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In the article titled “miR-183-5p Is a Potential Molecular
Marker of Systemic Lupus Erythematosus” [1], Figure 8
was formatted incorrectly. The authors have corrected this
error and provided the correct figure as follows:
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Figure 8: miR-183-5p directly targets Foxo1 3′UTR. (a) The binding site of miR-183-5p and the position 226-242 of Foxo1 3′UTR wild
type (WT) and mutant type (mut). (b) miR-183-5p ectopic expression significantly inhibited luciferase activity of the wild-type Foxo1 3′
UTR reporter plasmid in comparison with the mutated counterpart. Groups labelled with different letters are statistically different from
each other (∗p < 0:05). Differences between groups were analyzed for statistical significance by ANOVA with Fischer’s probable least-
square difference post hoc test.
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Objective. To investigate microRNA (miRNA) expression profiles in individuals with systemic lupus erythematosus (SLE) and
identify the valuable miRNA biomarkers in diagnosing and monitoring SLE. Methods. Next-generation sequencing (NGS) was
performed to assess miRNA amounts in peripheral blood mononuclear cells (PBMCs) from four SLE cases and four healthy
controls. Quantitative polymerase chain reaction (qPCR) was carried out for validating candidate miRNAs in 32 SLE cases and
32 healthy controls. In addition, receiver operating characteristic (ROC) curve analysis was completed to evaluate diagnostic
performance. Finally, the associations of candidate miRNAs with various characteristics of SLE were analyzed. Results. A total of
157 miRNAs were upregulated, and 110 miRNAs were downregulated in PBMCs from SLE cases in comparison to healthy
controls, of which the increase of miR-183-5p and decrease of miR-374b-3p were validated by qPCR and both showed good
diagnostic performance for SLE diagnosis. Besides, miR-183-5p expression levels displayed a positive association with SLE
disease activity index (SLEDAI) and anti-dsDNA antibody amounts. Conclusion. Our data indicated that miR-183-5p is a
promising biomarker of SLE.

1. Introduction

Systemic lupus erythematosus (SLE) is an important chronic,
inflammatory, and multisystem autoimmune pathology, fea-
turing the production of autoantibodies against various
nuclear self-antigens. The precise molecular mechanisms
underlying the pathogenesis of SLE remain uncertain but
encompass complex interactions of genetic, epigenetic, and
environmental factors [1, 2]. Numerous reports have exten-
sively focused on identifying susceptibility loci/genes in SLE
[3–5]. Genome-wide association studies (GWAS) have
revealed the major signaling pathways affected in SLE, but
no single gene defect has been identified as the principal
pathogenic factor contributing to SLE induction [6–8]. In

addition, SLE monozygotic twins harboring identical genes
show a low concordance in disease phenotypes, suggesting
that nongenetic factors such as epigenetic parameters play a
critical role in SLE pathogenesis [9, 10].

MicroRNAs (miRNAs) constitute a group of small,
single-stranded noncoding RNAs, which suppress genes
posttranscriptionally through binding to specific seed
sequences in their target genes, causing translation inhibition
or target gene degradation [11]. miRNA is a typical type of
epigenetic modification, which contributes to the pathogene-
ses of multiple autoimmune diseases [12]. Previous evidence
indicates the potential role of miRNAs in regulating immune
cell development and maintaining immune homeostasis
[13–16]. Vinuesa and collaborators identified multiple target
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sites for >140 conserved miRNAs in SLE susceptibility genes
[17]. miRNAs are also known to have important functions in
the molecular mechanisms of SLE by interacting with innate
and adaptive immunity [18–21]. Furthermore, miRNAs rep-
resent potent biomarkers for the diagnosis and monitoring of
diverse pathologies thanks to their high stability [22, 23].
However, the functions of miRNAs in the diagnosis and
stratification of SLE remain undefined. Therefore, under-
standing the associations of miRNAs with SLE would provide
novel insights into disease pathogenesis and help develop
new diagnostic biomarkers [24].

The present study performed next-generation sequenc-
ing (NGS) to examine miRNA profiles in SLE cases and
healthy subjects and to determine the values of select miR-
NAs in diagnosing and monitoring SLE.

2. Methods

2.1. Patients and Specimen Collection. In this study, SLE
patients were enrolled in Rheumatology and Immunology
Department, General Hospital of Ningxia Medical Univer-
sity. The subjects were included according to the criteria of
the American College of Rheumatology (1997 revision)
[25]. Subjects who had additional rheumatic pathologies,
infectious diseases, or cancers were excluded. Disease activity
was evaluated according to the SLE disease activity index-
2000 (SLEDAI-2000) [26]. Age- and sex-matched healthy
controls undergoing routine health exams were strictly
assessed by two experienced rheumatologists and archived
in parallel. All healthy controls with any medical histories
(including rheumatic pathologies, infectious diseases, or can-
cers), family histories (including rheumatic pathologies), or
rheumatic manifestations (including nephritis, arthritis, rash,
and serositis) were excluded. The peripheral venous blood
from each subject was collected in evacuated tubes contain-
ing EDTA as the anticoagulant and peripheral blood mono-
nuclear cells (PBMCs) were isolated within 2 hours. This
study was approved by the Ethics Committee of General
Hospital of Ningxia Medical University. All participants
signed written informed consent.

2.2. Study Flow. The study comprised two main phases, the
exploration and validation. In the exploration phase, PBMC
specimens from four SLE cases and four healthy controls
were examined in NGS to detect miRNA expression profiles.
In the validation phase, PBMC specimens from 32 SLE
patients and 32 healthy controls were assessed by quantita-
tive polymerase chain reaction (qPCR) to detect the expres-
sion levels of candidate miRNAs for NGS data validation.

2.3. Clinical and Laboratory Assessments. The features of SLE
and control cases in the validation phase are displayed in
Table 1. Clinical symptoms in SLE were lupus nephritis,
arthritis (at least two joints involved), rash (including discoid
or butterfly rash, oral ulcer, and photosensitivity), and serosi-
tis (including pleuritis and pericarditis). Laboratory features
included erythrocyte sedimentation rate (ESR), hypersensi-
tive C-reactive protein (CRP), complement 3 (C3), and

anti-dsDNA antibody. The SLEDAI was assessed for each
patient.

