic
acid is positive, and viral gene sequence is highly homologous
with known SARS-CoV-2. Pneumonia was classified com-
bining with clinical features of fever and cough or cough
phlegm and chest X-ray scanning, which show marked
thickening of the lung texture and could hear moist rales or
pronounced sputum purr in the lungs with stethoscope
auscultation. Pneumonia patients and healthy people were
randomly selected from hospitals within the last 6 months
before the COVID-19 pandemic. The clinical information
including age, gender, severity of disease, incubation time,
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and hospitalization with clinical lab exams at different points
was collected. For COVID-19 and pneumonia patients, the
clinical laboratory test results were collected from medical
facilities for each patient on both the admission day to the
hospital and monitoring during the entire hospital stay every
two days. For healthy people, the clinical laboratory test
results were collected on the date of regular health exam.
Generally, lab exams were performed approximately every
two days which included WBC, lymphocyte, neutrophils,
hemoglobin, platelet, C-reactive protein (CRP), procalcito-
nin (PCT), alanine aminotransferase (ALT), aspartate
aminotransferase (AST), lactate dehydrogenase (LDH), and
serum concentration of creatinine (Cr). On admission day,
patients were clinically diagnosed as mild-moderate, severe,
or critical facilitating physicians to design the treatment plan
according to the WHO classification for COVID-19 [5, 10].
Informed consent was waived since this retrospective study
represents no more than minimal risk to subjects and will
not adversely affect their rights.

2.2. Logistic Regression Model to Distinguish Patients with
COVID-19 from Viral or Bacterial Acquired Pneumonia.
Continuous variables were expressed as mean ± standard
deviation, and categorical variables were presented as num-
ber of subjects (frequencies). The Wilcoxon rank-sum test
was used for testing the difference of variables between
COVID-19 groups and pneumonia or healthy people, respec-
tively, with multiple correction tests, and the significance
threshold was 0.05. A logistic regression model was built to
distinguish COVID-19 from seasonal pneumonia identified
by single or multiple laboratory features. Logistic regression
was applied for the probability model for predicting the
probability of an event by fitting a logic function/hypothesis
function. The output of the logistic regression formula means
the probability of y = 1 given X and b. gðxÞ is sigmoid func-
tion as the following:

P y = 1 ∣ X ; bð Þ = g bT
� �

= g bTX
� �

= 1
1 + e−b

TX
, ð1Þ

where b stands for a linear coefficient of logistic regression, X
stands for the features extracted from data, and gðÞ stands for
the function of sigmoid. In addition, this equation shown
above predicts P as a function of X. Using this equation, note
that as bTX approaches negative infinity, the result in the
formula for P approaches zero, so P approaches zero. When
bTX approaches positive infinity, P approaches one. Thus,
the function is bounded by 0 and 1 which are the limits for
P. Furthermore, the logistic regression model was used to
predict the type of disease and receiver operating characteris-
tic (ROC) curve was created for prediction model assessment
and 95% confidence interval was calculated by Python pack-
age of statsmodels (v0.12.1).

3. Results

3.1. A Few Clinical Laboratory Features of COVID-19
Patients in Inner Mongolia Were Significantly Different with
Those of Common Pneumonia and Healthy People. We

reported a retrospective cohort study with 75 COVID-19
patients from multiple medical centers. All COVID-19
patients were confirmed by laboratory RT-PCR, along with
randomly selected 39 patients with seasonal pneumonia,
and 68 nonpneumonia healthy people (Table 1). The mean
age of the four cohorts was 43.67, 36.12, 55.46, and 45.39,
respectively, and the age of most COVID-19 patients was
over 60. According to the WHO definition, there were 13
mild symptom cases, 48 moderate symptom cases, two severe
cases, and one death which are due to COVID-19-related
complication. The youngest COVID-19 patient was 17
months old with the diagnosis of mild, and a severe case of
most aged patient was 86. The imported COVID-19 patient
cohort includes 25 mild symptom cases and 25 moderate
cases with 2 severity cases. Epidemiology investigation illus-
trated the average incubation period of COVID-19 was
approximately 9 days and the longest incubation day was
26 days, which was consistent with previous studies [24].
The average hospitalization stay was 22 days. For epidemiol-
ogy tracking, several patients had visited the city with
COVID-19 patients and almost all confirmed cases were
directly or indirectly related to other patients. In addition,
the people participated in our study presented significant as
family cluster and community-acquired transmission pattern
(data not shown).

Almost all patients on admission day presented fever
symptom, 16% with dyspnea, 28% with cough, 31% with
fatigue, 64% with myalgia, 11% with diarrhea, and 21% with
other atypical symptoms including abdominal discomfort,
nausea/vomiting, and headache. The elderly and men have
relatively high susceptibility to SARS-CoV-2, and previous
studies also reported that MERS-CoV and SARS-CoV
infected more men than female [21, 24]. One hypothesis is
that women have relatively strong immune response ability
including both innate and adaptive immune response, which
might be due to additional X chromosome and sexual hor-
mone [25, 26]. At admission, multiple lab exams were per-
formed including white blood cell counts, lymphocyte,
neutrophil granulocyte, hemoglobin, platelet count (PCT),
C-reactive protein (CRP), and several hepatic enzymes. The
comparison of serum creatinine (Cr), white blood cell count
(WBC), CRP, neutrophil granulocyte, hemoglobin, and aspar-
tate aminotransferase (AST) showed statistically significant
difference between COVID-19 and seasonal pneumonia
patients as well as nonpneumonia (Figure 1). The COVID-
19 patients could be distinguished by the combination of clin-
ical laboratory features, while no significant showed between
seasonal pneumonia and nonpneumonia patients.

3.2. Logistic RegressionModel on Clinical Laboratory Features
Can Diagnose COVID-19 with Relative Good Performance.
On the diagnosis of COVID-19, most patients presented with
increasing lymphocytopenia and neutropenia; furthermore,
most patients also had elevated ALT, lymphocyte, and creat-
inine. In order to evaluate the performance of the statistical
model, we selected two cohorts (COVID patients and pneu-
monia patients) to find out whether the logistic regression
model could separate those variables accurately. The results
showed our logistic regression model could differentiate
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COVID patients from healthy people within three clinical
laboratory features, which indicated our model has good per-
formance (Figure 2(a)). Lymphocytes, white blood cells, and
CRP associated with disease severity and prognosis were cho-
sen to further evaluate the model performance. The cutoff
value of 0.5 was applied in the model to evaluate the effect
on the model, and the cutoff values of lymphocytes were
8.34, CRP was 98.60, and WBC was 9.17. The AUC of lym-
phocytes, CRP, and white blood cell were 0.68, 0.56, and
0.76, respectively, indicating lymphocytes and white blood
cell were closely associated with the progression and progno-
sis of COVID-19 and were a good indicator for COVID-19
diagnosis. The AUC of all three features reached 0.82 with
a 95% confidence interval of 0.856 to 0.909 and was relatively
better than a single marker, which is approved that COVID-
19 had multiple influencing factors and the result would
assist health professionals to develop better diagnosis estima-
tion for patients (Figure 2(b)).

3.3. There Are Several Dynamic Patterns of C-Reactive Protein
in COVID-19 Patients in Inner Mongolia. In order to monitor
the CRP which would reflect the disease severity, progress,
and effectiveness of treatment, we plotted the dynamic mon-
itoring figure. According to CRP result on the admission day,
CRP values were collected as initial monitor point and con-
tinue to monitor every other day for several time points. As
shown in Figure 3(a), there were five patterns during hospital
stay, indicating the treatment efficacy. The CRP level of most
patients had been decreased after 4 days and responds to
treatment within a week (Figure 3(b)). Another specific pat-
tern is shown in Figure 3(c).

Figure 3(b) shows the dynamic monitoring of CRP pat-
tern from patients; the first peak was showing at the first
week of hospital stay, which means patients’ condition dete-
riorated for a period of time; they started to respond to treat-
ment after hospital stay, showing that the treatment was
effective and CRP level remained stable, still not fully recov-
ered to normal though.

4. Discussion

Coronavirus is a family of enveloped single-stranded
positive-sense RNA viruses and has a worldwide distribution.
Six types of coronaviruses in the world can infect humans,

and most infections are mild. However, severe acute respira-
tory syndrome (SARS-CoV) and Middle East respiratory
syndrome (MERS-CoV) caused a large pandemic outbreak,
and the mortality rate was approximately 10% and 30%,
respectively [27]. Comparing with the SARS-CoV outbreak
in 2003 which was a high-pathogenicity virus with high mor-
tality, SARS-CoV-2 seems to be relatively more contagious
with approximately 2% [28]. However, people infected with
SARS-CoV-2 could develop neutralizing antibody and have
prolonged disease progress. The fact might illustrate the fol-
lowing two phenomena: firstly, in addition to the respiratory
system, SARS-CoV-2 might cause multiple organ damages,
including gastroenterological, and neurological, kidney dam-
ages, and even total organ failure.

Similar to other coronaviruses, SARS-CoV-2 also utilizes
an angiotensin-converting enzyme-2 (ACE-2) functional
receptor which is widely expressed in vascular endothelial
cells and renal tubular epithelium, hepatic cells, neuron,
and pulmonary and gastrointestinal systems. There are
several hypotheses trying to explore the underline mecha-
nism of SARS-CoV-2 infection, development, and efforts to
deliver effective treatment and vaccination. To date, the
mechanisms of immunopathology of SARS-CoV-2 infection
include both innate and adaptive immunity. The epithelium
of the lungs serves as the physical barrier, and epithelial cells,
dendritic cells, and macrophages can trigger proinflamma-
tory response of macrophages in bronchoalveolar cells.
Those cells serve as an initial immune defense against viruses.
Previous studies indicated that the macrophage accumula-
tion or depletion was associated with severity of disease
[29]. Moreover, neutrophils play a critical role in acute
inflammatory response of bronchoalveolar. Therefore, ele-
vated neutrophils are believed to produce reactive oxygen
species, which is considered as the potent antibacterial mech-
anism. In one situation, virus infection could directly infect
lymphocytes resulting in cell apoptosis. Another situation is
that it could also destroy the lymphocyte-produced organs,
such as bone marrow or thymus, interfering lymphocyte pro-
duction or dysfunction.

The early stage symptoms of COVID-19 include dry
cough, fever, chill, tiredness, and upper respiratory symptom
shortness or difficulty breathing, and some atypical symp-
toms, such as gastrointestinal discomfort, diarrhea, etc. [30,
31], which is consistent with the previous report of early stage

Table 1: Patient cohort information.

Clinical variable Category COVID-19 Imported COVID-19 Pneumonia Control

Age Mean (range) 43.67 (1-86) 36.12 (25-27) 55.46 (1-95) 45.36 (1-89)

Gender
Male 38 25 126 40

Female 37 27 93 28

Severity degree

Mild 13 25 95 —

Moderate 48 25 128 —

Serious and death 3 2 0 —

Incubation time Average (days) 9:22 ± 5:83 — — —

Hospitalization Average (days) 22:28 ± 7:55 17:42 ± 8:23 — —

4 BioMed Research International



RE
TR
AC
TE
D

of SARS and seasonal influenza [32, 33]. COVID-19 patients
usually have decreased white blood cell count and lympho-
cyte cell count caused by suppressed immune response
resulting in sequential infection. Though decreased lympho-
cyte count is not a specific factor for COVID patients, it can
distinguish other common bacterial and viral infection, and it
could only present in the late stage of the disease. CT imaging
features of SARS-CoV-2 are highly sensitive for patients who
have false-negative RT-PCR results. Moreover, CT image
could be a good indicator for monitoring patient disease
prognosis as well as therapy effectiveness. The typical fea-

tures from the CT exam for SARS-CoV-2-infected patients
are bilateral lung lobe involvements and ground-glass opaci-
ties (GGO) shown in the early stage of the disease, followed
by pulmonary consolidation, increasing the area of GGO
and fibrosis shown in late stage [34, 35]. Finally, the pulmo-
nary tissue turned into “white lung” which leads to severe
dyspnea requiring mechanical ventilation and results in sep-
tic shock, total multiple organ failure, and cardiac arrest due
to increased viral titers.

In our study, the clinical laboratory test of CRP showed
significant difference between COVID-19 patients and
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Figure 1: Clinical characteristic comparison between COVID-19 among pneumonia and healthy people. ns presents no significant, “∗∗”
presents p value < 0.01, “∗∗∗” presents p value < 0.001, and “∗∗∗∗” presents p value < 10-8 which has been added into the figure legend.
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control. CRP, secreted by the hepatocytes, is a well-known
indication of inflammation in the inertial thinking way [36,
37]. The elevated CRP is founded not only in the acute phase
of inflammatory disease but also in most chronic coronary
and metabolic diseases, such as cardiovascular disease, diabe-
tes, and obesity [38]. However, another important role of

CRP is to regulate the human innate immune process and
adjust the interaction between the inflammatory intruder
and the immune system. It is logical that among the
COVID-19 cases, the level of CRP was increased as the dis-
ease was diagnosed. Furthermore, three types of dynamic ele-
vation patterns were revealed in our study; the value of CRP
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for predicting the probability of hypothesis function. (b) The area under the curve of receiver operating characteristic of different clinical
markers associated with COVID-19 for leukomonocyte, CRP, and white blood cell, respectively.
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Figure 3: Dynamic monitoring of C-reactive protein in COVID-19 patients. (a) Detected CRP pattern with dynamic monitoring. (b) CRP
response in a specific pattern of individual patient.
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was gradually risen at the beginning of the hospitalization in
pattern 1, signifying that the immune response was activated.
As the treatment progresses, the SARS-CoV-2 was elimi-
nated, and the level of CRP decreased. The CRP in the
patients of pattern 2 had not shown an obvious peak but a
flattened one, probably because of the testing time. That is,
the sample or hospitalization time point was later than the
CRP increasing time; there is another probability: the
SARS-CoV-2 load was not enough to induce a strong reac-
tion of the host defense, and the virus was wiped out soon.
As far as pattern 3 is concerned, 2 peaks were shown in
sequential order. This phenomenon might be indicated that
CRP played a pleiotropic role in the process. Either anti-
inflammation or proinflammation could be the major role
in the different phases of the disease. The first peak of CRP
might be the anti-inflammation activation when SARS-
CoV-2 infected the host at the beginning, while the function
of the second peak of CRP might largely rely on the context,
either the relapse of the SARS-CoV-2 eliciting the reactiva-
tion of the complement pathway or the change of comple-
ment components induced by CRP, leading to the
proinflammation course. In summary, the CRP-activated
complement pathway is different from the activation medi-
ated by antigen-antibody complexes, with rarely activated
late phase component proteins.

5. Conclusion

In this study, we collected clinical data from multicenter hos-
pitals in Inner Mongolia, China. We performed statistical
analysis of clinical laboratory features associated with
SARS-CoV-2 infection between COVID-19 and common
pneumonia patients. Second, we further explore the dynamic
changes of clinical parameters during the incubation period
as well as hospital stays. This study provides primary results
to benefit health care physicians in diagnosis evaluation.
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Background. Necrotizing enterocolitis (NEC) is one of the most serious gastrointestinal disease-causing high morbidity and
mortality in premature infants. However, the underlying mechanism of the pathogenesis of NEC is still not fully understood.
Methods. RNA sequencing of intestinal specimens from 9 NEC and 5 controls was employed to quantify the gene expression
levels. RNA sequencing was employed to quantify the gene expression levels. DESeq2 tool was used to identify the differentially
expressed genes. The biological function, pathways, transcription factors, and immune cells dysregulated in NEC were
characterized by gene set enrichment analysis. Results. In the present study, we analyzed RNA sequencing data of NECs and controls
and revealed that immune-related pathways were highly activated, while some cellular responses to external stimuli-related pathways
were inactivated in NEC. Moreover, B cells, macrophages M1, and plasma cells were identified as the major cell types involved in
NEC. Furthermore, we also found that inflammation-related transcription factor genes, such as STAT1, STAT2, and IRF2, were
significantly activated in NEC, further suggesting that these TFs might play critical roles in NEC pathogenesis. In addition, NEC
samples exhibited heterogeneity to some extent. Interestingly, two subgroups in the NEC samples were identified by hierarchical
clustering analysis. Notably, B cells, T cells, Th1, and Tregs involved in adaptive immune were predicted to highly infiltrate into
subgroup I, while subgroup II was significantly infiltrated by neutrophils. The heterogeneity of immune cells in NEC indicated that
both innate and adaptive immunes might induce NEC-related inflammatory response. Conclusions. In summary, we systematically
analyzed inflammation-related genes, signaling pathways, and immune cells to characterize the NEC pathogenesis and samples,
which greatly improved our understanding of the roles of inflammatory responses in NEC.

1. Introduction

Necrotizing enterocolitis (NEC), one of the most serious gas-
trointestinal diseases in premature infants, is a significant
cause of morbidity and mortality [1]. In North America, it
affects about 1-3 per 1000 births annually [2]. Typical yet
subtle signs of NEC in an infant include feeding intolerance,
abdominal distention, and bloody stools, which could prog-
ress rapidly within hours [3]. Excessive inflammatory process
in intestine, which could damage distant organs, is often
observed in NEC patients, and NEC-affected infants are fac-
ing risks for developing microcephaly or suffering from neu-

rodevelopmental delays [4]. However, the diagnosis of NEC
largely depends on an abdominal X-ray and few break-
throughs are made in preventive strategies for NEC, regard-
less of considerable researches done in this field [5]. As
nonspecific biomarkers in blood such as platelets and white
blood cells could merely guide medical care for NEC patients,
researchers have been exploring other markers to aid the
early diagnosis of NEC and to measure the severity of it.
Besides a spectrum of pro-/anti-/inflammatory mediators,
such as serum amyloid A (SAA) and calprotectin, gut-
associated specific biomarkers like trefoil factor-3 (TFF-3),
claudin-3, and intestinal fatty acid-binding protein (I-FABP)
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have been widely introduced [6]. Notably, utilizing I-FABP
in neonates studied between July 2005 and August 2010
could ensure a sensitivity of 93% and a specificity of 90% in
assessing enterocyte damage [7]. Meanwhile, the investiga-
tion of the molecular mechanisms behind NEC has also
promoted the understanding of this disease. Analyses of
genome-wide expression profiles of bowel tissues from
NEC patients have revealed several pathophysiological path-
ways that are related to inflammation, cell adhesion, extracel-
lular matrix remodeling, and muscle contraction, triggered
by a series of dysregulated genes [6], and the involvement
of major transcriptional factors and growth factors are con-
firmed in NEC [8]. Moreover, several studies have indicated
that gene polymorphism could also contribute to the devel-
opment of NEC, but further investigation is still needed [9].

In the present study, we collected RNA sequencing data
of human bowel tissues from nine NEC and five controls
and conducted differential expression analysis, functional
enrichment analysis, transcription factor activity prediction,
and estimation of immune cell abundance, which revealed
some key regulators, pathways, and immune cells involved
in the pathogenesis of NEC.

2. Materials and Methods

2.1. The RNA Sequencing Data Analysis. The RNA-seq data
with accession number SRP051825 was deposited in Sequence
Read Archive (SRA, https://www.ncbi.nlm.nih.gov/sra) data-
base [10]. The fastq files were downloaded from this database
and, then, mapped to UCSC hg19 human genome by hisat
[11]. The resulting bam files were used for quantifying the
gene expression levels by Stringtie [12].

2.2. Differential Expression Analysis. The raw count data at
gene level was used to identify the differentially expressed
genes (DEGs), which was implemented in R package DESeq2
[13]. The thresholds of adjusted P value and fold change at
0.05 and 2 determined the DEGs [14].

2.3. The Dysregulated Pathways, Transcription Factors, and
Immune Cells. The Reactome pathways were collected from
MSigDB database [15], which curated a series of gene sets
characterizing the pathways and target genes of transcription
factors. Moreover, the immune cells were collected from pre-
vious studies [16, 17], which were used to quantify the tumor-
infiltrating immune cells. The overrepresentation gene set
enrichment analysis (ORA) was used to associate the dysregu-
lated pathways, TFs, and immune cells with NEC.Which were
implemented in R package clusterProfiler [18–20]. The
threshold of adjusted P value was determined at 0.05.

2.4. The Hierarchical Clustering Analysis. The NEC cases and
controls were clustered by the hierarchical clustering analysis
based on the expression levels of dysregulated genes in NEC.
Similarly, the two subgroups were also identified by the hier-
archical clustering analysis and determined by the tree height
with the largest difference.

2.5. Statistical Analysis. The statistical analysis was imple-
mented in R programming tool. The two-sample compari-

sons were performed by Wilcoxon rank-sum test or student
t-test. Multiple-sample comparisons were performed by
analysis of variance (ANOVA) or Kruskal-Wallis test.
P value of 0.05 was indicated as statistical significance.

3. Results

3.1. Samples from NEC and Controls. The RNA sequencing
data of resected intestinal specimens of nine NEC and five
controls who underwent bowel resection were downloaded
from Sequence Read Archive (SRA) database, which was sub-
mitted by the researchers of the previous study [21], which
took resected intestinal specimens of nine NEC and five con-
trols who underwent bowel resection. The preterm patients
who were diagnosed with stage III acute NEC and diseases
other than NEC made up the case and control groups,
respectively. The age (case vs. control: 27.42 vs. 32.02,
P value = 0:07) and gender (female ratio case vs. control:
5/9 vs. 3/5, P value = 0:99) were not observed to have a
difference between the two groups.

3.2. Identification of Dysregulated Genes in NEC. The
differential expression analysis was conducted to identify
the dysregulated genes in NEC. Totally, we identified 395
upregulated and 326 downregulated genes by comparing
the gene expression profiles of NEC with those of controls
(P value < 0:05 and fold change >2 or <1/2). As shown in
Figure 1(a), the samples of NEC could be clearly differenti-
ated from the controls by unsupervised clustering analysis.
To characterize the biological function of these dysregulated
genes, we conducted gene set enrichment analysis of the
upregulated and downregulated genes, respectively. The
Reactome pathways, such as signaling by the B Cell Receptor
(BCR), immunoregulatory interactions between a lymphoid
and a nonlymphoid cell, FCERI-mediated NF-κB activation,
antigen activates B Cell Receptor (BCR) leading to generation
of second messengers, and CD22 mediated BCR regulation,
were significantly enriched by the upregulated genes
(Figure 1(b), adjusted P value < 0:05), suggesting that the
dysregulation of immune system was a major hallmark of
NEC. In accordance with these pathways, many genes encod-
ing immunoglobulin were also found to be upregulated in
NEC (Figure 1(a)). Moreover, we also observed some cellular
responses to external stimuli-related pathways, such as
metallothioneins bind metals, response to metal ions, and
vesicle-mediated transport-related pathways, such as binding
and uptake of ligands by scavenger receptors and scavenging
of heme from plasma, were enriched by the downregulated
genes (Figure 1(b)). In addition, the digestion was also
observed to be downregulated in NEC, suggesting that the
disease might cause the loss of digestion.

3.3. Identification of Immune Cells Involved in NEC. As
described above, the upregulation of immune-related path-
ways and inflammation might be the hallmark of NEC. We
then investigated the immune cells that participate in the
pathogenesis of NEC. Two sets of marker genes for the
immune cell were collected from previous studies [16, 17].
Based on the GSEA, B cells, macrophages M1, and plasma
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Figure 1: The expression patterns and biological function of differentially expressed genes (DEGs) in NEC. (a) The heat map displayed the
expression patterns of the DEGs. A set of genes encoding immunoglobulin was highly upregulated in some of the NEC samples. (b) The
Reactome pathways dysregulated in NEC. The pathways were enriched by the DEGs based on overrepresentation gene set enrichment analysis.
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cells were identified as the major cell types involved in NEC
(Figure 2(a)). urther analysis revealed that B cell-specific
genes, such as TNFRSF17, IGHG1, IGHA1, SLC15A2,
IGHM, IGKC, and CR2, macrophages M1-specific genes,
such as CXCL9, CXCL10, and CXCL11, and plasma cells-
specific genes, such as TNFRSF17, MZB1, and EAF2, were
highly upregulated in NEC (Figure 2(b)). Notably, the mac-
rophage M1-specific genes were chemokine ligands, suggest-
ing that chemokine ligands were critical regulators in NEC
pathogenesis.

3.4. Key Transcription Factors Involved in NEC. To identify
key transcription factors (TF) regulating the transcription
of these dysregulated genes in NEC, we tested the degree of
enrichment for the dysregulated genes in the TF targets.
We found target genes of three TF or TF families, including
ISRE, IRF1, and IRF2, were significantly enriched by the
upregulated genes (Figure 3(a)). Notably, as IRF1 and IRF2
belonged to interferon regulatory factors, they jointly regu-

lated the target genes encoding chemokine ligands, CXCL10,
and CXCL11 (Figure 3(a)). Moreover, most of these target
genes, such as CXCL10, CXorf21, TNFSF13B, and PIGR, were
regulated by all the three TFs.

Furthermore, we also investigated the expression patterns
of the genes encoding the TFs. It should be noted that the
ISRE TF family consisted of STAT1 and STAT2. We only
observed STAT1 was significantly upregulated in NEC
(Figure 3(b)), but the other genes encoding the TFs did
not exhibit significant upregulation. However, IRF2 was
slightly upregulated in NEC with a lower statistical signifi-
cance (P = 0:07). To further investigate the expression pat-
terns of IRF2 in NEC, we analyzed the expression levels
of IRF2 isoforms. Remarkably, two of IRF2 isoforms were
highly dysregulated in NEC, but only NM_002199.4, a
major isoform of IRF2, was significantly upregulated in
NEC (Figure 3(c)), suggesting that the protein encoded by
NM_002199.4 was involved in the transcriptional regula-
tion of the target genes.
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Figure 2: The immune cells infiltrating into the NEC samples. (a) The B cells, macrophageM1, and plasma cells were predicted to be activated in
NEC samples. (b) The expression patterns of B cell, macrophage M1, and plasma cell-specific gene signatures in NEC and controls.
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3.5. Two Subgroups of NEC Identified by the Gene Expression
Profiles. As shown in Figure 1(a), the genes encoding immu-
noglobulin exhibited upregulated in only a subset of NEC
patients, which gave us a hint that the NEC samples might
exhibit heterogeneity to some extent. We then conducted
unsupervised clustering analysis of the NEC samples based
on the upregulated genes and identified two subgroups in

NEC (Figure 4(a)). Similarly, the differential expression anal-
ysis was also conducted to identify the genes specifically dys-
regulated in either of the two subgroups (Figure 4(a)). As
NEC was characterized by dysregulation of inflammatory
response, we investigated the immune cells infiltrating into
the two subgroups. Notably, B cells, T cells, Th1, and Tregs
were predicted to highly infiltrate into the tissues of subgroup
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differential expression levels of TFs between NEC and controls. (c) Isoform switch event in two isoforms of IRF2.
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I, while subgroup II was significantly infiltrated by neutro-
phils (Figure 4(b), BH-adjusted P value < 0:05). Specifically,
the signature genes of these immune cells were also observed
to be dysregulated between the two subgroups. These results
indicated that the heterogeneity in NEC-related inflamma-
tory response is associated with both innate and adaptive
immunes.

4. Discussion

Necrotizing enterocolitis is one of the most serious gastroin-
testinal diseases in premature infants, which causes high mor-
bidity and mortality [1]. However, the underlying mechanism
of the pathogenesis of NEC is still not fully understood. In the
present study, we identified 395 upregulated and 326 down-
regulated genes in NEC samples, which could clearly distin-
guish the NEC from controls. Functional analysis of these
dysregulated genes revealed that immune-related pathways
were highly activated, while some cellular responses to exter-
nal stimuli-related pathways were inactivated in NEC. The
importance of immune response in NEC has been widely

reported by previous studies [22, 23]. The attenuated cellular
responses to external stimuli might result from the necrotic
intestinal cells [24]. In addition, the digestion was also
observed to be downregulated in NEC, suggesting that the dis-
ease might cause the loss of digestion.

Moreover, the comparison between NECs and controls
identified immune cells and key transcription factors
involved in NEC pathogenesis. Specifically, B cells, macro-
phages M1, and plasma cells were identified as the major cell
types involved in NEC. Particularly, M1 macrophage had the
potential to promote the progression of NEC [25], and necro-
tizing enterocolitis could be prevented by inhibiting M1mac-
rophage polarization [26]. Furthermore, we also found that
inflammation-related TF genes, such as STAT1, STAT2,
and IRF2, were significantly activated in NEC, further sug-
gesting that these TFs might play critical roles in NEC
pathogenesis.

Furthermore, we also found NEC samples might exhibit
heterogeneity to some extent. Interestingly, two subgroups
in the NEC samples were identified by hierachical clustering
analysis (Figure 4(a)). Notably, B cells, T cells, Th1, and Tregs
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involved in adaptive immune were predicted to highly infil-
trate into the tissues of subgroup I, while subgroup II was
significantly infiltrated by neutrophils (Figure 4(b), BH-
adjusted P value < 0:05). The innate immune has been widely
studied in NEC; however, the underlying mechanism of
immune cells involved in adaptive immune has not been well
established [27–29]. The heterogeneity of immune cells in
NEC indicated that both innate and adaptive immunes might
induce NEC-related inflammatory response, and this differ-
ence in NEC samples might also be associated with the course
of the disease.

Overall, the present study still has some limitations, such
as small sample size, lack of experimental validation, and
specific molecular mechanism. However, we systematically
analyzed inflammation-related genes, signaling pathways,
and immune cells to characterize the NEC pathogenesis
and samples, which greatly improved our understanding of
the roles of inflammatory responses in NEC.
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Background. As a newly discovered regulatory RNA, circular RNA (circRNA) has become a hot spot in many tumor pieces of
research. In recent years, it has been discovered that circRNAs have multiple biological effects in different stages of cancer.
However, the expression pattern and mechanism of circFAT1(e2) in non-small-cell lung cancer (NSCLC) are still unclear.
Methods. The expressions of circFAT1(e2) in NSCLC tissues and cell lines were studied. Functionally, CCK-8 and transwell
experiments were performed in A549 and H1299. In addition, we also performed a dual-luciferase report analysis to clarify the
mechanism of action of circFAT1(e2). Results. circFAT1(e2) was significantly upregulated in NSCLC tissues and cell lines.
circFAT1(e2) gene knockdown could significantly inhibit the proliferation, migration, and invasion of NSCLC cells. Loss of
function testing found that circFAT1(e2) functioned as an oncogene in NSCLC cells. In addition, circFAT1(e2) acted as a
ceRNA to spongy miR-30e-5p, which led to the increase in USP22 and promoted cell growth. Conclusions. The circFAT1(e2)-
miR-30e-5p-USP22 axis is a crucial part of the progression of NSCLC. This study suggests that circFAT1(e2) may be an
important potential of prognostic prediction and treatment targets for NSCLC patients.

1. Introduction

The tumorigenesis of cancer is due to the abnormal changes
of regulatory mechanisms in cells, resulting in uncontrolled
growth and division [1]. However, the mechanisms underly-
ing tumorigenesis remain unclear. circRNA is a novel type of
ncRNAs (noncoding RNAs) and exists in both the cytoplasm
and nucleus of eukaryotes [2]. It is characterized by a ring-
shaped structure without free ends [3]. circRNA is produced
through special types of alternative splicing [4]. With the
deepening of research, the understanding of circRNA has
been gradually enriched. The reverse splicing pathway of
exons is the key mechanism involved in producing circRNAs
[5]. Of note, emerging studies demonstrate circRNAs play
important roles in regulating the development of cancers
[6]. For example, studies have found that the downregulated
expression of circRNA circ-Ccnb1 in breast cancer can inter-
act with Bclaf1 in cancer cells through H2AX, resulting in the

inhibition of uncontrolled division and growth of cancer cells
[7]. Researchers also find that circITGA7 can inhibit the
metastasis and proliferation of colorectal cancer cells by inhi-
biting the pathway of Ras signal and promoting the tran-
scription of its downstream target gene ITGA7, thus
playing its antitumor roles in colorectal cancer [8].

According to the latest reports, among all kinds of can-
cers, lung cancer leads to the highest morbidity and mortality
[9]. More than 2 million new cases are diagnosed as NSCLC,
and 1.8 million deaths are caused by NSCLC per year [10].
NSCLC can be divided into two subtypes, small-cell lung
cancer (SCLC) and non-small-cell lung cancer (NSCLC).
NSCLC includes large-cell NSCLC, lung squamous cell carci-
noma, and lung adenocarcinoma [11]. Clinically, NSCLC is
diagnosed mainly by small biopsies and cytological speci-
mens [12]. According to recent reports, there are significant
differences in circRNA expression levels between NSCLC tis-
sues and normal tissues. It suggests that they may be involved
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in different stages or pathways of cancer cell progression [13].
It is found that NSCLC lowly expressed circRNA-ITCH
which could be used as a sponge of miR-7 and miR-214,
reducing their expression levels, reducing the regulatory
effect of miRNA on downstream target genes, resulting in
downregulation of b-catenin, c-myc, and cyclinD1, and then
inhibiting the activation of Wnt/b-catenin signal in NSCLC
cells [14]. In addition, Luo et al. found that hsa_circ_
0000064 expression increased in NSCLC tissues and cell
lines, suggesting that this circRNA might be an oncogene.
Gene knockout experiment showed that the proliferation,
migration, and invasion of NSCLC cells were significantly
inhibited, the cell cycle process was accelerated, and the
number of apoptotic cells increased [15].

Previous studies have shown that circFAT1(e2) is a new
circRNA derived from exon 2 of the FAT1 gene [16]. In
PTC, circFAT1(e2) plays a carcinogenic effect by promoting
cell invasion and metastasis and is a potential new target for
PTC therapy [17]. It is found in gastric cancer (GC) that the
overexpression of circFAT1(e2) inhibits the proliferation,
migration, and invasion of GC cells and is related to the over-
all survival rate of GC patients [16]. Studies in osteosarcoma
(OS) show that circFAT1(e2) plays a carcinogenic role in OS
and suggest that the circFAT1(e2)/miR-181b/HK2 axis is a
potential therapeutic target [18]. However, the function and
mechanism of circFAT1(e2) related to NSCLC are still
unclear.

In this study, we observed that circFAT1(e2) was highly
expressed in NSCLC tissues compared with normal tissues.
We found that the proliferation ability of NSCLC cells was
significantly limited, and the ability to invade andmetastasize
was also significantly decreased after knockdown of cir-
cFAT1(e2) with siRNA. Using the luciferase reporter assay,
it was found that circFAT1(e2) could reduce the activity of
miR-30e-5p by acting as a sponge, which weakened the regu-
lation of the downstream target gene USP22, and finally
restricted the metastasis and growth of NSCLC cells. We
could provide new targets and pathways to regulate the
development of NSCLC, which had potential value as a target
for screening and diagnosis of NSCLC.

2. Materials and Methods

2.1. Patients and Tissue Samples.We collected paired NSCLC
tissue and adjacent normal tissue from 5 patients who under-
went surgical resection without any chemoradiotherapy at
the Shanghai TCM-Integrated Hospital affiliated to Shanghai
University of Traditional Chinese Medicine. We stored the
resected tissues immediately in liquid nitrogen at -80°C for
further RNA isolation. All experiments were approved by
the Institutional Review Board, and all patients provided
informed consent in writing prior to participation.

2.2. Cell Lines and Cell Culture.We collected the NSCLC cells
(A549, H1299, and NCI-H1975) and normal cells (BEAS-2B)
from the American Type Culture Collection. We then main-
tained the cells in RPMI-1640 and supplemented them with
100U/mL penicillin, 100μg/ml streptomycin, and 10% fetal
bovine serum (FBS). A humidified incubator with 5% carbon

dioxide at 37°C was applied. The culture medium was chan-
ged every 3 days.

2.3. Cell Transfection. siRNA was purchased from Gene-
Pharma Co., Ltd. (Shanghai, China). The siRNA sequence
was as follows: si-circFAT1(e2), GAGACAGATTCCCGAC
AGTTADTDT, and si-NC, UUCUCCGAACGUGUCA
CGUTT. When the cells reached 80% confluence, the cells
used for transfection were plated in a 6-well plate. According
to the manufacturer’s protocol, all transfections were per-
formed using Lipofectamine 2000 (Invitrogen, Carlsbad,
CA, USA). Cells were harvested 48 hours after transfection
for subsequent experiments.

2.4. RNA Extraction and qRT-PCR. The TRIzol reagent was
used to extract total RNA from NSCLC cells. The Prime-
Script RT reagent kit was used to reverse-transcribe the iso-
lated RNA (1μg) into cDNA. qRT-PCR was performed
using the StepOne™ Real-Time PCR System and the SYBR®
Green Mixture. Relative data were normalized to GAPDH.

2.5. CCK-8 Assay. The Cell Counting Kit-8 (CCK-8) was used
to examine the proliferation ability of NSCLC cells (A549,
H1299). By the manufacturer’s instructions, at a specific
time, we added CCK-8 (10μL per well) to the cells after
transfection and incubated them for two hours before mea-
suring the absorbance at 450 nm.

2.6. Transwell Migration and Invasion Assay. After 12 hours
of transfection, we seeded the cells (1 × 105 cells/well) into
the upper transwell chamber for the migration assay, or cells
were preapplied with 70μL diluted Matrigel for the invasion
assay, with 100μL of RPMI-1640 medium containing 1%
FBS. After 48 hours, we wiped the cells on the upper surface
with a cotton swab, fixed them with methanol, and then
stained them with 10μg/mL DAPI (Solarbio, Beijing, China).

2.7. Public Database. The GSE9188 database [19] (https://
www.ncbi.nlm.nih.gov/geo/query/acc.cgi) contains 5 subda-
tasets, and the GEO2R online network tool (https://www
.ncbi.nlm.nih.gov/geo/geo2r/?acc=GSE9188) allows users to
compare different gene expression data of two or more sets
of samples. We use GEO2R to analyze gene expression levels.
Through bioinformatics tools circBase (http://www.circbase
.org/) and starBase 2.0 (http://starbase.sysu.edu.cn/
starbase2/index.php), we determined the downstream of the
circFAT1(e2) target gene.

2.8. Dual-Luciferase Reporter Assay. USP22 mRNA wild type
(USP22-3UTR-wt) or circFAT1(e2) wild type (cir-
cFAT1(e2)-wt) with potential miR-30e-5p binding sites and
mutant without miR-30e-5p binding sites (USP22-3UTR-
mut, circFAT1(e2)-mut) were constructed for the dual-
luciferase reporter assay. Then, we amplified and cloned
them into the luciferase reporter vector psi-CHECK-2. We
cotransfected HEK293T cells with luciferase plasmids and
miR-30e-5p or control. The Dual-Luciferase Reporter Assay
System was employed based on the Renilla luciferase activity.

2.9. Statistical Analysis. We performed Student’s t-test or
one-way ANOVA to test the differences between groups.
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Each experiment was repeated at least three times. Data were
presented as mean ± SD (standard deviation). The P value
less than 0.05 was considered statistically significant. The
SPSS software was used to perform all the statistical analyses,
and the GraphPad Prism software was used to graph.

3. Results

3.1. circFAT1(e2) Was Probably Overexpressed in the NSCLC
Tissue and Cells. In this study, we aimed to explore the poten-
tial functions of circFAT1(e2) in NSCLC. In the 5 clinical
NSCLC tissues, circFAT1(e2) expression was significantly
overexpressed (Figure 1(a)), and the results were similar in
NSCLC cells (Figure 1(b)). It suggested that circFAT1(e2)
was probably overexpressed in NSCLC tissues and cells.

3.2. circFAT1(e2) Knockdown Repressed the Proliferation and
Metastasis of NSCLC Cells. Loss-of-function experiments
were performed using siRNA targeting circFAT1(e2) in
NSCLC cells (A549, H1299) (Figure 2(a)). The CCK-8 assay
was carried out to investigate the inhibition of circFAT1(e2)
knockdown on cell proliferation (Figure 2(b)). The transwell
assay was carried out and found that circFAT1(e2) knock-
down inhibited the invasion and migration of NSCLC cells
compared to the control group (Figure 2(c)). These results
indicated that circFAT1(e2) knockdown represses the metas-
tasis and proliferation of NSCLC cells.

3.3. circFAT1(e2) Targeted miR-30e-5p as a miRNA Sponge.
Research shows that circRNAs can target miRNAs by acting
as miRNA sponges and binding with the RNA-binding pro-
tein (RBP) to exert their function. Results from this study
found that miR-30e-5p had complementary binding sites
with the circFAT1(e2). The luciferase activity demonstrated
the interaction between the molecular binding of cir-
cFAT1(e2) and miR-30e-5p (Figure 3(a)). Results also found
that miR-30e-5p was highly expressed in the circFAT1(e2)
knockdown transfection in the NSCLC cells (Figure 3(b)).
However, we found that overexpression of miR-30e-5p

remarkably suppresses the expression level of circFAT1(e2)
in both A549 and H1299 cells (Figure 3(c)). The results sug-
gest that circFAT1(e2) serves as a miRNA sponge for miR-
30e-5p.

3.4. USP22 Served as the Functional Protein of
circFAT1(e2)/miR-30e-5p. Further experiments were aimed
at investigating the downstream target of circFAT1(e2) and
miR-30e-5p. Previous reports indicated that USP22 was a
potential target of miR-30e-5p [20, 21]. In this study, the
dual-luciferase assay also validated the molecular binding
between miR-30e-5p and USP22 mRNA (Figure 4(a)). The
expression of USP22 in NSCLC tissues was higher than that
in normal tissues using the GSE9188 database (Figure 4(b)).
We also found that overexpression of miR-30e-5p and
knockdown of circFAT1(e2) significantly reduced the mRNA
levels of USP22 (Figures 4(c) and 4(d)). RT-PCR illustrated
that USP22 mRNA expression was increased in the miR-
30e-5p silencing group, which was recovered by cir-
cFAT1(e2) siRNA (Figure 4(e)). These results demonstrate
that USP22 acts as the functional protein of circFAT1(e2)/-
miR-30e-5p.

4. Discussion

NSCLC, as the deadliest cancer in the world, has received
extensive attention [22]. Although many countries have
begun to pay attention to and take measures to restrict smok-
ing to prevent NSCLC, the incidence and mortality of
NSCLC are still increasing [23]. Understanding the molecu-
lar pathogenesis of NSCLC is helpful to improve the life qual-
ity and prolong the survival time of patients [24]. As a large
number of important substances are involved in cell regula-
tion, circRNA is playing more and more important roles in
the diagnosis and treatment of cancer [25]. Our study found
that the expression level of circFAT1(e2) in normal tissues is
lower than that in NSCLC tissues. Using a series of experi-
ments, it was found that circFAT1(e2) could decrease the
expression level of miR-30e-5p, which in turn inhibited
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Figure 1: In the NSCLC tissue and cells, circFAT1(e2) was overexpressed. (a) As shown by qRT-PCR analysis, the relative expression levels of
circFAT1(e2) (n = 5) in the matched noncancerous tissues and NSCLC tissues. (b) As shown by qRT-PCR, circFAT1(e2) expression in three
CRC cell lines was also higher than that in the normal cell line BEAS-2B. ∗P < 0:05, ∗∗P < 0:01.
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Figure 2: circFAT1(e2) knockdown repressed NSCLC cells’ metastasis and proliferation. (a) To knock down circFAT1(e2) level, siRNA
which specifically targeted the circFAT1(e2) (si-circFAT1(e2)) were transfected into NSCLC cells. (b) That circFAT1(e2) downexpression
inhibited NSCLC cell proliferation was demonstrated by the CCK-8 assay. (c) That knockdown of circFAT1(e2) decreased cell invasion
and migration was indicated by transwell assays. ∗P < 0:05.
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miR-30e-5p on the regulation of the downstream target gene
USP22. This study demonstrated that knockdown of cir-
cFAT1(e2) decreased the ability of NSCLC cells to prolifer-
ate, invade, and metastasize.

A large number of noncoding RNAs such as miRNAs,
lncRNAs, and circRNAs existed in cells, [26]. Current stud-
ies have found that circRNAs may be used as a ceRNA to
competitively bind to miRNA binding sites, thus interfering
with the activity of miRNAs to regulate downstream target
genes [27]. For example, ciRS-7 can affect the binding activ-
ity of miR-7 [28]. In addition, studies have found that
CIRC_0067934 directly inhibits the interaction between
mRNA 3′-UTR of FZD5 and miR-1324 and activates the
FZD5/Wnt/β-catenin signal pathway to promote the prolif-
eration, invasion, and migration of hepatocellular carcinoma
cells [29]. The circFAT1(e2) is derived from exon 2 of the
FAT1 gene. Studies in gastric cancer cells have shown that

overexpressed circFAT1(e2) inhibits the proliferation, migra-
tion, and invasion of gastric cancer cells by targeting binding
to miR-548g and releasing RUNX1 [16]. In contrast, our
results in NSCLC show that circFAT1(e2) knockdown can
inhibit the growth of NSCLC cells. The highly expressed cir-
cFAT1(e2) decreases the activity of miR-30e-5p through
competitively binding with miR-30e-5p, thus promoting the
invasive ability and growth of NSCLC cells.