2.4. PBMC Isolation and RNA Purification. PBMC isolation
was performed from SLE and healthy control cases by the
Ficoll-Paque density gradient centrifugation assay. Briefly,
the diluted blood sample was carefully layer on Ficoll-
Paque and centrifuged at 400 g for 30min at 18°C to 20°C,
the layers of mononuclear cells were transferred to a sterile
centrifuge tube, and the isolated cells were washed with bal-
anced salt solution [27]. Total RNA was purified with Trizol
by the protocol as provided by the manufacturer. RNA qual-
ity and amounts were evaluated on a NanoDrop 2000
(Thermo, USA), by 1% agarose gel electrophoresis and Agi-
lent 2100 Bioanalyzer (Agilent Technologies, USA).

2.5. Library Generation and Sequencing. The miRNA
sequencing libraries were prepared from extracted miRNA
samples using the Illumina small RNA sample prep kit
according to instructions provided by the manufacturer.
Small RNAs (18–30nt) were isolated from total RNA to per-
form ligations with 5′ and 3′ adapters. Then, RT-PCR was
completed taking the ligation products as templates. Finally,
the PCR products were clustered, and the Illumina
HiSeq™2500 platform (Illumina, USA) was utilized for
sequencing.

2.6. Differential Expression Analysis. For miRNA sequencing,
sequence reads were cleaned after library construction. Then,
miRNAs in various groups were compared after raw read
count normalization; the data were log-transformed accord-
ing to the fold change (FC) formula [FC = log2 ðtreatment/
controlÞ]. Statistical significance was defined as p < 0:05 and
log2 ðFCÞ > 0:5.

Table 1: Clinicopathological and laboratory data of SLE and control
cases.

Parameters SLE (n = 32) Healthy controls
(n = 32)

Age (years) 34:8 ± 10:6 33:5 ± 10:3
Gender (male/female), n 4/28 4/28

Arthritis, n (%) 19 (59.4%) —

Lupus nephritis, n (%) 15 (46.9%) —

Serositis, n (%) 10 (31.3%) —

Rash, n (%) 17 (53.1%) —

ANA, n (%) 32 (100%) —

ESR (mm/h) 39:83 ± 32:45 —

CRP (mg/L) 18:57 ± 28:31 —

Complement 3 (g/L) 0:71 ± 0:29 —

Anti-dsDNA antibody
(IU/mL)

98:84 ± 130:46 —

SLEDAI score 11:34 ± 5:97 —

The average data of age, ESR, CRP, complement 3, anti-dsDNA, and
SLEDAI score are presented as the mean ± SD.

2 Journal of Immunology Research



2.7. Preparation of cDNA and qPCR. Complementary DNA
(cDNA) was synthesized with the PrimeScript™ RT reagent
kit (Takara Biotech, China) with miRNA stem loop primers.
The qPCR reactions were carried out with TB Green® Premix
Ex Taq™ II kit (Takara Biotech) on an ABI 7500 real-time
PCR system (Applied Biosystems, USA). The PCR amplifi-
cation procedure was as follows: denaturation at 95°C for
30s, followed by 40 cycles of 95°C for 5 s and 34 s at 60°C.
Candidate miRNA and mRNA amounts were calculated by
the 2-ΔΔCt method, with U6 and GAPDH used for normali-
zation, respectively. Primers for qPCR are shown in Supple-
mentary Table 1.

2.8. Dual-Luciferase Reporter Assay. To develop the plasmid
containing human Foxo1 3′UTR, plasmid GV272 was pur-
chased from Shanghai GenechemCompany and digested with
XbaI. In this plasmid, the expression of firefly luciferase is
driven by SV40 promoter; a multicloning site is located down-
stream of firefly luciferase. A fragment sequence of 454bp was
chemically synthesized containing either wild type human
Foxo1 3′UTR (NM_002015) or the counterpart with muta-
tions on miR-183-5p binding site (GTGCCAT), followed by
the ligation into GV272, resulting in plasmid GV-Foxo1-3′
UTR-WT or GV-Foxo1-3′UTR-Mut. To develop plasmid
GV-hmiR-183-5p, a chemically synthesized DNA sequence
was inserted into plasmid GV251, in which miR-183-5p will
be translated under the promoter of human U6. All con-
structs were verified by sequencing. Renilla luciferase-
expressing plasmid was ordered from Shanghai Genechem
Company.

To verify the functional inhibition of miR-183 to human
Foxo1 expression, dual-luciferase reporter assay was com-
pleted by cotransfection of miRNA plasmid (GV251 or
GV-hmiR-183) and firefly luciferase plasmid (GV272, or
GV-Foxo1-3′UTR-WT, or GV-Foxo1-3′UTR-WT). Briefly,
293T cells were seeded into a 24-well plate in 1mL complete
medium. The next day, miRNA plasmid (0.4μg for each) was
cotransfected with firefly luciferase plasmid (0.1μg for each).
In each transfection, Renilla luciferase-expressing plasmid
(0.02μg for each) was incorporated as the internal control.
After 48 hours, the cells were lysed and dual-luciferase assay
was performed based on the instruction of Promega kit (Cat#
E1910). The firefly luciferase reading was corrected by
Renilla luciferase. The data were presented by relative lucifer-
ase activity as the mean ± standard deviation (SD).

2.9. Statistical Analysis. SPSS 23.0 (SPSS, USA) and Graph-
Pad Prism 7.0 (GraphPad Software Inc., USA) were
employed for data analysis. Data are presented as the mean
± SD, from triplicate assays repeated at least thrice. Two-
tailed Student’s t-test or one-way analysis of variance
(ANOVA) was performed for comparisons. The Spearman’s
test was carried out to assess associations of candidate miR-
NAs with continuous variables in SLE cases. Receiver operat-
ing characteristic (ROC) curve analysis was carried out to
evaluate the performances of candidate miRNAs and to dis-
tinguish SLE cases from controls. p < 0:05 indicated statisti-
cal significance.