Ubiquitin-specific protease 22 (USP22), as a part of the
mammalian SAGA complex, can affect histone modifications
by deubiquitination of H2A and H2B, which is one of the key
regulators of the cell cycle. Studies have shown that overex-
pression of USP22 can enhance the inhibitory effect of cell
cycle inhibitors such as p21 and enhance the proliferation
of tumor cells, thus promoting the occurrence and develop-
ment of tumors [30]. By knocking out circFAT1(e2), we
found that the ability of cells to proliferate, invade, and
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metastasize was significantly inhibited. Luciferase report
experiment showed that overexpressed circFAT1(e2) could
sponge miR-30e-5p and reduce the expression level of this
miRNA, thus weakening the regulation of miR-30e-5p on
the downstream target gene USP22 and increasing the
expression of USP22.

In addition, this study has some limitations. First of all,
although the expression level of circFAT1(e2) was detected
in a small sample size of NSCLC samples, a larger sample size
should be used to further verify the correlation between the
expression of circFAT1(e2), miR-30e-5p, and USP22 and
clinical parameters. Second, the findings of this study were
derived from in vitro analysis. Therefore, in vivo analysis
should be performed to further verify our findings.

In conclusion, the present study for the first time demon-
strated that circFAT1(e2) acted as an oncogene in NSCLC,
and circFAT1(e2) promoted NSCLC cell proliferation,
migration, and invasion. Using a series of experiments, we
found that circFAT1(e2) knockdown decreased the expres-
sion level of USP22 through sponging miR-30e-5p. Our
study indicated that circFAT1(e2) might be a potential bio-
marker of NSCLC and provided a variety of options for
screening, diagnosis, and treatment of NSCLC.
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Background. There is more and more evidence showed that circRNAs played essentially role in the regulation of various biological
processes. The role of circSLC8A1 in prostate cancer (PCa) is yet little known. Methods. The CircSLC8A1 expression in human
prostate cancer was measured by qRT-PCR. The interplay between the specific circRNA, miRNA, and mRNA was investigated
by RT-PCR and luciferase reporter assay. Through transient transfection of siRNA, the impacts of circSLC8A1 on PCa were
discussed. Cell cycle evaluation, transwell assay, and CCK-8 assay were employed to determine its biological influences. Results. In
this study, our data revealed that circSLC8A1 was downregulated in PCa tissues and cells. The reduction of circSLC8A1 resulted in
the inhibition of cell proliferation and migration. In mechanism, circSLC8A1 exhibited a direct interaction with miR-21 and
displayed as a miRNA sponge to inhibit PCa progression. The functional analysis revealed that the circSLC8A1/miR-21 axis may
regulate the cell proliferation, angiogenesis, cell migration, epithelial to mesenchymal transition, MAPK signaling pathway, and
chemokine signaling pathway. Conclusions. CircSLC8A1 functioned as an inhibitor of neoplasm via modulating the miR-21 and
might serve as a prospective target for the treatment of PCa.

1. Background

The incidence rate of prostate cancer (PCa) ranked second
amid all commonly occurred carcinomas, and the lethality
of it was in fifth place among carcinoma-associated deaths
in men worldwide [1]. As far as the treatment of PCa, radio-
therapy is a commonly employed adjuvant treatment for sur-
gery and chemotherapy, which could extend the dominant
time for controlling carcinoma. Even though most of PCa
stayed in the form of or inactivation for a long time, the
metastasis progression perhaps contributed to poor prognos-
tic status and more death. Herein, it is necessary to deeply
elaborate the thorough molecular mechanisms related to
PCa, which is conducive to uncovering new targets for diag-
nosis and treatment.

Circular RNAs (circRNAs) are a sort of ground substance
that is not typically bound to the endogenously generated
RNA [2, 3]. As a new class of endogenous noncoding RNA,
circRNAs did not possess 5′ cap and 3′ poly covalently
closed structure-like tail [4]. It is different from linear RNA,

and circRNA is usually derived from reverse splicing event
of an exon or intron. The reverse complementary sequence,
containing the inverted repeat Alu pair and exon skipping,
is essential for the formation of circRNA [5, 6]. Genome
and transcriptome data generated from the next generation
sequencing (NGS) projects and bioinformatic algorithms
have screened and defined numerous circRNAs in eukaryotes
[7–10], revealing that they are not just casual byproducts or
“splicing noise.” High-throughput technology has been
applied to in-depth characterize the identification and poten-
tial functions of circRNA [11, 12]. circRNA is a class of abun-
dant and conserved RNA, existing widely in intricate tissues,
cell types, or specific stages. Various circRNAs displayed
importantly in carcinoma development [4, 13]. The differen-
tial expressed circular RNA in PCa was probably related to
the resistance to enzalutamide [14]. Circfoxo3 facilitates
PCa progression via sponging miR-29a-3p [15]. CircRNA-
UCK2-caused increase expression of Tet1 would hinder
PCa cell proliferation and invasion by sponging mirna-767-
5p [16]. Increased expression of HOXB13 induced by the
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linkage of circular RNA ITCH and sponge-like miR-17-5p
caused the suppression of PCa progression [17].

The circRNAs are emerging as a new class of noncoding
RNAs implicated in multiple cancer types, and to explore the
functional roles of circRNAs in PCa, we screened the cir-
cRNAs potentially involved in PCa by systematic literature
review. In the present study, we found that the circSLC8A1
expression in the tissues and cells of PCa was dramatically
reduced, and its expression displayed a positive correlation
with the clinical DFS of PCa. Overall, our findings implied
that CircSLC8A1 functioned as an inhibitor of neoplasm
via modulating the miR-21, affording a prospective target
for the treatment of PCa.

2. Methods

2.1. Public Gene Expression Dataset. The analysis of SLC8A1
expression levels in PCa was implemented in the GEPIA web
server [18, 19], which curated all the cancer types of the Can-
cer Genome Atlas (TCGA) project.

2.2. Human Cell Lines and Tissues. Human PCa cell lines
were obtained from SIBCB (Shanghai, China). PCa speci-
mens and paired adjacent control specimens were collected
from surgical patients in The First Affiliated Hospital of
Zhengzhou University. All patients have autonomously
signed written consent. Our experiments got approval of
the ethics committee of our hospital. All tissues were stored
in liquid nitrogen for long-term use.

2.3. Isolation and Quantation of RNA. Whole RNA was iso-
lated by Trizol Reagent (TIANGEN, China) as manually
described. RNA was reversely transcripted into the cDNA
using Takara system (TIANGEN, China). AceQ qPCR SYBR
Green Master Mix kit was employed to perform qRT- PCR
on Roche 480. 2-ΔΔCT was carried to calculate the cycle
threshold (CT) value of the normalized target gene expres-
sion [20].

2.4. Construction of siRNA. The sequences of siRNAs were
acquired from GenePharma (Shanghai, China). Synthetic
promiscuous siRNA was treated as scramble control. siRNAs
were transfected into cells utilizing Lipofectamine 3000
(Invitrogen) referring to the instruction. Overall, RNA and
protein were harvested at 48 hours posttransfection.

2.5. Transwell Assay. A density of 1 × 105 cells in 500μL
medium without FBS was plated in the upper chamber.
Medium containing 10% FBS was added into the lower
chamber as a chemical attractant. Cotton-tipped swabs were
used to remove the cells staying in the upper chamber after
culturing for the indicated time. The number of invaded or
migrated cells at stochastic six fields was calculated.

2.6. Cell Proliferation Assay. CCK-8 kit (Dojindo, Japan) was
utilized to determine the ability of PCa cell viability. Totally,
6,000 cells were plated in 96-well and then subjected to differ-
ent treatments at the indicated time. The OD value of 450nm
was detected after incubation with 10μl CCK-8 solution for
another 2 hours.

2.7. Luciferase Reporter Assay. Wild type cicrSLC8A1
sequence comprising the assumed binding site of miR-21
was inserted into the reporter vector. All final positive clones
were verified by sequencing. Mutant cicrSLC8A1 sequence
was also inserted into t reporter construct so as to examine
the specific binding activity with miR-21. The luciferase
activity was detected by luciferase assay kit (Promega, USA)
at 24 hours posttransfection.

2.8. Statistical Analysis. All derived data were shown as the
mean ± SD. Paired Student’s t-test was introduced to assess
the differences of the levels of circSLC8A1 and miR-21 in
compared groups, and chi-square test was applied to
determine the differences of more than two groups. The
Pearson correlation coefficient analysis was also conducted
[21]. A p value of <0.05 was thought to be statistically signif-
icant [22].

3. Results

3.1. CircSLC8A1 (hsa_circ_0000994) Is Obviously Reduced in
PCa. As shown in Figure 1(a), the linear RNA of circSLC8A1
was significantly downregulated in PCa compared to normal
samples using the Cancer Genome Atlas (TCGA) dataset.
Accordingly, the low expression of SLC8A1 was associated
with shorter disease-free survival time in patients in the
TCGA cohort (Figure 1(b)). Further investigation of SLC8A1
RNA products revealed that circSLC8A1 and SLC8A1 were
reduced in PCa cells, including DU145, PC-3, 22Rv1, and
LNCaP, in comparison with normal urothelial cells WPMY-
1(Figures 1(c) and 1(d)). The analysis of circSLC8A1 in 15
paired PCa and normal prostate tissues revealed that cir-
cSLC8A1 was downregulated in PCa tissues (Figure 1(e)).
Moreover, the incubation of RNase R led to a reduction in
the level of SLC8A1 linear mRNA, not the levels of cir-
cSLC8A1 (Figure 1(f)), suggesting that circSLC8A1 was more
stable than its linear RNA.

3.2. Knockdown of circSLC8A1 Enhanced the Proliferation
and Migration. To further evaluate the functional impact of
circSLC8A1 on PCa, we conducted functional assays to
deeply investigate its functionalities. Firstly, we transfected
the siRNA of circSLC8A1 into DU145 and PC-3 cells and
observed that the circSLC8A1 expression was significantly
reduced (Figures 2(a) and 2(b)). The CCK-8 assay showed
that the proliferation capabilities of prostate cancer cells were
dominantly enhanced by the knockdown of circSLC8A1
(Figures 2(c) and 2(d)). Transwell results showed that knock-
down circSLC8A1 significantly increased migration of cells
of DU145 and PC-3 (Figures 2(e) and 2(f)). These results
indicated that circSLC8A1 exerted tumor-suppressing effect
by inhibiting the proliferation and migration of PCa cells.

3.3. circSLC8A1 Functions as a Sponge for miR-21 in PCa
Cells. Previous reports have shown that circRNA played as
a miRNA sponge to modulate the miRNA expression [23,
24]. To further explore whether circSLC8A1 could function
as a miRNAs sponge in PCa cells, we employed two widely
used prediction websites including circBANK and RegRNA
2.0. We selected 5 candidate miRNAs, including miR-133b,
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Figure 1: The circSLC8A1 expression is obviously reduced in PCa. (a) The TCGA dataset showed that SLC8A1 is significantly downregulated
in PCa. (b) The circSLC8A1 expression exhibited an association with disease-free survival time in patients. (c) The SLC8A1 and (d)
circSLC8A1 expression was found reduced in PCa cells. (e) The circSLC8A1 expression was found reduced in PCa tissues. (f) circSLC8A1
but not SLC8A1 was reduced by RNase R.
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Figure 2: Knockdown of circSLC8A1 enhanced the migration and invasion. (a, b) circSLC8A1 was significantly decreased after transfected
the sicircSLC8A1. (c, d) Knockdown of circSLC8A1 increases the proliferation capabilities. (e, f) Knockdown of circSLC8A1 increase the
migration.
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miR-27a, miR-29a, miR-21, and miR-373, which were pre-
dicted to bind to circSLC8A1 (Figure 3(a)). Subsequently,
we knockdown circSLC8A1 and detected the effect of cir-
cSLC8A1 on these candidate miRNAs. It was confirmed that
the knockdown of circSLC8A1 significantly increased the
expression of miR-133b, miR-29a, miR-21, and miR-373
(Figure 3(b)). Moreover, we detected the circSLC8A1 levels
after the overexpression of these miRNAs to confirm the cir-
cSLC8A1 sponge effect. As expected, the overexpression of
miR-27a, miR-29a, and miR-21 reduced the circSLC8A1’s
expression (Figure 3(c)). Finally, we showed that miR-27a
and miR-29a were downregulated in PCa (Figure 3(d)); how-
ever, miR-21 was upregulated in PCa, and miR-133b and
miR-373 were not differently expressed between PCa and
normal tissues. These results indicated that miR-21 might
directly interact with circSLC8A1 in PCa and was selected
for further validation.

3.4. CircSLC8A1 Suppressed PCa Progression through
Targeting miR-21. To confirm to the interaction between
miR-21 and circSLC8A1, we conducted luciferase reporter
gene analysis. miR-21 mimics could significantly reduce the
luciferase of wild type circSLC8A1 compared with mimic
NC (Figure 4(a)). We next evaluated the miR-21 potential
functional role in prostate cancer. The qRT-PCR results
showed that miR-21 was upregulated in the PCa tissue as
compared with the normal prostate tissue (Figure 4(b)).
Notably, the enhanced expression of miR-21 promoted the
proliferation of DU145 and PC-3 (Figures 4(c) and 4(d)),
suggesting that miR-21 might be a tumor-promoting
miRNA. In order to evaluate whether circSLC8A1 inhibits
the progression of PCa through miR-21, we cotransfected
sicircSLC8A1 and miR-21 inhibitor mimics into PCa cells.
CCK-8 experiment showed that knockdown of circSLC8A1
could enhance the proliferation ability, while this enhance
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Figure 3: circSLC8A1 sponged miR-21 in PCa. (a)The interaction between miR-133b, miR-27a, miR-29a, miR-21 and miR-373, and
circSLC8A1. (b) Knockdown of circSLC8A1 significantly induced the level of miR-133b, miR-29a, miR-21, and miR-373. (c) Overexpress
miR-27a, miR-29a, and miR-21 reduced the expression of circSLC8A1. (d) The expression of miR-133b, miR-27a, miR-29a, miR-21, and
miR-373 in PCa.
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can be partially attenuated by the knockdown of miR-21
(Figures 4(e) and 4(f)). These results indicated that cir-
cSLC8A1 could inhibit the progression of prostate cancer
through sponging miR-21.

3.5. The Downstream Pathways of the circSLC8A1/miR-21
Axis. To further investigate the potential mechanism of the
circSLC8A1/miR-21 axis, we searched for the target genes

of miR-21 using four miRNA-mRNA interaction databases,
including TargetScan, miRDB, miRanda, and Starbase.
Totally, we identified 91 genes which had the potential to
interact with miR-21 in PCa (Figure 5(a)). The Gene Ontol-
ogy (GO) enrichment analysis showed that circSLC8A1/-
miR-21 was related to the regulation of cell proliferation,
angiogenesis, cell migration, and epithelial to mesenchymal
transition Figure 5(b)). KEGG pathway analysis showed that
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Figure 4: circSLC8A1 suppressed prostate cancer progression through targeting miR-21. (a) miR-21 mimics significantly reduced the
luciferase of wild type circSLC8A1. (b) miR-21 was upregulated in the prostate cancer tissue. (c, d) miR-21 mimics significantly promoted
the proliferation of DU145 and PC-3. (e, f) Knockdown of circSLC8A1 enhanced the proliferation ability, but this effect can be partially
attenuated by the knockdown of miR-21.
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circSLC8A1/miR-21 was related to the MAPK signaling path-
way and chemokine signaling pathway (Figure 5(c)). These
results indicated that circSLC8A1 might act as a tumor
suppressor by regulating cancer-promoting pathways via
miR-21, thereby inhibiting cell growth and progression in PCa.

4. Discussion

Prostate cancer (PCa) is the second most commonly diag-
nosed cancer in men worldwide. Here, for the first time, we
identified circSLC8A1 as a key circRNA, which is frequently
decreased in PCa. The PCa patients with high circSLC8A1
expression had significantly longer overall survival than those
with low expression. Our data demonstrated that circSLC8A1
could restrain PCa progression by sponging miR-21.

CircSLC8A1 is a new circRNA that has been found to be
related to the progression of a variety of human benign dis-
eases, such as osteoporosis [25], Parkinson’s disease (PD)
[26], and dilated cardiomyopathy (DCM) [27]. For instance,
circ-SLC8A1modulates osteoporosis via occluding the inhib-
ited impacts of miR-516b-5p on the expression of AKAP2
[25]. Large number of independent reports have suggested
that circSLC8A1 plays essential role in cardiomyocytes.
Cytoplasmically localized circSLC8A1 can interact with
miRNA133a-3p. Blockade of circSLC8A1 reduces the release
of active oxygen by ischemia/reperfusion during the dete-
rious effects of reactive oxygen in vivo and in turn was
decreased by CDIP1, an apoptosis promoter gene to inhibit
cardiomyocyte apoptosis [28]. Very interestingly, a recent
study showed that circSLC8A1 is implicated in tumorigenesis.
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Figure 5: Bioinformatic analysis of the circSLC8A1/miR-21 axis. (a) Identification of targets of miR-21 by analyzing TargetScan, miRDB,
miRanda, and Starbase. (c, d) GO analysis and KEGG pathway analysis of the 91 genes.
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For example, Lu et al. reported that circSLC8A1 curbed PCa
progression via modulating PTEN [29]. circSLC8A1 is
reduced in the tissues and cell lines of PCa, and its expression
is associated with the pathological and histological stages of
PCa. The overexpression of circSLC8A1 resulted in the reduc-
tion of cell migration, invasion, and proliferation [29]. In
mechanism, we found that circSLC8A1 directly interacted
with miR-21 and consequently acted as a sponge of miRNA
to modulate miR-21, and we found that miR-21 could be
phagocytosed by circSLC8A1. Small RNA-21 (miR-21), as a
solid body neoplasm, commonly upregulated miRNA. miR-
21 has been found to participate in cell proliferation, migra-
tion, invasion, apoptosis, and drug resistance [30]. Several tar-
get genes of miR-21 have been determined, including PDCD4,
SPRY2, PTEN, RECK, TPM1, and BCL2 [31]. The present
study showed that miR-21 was upregulated in PCa tissue
and exhibited a negative correlation with circSLC8A1. The
highmiR-21 expression was widely reported by previous stud-
ies [32, 33] and could significantly induce DU145 and PC-3
cell proliferation. Moreover, our data suggested that cir-
cSLC8A1 mediated that the tumor-suppressing effect could
be weakened by overexpressing miR-21.

In mechanism, we predicted the downstream pathways
regulated by the circSLC8A1/miR-21 axis. Specifically, cir-
cSLC8A1/miR-21 was associated with the GO terms such as
regulation of cell proliferation, cell migration, and KEGG
pathways such as MAPK signaling pathway and chemokine
signaling pathway, indicating that circSLC8A1 might act as
a tumor suppressor by regulating cancer-promoting path-
ways via miR-21, thereby inhibiting cell growth and progres-
sion in PCa.

5. Conclusions

In conclusion, our results showed that circSLC8A1 was
downregulated in PCa and could function as a sponge of
miR-21. In addition, we also demonstrated that circSLC8A1
inhibited PCa progression through targeting miR-21 and
might serve as a novel biomarker for the treatment of PCa.
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Pentoxifylline (PTX), as a methylxanthine derivative and nonspecific phosphodiesterase inhibitor, has the characteristics of anti-
inflammatory and partial inflammatory process inhibition. However, the regulatory effect of PTX on inflammatory cytokines is
unclear. Autophagy can regulate the activation of inflammasomes and then inhibit inflammation as previously described. Our
study attempts to explore the relationship between autophagy and PTX-mediated regulation of inflammasome suppression.
Macrophage-like RAW264.7 cells were studied as the in vitro macrophage model. We investigated the anti-inflammatory effect
caused by PTX with time and dose response against the LPS-induced inflammatory factors (TNF-α, IL-1β). Western blot
detected the levels of autophagy-related proteins Beclin-1 and LC3, as well as the signal pathways of AMPK and p-AMPK.
Fluorescence microscope and transmission electron microscope were used to observe the autophagy bodies in cells influenced by
PTX. The autophagy in cells inhibited by PTX exhibited dose- and time-dependent effects, and PTX alleviated LPS-induced
inflammation caused by retarded autophagy. Furthermore, in RAW264.7 macrophage cells, our data indicated that AMPK
signaling perhaps functioned importantly in repressed autophagy. In addition, in RAW264.7 macrophages, our data suggested
that AMPK signaling might play an important role in inhibiting autophagy during the process of PTX ameliorating LPS-
mediated inflammation.

1. Introduction

Inflammation is a complex pathological reaction, which
resulted from multiple physical responses from the immune
system when exposed to external injury or infection [1, 2].
Despite the fact that inflammation could compensate the
wound, it was sometimes regarded as a protective process.
In some cases, reduction of inflammation is of usefulness,
but not usually essential. Macrophages originating from
peripheral blood monocytes play fundamentally in cellular
immunity and possess numerous complicated performances
in specific and nonspecific inflammatory process, consisting
of surveying objective organisms, chemotaxis, phagocytosis,
and damage [3–6]. Multiple soluble factors, such as several
secreted polypeptides (also known as macrophage-derived
inflammatory cytokines), could lead to inflammation. Some

of them, such as proinflammatory cytokines, could aggravate
disease [7–9], while others, such as anti-inflammatory cyto-
kines, were conducive to wound healing and also reduced
inflammation [9–11]. Proinflammatory cytokine stimulated
systemic inflammation, such as interleukin-1 (IL-1) and
tumor necrosis factor alpha (TNF-α) [12, 13].