3. Results

3.1. Correlation Heat Map Analysis for Total miRNA
Patterns. To investigate the distinct cluster of the miRNA
expression profiles between the samples from SLE patients
and healthy controls, Pearson correlation was performed.
The correlation heat map demonstrated that SLE patients
and controls had distinct clusters based on the miRNA
expression profiles, except for SLE_F1 (Figure 1). Our data
indicated that miRNA expression profiles were able to differ-
entiate SLE patients from controls.

3.2. Volcano Plot and Heat Map Analyses. To identify the dif-
ferentially expressed miRNAs between SLE and controls, the
hierarchical cluster analysis was carried out. The volcano plot
revealed 157 upregulated and 110 downregulated miRNAs in
SLE cases in comparison to controls [log2 ðFCÞ > 0:5 and
p < 0:05] (Figure 2(a)). The detailed information of 267 dif-
ferentially expressed miRNAs is displayed in Supplementary
Table 2. Heat map analysis revealed that these differentially
expressed miRNAs could clearly discern SLE patients from
controls (Figure 2(b)).

3.3. GO and KEGG Enrichment Analyses. To assess the bio-
logical functions and pathways of the above differentially
expressed miRNAs, GO and KEGG enrichment analyses
were carried out. GO enrichment analysis revealed the
involvement of the differentially expressed miRNAs in multi-
ple biological processes such as molecular function, protein
binding, and nucleotide binding activity (Figure 3(a)). KEGG
enrichment analysis demonstrated that the differentially
expressed miRNAs were involved in different pathways such
as cancer, MAPK signaling, and Rap1 signaling (Figure 3(b)).
Both enrichment analyses revealed that the differentially
expressed miRNAs were implicated in inflammatory and
immune activities.

3.4. Expression of Candidate miRNAs in SLE Cases and
Healthy Controls in the Validation Phase. To further evaluate
miRNA dysregulation in SLE, two upregulated miRNAs
(hsa-miR-1-3p and hsa-miR-183-5p) and two downregu-
lated miRNAs (hsa-miR-374b-3p and hsa-miR-19b-3p) were
assessed by qPCR in 32 SLE and 32 healthy controls. Among
the four candidate miRNAs, miR-183-5p was upregulated
(p = 0:005) (Figure 4(a)) and miR-374-3p was downregulated
(p = 0:016) (Figure 4(b)) in SLE cases in comparison with
controls, while miR-1-3p (p = 0:318) (Figure 4(c)) and miR-
19b-3p (p = 0:115) (Figure 4(d)) levels did not show signifi-
cance between the two groups.

3.5. Diagnostic Values of miRNAs. To evaluate the potential
diagnostic value of miR-183-5p and miR-374b-3p in SLE,
ROC curve analysis was performed. Areas under the ROC
curves (AUCs) for miR-183-5p and miR-374b-3p were
0.703 (95% CI: 0.574–0.833) and 0.681 (95% CI: 0.542–
0.826), respectively. Meanwhile, miR-183-5p combination
with miR-374b-3p yielded an AUC of 0.832 (95% CI:
0.727–0.937) (Figure 5). These results suggested that miR-
183-5p and/or miR-374b-3p presented a good diagnostic
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value for SLE detection, with the combination being superior
to either miRNA used alone.

3.6. miR-183-5p Is Associated with Patient Data in SLE. To
determine the potential functions of miR-183-5p and miR-
374b-3p in SLE, the associations of miR-183-5p and miR-
374b-3p with the characteristics of SLE patients were exam-

ined. miR-183-5p was elevated in SLE cases with nephritis
compared to the counterparts without nephritis (p = 0:018)
(Figure 6(a)). SLE cases with arthritis had increased miR-
183-5p amounts compared with counterparts without arthri-
tis (p = 0:022) (Figure 6(b)). In correlation analysis, miR-
183-5p expression displayed significant positive associations
with SLEDAI score (p = 0:040) (Figure 6(c)) and anti-
dsDNA antibody levels (p = 0:033) (Figure 6(d)). Meanwhile,
miR-374b-3p amounts in SLE cases were similar regardless of
clinical features (p>0.05), and no correlations of miR-374b-
3p expression levels were observed with various clinical char-
acteristics (p > 0:05).

3.7. Bioinformatics Analysis of the Potential Target Genes of
miR-183-5p. To further explore the underlying molecular
mechanisms, the potential target genes of miR-183-5p were
predicted in Targetscan (http://www.targetscan.org), miRDB
(http://mirdb.org), and miRTarBase (http://mirtarbase.cuhk
.edu.cn) platforms (Figure 7(a)). The overlapped genes on
these three platforms were evaluated for Protein-Protein
Interaction (PPI) network analysis to discover the interac-
tions between the predictive target genes. Finally, the net-
work consisting of 40 nodes and 81 edges is shown in
Figure 7(b). Foxo1 was chosen for further investigations
due to the high degree of connectivity.

3.8. Functional Binding of miR-183-5p to Foxo1. To test
whether miR-183-5p can directly target human Foxo1, we
did bioinformatics analysis through the online tool,
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Figure 4: Expression levels of candidate miRNAs in SLE cases and controls in the validation phase. The expression level of miRNA was
determined using qPCR from each group. Our data found that miR-183-5p was upregulated (a) and miR-374b-3p was downregulated (b).
However, no significant difference was exhibited with regard to miR-1-3p (c) and miR-19b-3p (d). ns: p > 0:05; ∗p < 0:05; ∗∗p < 0:01.
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TargetScan platform (http://www.targetscan.org). We found
miR-183-5p could directly bind to human Foxo1 3′UTR at
sequences (GUGCCAU) (Figure 8(a)). To further very the
binding in cell culture study, luciferase reporter plasmid con-
taining Foxo1 3′UTR (and the mutant version) and miR-
183-5p expressing plasmid were developed. The luciferase
mRNA will be degraded once miR-183-5p binds to Foxo1
3′UTR. The plasmids were cotransfected into 293T cells for
dual-luciferase assay. The data showed that the cotransfec-
tion of miR-183-5p plasmid with wild type 3′UTR luciferase
plasmid knocked down luciferase activity significantly
(Figure 8(b)), while the combination of miR-183-5p plasmid
with mutant 3′UTR luciferase plasmid displayed a similar
luciferase level to the mock transfections. Collectively, our
cell culture study functionally demonstrated the targeting
and binding of miR-183-5p to the wild type of human Foxo1
3′UTR rather than the mutant version.