Autophagy is a basic steady-state process through which
cells decompose their assembly [14]. Recently, increasing evi-
dences have suggested that autophagy displayed an impor-
tant role in inflammation by affecting the development,
homeostasis, and survival of inflammatory cells in vivo
including macrophages, neutrophils, and lymphocytes, along
with the transcription and secretion of many cytokines [15–
17]. Monkkonen and Debnath found out that the pathways
included in inflammation curbed or promoted autophagy
in a context-dependent manner. Conversely, autophagy
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retarded or pushed inflammation in numerous carcinomas
[18]. As Haq et al. demonstrated, identifying newly produced
autophagy regulators in gut inflammation probably pro-
moted new therapeutic regimes for intestinal inflammatory
diseases [19]. Autophagy can raise or reduce disparate sec-
tions of identical inflammatory signaling concatenation in a
context-dependent manner [20]. Autophagy is an extremely
conservative homeostasis and inducible process that affects
several aspects of the immune system, and is necessary for
macrophages production and activation (comprising migra-
tion of monocyte/macrophage and differentiation of mono-
cyte into macrophages), making autophagy become an
appealing therapeutic target to further modulate macrophage
response and a promising strategy for anticancer treatment
[21]. AMP-activated protein kinase (AMPK) is a central
mediator of cellular energy homeostasis, playing pivotal roles
in regulating proliferation, metabolism reprogramming,
autophagy, apoptosis, and cell differentiation. The kinase is
activated in response to stresses that deplete ATP supplies
such as low glucose, hypoxia, ischemia, and heat shock.

Pentoxifylline (PTX, C13H18N4O3), a methylxanthine
derivative originally introduced for its rheologic effects, is a
competitive nonselective phosphodiesterase inhibitor that
can increase the decomposition rate of cyclic adenosine
monophosphate (cAMP) and cyclic guanosine monopho-
sphate (cGMP) and inhibit the synthesis of TNF and
leukotriene. It is also an inhibitor with favorable anti-
inflammatory effects and immunoregulatory properties [22,
23]. The drug can inhibit proinflammatory cytokine synthe-
sis (IL-1, IL-6, IL-12, TNF-α) via lymphocytes and keratino-
cytes and retard the adhesion between leukocytes and
endothelial cells or epithelial cells [24–26]. In humans, PTX
demonstrated anti-inflammatory activity in some diseases
such as cardiac surgery, acute radiation damage, chronic kid-
ney disease, and HIV-infected patients [27–30]. Effects of
pentoxifylline on inflammatory cytokine expression and
inflammation-related disease inhibition were also found in
animal models [31, 32]. PTX not only promotes the increase
in anti-inflammatory cytokines towards a more stable
immune phenotype but also prevents the production of pro-
inflammatory cytokines [33, 34]. Therefore, it is a promising
anti-inflammatory regulator candidate for ameliorating
inflammatory environment. Sharma el al. indicated that acti-
vated ER stress response and autophagy were resistant to
PTX-mediated apoptosis and thereby influenced the activity
of PTX against cancer in human melanoma cells [35]. Never-
theless, there is little known towards the mediation role of
PTX on inflammatory via regulation of autophagy, inflam-
masome, and the corresponding signaling pathways in
macrophages.

Given that autophagy participates in the process of
inflammation and PTX displays anti-inflammatory activities
though the inhibition of proinflammatory cytokines, the
autophagy machinery that controls the influence of PTX
against inflammatory needs to be further explored in a
macrophage-like cell model. Our study tried to unearth
PTX-induced regulation of the inflammatory responses and
cytokine production by activating autophagy and inhibiting
inflammasome as well as signaling pathway in RAW264.7

macrophage cells. We also hypothesized that the AMPK
signaling played a crucial role in autophagy regulation and
suppression of inflammation.

2. Materials and Methods

2.1. Reagents and Cell Culture. Pentoxifylline (PTX) was
ordered from BD Biosciences (San Jose, CA, USA). α-
MEM, FBS, penicillin, and streptomycin were ordered from
Hyclone. 3-Methyadenine (3-MA) and LY294002 were
ordered from Selleck Chemicals (Houston, TX, USA). Rabbit
polyclonal anti-LC3, anti-IL-1-beta, anti-NLRP3, and anti-
Beclin1 were obtained from Cell Signaling Technology Inc.
(Danvers, MA, USA). Anti-TNF-α, anti-ERK1/2, and p-
ERK1/2 were ordered from Abcam (Cambridge, MA, USA).
Mouse polyclonal anti-GAPDH and rabbit polyclonal
anti-P62 were ordered from Proteintech Group, Inc. Anti-
α-tubulin rabbit polyclonal was ordered from Beyotime
Biotechnology (Shanghai, China). Secondary antibodies
were ordered from Thermo Scientific.

Murine macrophage cells RAW264.7 were derived from
the Institute of Biochemistry and Cell Biochemistry and Cell
Biology (Shanghai, China). RAW264.7 were kept in DMEM
containing 10% FBS and 5% penicillin/streptomycin at
37°C in a humidified 5% CO2 atmosphere.

2.2. Cell Viability Assay. 1:0 × 103 of cells in each well were
inoculated in 96-well plates prior to PTX treatment. Cells
were treated with 0, 0.2, 0.3, 0.5, and 0.8mg/mL PTX at
24 h and 48h. Then, the cell viability was determined with
α-MEM containing Cell Counting Kit 8 (CCK-8) solution
(Dojindo, Japan) in each well. The medium was then dis-
carded and maintained for 2 h at 37°C in the dark. The absor-
bance value of 490nm was detected by an ELISA reader.

2.3. PTX Time- and Dose–Response Detection. Whole-blood
assays were conducted in many parts of this literature in
order to reflect the aspect closest to physiological environ-
ment. Serum was not included. 0.5mL of samples was main-
tained in 24-well plates with treatment of LPS (10 ng/mL)
and PTX (20, 200, and 2,000μg/mL) for 4, 8, or 24 h at
37°C, 5% CO2. To detect cytokine production, supernatants
were harvested, centrifuged, and maintained at -80°C until
use at different postincubation time.

2.4. Cytokine Quantification in Supernatants. In the experi-
ments, indicated cells pretreated with lipopolysaccharide
(LPS) were then stimulated with 20ng/mL interferon-γ
(IFN-γ). The cells were exposed to 0, 50, 100, 200, and
400 ng/mL LPS in a concentration-dependent manner for
24 h; in addition, we also treated cells with 100ng/mL LPS
at 0, 3, 6, 12, and 24 h in a time-dependent manner. Through
this two groups’ analysis, we can determine the best treated
concentration and time point. All samples were centrifuged
after a specified time point of stimulation. Supernatants with-
out cells were harvested and fast-frozen at −80°C until the
following use. The IL-1β and TNF-α and other cytokine
levels in supernatants were determined utilizing commer-
cially available ELISA kits (Absin, Shanghai, China) as
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described in the manual. The threshold of detection sensitiv-
ity was 3.3 pg/mL for IL1-β and 3.7 pg/mL for TNF-α.

2.5. Western Blot Analysis. For per well, 1:0 × 106 cells/mL
were inoculated in Ø60 mm dishes as indicated. Whole cell
lysate with 2% protease inhibitor and phosphatase inhibitors
(Beyotime Biotechnology, China) was applied to harvest
overall proteins. Bicinchoninic Acid (BCA) Protein Assay
Reagent (Pierce, USA) was executed to determine protein
concentrations. Approximately 20μg sample protein was
loaded and ran on 10-15% SDS-PAGE gel, followed by trans-
ferring into polyvinylidene difluoride (PVDF) membrane
(Millipore). 5% nonfat milk diluted in phosphate-buffered
saline (PBS)/Tween 20 was used to block PVDF membrane
for 1 h. PVDF membranes were rinsed three times with
Tris-buffered saline Tween (TBST) and then incubated with
primary antibody overnight at 4°C. At the following day,
PVDFmembrane was rinsed three times with TBST. Second-
ary antibodies were incubated with membrane for 1 h at
ambient temperature.

2.6. Immunofluorescence Staining and Fluorescence
Microscope. The adenoviral constructs carrying mRFP-
GFP-LC3 were obtained from HanBio Technology Co. Ltd.
(Shanghai, China). Raw 264.7 cells were infected with adeno-
virus carrying mRFP-GFP-LC3 at MOI 200 upon cell conflu-
ence at approximately 80%. Macrophages were incubated in
a 12-well plate with adenovirus diluted in 1mL complete
medium for 4 h in a37°C incubator as described by the
manufacturers. The macrophages after transfection were
incubated with DMEM containing 10% FBS overnight.
Autophagosomes and autolysosomes in survival macro-
phages were counted by Cell Imaging Multi-Mode Reader
(Cytation™5, BioTek Company, USA) with 40× image.

2.7. Transmission Electron Microscopy (TEM). RAW264.7
cells were fixed with 2% glutaraldehyde for 2 h after 12 h
PTX (0, 0.2, 0.5mg/mL) treatment. After fixation,
RAW264.7 incubated with 1% osmium tetroxide were dehy-

drated with gradient ethanol and then embedded in Epon-
Araldite resin. The autophagosomes were visualized under
the TEM (Tecnai G2 Spirit Bio TWIN, FEI Company, USA).

2.8. Statistical Analysis. The representative data was shown as
the mean ± SEM of three separate experiments in triplicate
one time. All data were processed and analyzed by t-test
and ANOVA in SPSS 20 (Chicago, IL, USA). Obvious differ-
ences existing in different groups were shown as P < 0:05.

3. Results

3.1. Evaluation of Cell Viability after Pentoxifylline
Treatment. The molecular structure of pentoxifylline (PTX)
was shown in Figure 1(a). To get the safe concentrations
(SCs) of PTX, we examined and evaluated the cytotoxicity
of PTX with different concentrations (0, 0.2, 0.3, 0.5, and
0.8mg/mL), as shown in Figure 1(b). After 24 h incubation,
we found that cell survival had no significant difference
among groups with PTX less than 0.5mg/mL. Although with
statistical significance between the 0.3 and 0.5mg/mL
groups, it holds no big difference with regard to the cell via-
bility at a time point of 24 hours. Therefore, the concentra-
tion of PTX drug used in the following study was no more
than 0.5mg/mL.

3.2. LPS/IFN-γ Induced Inflammation in RAW264.7 Cells.
LPS, a sort of endotoxin produced by outer membrane of
bacteria, is famous as inducing inflammation [36], while
interferon gamma (IFN-γ) is a pleiotropic molecule which
can enhance proinflammatory signaling by activating macro-
phages for inflammatory cytokine level [37]. LPS stimulation
of macrophages combined with IFN-γ can enhance macro-
phage activation and increase the expression of inflammatory
factors [38, 39]. The lipopolysaccharide- (LPS-) primed
inflammasome activation would induce some active proin-
flammatory cytokines and chemokine, such as interleukin-
1β (IL-1β) and tumor necrosis factor α (TNF-α). Emerging
data have shown that PTX can ameliorate inflammatory
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Figure 1: (a) Molecular structure of pentoxifylline (PTX). (b) CCK8 assay detected RAW264.7 cell viability with 0, 0.2, 0.3, 0.5, and
0.8mg/mL PTX treatment after 24 h and 48 h (∗P < 0:05 and ∗∗P < 0:01, compared to control).
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factor expression [40]. In order to set a model of IFN-γ/LPS-
caused proinflammatory phenotype in RAW264.7 cells, IFN-
γ (20 ng/mL) combined with 0, 50, 100, 200, and 400ng/mL
LPS were explored (Figures 2(a) and 2(c)). It was found that
inflammatory factor (TNF-α, IL-1β) expression could be evi-
dently raised when the LPS concentration was 100ng/mL.
When the concentration was increased to 200ng/mL, the
increasing effects of the expression of inflammatory factors
were not obvious. Furthermore, we examined the influence
of 100 ng/mL LPS and 20ng/mL IFN-γ at different stimulat-
ing times (0, 3, 6, 12, and 24 h). Figures 2(b) and 2(d) showed
that with the time gradient changes, significant inflammatory
factor expression (TNF-α, IL-1β) was found at 24 h. There-
fore, we chose the condition of IFN-γ/LPS-induced macro-
phage activation with LPS 100ng/mL and IFN-γ 20ng/mL,
and the stimulation time was 24h.

3.3. PTX Ameliorated LPS-Caused Inflammatory Factors in
RAW264.7 Cells. To verify that PTX has an inhibitory effect

on LPS-mediated inflammation, we first pretreated macro-
phages with 0.2 and 0.5mg/mL of PTX for 12 hours and then
used 100 ng/mL+20ng/mL of LPS/IFN-γ to treat cells for 24
hours. Inflammatory factor (IL-1β and TNF-α) level in the
supernatant was measured by ELISA. Figures 3(a) and 3(b)
illustrated that IL-1β and TNF-α level was inhibited with
treatment of 0.2 and 0.5mg/mL PTX, and the inhibited
impact was significant when cells were treated with
0.5mg/mL PTX. Then, PTX with a concentration of
0.5mg/mL was adopted to pretreat cells with different times
(6, 12, 24 hours) and followed by cotreating with LPS/IFN-
γ for 24 h. With respect to the time of PTX treatment, the
maximum inhibitory effect on the expression of IL-1β and
TNF-α was found to be 12 h (Figure 3(c)). Furthermore, we
maintained PTX treat time with 12 h, altered PTX with 0.2,
0.3, and 0.5mg/mL, and then stimulated by LPS/IFN-γ for
24 h. It was found that as the PTX concentration increases,
the inhibitory effect on IL-1β and TNF-α increases accord-
ingly, and the inhibitory effect is significant after treatment
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Figure 2: LPS-caused inflammasome activation in macrophage under different conditions detected with enzyme-linked immunosorbent
assay (ELISA) among supernatants. The IL-1β expression level was influenced by (a) a concentration-treatment manner (0, 50, 100, 200,
and 400 ng/mL), and (b) a time-dependent manner (0, 3, 6, 12, and 24 h) treating with 100 ng/mL LPS and 20 ng/mL IFN-γ. The TNF-α
expression level affected by (c) a concentration-treatment manner (0, 50, 100, 200, and 400 ng/mL) and (d) a time-dependent manner (0,
3, 6, 12, and 24 h) treating with 100 ng/mL LPS and 20 ng/mL IFN-γ (∗∗∗P < 0:001 compared to control, ns means no significance when
compared to 100 ng/mL LPS-treated group).
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of PTX of 0.5mg/mL within the safe usage. The data indi-
cated that 0.5mg/mL PTX had significant inhibitory effect
on LPS-mediated inflammation in RAW264.7 cells.

3.4. PTX Inhibited Autophagy in RAW264.7 Cells in a Dose-
and Time-Dependent Manner. Autophagy, being a regulation
process of the innate immune system, is thought to modulate
inflammatory cytokine generation [14–16]. Whether PTX
had influence on the regulation of macrophage autophagy
or not was checked in our following experiments.

RAW264.7 cells were treated with 0.5mg/mL PTX at 0, 6,
12, and 24 h. Autophagy-related protein (LC3, P62, and
Beclin1) expressions were measured by Western blotting.
Figure 3(a) showed that with the increase of the treatment
time, the expression of LC3 increased. Similarly, the expres-
sion of SQSTM1/P62 also increased accordingly. However,
the expression of the autophagy-related protein Beclin1
decreased (Figure 3(b)). With respect to the cells treated with
PTX of 0, 0.2, 0.3, and 0.5mg/mL for 12 hours, LC3 and
SQSTM1/P62 expression increased with raised drug
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Figure 3: The content of IL-1β and TNF-α in supernatants was examined with ELISA. RAW264.7 cells were firstly treated with 0.2mg/mL
PTX (a) and 0.5mg/mL (b) for 12 h, respectively, and then treated with 100 ng/mL LPS and 20 ng/mL IFN-γ. After 24 h incubation, carefully
remove the medium without disturbing the layer of cells and collect the supernatant for ELISA analysis (∗∗∗P < 0:001; ##P < 0:01; ###P < 0:001).
(c) The influences of pretreatment of PTX on the expression of IL-1β and TNF-α in RAW264.7 cells. The cells were firstly treated with
0.5mg/mL of PTX for 6, 12, and 24 h, respectively. Then, cells were treated with 100 ng/mL LPS and 20 ng/mL IFN-γ for 24 h. After that, the
cellular proteins were collected and examined by Western blotting. (d) The effects of PTX pretreatment concentration on protein expression
of IL-1β and TNF-α in RAW264.7 cells. The cells were pretreated with 0.2, 0.3, and 0.5mg/mL PTX for 12 h, respectively, and then treated
with 100 ng/mL LPS and 20ng/mL IFN-γ for 24 h. After that, the cellular proteins were collected and detected by Western blotting. Both in
(c) and (d) the α-tubulin was the internal control, and quantitative analyses of protein expressions are represented by a bar graph
(∗∗∗P < 0:001; ###P < 0:001).
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concentration (Figure 3(c)), while Beclin1 expression was
significantly reduced (Figure 3(d)). Therefore, we make a
hypothesis that it might be the effects of PTX on macro-
phages that blocked the autophagy flux of the cells and thus
suppressed the autophagy of the cells.

The LC3 proteins functioned critically in autophagy, and
the localization of these proteins to autophagosomes can be
used as a general marker for the accumulation of autophago-
somes during inhibition of autophagic flux. To facilitate the
high-throughput screening of autophagy-related PTX on
macrophage cells, the RFP-GFP-LC3 construct was trans-
fected into RAW264.7 cells. Then, GFP-RFP-LC3-trans-
fected macrophages were treated with PTX of different
concentrations (0, 0.2, and 0.5mg/mL), and the autophagy
flux situation image verifying RFP-GFP-LC3 expression in liv-
ing cells was obtained with a fluorescent microscope
(Figure 4(a)). When the concentration of PTX drug increased,
the number of intracellular autophagosomes (yellow) was
increased, and accordingly, the number of corresponding
autophagolysosomes (red) was increased. Furthermore, the
size and number of autophagic bodies were observed by elec-
tron microscopy [41].

It was found that with the concentration of PTX increas-
ing, the number of intracellular autophagosomes (large
arrows) increased, and so did the number of autophagoly-
sosomes (small arrows). The experimental results of
autophagy-related protein expressions, immunofluorescence
tracking, and electron microscopy examinations all con-
firmed that the autophagy of RAW264.7 cells was blocked
by PTX, which supports the hypothesis that PTX might
block the autophagy flux of macrophage cells and thus
result in the autophagy of the cells suppressed.

3.5. PTX Ameliorated LPS-Induced Inflammation by
Reducing Autophagy in RAW264.7 Cells. NLRP3 is a critical

component of the inflammasome process [42]. There has
been an increasing research concern on the crosstalk between
autophagy and inflammation [20]. NLRP3 is found in autop-
hagosomes upon activating inflammasome. To explore the
feature of autophagy in determining the anti-inflammatory
sensitivity of RAW264.7 cell response to PTX agent, we first
examined the activity of autophagy in RAW264.7 cells with
treatment of autophagy inhibitors like 3-methyladenine (3-
MA, 5mM) or LY294002 (5μM) with 0.5mg/mL PTX and
100 ng/mL LPS. As shown in Figures 5(a) and 5(b), under
the presence of 3-MA or LY294002, the stimulation with
PTX obviously reduced IL-1β and TNF-α secretion to the
supernatant of RAW264.7 cells in an intensity-dependent
manner (#P < 0:05 or ###P < 0:001 compared to LPS+IFN-
γ-treated cells). These results indicate that PTX might play
its anti-inflammation role though autophagy regulation to a
certain extent. In addition, NLRP3 is a critical component
of the inflammatory process. After the pretreatment of LPS-
treated RAW264.7 cells with autophagy inhibitors (3-MA
or LY294002) or null, we found that 0.5mg/mL PTX could
decrease the proinflammatory cytokine (TNF-α) level and
reduce NLRP3 level through autophagy inhibition. In
summary, the results above imply that PTX influence on
autophagy inhibition of RAW264.7 cells would present
crucially in suppressing IL-1β and TNF-α secretion. The
effects on IL-1β and TNF-α secretion were due to differences
in inflammasome activation. To confirm this finding, we next
used autophagy inhibitors to block AMP-activated protein
kinase (AMPK) signaling to investigate to correlation of
autophagy regulation and suppression of inflammation by
PTX in RAW264.7 cells.

3.6. AMPK Signaling Pathway Displays Crucially in
Regulating Autophagy and PTX Anti-Inflammation. Adeno-
sine 5′-monophosphate–activated protein kinase (AMPK),
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Figure 4: Morphological observation of autophagy after PTX stimulation. (a) Fluorescence microscope observation of autophagy bodies
(yellow) and autophagy lysosomes (red) affected by PTX concentration in cells and the GFP-RFP-LC3-transfected RAW264.7 cells treated
with different PTX (0, 0.2, and 0.5mg/mL). (b) Electron microscopy of autophagic bodies. RAW264.7 cells treated with different PTX (0,
0.2, and 0.5mg/mL) were visualized by transmission electron microscopy. In control roots, few vesicles are apparent within the vacuole as
they are immediately degraded. The autophagic bodies (big arrows) and autophagic lysosomes (small arrows) could be clearly observed.
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a vital metabolic modulator of cellular and organismal pro-
cess, impeded inflammation. Drug-induced activation of
AMPK kinase could protect against inflammation [43, 44].
The cell autophagy can be coordinated by the AMPK signal-
ing pathway [45]. To investigate the possible molecular
mechanism of the relationship of PTX anti-inflammatory
and autophagy, we explored the AMPK signaling pathway
in autophagy and PTX anti-inflammatory in macrophages.
The macrophage treated with PTX of 0.5mg/mL was used
as control. Figure 6(a) showed that p-AMPK expression in
cells treated with LPS+IFN-γ was obviously increased. How-
ever, p-AMPK expression was dramatically inhibited in cells
pretreated with PTX.

The results demonstrated that the AMPK signaling path-
way of macrophages was suppressed by PTX. In accordance
with the addition of the AMPK pathway activator A-
769662, the expression of autophagy-related proteins LC-3
and Beclin1 was also increased (Figures 6(b) and 6(c)), which
demonstrated the effect of AMPK signaling pathway
involved with autophagy induction. In addition, the expres-

sion of TNF-α and NLRP3 in PTX pretreatment cells was
dramatically lower relative to that in the LPS+IFN-γ group
(Figure 6(d)), while with the addition of the AMPK path-
way promoter A769662, the expression of TNF-α and
NLRP3 increased obviously, and the anti-inflammatory
effect of PTX was suppressed. The data indicated that the
inhibition of PTX anti-inflammatory effects was related
with the activated AMPK signaling pathway. Therefore,
the AMPK pathway perhaps displayed an important role
in the mechanism of PTX inhibiting autophagy and anti-
inflammatory effect.

4. Discussion

PTX, approved by FDA, was applied in anti-inflammatory
therapy. PTX can suppress proinflammatory cytokine gene
transcription, such as TNF-α, but increase anti-
inflammatory expression, such as IL-10 [25, 37], and it also
inhibits other cytokines’ key roles in inflammation such as
IL-1β and IL-6 [31, 33]. However, it is still elusive whether
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Figure 5: (a) IL-1β and (b) TNF-α level in supernatants of RAW264.7 cells treated with PTX with or without autophagy inhibitor 3-
MA/LY294002 was measured by ELISA. The cells were pretreated with 0.5mg/mL PTX with or without autophagy inhibitor 3-MA and
LY294002 for 12 h and then treated with 100 ng/mL LPS and 20 ng/mL IFN-γ for 12 h. Finally, the supernatants were collected for ELISA
measurement (∗∗∗P < 0:001; #P < 0:05, ###P < 0:001; $$P < 0:01). (c) TNF-α and NLRP3 protein level in RAW264.7 cells cultured with or
without the autophagy inhibitor 3-MA/LY294002 detected by Western blotting, and β-actin was the internal control. The cells were firstly
treated with 0.5mg/mL PTX for 12 h and then treated with 100 ng/mL LPS and 20 ng/mL IFN-γ for 12 h. The quantitative analysis of
different protein expressions is shown by a bar graph (∗∗P < 0:01, ∗∗∗P < 0:001; #P < 0:05, ###P < 0:001; $P < 0:05, $$P < 0:01).
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Figure 6: (a) AMPK and p-AMPK protein level in RAW264.7 cells detected by Western blotting. The cells were initially treated with
0.5mg/mL PTX for 12 h and then treated with 100 ng/mL LPS and 20 ng/mL IFN-γ for 6 h (∗P < 0:05; ###P < 0:001). (b, c) LC3 and Beclin
1 protein level in RAW264.7 cells cultured with or without the activator A-769662 of AMPK signaling pathways detected by Western
blotting, and β-actin expression was the internal control. The cells were pretreated with PTX (0.5mg/mL) for 12 h. The quantitative
analysis of different protein expressions is shown by a bar graph (∗P < 0:05, #P < 0:05, ##P < 0:01, ###P < 0:001). (d) TNF-α and NLRP3
protein level in RAW264.7 cells with or without activator A-769662 of AMPK signaling pathways was examined by Western blotting; and
β-actin expression was the internal control. The cells were initially treated with 0.5mg/mL PTX for 12 h and then treated with 100 ng/mL
LPS and 20 ng/mL IFN-γ for 6 h. The quantitative analysis of different protein expressions is shown by a bar graph (∗∗∗P < 0:001;
##P < 0:01; ##P < 0:01, ###P < 0:001).
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PTX modulated the inflammatory responses via activating
autophagy, inhibiting inflammasome, and the signaling path-
way in macrophages. Our study illustrates that PTX inhibited
autophagy in a dose- and time-dependent manner, and PTX
ameliorated LPS-caused inflammation by reducing autoph-
agy in RAW264.7 macrophage cells, and the AMPK signaling
played a crucial role in autophagy regulation and PTX sup-
pressed inflammation.

Inflammation is produced in the body upon exposure to
injury or pathological infection. The adaptive immune sys-
tem, particularly DCs and T cells, functioned primarily and
specifically to regulate the inflammatory response. Macro-
phages are major participants in innate immune responses.
The proinflammatory factors, such as cytokines and chemo-
kines, are generated during infections or stimulus of inflam-
mation. IL-1β and TNF-α are typical proinflammatory
cytokines widely used in the study of inflammation-related

diseases. Therefore, IL-1β and TNF-α were investigated to
further confirm the success of LPS-primed inflammasomes
activation in RAW264.7 macrophage cells (Figure 2). LPS-
motivated IL-1β maturation in RAW264.7 cells was dramat-
ically upregulated by 50 and 100ng/mL of PTX at 3, 6, and
24 h as shown in Figures 2(a) and 2(b). Meanwhile, TNF-α
activated by LPS-primed inflammasome in macrophages
was significantly upregulated which was consistent with both
dose (50, 100 ng/mL) and time (3, 6, 12, and 24h), shown in
Figures 2(c) and 2(d).

As a nonspecific phosphodiesterase inhibitor, PTX would
heighten intracellular cAMP and anti-inflammatory cytokine
levels but reduce proinflammatory mediator production [22,
23]. In this study, our results indicated themaximum inhibited
influences on IL-1β and TNF-α expression when treated with
0.5mg/mL of PTX for 12h (Figure 3). Similarly, Kalaiselvan
[46] reported triphala (0.1–0.3mg/mL) largely curbed
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Figure 7: Western blotting analysis of the effects of PTX (0.5mg/mL) treatment time (0, 6, 12, and 24 h) on protein expression of (a) LC3 and
SQSTM1/p62 and (b) Beclin1 and the concentration (0.2, 0.3, and 0.5mg/mL) influence of PTX treatment for 12 h on protein expression of
(c) LC3 and SQSTM1/p62 and (d) Beclin1 in RAW264.7 cells. β-Actin was the internal control (∗P < 0:05, ∗∗P < 0:01, and ∗∗∗P < 0:001
compared to control).
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inflammatory mediator production (e.g., TNFα, IL-1β) in a
dose-related manner [38].

Cells could decompose their assembly by autophagy,
which is a fundamental eukaryotic homeostatic process.
NLRP3 is a key sensor molecule in the inflammasome activity
[42]. Recently, current advances suggested that the pathway
and proteins of autophagy exhibited a pivotal role in immu-
nity and inflammation [20]. Many studies have confirmed
that the effects of autophagy on inflammation have a two-
way effect. On the one hand, autophagy might confront the
inflammatory response by removing inflammatory protein
aggregates and downregulating proinflammatory cytokines
of tissue damage; on the other hand, autophagy would acti-
vate the inflammasome to produce a lot of inflammatory fac-
tors, thus accelerating the inflammation process. After
balancing positive and negative sides of immunity and
inflammation, autophagy could be regarded as a protector
for infection, autoimmunity, and inflammation [14–17].
Our findings indicated that autophagy regulation probably
contributed to therapeutic interventions towards diseases
with inflammation. However, PTX performs the anti-
inflammatory responses through autophagy activation as
well as signaling pathways of inflammasome inhibition are
still not well-known. Considering autophagy-related protein
(LC3, P62, and Beclin1) expression, immunofluorescence
tracking, and electron microscopy examinations (Figures 7
and 4), we found out that the PTX inhibited autophagy of
RAW264.7 cells in a manner of dose and time dependence.
Furthermore, when autophagy inhibitors 3-MA and
LY294002 were added to PTX-treated cell, the PTX alleviated
LPS-induced inflammation by reducing the proinflammatory
cytokine (TNF-α, IL-1β) level. NLRP3 expression was greatly
ablated (Figure 5). Therefore, PTX could block the autophagy
flow of autophagic cells, and its inhibitory effect on LPS-
mediated inflammation was significant in autophagy-
inhibited cells.

The AMPK signaling pathway functioned importantly in
energy homeostasis and metabolism [44]. Some previous
studies have shown that AMPK signaling perhaps functioned
importantly in activated inflammatory body modulation. For
example, Kim et al. [40] showed that adiponectin hindered
LPS-caused activated inflammasomes in macrophages via
inducing autophagy and activating the AMPK signaling
pathway. Similarly, our data suggested that AMPK signaling
displayed an important role in the regulation of PTX-
mediated autophagy and inflammation (Figure 6). It is inter-
esting that our data indicated that PTX inhibited the AMPK
signaling pathway in macrophages, and it would cause anti-
inflammatory response by inhibiting this pathway to sup-
press autophagy flow. Since the AMPK pathway links energy
sensing to the anti-inflammatory signaling pathway, when
autophagy was being inhibited, the formation of autophago-
somes should be reduced. Similarly, Xie et al. reported that
MAPK/ERK signaling pathways participated in the regula-
tion of BRF1-mediated inhibition of LPS-induced inflamma-
tory factor level and the autophagy flux in macrophage [47].

In summary, pentoxifylline suppresses inflammation in
LPS-caused RAW264.7 macrophage cells that are relying on
proper treatment time and dose. The autophagy in cells

inhibited by PTX was found with dose and time dependence,
and PTX alleviated LPS-induced inflammation which was
caused by the downregulation of autophagy. Furthermore,
AMPK signaling might display important function in
autophagy inhibition during the process of PTX attenuat-
ing LPS-caused inflammation in RAW264.7 macrophage
cells. New insight into the regulation basis of inflammation
and autophagy will provide new perspective of anti-
inflammatory drugs. Although the process of PTX inhibit-
ing the AMPK signaling correlated with the number of
autophagosomes followed by dose and time dependence
in RAW264.7 cells, the phenomenon of AMPK inhibition
and autophagosome increase might involve other pathways,
which deserves further study in the future.
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Cardiac hypertrophy (CH) is a common cause of sudden cardiac death and heart failure, resulting in a significant medical burden.
The present study is aimed at exploring potential CH-related pathways and the key downstream effectors. The gene expression
profile of GSE129090 was obtained from the Gene Expression Omnibus database (GEO), and 1325 differentially expressed genes
(DEGs) were identified, including 785 upregulated genes and 540 downregulated genes. Kyoto Encyclopedia of Genes and
Genomes (KEGG) and Reactome pathway enrichment analysis of DEGs were then performed. Although there were no
pathways enriched by downregulated genes, many CH-related pathways were identified by upregulated genes, including PI3K-
Akt signaling pathway, extracellular matrix- (ECM-) receptor interaction, regulation of actin cytoskeleton, and hypertrophic
cardiomyopathy (HCM). In the deeper analysis of PI3K-Akt signaling pathway, we found all the signaling transduction pointed
to B cell lymphoma-2- (Bcl-2-) mediated cell survival. We then demonstrated that PI3K-Akt signaling pathway was indeed
activated in cardiac hypertrophy. Furthermore, no matter LY294002, an inhibitor of the PI3K/AKT signaling pathway, or
Venetoclax, a selective Bcl-2 inhibitor, protected against cardiac hypertrophy. In conclusion, these data indicate that Bcl-2 is
involved in cardiac hypertrophy as a key downstream effector of PI3K-Akt signaling pathway, suggesting a potential therapeutic
target for the clinical management of cardiac hypertrophy.

1. Introduction

Cardiac hypertrophy (CH) is the heart’s response to stressful
situations that impose increased biomechanical stress by
increasing muscle mass. This physiological process contrib-
utes to reducing the ventricular wall stress, when the heart
undergoes a greater than normal workload. Although hyper-
trophy of the myocardium is a biological response of stress by
augmenting cardiac output, prolonged hypertrophy can lead
to ventricular arrhythmias, heart failure, and subsequent car-
diovascular mortality [1–3]. As reported previously, many
signaling transduction pathways were illustrated to contrib-
ute to the development of cardiac hypertrophy [4, 5]. Among
the CH-related pathways, PI3K-Akt signaling pathway,
which is activated by many types of cellular stimuli or toxic
insults to regulate fundamental cellular processes including
protein synthesis, proliferation, and survival, was well estab-
lished [6]. It is demonstrated that sustained activated PI3K in

the heart aggravates cardiac hypertrophy and myocardial
dysfunction; once PI3K is completely blocked, the hearts lose
the hypertrophic response to physiological stimuli [7]. The
PI3K-promoting hypertrophic response needs the involve-
ment of PI3K downstream AKT [8], GSK3β [9], mTOR
[10], P70S6K, and eIF-4E [11], which are involved in the reg-
ulation of fundamental cellular processes, including metabo-
lism, glucose uptake, proliferation, and protein synthesis.
Furthermore, we found that all the fundamental cellular pro-
cesses were assigned towards a single goal of cell survival.
However, the central downstream effector of the PI3K-Akt
signaling pathway, which regulates cell survival, remains
incompletely defined.

Bcl-2 is a founding member of the BCL-2 apoptosis reg-
ulatory protein family, which can induce (proapoptotic) or
inhibit (antiapoptotic) apoptosis [12]. Bcl-2 is overexpressed
in more than half of human cancers [13]. As an important
oncogene, Bcl-2 can inhibit cell apoptosis by inhibiting the
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activation of apoptosis proteins (such as BAX and BAK),
thereby promoting the survival of cancer cells [14]. The
expression of Bcl-2 in human breast cancer is associated with
a good prognosis, and ongoing studies have shown that
destroying Bcl-2 can cause cell death [15]. Bcl-2 and related
cytoplasmic proteins are key regulators of apoptosis, and the
cell suicide program is essential for the development, tissue
homeostasis, and protection of pathogens. Previous reports
indicate that whether cells should survive or die depends
largely on the Bcl-2 family of antiapoptotic and apoptosis reg-
ulators [16]. Bcl-2 has a cell cycle inhibitory function, which
can be separated from improving cell survival [17].

In this study, we reanalyzed the gene expression profile of
GSE129090 to explore the molecular mechanism of cardiac
hypertrophy. KEGG enrichment analysis showed that the
upregulated DEGs were enriched in PI3K-Akt signaling
pathway and the central downstream effector was Bcl-2,
which functioned in cell survival. To verify the results above,
the validation experiments were performed. It was demon-
strated that the cross-sectional area in the TAC group was
significantly higher than that in the Sham group, accompany-
ing the activation of PI3K-Akt signaling pathway, resulting
from the level of phosphorylated PI3K, AKT, GSK3β,
mTOR, P70S6K, and eIF-4E. Once the phosphorylation of
PI3K or Bcl-2 was blocking by their selective inhibitors, the
development of CH was retarded. In conclusion, these data
indicate that Bcl-2 is involved in cardiac hypertrophy as a
central downstream effector of PI3K-Akt signaling pathway,
suggesting a potential therapeutic target for the clinical man-
agement of cardiac hypertrophy.

2. Methods and Materials

2.1. Data Collection. The gene expression profile of
GSE129090 was obtained from the Gene Expression Omni-
bus (GEO) database (http://www.ncbi.nlm.nih.gov/geo/)
based on the platform of Illumina MouseRef-8 v2.0 expres-
sion beadchip. A total of 6 samples were available, including
3 hypertrophic cardioymocytes (hypertrophy induced by
trans-aortic constriction (TAC)) samples and 3 normal adult
cardiomyocyte (ACM) samples.

2.2. Identification for DEGs. For the analysis of DEGs, the
expression data were first normalized using the normalize-
BetweenArray function from R package “Limma” [18]. Then,
the normalized data were used to analyze DEGs using the
Limma software package in the R software (http://www
.bioconductor.org/packages/release/bioc/html/limma.html)
[19]. The cut-off value was set as P value <0.05 and
log2ð∣fold change ðFCÞ ∣ Þ > 1 for DEG analysis [20].

2.3. Pathway Analysis of DEGs. The Kyoto Encyclopedia of
Genes and Genomes (KEGG: http://www.genome.ad.jp/
KEGG) and Reactome (https://reactome.org/) pathway
enrichment analysis were performed to investigate the signal-
ing pathways that were related to the unique DEGs.

2.4. Animals and Transverse Aortic Constriction (TAC)
Model. Male C57BL/6J mice aged 10 weeks were purchased
from Shanghai SLAC Laboratory Animal CO, LTD (China).

The experimental procedures were approved by the Institu-
tional Animal Ethical Committee of Luodian hospital of
Baoshan District. The experiments were proceeded accord-
ing to NIH guidelines for Care and Use of Laboratory Ani-
mals (NIH, 8th Edition, 2011). The mice were maintained
in individually ventilated cages (at 22°C, 12h light/dark
cycle) with free access to standard laboratory chow. 40 rats
were randomly divided into 4 groups (10 for each group),
which were, namely, Sham group, TAC group, TAC+
LY294002 group, and TAC+Venetoclax group.

TAC operation was performed as a previous report [21].
Briefly, for the TAC group, after carotid arteries explosion
and 60%-75% diameter of ligation, mice were administrated
with normal saline (NS, 1ml/day) for 8 weeks; for the TAC
+LY294002 group, mice were treated with LY294002
(20mg/kg/day, Sigma, USA) for 8 weeks by intraperitoneal
injections; for the TAC+ Venetoclax group, mice were
treated with Venetoclax (100mg/kg/day, Selleckchem) for 8
weeks by oral gavage.

After administration of TAC operation, mice were main-
tained for another 8 weeks. Subsequently, the hearts were col-
lected and fixed with 10% neutral formalin and preserved in
-80°C for further research.

2.5. Western Blotting Analysis. Standard western blot analysis
was performed as described in the literature [22]. The pri-
mary antibodies used in this study were anti-AKT
(ab32505, Abcam), anti-phospho-AKT (ab81283, Abcam),
anti-GSK3β (ab32391, Abcam), anti-phospho-GSK3β
(ab131097, Abcam), anti-mTOR (ab2732, Abcam), anti-
phospho-mTOR (ab84400, Abcam), anti-eIF-4E (ab32024,
Abcam), anti-phosphoeIF-4E (ab76256, Abcam), anti-PI3K
(#4257, CST), anti-phospho-PI3K (#4228, CST), anti-
P70S6K (#2708, CST), anti-phospho-P70S6K (#9208, CST),
and anti-Actin (ab8227, Abcam).

2.6. Quantitative Real-Time PCR. Total RNA was isolated
from heart tissues using TRIzol Reagent (Invitrogen), and
the qRT-PCR experiments were performed according to the
literature [22] using SYBR Green (Roche). The expression
levels of atrial natriuretic peptide (ANP), brain natriuretic
peptide (BNP), and β-myosin heavy chain (β-MHC) were
used as markers of cardiac hypertrophy [23]. GAPDH was
used as control, and the 2−ΔΔCt method was used to measure
the relative gene expressions. All the primers used in this
study were obtained from Sangon (Shanghai, China). The
real-time PCR primers were as follows:

ANP-forward: 5′-ACCTGCTAGACCACCTGGAG-3′,
ANP-reverse: 5′-CCTTGGCTGTTATCTTCGGTACCGG-
3′; BNP-forward: 5′-GAGGTCACTCCTATCCTCTGG-3′,
BNP-reverse: 5′-GCCATTTCCTCCGACTTTTCTC-3′; β-
MHC-forward: 5′-CCGAGTCCCAGGTCAACAA-3′, β-
MHC-reverse: 5′-CTTCACGGGCACCCTTGGA-3′;
GAPDH-forward: 5′-TTGCTTCAGGGTTTCATCCAG-3′,
GAPDH-reverse: 5′-GACACTCGCTCAGCTTCTTG-3′.

2.7. Histological Analysis. 8 weeks after TAC or sham surgery,
the animals were sacrificed, and the hearts were arrested with

2 BioMed Research International
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Figure 1: Selection of DEGs and function annotation: (a) heat map of DEGs (785 upregulated and 540 downregulated genes); (b) KEGG
pathway analysis of upregulated DEGs; (c) Reactome pathway analysis of upregulated DEGs.
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a 10% potassium chloride solution at end-diastole and then
fixed in 10% formalin. The paraffin-embedded hearts were
cut transversely into 4-5μm sections. Heart sections were
stained with HE, and the cell size was measured using a quan-
titative digital image analysis system (ImageJ, 1.52a).

2.8. Statistical Analysis. All experiments were performed in
three independent parallel experiments, and the results were
shown as mean ± standard deviation (SD). Differences
between groups were estimated using unpaired Student’s t
-test. A two-tailed value of P valve <0.05 was considered sta-
tistically significant.

3. Results

3.1. Identification of DEGs and Enrichment Pathway
Analyses. The study included 3 TAC samples and 3 ACM

samples. A total of 1325 DEGs were identified after the anal-
ysis of GSE129090 by Limma package in R language. Of
these, 785 were upregulated, and 540 were downregulated
in TAC samples compared with ACM samples. A heat map
of DEGs was shown in Figure 1(a).

For a deeper insight into the DEGs, we performed KEGG
and Reactome pathway enrichment analyses. Upregulated
DEGs were mainly enriched in CH-related pathways
(Figure 1(b) and 1(c)), such as PI3K-Akt signaling pathway,
ECM-receptor interaction, regulation of actin cytoskeleton,
hypertrophic cardiomyopathy (HCM), and cytokine-
cytokine receptor interactions. However, the downregulated
DEGs were not significantly enriched in any pathway.

3.2. PI3K-Akt Signaling Pathway in CH Development. Given
that the upregulated DEGs were most significantly enriched
in PI3K-Akt signaling pathway, we selected the 36-related
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Figure 2: PI3K-Akt signaling pathway in CH: (a) PI3K-Akt signaling pathway in CH manually curated based on KEGG; (b) heat map of
DEGs in PI3K-Akt signaling pathway. GF: growth factors; RTK: receptor tyrosine kinase; ECM: extracellular matrix; ITGA: integrin
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genes for further study (Figure 2(a)). Among the 36 selected
genes, 28 genes were involved in ligand-receptor interaction,
18 of which were ECM-ITGA/B interaction (Figure 2(b)),

showing that the development of CH was mainly promoted
by the microenvironment. More importantly, we found that
all the signaling transduction pointed to Bcl-2-mediated cell
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Figure 3: PI3K-Akt signaling pathway was involved in the response to hypertrophic stimuli: (a) histological analyses of the hematoxylin and
eosin (H&E) staining of each group of mice at 8 weeks after TAC or sham surgery (n = 10); (b) statistical results for the cardiomyocyte cross-
sectional area (CSA, n = 50 cells); (c) real-time PCR analysis of the hypertrophy markers atrial natriuretic peptide (ANP), brain natriuretic
peptide (BNP), and β-myosin heavy chain (β-MHC); (d) the levels of total and phosphorylated AKT, GSK3β, mTOR, PI3K, P70S6K, and
eIF-4E expression in heart tissues of mice in the indicated groups; (e) quantitative results of (d) (n = 10). ∗P < 0:05 versus Sham group.
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survival. These results prompted us to hypothesize that
PI3K-Akt signaling pathway-induced Bcl-2-mediated cell
survival was involved in the development of CH.

3.3. PI3K-Akt Signaling Pathway Was Involved in the
Response to Hypertrophic Stimuli. Given that PI3K-Akt sig-
naling pathway was involved in the development of cardiac
hypertrophy, we first examined whether PI3K-Akt signaling
pathway was activated in cardiac hypertrophy tissues. As
shown in Figures 3(a)–3(c), we successfully constructed the
TAC mice model. The cross-sectional area (CSA) was signif-
icantly higher in the TAC group than that in the Sham group,
and the expression of ANP, BNP, and β-MHC was increased
in the TAC group. As expected, it was observed that PI3K,
AKT, GSK3β, mTOR, P70S6K, and eIF-4E were significantly
phosphorylated in the TAC group, suggesting that PI3K-Akt
signaling pathway was indeed activated in cardiac hypertro-
phy (Figures 3(d) and 3(e)).