3.9. Decreased mRNA Expression Levels of the Target Gene
Foxo1. To answer the importance that miR-183-5p can target
and bind to Foxo1 3′UTR in patients, we compared the

expression level of Foxo1 between SLE cases and healthy con-
trols and analyzed its correlation with miR-183-5p amounts
in SLE. The Foxo1 mRNA expression level was markedly
decreased in SLE cases compared with healthy controls
(Figure 9, p < 0:0001). In correlation analysis, miR-183-5p
and Foxo1 showed the inverse correlation in SLE patients
(p = 0:049). The results further indicated that miR-183-5p
is involved in the mechanisms of SLE by inhibiting the
expression of Foxo1.

4. Discussion

Growing evidence indicates that miRNAs have critical
functions in immune homeostasis and are involved in the
pathophysiological mechanisms of various autoimmune
ailments such as SLE [28–30]. Next-generation sequencing
is capable of identifying novel transcripts and detecting
low-expression transcripts. Here, NGS was performed to
analyze the miRNA profiles of PBMCs from SLE and healthy
controls. A total of 157 and 110 miRNAs were upregulated
and downregulated, respectively, in SLE cases in comparison
with healthy controls. GO enrichment analysis revealed the
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Figure 6: miR-183-5p is associated with patient data in SLE. The expression level of miR-183-5p was higher in SLE cases with nephritis (a) or
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involvement of the differentially expressed miRNAs in vari-
ous biological processes such as molecular function, protein
binding, and nucleotide binding activity. In addition, KEGG
analysis demonstrated that the target genes of differentially
expressed miRNAs participated in the MAPK and Rap1
pathways, which regulate inflammatory responses.

The complex manifestations of SLE make its diagnosis
difficult. Therefore, further assessment of the above miRNAs

might help discover new diagnostic biomarkers of SLE. To
this end, two upregulated and two downregulated miRNAs
were selected and validated in 32 SLE cases and 32 controls.
As depicted above, miR-183-5p and miR-374b-3p amounts
were elevated and reduced, respectively, in SLE cases in com-
parison with controls. Meanwhile, the AUC for miR-183-5p
combined with miR-374b-3p was 0.832 (95% CI: 0.727–
0.937). These results demonstrated the diagnostic value of
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miR-183-5p and miR-374b-3p combination in SLE. More-
over, SLE cases with nephritis and arthritis had elevated
miR-183-5p amounts compared with counterparts without
these clinical features, indicating miR-183-5p might be
involved in the destruction of the kidneys and joints. Next,
the associations of miR-183-5p and miR-374b-3p with clini-
cal characteristics of SLE cases were examined. As demon-
strated above, miR-183-5p amounts displayed positive
correlations with SLEDAI and anti-dsDNA antibody in SLE
patients, indicating miR-183-5p could be a good indicator
for evaluating SLE activity.

miR-374b was previously found to inhibit cell growth
and promote apoptosis in T cell lymphoblastic lymphoma
via suppression of AKT1 andWnt-16 [31], which were corre-
lated with immune activities in autoimmune diseases [32,
33]. In addition, miR-374b inhibits cell proliferation and
enhances apoptosis via p38/ERK signaling by interacting
with JAM-2 [34], suggesting miR-374b contributes to
inflammation-associated pathways. Therefore, miR-374b
may be involved in SLE-related inflammatory reactions.

miR-183-5p represents the main member of the miR-183
cluster, which can be dramatically induced in immune cells
after activation. Previous reports indicated that the miR-
183 cluster has a critical function in immune cell functions
by regulating several proinflammatory pathways [35]. Thiel
et al. found that miR-183 and miR-96 amounts are elevated
in CD4+ T cells obtained from the peripheral blood of
Graves’ orbitopathy (GO) cases, and adoptive transfer of
miR-183 and miR-96 overexpressing antigen-specific T cells
accelerates the onset of autoimmune diabetes, whereas trans-
ferring specific antagomirs in CD4+ T cells prolongs disease
onset [36]. miRNAs perform biological functions by inhibit-
ing their target genes. We found Foxo1 was the potential
functional target genes of miR-183-5p by bioinformatics
analysis, and the direct targeting relationship was validated
by dual-luciferase reporter assay in our study. Foxo1 activa-
tion is critical in autoimmune diseases [37, 38]. Furthermore,
Foxo1 is also tightly correlated with the immune response. As
shown above, Foxo1 amounts were significantly reduced in
PBMCs from SLE cases in comparison with healthy controls,

and miR-183-5p and Foxo1 showed an inverse correlation in
SLE patients. This could reflect a potential mechanism
wherein suppression of Foxo1 by miR-183-5p contributes
to SLE pathogenesis. Ichiyama and colleagues reported that
Foxo1 downregulation by miR-183 cluster constitutes one
of the important mechanisms by which Th17 cells become
pathogenic and induce disrupted balance between Treg and
Th17 cells [39]. This further indicated that exploring the
molecular mechanisms of miR-183-5p in SLE progression
provides new insights into SLE etiology and could help iden-
tify novel therapeutic targets.

This study had several limitations. Firstly, the sample size
was relatively small, and larger trials are warranted for the
validation of these findings. Secondly, other autoimmune
diseases should be assessed to confirm the specificities and
sensitivities of these biomarkers. Finally, further functional
studies are required to clarify the mechanism of these miR-
NAs in SLE.

5. Conclusion

miRNA expression profiling in PBMCs from SLE cases was
significantly altered in comparison with healthy controls.
We identified miR-183-5p as a potential diagnostic bio-
marker of SLE. miR-183-5p amounts showed positive associ-
ations with SLEDAI and anti-dsDNA antibody, implying
that miR-183-5p is linked to SLE disease activity. Meanwhile,
Foxo1, a miR-183-5p target, was markedly downregulated in
SLE cases, indicating that miR-183-5p regulates the pathoge-
netic mechanisms and activity of SLE by inhibiting the
expression of Foxo1. Further studies are required to uncover
the functions of these miRNAs in SLE, which would eventu-
ally improve the diagnosis and treatment of SLE.

Data Availability

The data generated or analyzed in this study are available
from the corresponding author upon reasonable request.
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Figure 9: Expression of Foxo1 in subjects and with miR-183-5p levels (a) Foxo1 amounts are reduced in SLE cases (n = 32) in comparison
with healthy controls (n = 32). (b) Spearman’s rank correlation revealed a negative relationship between Foxo1 amounts and miR-183-5p
expression levels. ∗p < 0:05; ∗∗∗∗p < 0:0001.
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Purpose. Asthma is one of the most common obstructive pulmonary diseases worldwide. Epigenetic alterations, including DNA
methylation and histone modifications, have been reported to contribute to asthma pathogenesis. Since the inflammation
mediator and remodeling trigger, IL-13, is known to play a central role in the pathophysiology of asthma, this study was aimed
to identify novel IL-13-regulated epigenetic modifiers in asthma that may contribute to subepithelial fibrosis. Methods. Publicly
available transcriptomic datasets from Gene Expression Omnibus (GEO) were used to identify differentially expressed genes on
an epigenetic level upon IL-13 exposure in lung fibroblasts. Bronchial fibroblasts isolated from healthy and asthmatic individuals
were assessed for the gene and protein expression levels of the identified gene at baseline and upon IL-13 treatment using qRT-
PCR and western blotting, respectively. Its subcellular localization and tissue distribution were examined in bronchial fibroblasts
as well as bronchial biopsies by immunofluorescence and immunohistochemical analysis, respectively. Results. Bioinformatic
analysis revealed the differential expression of the histone demethylase JMJD2B/KDM4B, a well-known epigenetic modulator
that leads to the demethylation of different lysine residues on histones, in IL-13-treated lung fibroblasts. The baseline expression
levels of JMJD2B were higher in asthmatic fibroblasts and in bronchial biopsies in comparison to healthy ones. There was also
an increase in JMJD2B activity as evidenced by the demethylation of its downstream target, H3K36me3. Furthermore, IL-13
stimulation induced JMJD2B expression and further demethylation of H3K36me3 in asthmatic fibroblasts. This was
accompanied by increased translocation of JMJD2B into the nucleus. Conclusion. This study highlights the novel pathological
involvement of the histone demethylase JMJD2B/KDM4B in asthmatic airway fibroblasts that are regulated by IL-13. Clinical
implications. Given that there is no single therapeutic medicine to effectively treat the various subtypes of asthma, this study
provides promising insights into JMJD2B as a new therapeutic target that could potentially improve the treatment and
management of asthma.

1. Introduction

Asthma is an inflammatory disease of the airways, character-
ized by different degrees of obstruction that results from
airway remodeling. An inflammatory immune response is

triggered by the exposure of asthmatic airways to allergens,
resulting in the activation of T helper type 2 (Th2) lympho-
cytes. These Th2 cells release cytokines such as interleukin-
(IL-) 4, IL-5, IL-9, and IL-13 that in turn regulate both airway
inflammation as well as airway remodeling. IL-13 in
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particular plays a pivotal role in the regulation of the allergic
diathesis.

Subepithelial fibrosis is a feature of airway remodeling that
is associated with an aberrant fibroblast phenotype. There are
reported differences in the morphology and cytoskeletal archi-
tecture between asthmatic and nonasthmatic fibroblasts. In
contrast with nonasthmatic normal fibroblasts, the asthmatic
fibroblasts form thick and aligned ventral stress fibers that
are accompanied by focal adhesions [1]. Asthmatic fibroblasts
also exhibit a synthetic phenotype with increased expression of
extracellular matrix components, such as type 1 collagen,
proteoglycans, versican, hyaluronan, fibronectin, decorin, and
tenascin C, and their increased secretion into the surrounding
environment. Many studies have shown the increased poten-
tial of asthmatic fibroblasts to differentiate into myofibroblasts
in comparison to nonasthmatic fibroblasts [2, 3]. IL-13 is an
important contributor to subepithelial fibrosis by exerting its
action on fibroblasts. It modulates the remodeling of the
subepithelial basement membrane by stimulating increased
fibroblast proliferation, myofibroblastic differentiation, and
extensive collagen deposition leading to thickening and
narrowing of the airways [2, 3].

Epigenetic processes, including DNA methylation, his-
tone acetylation, microRNA expression, and chromatin alter-
ations, alter gene transcription without a change in the DNA
nucleotide sequence. Epigenetic modulations have been
implicated to play a role in the pathogenesis of respiratory
diseases. When the normal epigenetic regulation is disturbed
by environmental exposures, Th1/Th2 balance can be
affected and can thereby contribute to the pathogenesis of
asthma and COPD [4]. Some of these environmental triggers
linked with the epigenetics of asthma, and specifically with
DNA methylation, include low birth weight [5], gestational
folate levels [6], socioeconomic position [7], and smoking
[8], to name a few. IL-13 is known to induce epigenetic
changes in asthmatic airways and to alter transcriptional
gene regulation [9]. Even a single exposure of IL-13 may
induce DNA methylation changes in airway epithelial cells
and contribute to fibrosis and asthmatic phenotype [10]. Fur-
ther, the epigenetic regulation of IL-13-mediated collagen
deposition by fibroblasts suggests an epigenetic fibrotic
response of fibroblasts to IL-13 exposure [11]. Since the
involvement of IL-13-mediated epigenetic regulation of
subepithelial fibrosis in asthma is not clearly understood,
we employed bioinformatics to identify novel IL-13 regulated
epigenetic modifiers in asthma.

Jumonji C (JmjC) is a group of histone demethylases that
regulates gene transcription epigenetically. Different JmjC
domain-containing proteins have been shown to play a role
in cancer regulation and progression and have been used as
biomarkers in some types of cancer [12]. JMJD2B, formerly
known as KDM4B, is a member of the JmjC protein family
that activates gene expression through demethylation of di-
and trimethylated histones, such as H3K9me2/me3, H3K36
me2/me3, and H3K4 me2/me3 histones. It has been shown
to play a role in the progression of both lung cancer and blad-
der cancer cell proliferation [12, 13]. The activation of the
histone demethylase JMJD2B, a gene that is expressed in
fibroblasts, leads to the demethylation of different lysine

residues on histones that may activate genes responsible for
fibrosis [12].