3.4. LY294002 And Venetoclax Protected against Cardiac
Hypertrophy. To further examine whether PI3K-Akt signal-
ing pathway had a causative role in the development of car-
diac hypertrophy and Bcl-2 was the central downstream
effector, additional in vivo experiments were performed.
We treated the TAC mice with LY294002 (a PI3K inhibitor
that prevents PI3K phosphorylation) or Venetoclax (a selec-
tive Bcl-2 inhibitor) as described in Methods and Materials.
We found that no matter LY294002 or Venetoclax protected
against TAC-induced cardiac hypertrophy (Figure 4(a)). The
cross-sectional area was decreased in the treatment group.
The results determined that PI3K-Akt signaling pathway
played a critical role in TAC-induced CH, and Bcl-2-
mediated cell survival was the key cause of the cardiovascular
lesions.

4. Discussion

Cardiac hypertrophy is one of the most common causes of
heart failure, which is increasing in prevalence and is a debil-
itating disease with high rates of mortality and morbidity
worldwide [24]. Although many studies have reported that
long-term cardiac hypertrophy increases the likelihood of
heart failure, treatment of cardiac hypertrophy has not been
well defined, due to the obscure molecular mechanism [25].
Recently, multiple CH-related signaling pathways have been
identified in many individual studies, such as the PI3K-Akt,
calcineurin/NFAT, and MAPK pathway [26]. Originally, it
was thought that the pharmacological agents that selectively
modulate the CH-related pathways could inhibit the devel-
opment of pathological cardiac hypertrophy, but up to now,
no effective drugs targeting cardiac hypertrophy have been
found [27]. The reason is clear that it is impossible to inhibit
all the pathways relating to cardiac hypertrophy. So, finding
the central downstream effectors of the CH-related pathways
has attracted our attention. In this study, we reanalyzed the
gene expression profile of GEO129090, including 3 TAC
mice samples and 3 ACM mice samples. 1325 DEGs were
identified using R, including 785 upregulated genes and 540
downregulated genes. KEGG and Reactome pathway enrich-
ment analysis of DEGs were then performed. Although there
were no pathways identified by downregulated genes, many
CH-related pathways were identified by upregulated genes,
including PI3K-Akt signaling pathway, ECM-receptor inter-
action, regulation of actin cytoskeleton, and hypertrophic
cardiomyopathy (HCM). The genes involved in the ECM-
receptor interaction signaling pathway found in ductal breast
carcinoma could be used as effective independent prognostic
biomarkers for ductal breast carcinoma. The reorganization
of the actin cytoskeleton was a key mechanical driving force
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for cancer cells to acquire invasive properties. Related genes
regulated cell shape by affecting the actin cytoskeleton and
were important regulators of migration and proliferation.
HCM is the most common genetic heart disease in humans
and causes significant morbidity and mortality [28].

In the deeper analysis of PI3K-Akt signaling pathway, we
found all the signaling transduction pointed to Bcl-2-
mediated cell survival. These results showed that a microen-
vironment-promoted, PI3K-Akt signaling pathway-acti-
vated, and Bcl-2-mediated cell survival may be the key
cause of cardiac hypertrophy. To verify the results from the
bioinformatical analysis, we then examined the PI3K-Akt
signaling pathway in TAC-induced cardiac hypertrophy
samples. As reported previously, it was observed that PI3K,
AKT, GSK3β, mTOR, P70S6K, and eIF-4E were significantly
phosphorylated in TAC mice, suggesting that PI3K-Akt sig-
naling pathway was indeed activated in cardiac hypertrophy.

Cardiac hypertrophy is the adaptive response of the heart
muscle to pressure or volume overload [29]. PI3K is a highly
conserved lipid kinase involved in physiological cardiac hyper-
trophy (PHH) [30]. The AKT pathway is an important intra-
cellular signaling pathway in eukaryotic cells, especially a
regulator of cardiac hypertrophy [31]. There is increasing evi-
dence proving that autophagy is involved in the regulation of
cardiac hypertrophy [32]. Studies have shown that related
genes can inhibit cardiac hypertrophy caused by pressure
overload by inhibiting the AKT/mTOR pathway to promote
autophagy [33]. The role of PI3K/Akt/mTOR pathway in car-
diac hypertrophy has been fully demonstrated. Dioscin
improves cardiac hypertrophy by inhibiting the
Akt/GSK3β/mTOR pathway [34]. Studies have shown that
Apelin-13 promotes cardiomyocyte hypertrophy through
PI3K-Akt-ERK1/2-p70S6K and PI3K-induced autophagy
[35]. Phosphorylation of eIF-4E is a mechanism by which
increased heart load is related to the accelerated rate of protein
synthesis [36]. As we know, all the examined proteins, PI3K,
AKT, GSK3β, mTOR, p70S6K, and eIF-4E, are regulators
but not effectors. So, we hypnotized that the downstream pro-
tein of PI3K-Akt signaling pathway, Bcl-2, was the effector. In
our study of TAC mice treated with inhibitors in vivo, we
found that nomatter LY294002, an inhibitor of the PI3K/AKT
signaling pathway, or Venetoclax, a selective Bcl-2 inhibitor,
protected against cardiac hypertrophy. These results suggested
that PI3K-AKT signaling pathway was involved in cardiac
hypertrophy by regulating Bcl-2-mediated cell survival.

In conclusion, the present study evidences that Bcl-2
works as the central downstream effector of PI3K-Akt signal-
ing pathway to keep cardiomyocyte survival, resulting in car-
diac hypertrophy. It is indicated that Bcl-2 is of great
possibility to be a therapeutic target for the clinical manage-
ment of cardiac hypertrophy. This study provides novel and
useful information for the potential functions of Bcl-2 and at
the same time provides a new direction for the study of the
mechanism of CH.
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Acute exacerbation of chronic obstructive pulmonary disease (AECOPD) is becoming a common respiratory disease, leading to
increased morbidity and mortality worldwide. Tumor necrosis factor-alpha (TNF-α) is a powerful proinflammatory cytokine
involved in the pathogenesis of AECOPD. Therefore, we proposed a close correlation between the TNF-α polymorphism
[-308G/A (rs1800629), +489G/A (rs1800610)] and the disease progress of patients with AECOPD. Comparison of the TNF-α
genotypes between the 198 AECOPD diagnosed patients groups and 195 healthy peoples suggested their significant differences
of the three genotypes (AA, GA, GG) distribution for TNF-α -308 (P < 0:05), but no differences of that for TNF-α +489. We
found that patients with TNF-α -308 GA/AA genotypes showed smaller adjacent arterial diameter, thicker bronchial wall,
higher bronchial artery ratio, higher bronchial wall grading, and higher frequency of acute exacerbations than those with TNF-α
-308 GG genotype. Patients with TNF-α +489 GA/AA genotypes showed the same AECOPD properties as patients with TNF-α
-308 except for the high frequency of acute exacerbations. Further experiment showed that the TNF-α -308 and+489 gene
polymorphisms could affect the expression level of TNF-α in macrophages, suggesting the involvement of the macrophage
population in disease regulation of AECOPD patients with TNF-α -308G/A and+489G/A genotype heterogeneity. In conclusion,
the TNF-α -308G/A genotype was related to AECOPD susceptibility and progress, while the TNF-α +489G/A genotype was
related to AECOPD progress, but not AECOPD susceptibility.

1. Introduction

Chronic obstructive pulmonary disease (COPD) refers to a
group of chronic inflammatory diseases that cause airflow
blockage and breathing-related problems [1, 2]. Although
causing high morbidity and mortality, there is no specific
treatment for COPD, and the pathogenesis remains unclear.
COPD can develop into acute exacerbation of COPD
(AECOPD). The patients with AECOPD suffer from rapid
deterioration of the lung, accompanied by inflammation
and fever. Frequent recurrence of AECOPD is an important
factor in promoting the progression of COPD, leading to

increased morbidity and mortality worldwide [3–5]. Smok-
ing is previously shown to be significant associated with
AECOPD; however, it is reported that only 10-15% of
smokers could develop AECOPD [6, 7]. Besides, there also
appears to be a familial clustering of AECOPD [8]. These
studies suggest that genetic factors may play an important
role in AECOPD development. Therefore, exploring the
association of heterogeneity of AECOPD phenotypes and
gene polymorphism is necessary for individualized preven-
tion and treatment programs.

Macrophages are the most abundant cells in the tumor
stroma and exhibit obvious plasticity, which enables them
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to perform multiple functions in the tumor microenviron-
ment [9]. Tumor-associated macrophages usually refer to
another type of M2, which exhibits anti-inflammatory and
tumor-promoting effects [10]. In large series of nonrespond-
ing community-acquired pneumonia (CAP) patients, COPD
is observed to be a protective factor for nonresponse to initial
antibiotics [11]. This result is related to changes in the phe-
notype of inflammatory cells, especially the induction of clas-
sic M1 or alternative M2 activation of macrophages is
involved, which leads to different inflammatory conditions
[12]. Previous studies indicate that the microenvironment
in the lung regulates the activation of macrophages, resulting
in different phenotypes in AECOPD, CAP, and COPD +
CAP patients [11].

Tumor necrosis factor- (TNF-) α, working as a proin-
flammatory cytokine, plays an important role in an inflam-
matory response. Many studies show that TNF-α is
upregulated in the sputum, broncho alveolar lavage fluid,
and bronchial biopsies of patients with COPD [13, 14], sug-
gesting the key role of TNF-α in the COPD progress. As a
well-studied proinflammatory cytokine, many biallelic poly-
morphisms of TNF-α, including -308G/A (rs1800629),
-376G/A (rs1800750), -238G/A (rs361525), and+489
(rs1800610) gene polymorphisms, are discovered. Among
these polymorphic sites, -308G/A, -376G/A, and -238G/A
polymorphisms are located in the promoter region of the
gene, whereas +489 polymorphism is located in the first
intron of the gene [15]. Many studies have assessed the rela-
tionship between COPD risk and TNF-α polymorphisms. As
the best-studied TNF-α polymorphism [16, 17], -308G/A
variant has been reported to be closely related with COPD
development in a Taiwanese [18] cohort and a Japanese
cohort [19], but not in Caucasian populations [20–22].
Besides, TNF-α +489G/A polymorphism, which is involved
in prostate cancer, systemic lupus erythematosus, and rheu-
matoid arthritis development [23], is also recently identified
to be related to COPD development [24, 25]. However, few
studies are performed on the Asian population. Therefore,
we perform a correlation analysis between TNF-α polymor-
phisms (-308G/A and+489G/A) and AECOPD susceptibil-
ity of the Shanghai Han Population.

2. Materials and Methods

2.1. Specimen Acquisition. The AECOPD (159 males and 39
females) patients and healthy populations (157 males and
38 females) studied in this work were obtained from the
Department of Respiratory Medicine at Minhang Hospital,
Fudan University. A total of 198 patients and 195 healthy

peoples of the Shanghai Han population were selected from
January 2014 to June 2015. The Research Ethics Committees
of Minhang Hospital approved the study, and all patients
provided written informed consent.

Specifically, patients were diagnosed as AECOPD accord-
ing to the criteria described in “Chronic obstructive pulmo-
nary disease treatment guidelines (2013 Revision)”
established by the Chinese Medical Association Respiratory
Diseases Committee. To be specific, eliminate other disease
possibilities, after inhaling bronchodilator, FEV1/FVC < 70
%; patient respiratory symptoms deteriorated more than
the daily variation range, and when there is a need to change
the drug regimen, during the disease, patients often had a
short-term cough, sputum, shortness of breath and/or exac-
erbated wheezing, increased sputum, purulent or mucopuru-
lent sputum, fever, and inflammation to significantly
exacerbate symptoms. Patients with the genetic predisposi-
tion of other diseases, including hypertension, diabetes, cor-
onary heart disease, or rheumatism, were excluded from the
sample cohort. As for the control cohort, 195 healthy Han
individuals (157 males and 38 females) without disease his-
tory of other respiratory or systemic diseases, such as bron-
chiectasis, pulmonary fibrosis, sarcoidosis, asthma, lung
cancer, diabetes, and heart disease, were selected. All of the
individuals were confirmed as the normal lung and chest
function through high-resolution computerized tomography
(HRCT) examination.

Detailed pathological datum, including medical history,
age, gender, smoking index, and specific symptoms (cough,
sputum, or dyspnea) was collected from the patients with
AECOPD or the control subjects. Besides, the following two
types of COPE classification were considered: Pistolesi et al.
[26] revealed that based on the clinical manifestations, spi-
rometry results, chest imaging data, and pathologic features,
COPD could be divided into bronchitis- and emphysema-
types: the criteria outlined by Hurst et al. [27], and AECOPD
phenotypes can be divided into nonfrequent- (0-1 time/year-)
and frequent- (≥2 times/year-) types. Spirometry was per-
formed for all patients. The lung functions of all subjects were
evaluated using the COSMED quark-PFT4 spirometer.

All patients underwent chest HRCT examination at the
end of a calm breath, using a 64-slice helical CT scan, from
the apex to the bottom of the lung. Scanning parameters were
as follows: voltage 140 kV, thickness 1.25mm, current 112
mas, pitch 1.375 : 1, and lap speed 12.25 s. Workstation
syngo. via was used to read the sections.

2.2. Data Analysis. Two radiologists evaluated the clinical
data under double-blinded conditions. The average values of
all indicators were taken into analysis. Based on the principles
using 960 HU to define the normal lung and low attenuation
area (LAA) published by Kitagichi et al. [28, 29], the 3 anatom-
ical levels at the edge of the aortic arch, lower spine, and pulmo-
nary vein were evaluated, and the area of LAA on either side
was calculated as a percentage of the whole lung. Subsequent
comparison and classification were performed. The rating cri-
teria were as follows: LAA < 5%, 1 point; 5% ≤ LAA < 25%, 2
points; 50% ≤ LAA < 75%, 3 points; and LAA ≥ 75%, 4 points.
The 6 viewpoint scores were added to calculate the emphysema

Table 1: Clinical baseline data comparison for the AECOPD and
the control group.

Groups
Gender

Age (years)
M F

AECOPD 159 39 79:76 ± 8:56
Control 157 38 81:26 ± 9:29
P value 0.958 0.06
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score: 0 points, stage 0; 1 to 6 points, stage I; 7 to 12 points,
stage II; 13 to 18 points, stage III; 19 to 24 points, and stage
IV. Bronchial wall thickness was graded as follows: 0,
bronchial wall thickness < 30% of the adjacent pulmonary
artery diameter; grade 1, 30% of the adjacent pulmonary
artery diameter ≤ bronchial wall thickness < 50% of the adja-
cent pulmonary artery diameter; and grade 2, bronchial wall
thickness ≥ 50% of the adjacent pulmonary artery diameter.
COPD phenotypes were divided as follows: A-type: absent or
minor emphysema, LAA ≤ stage 1, regardless of whether the
bronchial wall was thickening; E-type: the presence of LAA ≥
stage II emphysema, regardless of whether the bronchial wall
was thickening; and M-type: having LAA ≥ stage II
emphysema and bronchial wall thickening ≥ grade 1.

2.3. DNA Isolation and TNF-α Gene Polymorphism Typing.
The TNF-α gene polymorphisms located on positions
-308G/A and+489G/A, which are related to the transcrip-
tional start site (TSS) of the TNF-α gene, were detected in
genomic DNA derived from peripheral blood leukocytes.
Briefly, 3mL of blood was drawn from each subject after fast-

ing and stored at -80°C after separation. Gene amplification
was conducted using PCR-ABI 2700. Whole blood genomic
DNA extraction was performed by Shanghai Yixiang Biotech-
nology Ltd. DNA was detected after cell lysis, precipitation,
protease digestion, DNA adsorption, elution, and agarose gel
electrophoresis. The primers for TNF-α -308 were designed
as follows: TNF-α-forward (-308): 5′-AGGCCTCAGGA
CTCAACACA-3′; TNF-α-reverse (-308): 5′-GTTGCTTCT
CTCCCTCTT-3′. The primers for TNF-α +489 were designed
as follows: TNF-α-forward (+489): 5′-GTGTATGGAGTGAA
TGAATGAA-3′; TNF-α-reverse (+489): 5′-CCTGAGTGT
CTTCTGTGT-3′. The desired gene product was isolated
by agarose gel electrophoresis. PCR products were purified
and sequenced by Suzhou Genewiz Biotechnology Com-
pany. If the result was bimodal at a given position, the
position was interpreted as heterozygous; a single peak
was interpreted as homozygous.

2.4. The Expression Level of TNF-α Based on Public Online
Databases and Blood Samples. To gather the expression data

Table 2: Distribution of TNF-α-308 and+489 genotypes in the AECOPD and control groups.

Group No. of samples
Genotypes Alleles

GG (%) GA (%) AA (%) G (%) A (%)

TNF-α-308

AECOPD 198 173 (87.37) 21 (10.61) 4 (2.02) 367 (92.68) 29 (7.32)

Control 195 186 (95.38) 9 (4.62) 0 (0) 381 (97.69) 9 (2.31)

P value 0.001 0.001

TNF-α+489

AECOPD 198 140 (70.71) 46 (23.23) 12 (6.06) 326 (82.32) 70 (17.68)

Control 195 148 (75.90) 39 (20.00) 8 (4.10) 329 (84.36) 61 (15.64)

P value 0.455 0.203

GG GA AA

TN
F-
𝛼

+4
89

TN
F-
𝛼

-3
08

Figure 1: Differences among AECOPD patients with different genotypes on inspiratory-expiratory high-resolution computerized
tomography (HRCT) imaging.
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of TNF-α, we downloaded the microarray expression pro-
files, including GSE71220, GSE42057, and GSE54837, from
the Gene Expression Omnibus (GEO) database (https://
www.ncbi.nlm.nih.gov/geo/query/acc.cgi).

The blood samples from the AECOPD group and control
group were obtained in the morning on or before breakfast
from the median cubital vein, then immediately centrifuged
at 3,000 rpm for 10 minutes. The serum was extracted for
TNF-α concentration assessment using TNF-α (human)
EIA Kit (589201-480, Cayman).

2.5. Peripheral Blood Mononuclear Cell (PBMC) Isolation,
Culture, and Differentiation. Whole blood (20-25mL) col-
lected in tubes containing ethylenediaminetetraacetic acid
(EDTA) as anticoagulant was processed between 9 : 00 am
and 12 : 00 noon, within 3 h of collection. PBMCs were
isolated by Ficoll-Paque (Histopaque 1077; Sigma-Aldrich,
Gillingham, UK) density gradient centrifugation (at 400 g
for 30min at RT with the break turned off) and washed
twice with PBS (at 300 g for 10min at 4°C). PBMCs were
resuspended at 2:5 × 106 cells/mL in RPMI 1640 medium
containing 10% FCS and 1% penicillin-streptomycin.
Then, the PBMCs were cultured in 24-well plates
(500μl/well) and stimulated for 4 h with phorbol 12-
myristate 13-acetate (PMA; 100ng/ml; Sigma-Aldrich)
and ionomycin (1μg/ml; Sigma-Aldrich) in the presence
of 1× monensin (BioLegend, UK) to obtain macrophage.
The culture supernatants of macrophage were collected,
centrifuged for 5min at 300 g at 4°C, and aliquoted and
stored at -80°C until analysis.

2.6. Statistical Analysis. Data were analyzed and graphed
using SPSS 19.0 statistical software (SPSS, Chicago, IL,
USA). Data significance was measured using a t-test and
χ2 test. The Hardy-Weinberg equilibrium was used to cal-
culate the genotypic equilibrium, and the Fisher exact test
was used to compare differences between genotype and
allele frequency; P < 0:05 was considered as statistically
significant.

3. Results

3.1. Characteristics of the AECOPD Populations. The
AECOPD cohort consisted of 198 Shanghai Han patients
(79:76 ± 8:56 years old). Around 81% of the AECOPD
patients were male. A total of 121 (61%) patients were
smokers or exsmokers, and 77 patients (39%) stated that they
had never smoked.

The healthy population consisted of 195 Shanghai Han
subjects derived from an anonymous panel of blood donors
(81:26 ± 9:29 years old), including 157 males (81%) and 38
females (19%). The statistical analysis revealed no significant
difference between the AECOPD cohort and the control sub-
jects in terms of age and gender (Table 1).

3.2. TNF-α Gene Polymorphism and Population Susceptibility
to AECOPD. To assess the differences of AECOPD suscepti-
bility between the patients and control group, the genotype
frequencies of TNF-α -308G/A and the TNF-α +489G/A
gene polymorphisms in the two cohorts were analyzed,
respectively (Table 2). As a result, in both healthy subjects

Table 3: Comparison of the different indicators for the GG genotype and non-GG genotypes.

Group No. of samples Adjacent arterial diameter Bronchial wall thickness Bronchial artery ratio Bronchial wall grading

TNF-α-308

GG 173 1:04 ± 0:59 0:17 ± 0:04 0:28 ± 0:11 0:38 ± 0:55
Non-GG 25 0:65 ± 0:20 0:27 ± 0:14 0:38 ± 0:14 0:90 ± 0:75
P value 0.037 0.014 0.017 0.022

TNF-α+489

GG 116 0:96 ± 0:56 0:26 ± 0:13 0:28 ± 0:12 0:49 ± 0:59
Non-GG 82 0:74 ± 0:39 0:21 ± 0:09 0:32 ± 0:13 0:69 ± 0:72
P value 0.003 0.003 0.019 0.031

Table 4: Comparison of the different indicators for the GG genotype and non-GG genotypes.

Group No. of samples
Frequency of acute exacerbations Cough or dyspnea (frequency)

Once/year >twice/year Cough Dyspnea

TNF-α-308

GG 173 153 20 105 68

Non-GG 25 11 14 8 17

P value 0.001 0.007

TNF-α+489

GG 116 93 23 14 102

Non-GG 82 60 22 27 55

P value 0.324 0.001
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and patients with AECOPD, the alleles at the individual loci
of the TNF-α gene were in Hardy-Weinberg equilibrium,
with nonsignificant χ2 values.

For TNF-α -308G/A gene polymorphism, the frequen-
cies of the 3 genotypes (GG, GA, and AA) in the AECOPD
group were 87.37%, 10.61%, and 2.02%, respectively, while
the occurrence rates of the 3 genotypes in the control group
were 95.38%, 4.62%, and 0%, respectively. Besides, the fre-
quencies of G and A in the AECOPD group were 92.68%
and 7.32%, while the frequencies in the control group were
97.69% and 2.31%, respectively. The results showed a signif-
icant difference in genotype frequency of TNF-α between
the AECOPD group and control group (P = 0:001), ascrib-
ing to the enhanced frequencies of GA and AA in the
patient group.