Asthma is a multifactorial disease that involves subepithe-
lial fibrosis and associated narrowing of the airways. Here, we
have identified the novel pathological involvement of the
histone demethylase JMJD2B/KDM4B in asthmatic airway
fibroblasts that is further regulated by IL-13. We show that
the disease pathology occurs at the molecular (IL-13 expres-
sion), genetic (JMJD2B activation), epigenetic (H3K36me3
demethylation), and cellular (fibroblast activation) levels.

2. Materials and Methods

2.1. Identifying Core Differentially Expressed Genes in IL-13
Treated versus Untreated Adult Lung Fibroblasts. The pub-
licly available transcriptomic datasets from Gene Expression
Omnibus (GEO) were filtered to search for a dataset that
includes primary lung fibroblasts treated with IL-13 versus
control without IL-13 stimulation. One dataset (GSE43515)
included the needed setting, where adult lung fibroblasts
were treated with or without IL-13. Raw CEL files were
extracted and subjected to Preprocessing Quality Control,
normalization, and filtering. Differentially expressed genes
(DEGs) were then identified based on Gene Set Enrichment
Analysis (GSEA). To filter out nonvariant genes between
IL-13-treated and vehicle controls-treated fibroblasts, a com-
bination of noise and variance filtering was applied. Only
probes with a value of 100 or higher in the MAS5 dataset in
all 12 samples were selected. The probes that passed the first
filter, then, are subjected to the coefficient of variation (CV)
filter using their gcRMA expression intensities. Probes with
a CV value of 10-50% across all samples were considered to
be variant and thus selected. CV was calculated as the mean/-
standard deviation of each gene across all samples.

2.2. In Silico Validation of Initially Identified DEGs in a
Different Dataset. To confirm that these identified genes are
differentially expressed in response to IL-13 in lung fibro-
blasts, another independent dataset (GSE56338) was used
for in silico validation. In this setting, human fibroblasts were
stimulated with IL-13 and compared to media and pretreat-
ment controls. 2 cell passages were employed with each
including 2 independent experiments.

2.3. Identifying Regulatory Programs on the Epigenetic Level
for the Identified DEGs. We used Enrichr: a comprehensive
gene set enrichment analysis web server library which con-
tains extensive processed ChIP seq data from Roadmap Epi-
genomics Project to associate detected peaks near genes to
identify gene regulatory programs on the epigenetic level.
The DEGs identified earlier were uploaded to Enrichr online
tool (https://maayanlab.cloud/Enrichr/enrich#), and Epige-
nomics Roadmap HM ChIP-seq results were downloaded.
Only sets with adjusted p-value < 0.05 were selected that were
related to fibroblasts.

2.4. Enriched Ontology Clustering for the Identified Genes.
Enriched Ontology Clustering for the identified genes was
performed using Metascape (http://metascape.org/gp/index
.html#/main/step1) [12–15].
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2.5. Cell Culture and IL-13 Stimulation. Human-derived
fibroblasts from healthy and asthma subjects were main-
tained in DMEM medium supplemented with 2μg/mL of
insulin, 1mM of sodium pyruvate, 1mM of nonessential
amino acids, 4mM of glutamine, 10% fetal calf serum, and
antibiotics (penicillin/streptomycin) at 37°C and 5% CO2.
Cells were seeded at 0:5 − 1 × 105 cells/mL in 25 cm2

flasks.
At ~70% confluency, cells were stimulated with 20ng/ml of
IL-13 (ProSpec). Control cell cultures were either left
untreated or treated with equal volumes of DMSO as vehicle.

2.6. Western Blotting Analysis. Cells were lysed in ice-cold
RIPA buffer (Abcam) containing protease inhibitor cocktail
tablets (Sigma). Whole cell lysate protein concentrations
were quantified using the standard Bradford method (Bio-
Rad). Lysate aliquots containing 30-50μg of protein were
separated by 12% sodium dodecyl sulfate–polyacrylamide
gel electrophoresis (SDS-PAGE) and transferred onto a
nitrocellulose membrane (Bio-Rad). The membrane was
then blocked by 5% skimmed milk powder for 1 h at room
temperature, washed with TBST, and reacted with primary
immunoglobulin G (IgG) unlabeled primary antibodies;
anti-JMJD2B (Abcam), various modified and total histones
(Cell signaling), β-actin (Sigma), at 1 : 1000 dilution over-
night at 4°C. The secondary (anti-mouse and anti-rabbit)
antibodies (Cell Signaling) were then reacted with the mem-
brane at 1 : 1000 dilution for 1 h at room temperature.
Chemiluminescence was detected using the ECL kit (Thermo
Scientific Pierce). Protein band quantification was carried out
using the Bio-Rad Image Lab software (ChemiDoc™ Touch
Gel and Western Blot Imaging System; Bio-Rad). β-Actin
was used as a normalization control.

2.7. Quantitative Real-Time PCR. The cDNA was synthesized
from 1μg of total RNA using the QuantiTect Reverse Tran-
scription Kit (Qiagen) according to the manufacturer’s proto-
col. qPCR was performed using 1 : l of complementary DNA
(cDNA), specific primers for each gene, SYBR® Green I, and
an iCycler Thermal Cycler. Expression levels of target human
gene JMJD2B (F:5′-GGACTGACGGCAACCTCTAC-3 ′,
R:5 ′-CGTCCTCAAACTCCACCTG-3 ′) was normalized to
GAPDH expression (F:5 ′-CCAGGTGGTCTCCTCTGAC
TTC-3 ′, R:5 ′-TCATACCCAGGAAATGAGCTTGACA-3 ′).

2.8. Immunofluorescence Staining. Cells were seeded at 104

cells/ml on sterile poly-L-lysine-coated glass cover slips in
6-well culture plates and cultured overnight. Cells were
starved for 12 hr prior to IL-13 stimulation as described pre-
viously. Cells on cover slips were then washed with PBS and
fixed with 4% paraformaldehyde for 15min at room temper-
ature and treated with 0.1% Triton X-100 for 10min. Fixed
and permeabilized cells were blocked with BSA at 3% for
1 hr, rinsed with 1X PBS and incubated with unlabeled
JMJD2B primary antibody (Abcam) overnight at 4°C. Cells
were then washed with 1X PBS and reacted with the
Alexafluor® 488- or Alexafluor® 680-labeled secondary anti-
body (Abcam) for 1 hr at 37°C. Genomic DNA was stained
with 4′,6′-diamidino-2-phenylindole (DAPI) (Invitrogen)
according to manufacturer’s instructions. Slides were visual-

ized by fluorescence microscopy using an Olympus BX51
fluorescence microscope (Olympus Corporation, Tokyo,
Japan).