For TNF-α +489G/A gene polymorphism, the frequen-
cies of the 3 genotypes (GG, GA, and AA) in the AECOPD
group were 70.71%, 23.23%, and 6.06%, respectively, while

the frequencies of the 3 genotypes in the control group were
75.90%, 20.00%, and 4.10%, respectively. The statistical anal-
ysis revealed that there was no significant difference in the
occurrence distribution of the 3 TNF-α genotypes between
the two groups (P = 0:455, R by C table Chi square test).
Besides, the frequencies of G and A in the AECOPD group
were 82.32% and 17.68%, while the frequencies of G and A
in the control group were 85.90% and 14.10%, respectively.
There was also no significant difference discovered in the
occurrence distribution of the 3 TNF-α genotypes between
the two groups (P = 0:455, R by C table Chi square test).

3.3. Correlation Analyses of TNF-α Gene Genotypes and
AECOPD Phenotypes. To investigate the correlation of
TNF-α-308 or+489 genotypes and AECOPD phenotypes,
the adjacent arterial diameter and bronchial wall thickness
of AECOPD patients were measured (Figure 1 and
Table 3). As a result, we found that no matter for TNF-α
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Figure 2: TNF-α gene genotypes affect the expression level of TNF-α in macrophage. (a) TNF-α concentration is increased in serum from
AECOPD patients. (b) TNF-α concentration in serum from AECOPD patients with different TNF-α gene genotypes. (c) The expression of
TNF-α in the data from public online databases. (d) TNF-α secreted by macrophages with different TNF-α gene genotypes.
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-308 or TNF-α +489, the patients with non-GG genotypes
showed lower adjacent arterial diameter and higher bron-
chial wall thickness (P < 0:05). Two key indexes of the
character of AECOPD, the ratio of bronchial wall thick-
ness to adjacent artery diameter (bronchial artery ratio)
and bronchial wall grading, were calculated. The results
showed that the patients with non-GG genotypes (TNF-
α-308 and TNF-α+489) had higher bronchial artery ratio
and bronchial wall grading, suggesting more serious
AECOPD phenotypes (P < 0:05).

Furthermore, for TNF-α -308, patients carrying non-GG
genotypes showed significantly more frequent exacerbations
(P = 0:001) and dyspnea (P = 0:007) than patients carrying
GG genotype. Unlike TNF-α -308, there was no significant
difference between the TNF-α +489AA/GA group and GG
group in frequency of acute exacerbations (P = 0:324), while
the patients with AA/GA genotype presented a higher ratio
of cough to dyspnea than patients with GG genotype
(P = 0:001). The detailed data were presented in Table 4.

3.4. TNF-α Gene Genotypes Affect the Expression Level of
TNF-α in Macrophage. To investigate whether the TNF-α
gene genotypes affect its expression level, we firstly detected
the level of TNF-α in blood samples of the AECOPD group
and control group. As a result, TNF-α was overexpressed in
the AECOPD group (Figure 2(a)), and the expression level
was closely correlated with the TNF-α gene genotypes
(Figure 2(b)). However, there were no significant differences
in TNF-α expression values in three different microarray
expression profiles, including GSE71220, GSE42057, and
GSE54837 (Figure 2(c)). These results indicated that TNF-α
in blood was derived from other cell types rather than lung
cells. Considering that macrophage exhibited a more exten-
sive distribution along airways, lung parenchyma, and bron-
choalveolar lavage (BAL) fluid in COPD patients [30], we
hypostasized that the elevation of the expression value of
TNF-α in blood was mainly due to the extensive distribution
of the macrophage population in the lung, and TNF-α gene
genotypes could affect the expression of TNF-α in the lung
macrophages. To verify our hypothesis, the PBMCs were iso-
lated from blood samples of AECOPD patients carrying dif-
ferent TNF-α gene genotypes. Then, the cells were cultured
and differentiated into macrophage-like cells using PMA.
The TNF-α concentration in the culture medium was
detected. The result showed that the TNF-α concentration
was the highest in the TNF-α -308AA group (Figure 2(d)).
A similar result was obtained for the TNF-α +489AA group
(Figure 2(d)). These results demonstrated that TNF-α gene
genotypes affect the expression of TNF-α in macrophages.

4. Discussion

The clinical manifestations of COPD are heterogeneous. In
recent years, identifying differences between COPD pheno-
types, which could facilitate the exploration of different diag-
nosis and treatment methods, is becoming a popular topic.
The conventional drug treatment for COPD yields subopti-
mal responses in many patients. However, they often suffer
from increasing risks of exacerbations, rapid progression,

and poor prognosis. Researchers have identified and classi-
fied COPD into different categories and form different arche-
types [31], which could predict the prognosis of the disease
and guide the treatment for different patients.

It is now widely recognized that COPD is a chronic
inflammatory disease, in which multiple inflammatory cells,
inflammatory mediators, cytokines in the lung parenchyma,
and pulmonary vasculature that ultimately extends to multi-
ple systems in the body are involved. In recent years, TNF-α
has drawn attention on account of its role in the pathogenesis
of COPD. Previous studies showed that the TNF-α level is
increased in the muscle biopsy, serum, bronchoalveolar
lavage fluid (BALF), bronchial biopsy, and sputum samples
of patients with COPD and associated with an elevated risk
of acute exacerbation. These findings suggest that TNF-α is
potentially involved with a local and systemic inflammatory
response in the COPD process and may play an important
role in determining the severity of the disease. Our previous
study detecting TNF-α in the exhaled breath condensate of
patients with AECOPD yielded similar results. Thus, TNF-
α is one of the most active inflammatory cytokines in
AECOPD. The genetic factor determines the changes in pro-
tein structures, which corresponds with pathophysiological
changes. Therefore, exploring the relationship of heterogene-
ity of COPD phenotypes and genotype is necessary and is
becoming the future trend for identifying the individualized
prevention and treatment programs. The gene coding for
TNF-α locates in the histocompatibility complex III region
on chromosome 6.

Our study supported the previous reports about the role
of TNF-α -308 gene polymorphism in AECOPD susceptibil-
ity. Meanwhile, our current study also showed that the TNF-
α +489 GA and AA genotypes did not correlate with
AECOPD susceptibility in Chinese patients of the Shanghai
Han ethnicity, under the results of Hegab et al. [32], while
contradictory to the opinion suggested by Kucukaycan et al.
[33]. The main clinical manifestations, including dyspnea,
frequent exacerbations, and significantly thickened bronchial
wall, were shown by CT. Both our study and the study con-
ducted by Kucukaycan et al. [33] yielded similar results.
Among the North Caucasian population, the TNF-α
+489G/A gene polymorphism was correlated to a higher risk
of developing breathing problems. This was especially true
for patients with COPD without radiographic manifestations
of emphysema. Matheson et al. [34] also described that, in
the Australian COPD population, patients carrying the
TNF-α +489AA allele had a higher risk of developing breath-
ing problems, which was associated with small airway dis-
eases. Han et al. [35] found a 10% increase in bronchial
wall thickness and a 1.42-fold increase in the number of exac-
erbations, suggesting that the thickening of the bronchial wall
can affect clinical symptoms. Hurst et al. [27] described that
acute exacerbation itself was the best predictor for disease
exacerbations. Overall, COPD patients with more severe dis-
ease had a higher risk of acute exacerbation, lower quality of
life, and worse disease prognosis. These findings suggested
that the race, sample size, and polygenic variance of COPD
could all contribute to the disease prognosis and should be
validated in future clinical studies. However, the sample size
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of this study is small, and animal model tests are needed to
further verify the results of the study. In future research, we
will further explore the regulation of TNF-α -308 and+489
on macrophages in AECOPD.

This study included subjects of the Shanghai Han ethnic-
ity and excluded those with hypertension, diabetes, coronary
heart disease, rheumatism, and other genetic diseases. Our
hypothesis for the association of the gene polymorphisms
and the clinical phenotypes is that the TNF-α -308 and
+489 locus G>A mutation may result in a higher expression
value of TNF-α in macrophage. As a proinflammatory factor,
TNF-α can induce the onset of COPD. The inflammation in
the airway leads to a quick infiltration of neutrophils and
promotes neutrophil cell adhesion, elastic peripheral cell dis-
sociation, and proteolytic enzyme activity, which are condu-
cive to the formation of emphysema. TNF-α could also
induce the secretion of endothelin-1 by airway smooth mus-
cle cells, resulting in the contraction of airway smooth muscle
and airway cell proliferation, causing airway remodeling.
TNF-α also promotes the production of IL-6 and IL-8 by
bronchial epithelial cells and alveolar macrophages, thereby
increasing the damage to lung tissues. In sum, TNF-α -308
and+489 gene polymorphisms are associated with disease
severity and poor prognosis of patients with AECOPD in
the Chinese Shanghai Han ethnicity. The results laid a theo-
retical foundation for AECOPD prevention, assessment, and
personalized treatment development, thus improving the
prognosis of the disease.
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Objective. The study is aimed at investigating the regulatory relationship between miR-145-5p and ABRACL, and has tried at
clarifying the mechanisms underlying the proliferation, migration, and invasion of esophageal carcinoma (EC) cells. Methods.
Gene expression data related to EC were accessed from TCGA database, and the “edgeR” package was used to screen
differentially expressed genes. TargetScan, miRDB, and miRTarBase databases were used to predict potential targets for the
target miRNA miR-145-5p. qRT-PCR and Western blot were performed to assess the expression of miR-145-5p and ABRACL
in EC cells. Dual-luciferase reporter assay was performed to validate the targeting relationship between miR-145-5p and
ABRACL. Functional experiments including CCK-8 assay, Transwell migration, and invasion assays were used to detect the
proliferation, migration, and invasion of EC cells. Results. The expression of miR-145-5p was significantly decreased in EC,
while ABRACL was remarkably increased. In addition, there was a negative correlation identified between miR-145-5p and
ABRACL mRNA. Overexpressing miR-145-5p was able to suppress cell proliferation, migration, and invasion, whereas silencing
miR-145-5p posed an opposite effect. In the meantime, ABRACL was identified as a direct target of miR-145-5p by dual-
luciferase reporter assay. Furthermore, miR-145-5p could inhibit the expression of ABRACL, in turn inhibiting the proliferation,
migration, and invasion of EC cells. Conclusion. miR-145-5p functions on the proliferation, migration, and invasion of EC cells
via targeting ABRACL, and it may be a novel therapeutic target in EC treatment.

1. Introduction

Esophageal carcinoma (EC) is a common gastrointestinal
tumor characterized by a high incidence around the world,
and it is the sixth most common cause leading to cancer-
related death [1]. Lung cancer, gastric cancer, hepatocellular
carcinoma, and EC are the four most common cancers in
China. Among them, EC is the most prevalent disease and
its incidence gradually increases [2]. As there are no typical
clinical symptomsmanifested in early stages of EC, the illness
of many patients may progress to an advanced stage when
they are initially diagnosed, and that is the main reason for
a high mortality. Special local vascular structure and abun-
dant lymphatic capillaries are favorable factors for migration
of EC cells, which contributes to the fact that most people are
confirmed with EC accompanied by metastasis. Esophageal

squamous cell carcinoma (ESCC) is the most common type
of EC with a relatively high incidence in China [3, 4]. At pres-
ent, treatment of EC is mainly based on surgery combined
with radiotherapy or chemotherapy. Such treatment can
have a significant effect on the progress of the illness, yet
the overall prognosis is still poor. Therefore, identifying
effective therapeutic targets is of great significance for the
treatment of EC.

MicroRNAs (miRNAs) are small noncoding RNA mole-
cules that regulate translation or degradation of mRNA by
binding to the 3′-UTR of their target mRNAs [5, 6]. miRNAs
play pivotal roles in tumors including EC by acting as onco-
genes or tumor suppressor genes. For example, miR-124-3p
directly targets the 3′-UTR region of BCAT1 in ESCC, and
downregulation of miR-124-3p is highly correlated with
ESCC cell proliferation and migration [7]. In addition,
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miR-125b was reported to be able to negatively regulate the
expression of BCL-2-modifying factor (BMF) in ESCC by
interacting with the 3′-UTR within BMF, and overexpressing
miR-125b can significantly inhibit the growth of ESCC and
induce apoptosis [8]. miR-145-5p, a crucial member of the
miRNA family, was identified to be involved in malignant
progression of a variety of cancers, such as colorectal cancer
[9], breast cancer [10], and gastric cancer [11], and has fan-
tastic potential applications in the field of cancer.

The human ABRACL (ABPA C-terminal like) gene
locates on chromosome 6 and encodes a small protein of 81
amino acids, which can enhance actin activity and cell viabil-
ity [12]. As an atypical winged-helix protein previously
named as HSPC280, ABRACL belongs to a new family of
low-molecular-weight proteins and is only present in eukary-
otes but absent in fungi, with highly conserved sequences
across different species [13]. A mouse study conducted by
Stylianopoulou et al. found that ABRACL is a nucleoprotein
that inhibits neuronal differentiation in vitro when it is over-
expressed in Neuro2a cells, suggesting its involvement in the
regulation of neural progenitor cell proliferation [14]. A
report showed that ABRACL can be detected in uterine aspi-
rate of endometrial cancer rather than in that of healthy
uterus [15]. Besides, ABRACL was proven to have elevated
expression in gastric cancer tissue relative to that in normal
tissue, while increased ABRACL indicates unfavorable clini-
cal outcomes of cancer sufferers [16]. However, the role of
ABRACL in EC has not been reported.

The aim of this study was to investigate the expression of
miR-145-5p in EC cells and its role in cell proliferation,
migration, and invasion, and also tried to clarify the underly-
ing mechanisms.

2. Materials and Methods

2.1. Bioinformatics Analysis. Gene and miRNA Expression
Quantification Data related to EC were accessed from
TCGA-ESCA (esophageal carcinoma) dataset in TCGA
(https://portal.gdc.cancer.gov/). Package “edgeR” was used
to identify differentially expressed genes (DEGs), with the
threshold set as ∣logFC ∣ >1 and padj < 0:05. TargetScan
(http://www.targetscan.org/vert_72/), miRTarBase (http://
mirtarbase.mbc.nctu.edu.tw/php/index.php), and miRDB
(http://www.mirdb.org/) databases were used to predict
downstream target mRNAs for the target miRNA, and a
Venn diagram was plotted to find the target mRNA. Survival
significance of the target mRNA was evaluated using the
clinical information obtained from TCGA.

2.2. Cell Culture. Normal human esophageal epithelial cell
line HET-1A was purchased from Riken BioResource Center
(Tsukuba, Japan). Five EC cell lines Eca-109, EC9706,
KYSE150, KYSE180, and BIC-1 were purchased from Cell
Center of the Shanghai Institutes for Biological Sciences, Chi-
nese Academy of Sciences (Shanghai, China). All cells were
cultured in RPMI-1640 medium (Gibco, USA) containing
10% fetal bovine serum (FBS; Gibco), streptomycin
(100mg/ml; Gibco), and penicillin (100 units/ml; Gibco),
and maintained in an incubator at 37°C with 5% CO2.

2.3. Vector Construction and Cell Transfection. MiR-145-5p
mimic, miR-145-5p inhibitor, corresponding negative con-
trol and si-abracl respectively purchased from GenePharma
(Shanghai, China) were transiently transfected into EC cells
by Lipofectamine 2000 (Thermo Fisher Scientific, Inc.), and
then maintained in corresponding medium under the envi-
ronment of 5% CO2 at 37

°C. The lentiviral expression vector
pLVX-IRES-neo (Clontech) was used to establish ABRACL-
overexpressed vector oe-ABRACL, which was then used to
infect cancer cells, with the virus particle as the negative con-
trol. Sequences of the materials for transfection are as follows:
miR-145-5p mimic sense: 5′-GUCCAGUUUUCCCAGG
AAUCCCU-3′, antisense: 5′-GGAUUCCUGGGAAAACUG
GACUU-3′; mimic NC sense: 5′-UUCUCCGAACGUGUCA
CGUUU-3′, antisense: 5′-ACGUGACACGUUCGGAGAA
UU-3′; miR-145-5p inhibitor: 5′-CUUAGCAUCUAAGGGA
UUCCUGGG-3′; inhibitor NC: 5′-CGAACUUCACCUCG
GCGCGGG-3′; si-ABRACL: 5′-GCGCUCACAGUAGGAG
UUU-3′.

2.4. RNA Extraction and qRT-PCR. Total RNA was extracted
from cells using TRIzol (Thermo Fisher Scientific, Waltham,
MA, USA) and then reversely transcribed into complemen-
tary (cDNA) by cDNA synthesis kit (Thermo Fisher Scien-
tific, Waltham, MA, USA).

Quantitative PCR was performed using miScript SYBR
Green PCR Kit (Qiagen, Hilden, Germany) under following
thermal cycling conditions: predenaturation at 95°C for
10min, 40 cycles of 95°C for 15 s, and 60°C for 1min [17].
Primers for miR-145-5p, U6, ABRACL, and GAPDH were
purchased from GeneCopoeia (GeneCopoeia Inc., Guang-
zhou, China) and sequenced as below: miR-145-5p forward
(stem-loop): 5′-TCGGCAGGGTCCAGTTTTCCCA-3′,
reverse: 5′-CTCAAC TGGTGTCGTGGA-3′; U6 forward:
5′-GGAGCGAGATCCCTCCAAAAT-3′, reverse: 5′
-GGCTGTTGTCATACTTCTCATGG-3′; ABRACL for-
ward: 5′-ACCTCTTTGAAGCATTGGTAGG-3′, reverse:
5′-GCAGCTCTCCTGGATATGTTAC-3′; and GAPDH
forward: 5′-GGAGCGAGATCCCTCCAAAAT-3′, reverse:
5′-GGCTGTTGTCATACTTCTCATGG-3′. The 2−ΔΔCt
value was used to compare the difference in relative expres-
sion of the target mRNA and miRNA between the control
group and the experimental group. The experiment was
repeated three times.

2.5. Western Blot. After transfection for 48h, cells were
washed 3 times with cold PBS. Whole cell lysate was added
for cell lysate on ice for 10min, and the BCA protein assay
kit (Thermo, USA) was applied to determine protein concen-
tration. A measure of 30μg of protein samples was processed
for separation by polyacrylamide gel electrophoresis (PAGE)
at a constant voltage of 80V for 35min followed by 120V for
45min, and sequentially transferred to polyvinylidene fluo-
ride (PVDF) membranes (Amersham, USA). After blocked
with 5% skim milk for 1 h at room temperature, the mem-
branes were incubated with rabbit polyclonal anti-ABRACL
antibody (Abcam, Cambridge, UK) and rabbit polyclonal
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anti-GAPDH antibody (Abcam, Cambridge, UK) overnight
at 4°C. The membranes were washed 3 times with PBST
(phosphate-buffered saline containing 0.1% Tween-20) for
10min each time. Subsequently, the membranes were incu-
bated with horseradish peroxidase- (HRP-) labeled second-
ary antibody goat anti-rabbit IgG H&L (Abcam,
Cambridge, UK) for 1 h at room temperature. The mem-
branes were washed 3 times with PBST buffer again. An opti-
cal luminometer (GE, USA) was employed to visualize
protein bands, and the Image Pro Plus 6.0 (Media Cybernet-
ics, USA) software was applied for further analysis.

2.6. CCK-8 Assay. Proliferative capability of EC cells was
evaluated by CCK-8 assay. In short, Eca-109 cells
(2 × 104 cells/ml) were firstly inoculated into a 96-well plate
for culture under the regular culture environment (5% CO2
and 37°C). Following 0, 24, 48, and 72h, respectively, 10μl
of CCK-8 reagent was added into each well for 2 h. After
incubation, the optical density (OD) value at 450nm of each
well was measured using a microplate reader (Model 550;
Bio-Rad Laboratories, Inc., Hercules, CA, USA). CCK-8
reagent used here was provided by the Cell Counting Kit-8
produced by Dojindo Molecular Technologies, Inc. (Kuma-
moto, Japan). The experiment was repeated three times.

2.7. Transwell Assay

2.7.1. Transwell Migration Assay. Cancer cells in logarithmic
growth phase were starved for 24h at first. On the following
day, cells were digested, centrifuged, and resuspended to a
final concentration of 2 × 105 cells/ml. A measure of 0.2ml
of cell suspension was added into Transwell upper compart-
ment, while 700μl of precooled RPMI-1640 medium con-
taining 10% FBS was added into the lower compartment.
Cells were cultured in an incubator containing 5% CO2 at a
temperature of 37°C. After 24h, the cells still in the upper
compartment were wiped off with a wet cotton swab, and
the cells in the lower compartment were fixed using metha-
nol for 30min and then stained by 0.1% crystal violet for
20min. Finally, cells were observed under an inverted
microscope and five fields of view were randomly selected
for cell count.

2.7.2. Transwell Invasion Assay. A 24-well Transwell cham-
ber (8μm in aperture, BD Biosciences) was used for cell inva-
sion assay. Approximately 2 × 104 cells were plated in the
upper chamber which was precoated with Matrigel matrix
(Corning, Corning, NY). RPMI-1640 medium containing
10% FBS was filled into the lower chamber. The following
procedures were as similar as the above migration assay.

2.8. Dual-Luciferase Reporter Gene Assay. Eca-109 cells were
seeded at 6 × 105 cells/well in a 24-well plate and incubated
for 24 h. The mutant (MUT) or wild-type (WT) 3′-UTR of
ABRACL mRNA was amplified and then cloned into pmir-
GLO (Promega, WI, USA) to construct luciferase reporter
vectors ABRACL-WT and ABRACL-MUT. Subsequently,
ABRACL-WT and ABRACL-MUT were transfected into
cells with miR-145-5p mimic or mimic NC by using Lipofec-
tamine 2000, respectively. The Renilla luciferase vector pRL-

TK (TaKaRa, Dalian, China) was used as a control reporter
for normalization. After transfection, cells were cultured in
RPMI-1640 medium containing 10% FBS. After 48h, lucifer-
ase activities were measured using Dual-Luciferase Reporter
Assay System Kit (Promega Corp., Madison, WI, USA).
The experiment was repeated three times.

2.9. Statistical Analysis. All data were processed using SPSS
22.0 statistical software, and the measurement data were
expressed in the form of the mean ± standard deviation.
One-way analysis of variance (ANOVA) was used for pair-
wise comparison in data of multiple groups, while the t-test
was implemented for data comparison between two groups.
Student’s t-test and one-way analysis of variance (ANOVA)
were applied for analyzing the comparisons between two
groups and among multiple groups. p < 0:05 indicates
statistically significant difference.

3. Results

3.1. miR-145-5p Is Poorly Expressed in EC Cells. A total of 158
differentially expressed miRNAs (DEmiRNAs) were
screened via differential analysis using the “edgeR” package
(Figure 1(a)). Among the DEmiRNAs, miR-145-5p was
found to be significantly decreased in EC tumor tissues
(n = 153) relative to that in normal tissues (n = 11) in TCGA
database (Figure 1(b)). In addition, EC cell lines Eca-109,
EC9706, KYSE150, KYSE180, and BIC-1 and normal esoph-
ageal cell line HET-1A were collected to examine miR-145-
5p expression. qRT-PCR was performed and it was showed
that compared with HET-1A, EC cells especially Eca-109
cells had significantly reduced expression of miR-145-5p
(Figure 1(c)). Thus, Eca-109 cell line was chosen for subse-
quent experiments for further analysis.

3.2. miR-145-5p Inhibits the Proliferation, Migration, and
Invasion of EC Cells. A series of functional experiments were
conducted to identify the mechanism by which miR-145-5p
regulates EC cell biological behaviors. Mimic NC, miR-145-
5p mimic, inhibitor NC, and miR-145-5p inhibitor were
transfected into Eca-109 cells. CCK-8 assay suggested that
the proliferative ability of Eca-109 cells was greatly decreased
in the miR-145-5p mimic group relative to that in the NC
group, but significantly increased in the miR-145-5p inhibi-
tor group (Figure 2(a)). Similarly, cell migratory and invasive
abilities were both reduced in the miR-145-5p mimic group
but enhanced in the miR-145-5p inhibitor group relative to
those in the NC groups, as judged by Transwell migration
and invasion assays (Figures 2(b) and 2(c)). Overall, all
results indicated that high expression of miR-145-5p could
inhibit the proliferation, migration, and invasion of EC cells.

3.3. ABRACL Is a Direct Target of miR-145-5p. Differential
analysis showed that there were 3,224 differentially expressed
mRNAs (DEmRNAs) identified in TCGA-ESCA dataset
(Figure 3(a)). TargetScan, miRDB, and miRTarBase data-
bases were applied to predict target mRNAs of miR-145-5p,
and the results were then mapped into a Venn diagram with
the upregulated DEmRNAs in TCGA-ESCA dataset. Eventu-
ally, 10 overlapping mRNAs were obtained (Figure 3(b)).
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Among the 10 mRNAs, four genes including TGFBR2,
ABRACL, ZBTB47, and MASTL were detected to be signifi-
cantly associated with the prognosis of EC patients as
revealed by survival analysis based on the clinical samples
(n = 204) obtained from TCGA-ESCA dataset. Meanwhile,
ABRACL was shown to be the most elevated in EC tissue
samples (n = 176) relative to that in normal tissue samples
(n = 13) (Figure 3(c)). Additionally, Pearson correlation
analysis suggested that there was a negative correlation
between the expression levels of miR-145-5p and ABRACL
(Figure 3(d)). In order to validate whether ABRACL is asso-
ciated with the survival of patients with EC, a total of 114
samples (including 57 samples with low ABRACL and 57
samples with high ABRACL) and corresponding complete
clinical data were accessed from TCGA database and then
used for survival analysis (Figure 3(e)). Results showed that
high expression of ABRACL was able to predict poor
prognosis. In the meantime, the expression of ABRACL
was test in EC cell lines. Compared with HET-1A cell line,
EC cell lines had remarkably elevated expression of
ABRACL (Figures 3(f) and 3(g)).

To further understand the regulatory effect of miR-145-
5p on ABRACL, the expression of ABRACL was detected in
cells with miR-145-5p overexpression. The results showed
that overexpression of miR-145-5p significantly decreased
the expression of ABRACL (Figures 3(h) and 3(i)). Addition-
ally, TargetScan database was consulted and it was shown
that there were potential binding sites of miR-145-5p on
ABRACL 3′-UTR (Figure 3(j)). Dual-luciferase reporter
assay was conducted for further verification and indicated
that overexpression of miR-145-5p significantly decreased
the luciferase activity of Eca-109 cells cotransfected with
ABRACL-WT but had no effect in cells containing
ABRACL-MUT. Collectively, these results supported the
notion that ABRACL was a direct target of miR-145-5p.

3.4. miR-145-5p Regulates ABRACL to Affect the
Proliferation, Migration, and Invasion of EC Cells. To further
explore the regulatory mechanism by which miR-145-5p tar-
gets ABRACL to mediate cell biological behaviors of EC, res-
cue experiments were performed on Eca-109 cells. Since we
had verified that low expression of miR-145-5p could
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promote cell proliferation, we then simultaneously trans-
fected si-ABRACL and miR-145-5p inhibitor into Eca-109
cells. The results revealed that the cell proliferative ability
was significantly decreased after cotransfection compared to
that of the miR-145-5p inhibitor group (Figure 4(a)). Simi-
larly, cell migration and invasion were noted to show similar
changes, as detected by Transwell migration and invasion
assays (Figures 4(b) and 4(c)). It was suggested that miR-

145-5p affected the physiological activities of cancer cells by
regulating the expression of ABRACL.

4. Discussion

miRNAs compose a large family widely present in eukaryotic
cells and some of them harbor a targeting relationship with
mRNAs. Genomic analysis showed that there are over 5,300
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human genes that targeted by miRNAs, accounting for 30%
of all human genes, and their expression shows an intimate
correlation with cancers [18, 19]. Studies revealed that there
are many miRNAs altered between EC patients and healthy
people. miR-145 was reported to be significantly downregu-
lated in ESCC tissue and cell lines and play an important role
in inhibiting cancer cell proliferation, migration, and metas-
tasis. For example, miR-145 can directly target the 3′-UTR of
PLCE1, and the downregulation of PLCE1 induces cell apo-
ptosis as well as enhances the sensitivity of tumor cells to che-
motherapeutic drugs [20]. Meanwhile, miR-145 is able to
inhibit the growth of ESCC cells by targeting c-Myc [21]. In
addition, there is a study showing that miR-145 can target
and interact with connective tissue growth factor (CTGF)
to affect EC cell proliferation, migration, invasion, and
epithelial-mesenchymal transition (EMT) process [22]. In
our study, we also observed that the proliferation, migration,
and invasion of EC cells were affected significantly after miR-
145-5p was overexpressed or inhibited, and high miR-145-5p
negatively worked in EC progression. To further analyze the
mechanism by which miR-145-5p regulates cell activities of
EC, target prediction was performed and it was found that
ABRACL was a potential target of miR-145-5p. Additionally,
survival analysis revealed that there was a close relationship
between ABRACL and the prognosis of EC patients, and
dual-luciferase reporter gene assay further validated that
miR-145-5p could target and bind with ABRACL to suppress
its expression. Therefore, we speculated that miR-145-5p
mediated EC progression probably via targeting the expres-
sion of ABRACL.

ABRACL, a winged-helix protein, plays an important
role in a variety of developmental processes. A comparative
expression analysis of ABRACL with Dlx2, cyclinD2, and
Lhx6 revealed that ABRACL is restricted in the proliferating
cell population in the subventricular zone within ganglionic
eminences, with a pattern similar to that of cyclinD2 [14].
In addition, ABRACL was detected to be upregulated in gas-
tric cancer tissue compared to that in normal gastric tissue,
which is associated with poor prognosis. Meanwhile, an
enrichment analysis revealed that ABRACL is mostly
enriched in some signaling pathways, such as cell cycle,
TNFR pathway, proteasome degradation, and mitochondrial
pathway [16]. Besides, studies found that ABRACL bears a
similar structure to ABD2 and may be a transcriptional syn-
ergistic activator [13, 23, 24] closely related to cell cycle [25].
In this study, dual-luciferase reporter assay demonstrated
that ABRACL was a direct target of and negatively regulated
by miR-145-5p. Rescue experiments suggested that the effect
of silenced miR-145-5p on cell proliferation, migration, and
invasion could be attenuated upon ABRACL knockdown.
These results suggested that miR-145-5p regulated the cellu-
lar functions of EC cells by targeting ABRACL.

In conclusion, our study first proposes that miR-145-5p
targets ABRACL to inhibit the proliferation, migration, and
invasion of EC cells, which helps to provide a novel therapeu-
tic target for future EC treatment.
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Objective. To investigate if 3D printed guides and preoperative planning can accurately control femoral stem anteversion.Methods.
A prospective comparative study was carried out from 2018 to 2020, including 53 patients who underwent hip arthroplasty for
femoral neck fracture. The target rotation center of the femoral head is determined by three-dimensional planning. In group A,
planning was made by 2D templates. In group B, preoperative 3D planning and 3D printed osteotomy/positioning guides were
performed. After the operation, 3D model registration was performed to calculate the accuracy of anteversion restoration.
Results. We screened 60 patients and randomized a total of 53 to 2 parallel study arms: 30 patients to the group A (traditional
operation) and 23 patients to the group B (3D preoperative planning and 3D printed guide). There were no significant
differences in demographic or perioperative data between study groups. The restoration accuracy of group A was 5:42° ± 3:65°
and of group B was 2:32° ± 1:89°. The number and rate of abnormal cases was 15 (50%) and 2 (8.7%), respectively. Significant
statistical differences were found in angle change, restoration accuracy, and number of abnormal cases. Conclusion. Three-
dimensional preoperative planning and 3D printed guides can improve the accuracy of the restoration of femoral anteversion
during hip arthroplasty.

1. Introduction

Hip arthroplasty is an extremely successful procedure, which
help improving range of motion and decreasing pain and
finally improving patients’ quality of life [1, 2]. However, mis-
positioning of the implants can result in premature implant
failure requiring revision [1–4]. Although the most common
cause of revision surgery was due to cup mispositioning
(33%), surgeons should be aware of the variability of the fem-
oral anteversion of uncemented stems [5, 6]. The traditional
methods of using preoperative anteroposterior pelvis radio-
graphs for planning and standard surgical instrumentation
have shown potential for inaccuracy which varies with sur-
geon experience. With the development of digital orthopedics,
CT-based three-dimensional planning and navigation systems

have been introduced to improve the accuracy of prosthesis
implantation [7–9]. However, the implantation of the femoral
stem is affected by the surgical incision, visual field, and
irregular medullary cavity shape of the proximal femur. It is
difficult to accurately restore the anteversion, even based on
preoperative CT measurement results [6, 10].

3D printed personalized guides have been used in ortho-
pedic surgery in recent years and have achieved good results
[11, 12]. Based on a patient’s unique bony morphologic fea-
tures is an improvement over generic instruments by mini-
mizing sources of error from standard surgical instruments
that depend on appropriate patient positioning, exposure,
and surgeon experience [13–15]. However, there are rare
reports in the previous literature about the use of guide to
assist the femoral anteversion restoration [6]. Based on the
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preoperative three-dimensional planning, we developed a
femoral osteotomy guide and a stem positioning guide. For
hip arthroplasty, it is expected to accurately restore the fem-
oral anteversion.

2. Materials and Methods

This prospective, controlled trial was performed from Janu-
ary of 2018 to January of 2020 at a single large academic insti-
tution. This study was approved by our institutional review
board, and every patient gave written informed consent to
participate.

2.1. Patients. Patients scheduled for a primary arthroplasty
were approached for the study. Inclusion criteria are as fol-
lows: (1) unilateral traumatic femoral neck fracture, (2) pri-
mary hip replacement, (3) age > 18 years old at time of
surgery, (4) cementless straight stem (Johnson & Johnson/-
Zimmer Biomet, USA), and (5) able to get a preoperative
and postoperative CT scans. Exclusion criteria are as follows:
(1) hip joints had abnormalities before this injury and (2)
condition deemed by physician to be nonconductive to
patient’s ability to complete the study. Demographic infor-
mation collected on all patients was age, gender, and body
mass index (BMI).

2.2. Three-Dimensional Planning. In all cases, the appropriate
type of prosthesis was selected through the traditional two-
dimensional template. Preoperative CT scans of the pelvis
and proximal femur were obtained (Siemens, 120 kV,
350mA, layer spacing < 1mm). CT data was imported into
the Mimics 20.0 software (Master, Belgium). Separate models
of the pelvis, healthy femur, injured femoral head, and prox-
imal shaft were established by threshold difference and man-
ual segmentation (Figure 1). After virtual fracture reduction
or mirror healthy model registration, the target femoral head
center can be obtained by articular surface fitting (Figure 2).

Then, the femoral stem prosthesis model was imported
into the software. Taking the center of the target femoral
head as a reference, surgeon adjusted the posture of the pros-
thetic stem in the front view, lateral view, and top view. In the

top view, the axis of the prosthesis’s neck passes through the
target center. In the front and lateral view, the axis of the
prosthesis stem was coaxial with the centerline of the proxi-
mal medullary cavity (Figure 3). In group A, 3D process
was performed after surgery. In group B, femoral neck
osteotomy guide and stem positioning guide were designed
(Figure 4). The guide models were output in STL format,
printed with 0.1mm precision photosensitive medical-grade
resin. Guides were sterilized by low-temperature plasma.

2.3. Surgical Procedure. The operations were performed by
the same group of surgeons. All femoral components were
made with cementless devices. After receiving general anes-
thesia or nerve block anesthesia, patients were positioned in

1

Figure 1: Fracture modeling build an independent three-
dimensional model of fracture through CT.

(a)

(b)

Figure 2: Mirror/virtual fracture reduction, fitting articular surface
to determine the target rotation center: front view (a); side view (b);
the red circle is the fitting sphere, and the green dot is the planned
center.
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(a) (b)

(c)

Figure 3: Simulated placement of femoral prosthesis: front view (a), lateral view (b), and top view (c).
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the lateral decubitus position for all procedures. The opera-
tive technique for both groups was completed using antero-
lateral approaches. In the group A, surgeons performed
operations based on two-dimensional planning and experi-
ence. In the group B, 3D preoperative planning was per-
formed before surgery; after exposure of the femoral neck,
the bone was cleaned to ensure a secure fit for the guides.
Next, the guide was placed in a position to fit around bone
in a “best fit” position. The femoral neck osteotomy was per-
formed according to the edge of the guide (Figure 5(b)). After
removing the femoral head, the acetabulum was cleaned.
Then, the femoral medullary cavity was formed, and the posi-
tion guide was placed on the osteotomy surface during the
forming process (Figure 5(c)). After the stability testing, the
femoral steam was implanted according to the guide
(Figure 5(d)).

2.4. Postoperative Evaluation. All patients received a CT scan
prior to discharge using the same technique as the preopera-
tive scans. Evaluation of the final anteversion was determined
by superimposing the previous planned stem position to the
actual stem position and compared using Tsai’s definitions
(Figure 6) [3]. From the top view, the planned and postoper-
ative anteversion was measured. The angle difference
between the postoperative femoral prosthesis neck axis and
the preoperatively planned center was calculated as accuracy
value (Figure 6(c)). Cases with the angle change more than 5°

were counted as abnormal case.

2.5. Statistical Analysis. The data are reported using descrip-
tive statistics, including mean, standard deviation, and range

values. The accuracy of the anteversion restoring was com-
pared among groups. Chi-squared test and Mann–Whitney
U test are used to test differences between groups. P < 0:05
was regarded as significant difference.

3. Results

We screened 60 patients and randomized a total of 53 to 2
parallel study arms: 30 patients to the group A (traditional
operation) and 23 patients to the group B (3D preoperative
planning and 3D printed guide). There were no significant
differences in demographic or perioperative data between
study groups (Tables 1 and 2).

The average planned anteversion for groups was 22:6°
± 11:4° (group A) and 21:6° ± 9:9° (group B), respectively.
The average actual anteversion for groups was 21:8° ± 14:5°
and 21:8° ± 10:3°, respectively. The accuracy for groups was
5:42° ± 3:7° (range 0.5° to 17.7°) and 2:32° ± 1:89° (range
0.1° to 6.8°), respectively. The number and rate of abnormal
cases was 15 (50%) and 2 (6.7%), respectively. Significant sta-
tistical differences were found in angle change, restoration
accuracy, and number of abnormal cases.

4. Discussion

Component positioning in hip arthroplasty can have a major
effect on both clinical outcome and complications rate. Previ-
ous studies have focused on the accuracy of acetabular
implantation [3, 16–18]. With the introduction of concepts
such as combined version, more and more attention has been
paid to stem anteversion [19]. Substantial changes in femoral

(a) (b)

Figure 4: Design of femoral neck osteotomy guide (a) and prosthesis positioning guide (b).
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neck version with stem implantation create concurrent
changes in anterior and lateral femoral offset, potentially
resulting in decrements in abductor strength [20]. Surgical
approaches also affect the anteversion change [21].

Traditionally, the recommended positioning for femoral
stem is to restore natural offset and anteversion. Various
works have in fact shown native femoral neck version that
has a wide variation. Abe reported the mean preoperative
femoral anteversion was 27:8° ± 10:6° in Japanese popula-
tion. Koerner reported average femoral version was 8:84° ±
9:66°, with no statistically significant differences between eth-
nicities [22]. Our study presented similar results that the
standard deviation is about 10°. The variable anteversion
may cause difficulty for the surgeon to implant correctly.

In order to accurately restore the femoral rotation center,
surgeons usually control steam anteversion during the oper-
ation, based on experience and visual assessment. But the
surgeon’s estimation of the anteversion of the cementless
femoral stem has poor precision [23]. Wines reported that
the mean difference between the surgeons’ intraoperative
assessment of femoral component version and the CT mea-
surement was an underestimation of 1.18°, with a standard
deviation of 10.4° and a range of 25° underestimation to 30°

overestimation [24]. In a research of 65 patients, Woerner
reported the mean difference between the 3D-CT results
and intraoperative estimations by the eye was −7.3° (−34° to
15°) and an overestimation of >5° for stem torsion in 40 hips.
Using 3D reconstruction and method, Tsai reported femoral
anteversion of the implanted side was significantly increased
by 11:4° ± 11:9° [3]. In this study, date of group A also pre-
sented that even experienced surgeon’s intraoperative esti-
mation of stem position by the eye is not reliable.

Several studies have investigated the accuracy of mea-
surements obtained using a goniometer or navigation sys-
tems [25–27]. Mitsutake developed an angle-measuring
instrument; mean measurement accuracy was 0:9° ± 6:1°,
and the absolute measurement accuracy was 4:9° ± 3:7°
[25]. Using stem-first technique with navigation system,
Okada reported absolute discrepancy between intraoperative
and postoperative assessment was 5:81° ± 4:42° (range 0.01°–
17.4°) [28]. In a robotically assisted study, Marcovigi reported
average difference between preoperative and actual stem
anteversion was 1:6° ± 9:8° (max 34° in anteversion, min
-52° in retroversion). Previous literatures remind that the
accurate restoration of femoral anteversion is still a concern
for surgeons.

(a) (b)

(c) (d)

Figure 5: Guide plate printing (a), intraoperative osteotomy (b), intraoperative medullary cavity formation (c), and intraoperative
implantation of femoral stem (d).
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For joint arthroplasty, 3D printed instruments have
already been successfully translated into large-scale clinical
use for knee arthroplasty. Some studies introduced patient
specific instruments that assist acetabular cup placement
and femoral neck osteotomy in hip replacements [11, 14].
Lee combined 3D printed instrument and navigation system
for an in vitro study with a sawbone model, and the absolute
deviation between plan and actual anteversion was 1:41° ±
1:03° (range 0.02°-3.32°) [29]. However, Lee prepared the

proximal medullary canal using only a box chisel. Various
authors have pointed out that, especially in cementless
arthroplasty, the stem finds its way to an anteversion posi-
tion, where it fits best to the rigid canal of the femur. It should
be noted that the entry point of the medullary cavity will
affect the anteversion angle and the center of rotation.

For the first time, this article compared the accuracy of
anteversion restoration between 3D printed guide and tradi-
tional operation. The method of mirror model and virtual
reduction was used to determine the target rotation center;

(a) (b)

(c)

Figure 6: Postoperative modeling and registration (a). Fit the postoperative rotation center (b). Calculate the preoperative planning, the
actual postoperative anteversion angle, and the difference (c). Red sphere indicates the planned center; blue sphere indicates the actual center.

Table 1: Patient characteristic data.

Variable Group A Group B P value

Age at operation (years) 75.5 (54-89) 73.5 (52-86) 0.886a

Sex distribution (M/F) 10/20 8/15 0.912b

Height (m) 1:61 ± 0:08 1:61 ± 0:08 0.921a

Weight (kg) 56:82 ± 10:26 60:48 ± 9:07 0.239a

BMI (kg/m2) 21:88 ± 3:23 23:34 ± 2:70 0.116a

Location (L/R) 17/13 15/8 0.528b

Operation type (T/H) 17/13 17/6 0.194b

M: male; F: female; L: left hip; R: right hip; BMI: body mass index; T: total hip
arthroplasty; H: hemiarthroplasty. aMann–Whitney U test. bChi-squared
test, significance set at P < 0:05.

Table 2: Comparison of preoperative and postoperative
anteversion.

Variable Group A Group B
P

value

Preoperative femoral
anteversion (degrees)

22:61 ± 11:43 21:61 ± 9:96 0.816a

Postoperative femoral
anteversion (degrees)

21:77 ± 14:48 21:84 ± 10:25 0.971a

Anteversion change
(degrees)

5:42 ± 3:65 2:32 ± 1:89 0.000a

Abnormal case (>5°) 15 (50%) 2 (8.7%) 0.002b

aMann–Whitney U test. bChi-squared test, significance set at P < 0:05.
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then, the personalized osteotomy/positioning guides were
designed and manufactured. The results shown that the error
of the traditional experience operation is relatively high. The
number of abnormal cases is 15 (50%), which is like previous
studies. The 3D printed guides improve the accuracy, even
better than some navigation system in previous reports.
The abnormal case was reduced from 50% to 6.7%. The rea-
son may be that the positioning guide in this experiment is
very close to the box chisel and stem, which helps the surgeon
choose the appropriate entry point and be a reference during
the medullary cavity formation process. The planned stem
axis should be overlapped with the proximal medullary cavity
axis, which can reduce the mismatch of medullary cavity. In
this experiment, the guide does not need to be fixed on the
bone and change the surgical procedure slightly.

5. Conclusions

We have proposed the method including 3D planning and
3D printed osteotomy/positioning guides for femoral ante-
version restoration. The proposed method was more accurate
and consistent than the conventional method. 3D printed
guides can reduce the number of inappropriate anteversion.
Paying attention to the relationship between the entry point
of the box-chisel and the geometry of the osteotomy surface
can improve the accuracy of the operation.
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