2.9. Immunohistochemical Staining. Immunohistochemistry
was performed as previously described [14]. Briefly, the
bronchial biopsy sections were deparaffinized using xylene,
and antigen retrieval was performed in Tris-EDTA buffer
with pH9. JMJD2B primary antibody (Cell signaling
Technology) was used at a dilution of 1 : 50, followed by the
corresponding biotinylated secondary antibody. Color devel-
opment was achieved using HRP/DAB Detection IHC kit
(abcam). Counterstaining was done using hematoxylin, and
the slides were rinsed and mounted with DPX mounting
medium.

2.10. Statistical Analysis. All graphical data was analyzed
using GraphPad Prism 5 (GraphPad Software Inc., La Jolla,
CA, USA), and unpaired t-test was used to generate p
-values for comparisons between groups in each data set.

3. Results

3.1. Bioinformatic Analysis Revealed Differential Expression
Pattern of JMJD2B upon IL-13 Stimulation. 1362 genes were
identified to be variable between the IL-13-treated and
untreated groups of fibroblasts indicating their role in the
response of lung fibroblasts to IL-13. These genes were
further processed to identify their shared pathways and
common regulators.

3.1.1. The Identified Genes Are Regulated or Affected by
Histone (H2 and H3) Modification. The identified genes
showed overlap with gene sets that are regulated or affected
by histone modifications as studied in IMR90 (normal lung
fibroblast cell line from a human female). Histone (H2 and
H3) modifications (H2BK12ac, H2BK20ac, H2BK120ac,
H2BK15ac, H3K9ac, H4K8ac, H3K18ac, and H3K27ac) were
detected as shown in table (Supplementary (available here)).

3.1.2. Four DEGs (JMJD2B, JMJD2C, PTDSR, and JMJD3)
Were Involved in Histone Trimethylation and or
Demethylation.As our results showed that the DEGs between
IL-13-treated and IL-13-untreated fibroblasts are related to
histone modifications, we then searched which among these
genes are related to histone modifications in their Biological
Process (GO) using a metascape database. 4 genes were
found to be involved in histone trimethylation and or
demethylation, namely JMJD2B, JMJD2C, PTDSR, and
JMJD3 (Table 1).

3.1.3. IL-13 Upregulated JMJD2B Expression in Adult Lung
Fibroblasts. To understand the effect of IL-13 on the expres-
sion of JMJD2B, JMJD2C, JMJD3, and PTDSR in lung fibro-
blasts, another dataset (GSE56338) was used for in silico
validation of earlier results. We extracted the normalized
gene expression value for the 4 genes and compared the
fibroblasts treated with IL-13 with those left untreated.
Compared to media-treated cells, IL-13-treated fibroblasts
showed upregulation of JMJD2B expression (Figure 1).
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3.2. JMJD2B Expression and Activity Is Higher in Asthmatic-
Derived Airway Fibroblasts. In order to compare the gene
expression levels of JMJD2B in the fibroblasts obtained from
the airway submucosa of healthy and asthmatic individuals,
quantitative real-time PCR was carried out. The gene expres-
sion of JMJD2B was higher in asthmatic-derived airway
fibroblasts than in healthy airway fibroblasts (Figure 2(a)).
This further validated in part the results of the bioinformatic
analysis indicating a pathological role of JMJD2B in asth-
matic fibroblasts.

Consequently, a western blot was run and developed,
comparing JMJD2B and the trimethylated histone H3 at
lysine residues K4, K9, K27, K36, and K79, together with
housekeeping gene β-actin, in both healthy and asthmatic
fibroblasts. In agreement with the gene expression levels,
increased protein expression of JMJD2B was observed in
the asthmatic fibroblasts (Figure 2(b)). Considering the
demethylation potential of JMJD2B, western blotting
revealed that H3K36me3 levels were significantly reduced
in correlation with higher JMJD2B in asthmatic fibroblasts

(Figure 2(c)). No significant H3 demethylation was detected
at positions K4, K9, K27, and K79 in asthmatic fibroblasts
when compared to healthy. These results indicate the pres-
ence of increased JMJD2B expression and activity levels in
the asthmatic airway fibroblasts than in the healthy airway
fibroblasts.

3.3. IL-13 Augmented JMJD2B Expression and Activity in
Asthmatic Fibroblasts. Bioinformatic analysis suggested IL-
13 mediated epigenetic regulation of lung fibroblasts through
JMJD2B expression. Furthermore, IL-13 is known to induce
fibrosis by increasing the activity of fibroblasts, and we inves-
tigated if this involved promoting the expression of the
JMJD2B gene in asthmatic fibroblasts. Therefore, the fibro-
blasts were stimulated with IL-13, and the subsequent expres-
sion of JMJD2B was measured through quantitative real-time
PCR and western blotting, and the activity of JMJD2B was
measured through western blotting. In comparison to the
healthy fibroblasts, the increased gene expression of JMJD2B
in asthmatic fibroblasts was further boosted in the presence

Table 1: DEGs involved in histone trimethylation and or demethylation.

MyList Description Biological process (GO)

JMJD2B Lysine demethylase 4B
GO:0070544 histone H3-K36 demethylation; GO:0033169 histone H3-K9

demethylation; GO:0070076 histone lysine demethylation

JMJD2C Lysine demethylase 4C
GO:1900113 negative regulation of histone H3-K9 trimethylation; GO:0070544

histone H3-K36 demethylation; GO:1900112 regulation of histone H3-K9
trimethylation

JMJD3 Lysine demethylase 6B
GO:0071557 histone H3-K27 demethylation; GO:0060992 response to fungicide;

GO:0070076 histone lysine demethylation

PTDSR
Jumonji domain containing 6, arginine
demethylase and lysine hydroxylase

GO:0018395 peptidyl-lysine hydroxylation to 5-hydroxy-L-lysine; GO:0070077
histone arginine demethylation; GO:0070078 histone H3-R2 demethylation
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Figure 1: Normalized gene expression of four DEGs genes (JMJD2C, JMJD2B, PTDSR, and JMJD3) was involved in histone trimethylation
and or demethylation as extracted from GSE56338 dataset. Adult lung fibroblasts (passage 6) treated with IL-13 (non-il13) compared to the
same cells treated with media only (non-non).
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of IL-13 (Figure 3(a)). After IL-13 stimulation, the increase in
JMJD2B gene expression was more pronounced in asthmatic
fibroblasts as compared to healthy ones (Figures 3(a) and
3(b)). A slight increase was also evident in JMJD2B protein
levels of asthma cells incubated with IL-13 when compared
to the control counterparts (Figure 3(c)). Moreover, since this
gene codes for a demethylase enzyme, the levels of methylated
histones were measured before and after IL-13 stimulation in
both cell lines. A significant decline in H3 methylation was
noted at position K36 in asthmatic fibroblasts upon incuba-
tion with IL-13 (Figure 3(d)). These results suggest the
possibility of IL-13 to enhance JMJD2B expression and subse-
quent demethylation activity to a significant extent in asth-
matic fibroblasts than in healthy fibroblasts.

3.4. IL-13 Enhanced JMJD2B Nuclear Translocation. Consid-
ering its histone demethylation activity, JMJD2Bmostly has a
nuclear localization. It tends to concentrate more in the

nucleus when its activity increases. Immunofluorescence
staining of both healthy and asthmatic fibroblasts was per-
formed before and after incubation with IL-13 to detect the
subcellular localization of JMJD2B. In addition to increased
JMJD2B immunoreactivity in the asthmatic fibroblasts,
JMJD2B concentrated more in the nucleus following IL-13
stimulation, reflecting increased activity in asthmatic fibro-
blasts (Figures 4(a) and 4(b)). The change in subcellular
localization was less evident in healthy fibroblasts.

3.5. Enhanced Nuclear JMJD2B Expression in Asthmatic
Bronchial Biopsies. In order to validate our results thus far,
we performed immunohistochemical staining of endobron-
chial biopsy tissue from asthmatic and healthy individuals,
which further confirmed the nuclear localization of JMJD2B
in asthmatic samples. In accordance with the above results,
intense immunostaining of JMJD2B was observed in the
epithelial and submucosal compartments of asthmatic
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Figure 2: Baseline differential levels of histone demethylase JMJD2B and downstream targets in healthy and asthmatic fibroblasts. (a) qRT-
PCR analysis of JMJD2B expression levels. (b) Western bolt analysis showing JMJD2B and trimethylated histones H3 lysine residues at K4,
K9, K27, K36, and K79 protein levels in the fibroblasts. (b) Calculated mean ± SD fold change in protein-expression levels in normal and
asthma fibroblasts based on two separate experiments. ∗∗∗p < 0:01, determined using unpaired two-tailed Student t-test. Representative
immunoblots depicting protein levels normal and asthma fibroblasts where β-actin was used as loading control.
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specimens when compared to control. Furthermore, nuclear
staining of JMJD2B can be observed in both the ciliated
epithelium as well as in fibroblasts in the asthmatic tissue
specimen when compared to the control tissue (Figure 5).

4. Discussion

Our study identified the dysregulation of a novel gene,
JMJD2B, in asthmatic fibroblasts. Bioinformatic analysis sug-
gested the differential expression of JMJD2B/KDM4B, a his-
tone demethylase, in lung fibroblasts upon IL-13 stimulation.
This was validated in asthmatic fibroblasts and bronchial
biopsies, where JMJD2B expression levels were elevated in
asthmatic specimens at baseline in contrast to their healthy
counterparts. This was found to be further enhanced upon

IL-13 stimulation. IL-13 stimulation also resulted in
increased JMJD2B translocation into the nucleus and further
demethylation of H3K36me3, reflecting its possibly increased
activity in asthmatic fibroblasts.

IL-13 is a well-known mediator of subepithelial fibrosis
and inducer of epigenetic changes in asthmatic airways. Since
IL-13 plays a central role in the pathogenesis of asthma, we
used bioinformatics to identify novel IL-13- regulated epige-
netic modifiers in asthma. Our analysis identified the
involvement of a novel gene, namely JMJD2B/KDM4B, in
the pathogenesis of subepithelial fibrosis in asthma that is
responsive to IL-13 stimulation.

In order to validate our bioinformatic findings, we used
primary bronchial fibroblasts from asthmatic and healthy indi-
viduals. Our results demonstrated the increased expression
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Figure 3: JMJD2B and its downstream target levels after IL-13 stimulation in normal and asthmatic fibroblasts. (a) qRT-PCR analysis of
JMJD2B expression levels upon IL-13 stimulation in normal and asthma fibroblasts. (b) qRT-PCR analysis of JMJD2B expression levels
comparing fibroblasts with or without IL-13 stimulation in normal and asthma fibroblasts. (c) Western bolt analysis showing JMJD2B and
trimethylated histones H3 lysine residue at K36 protein levels in the fibroblasts upon IL-13 stimulation. (d) Calculated mean ± SD fold
change in protein-expression levels comparing fibroblasts with or without IL-13 stimulation in normal and asthma fibroblasts based on
two separate experiments. Graphical data are represented as mean ± SEM. ∗∗∗p < 0:01, determined using unpaired two-tailed Student t
-test. Representative immunoblots depicting protein levels normal and asthma fibroblasts where β-actin was used as loading control.
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and activity of JMJD2B at baseline in asthmatic fibroblasts
compared to its healthy counterparts, which was evidenced
by the demethylation of its downstream target H3K36me3
(Figure 2(b)). While upregulated JMJD2B expression has been

implicated in the pathogenesis of non-small cell lung carci-
noma cells [15] and pulmonary hypertension [16], literature
is scarce in the fields of asthma and COPD. The increased
activity of JMJD2B has been reported in literature to
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Figure 4: JMJD2B subcellular localization after IL-13 stimulation in normal and asthmatic fibroblasts. Immunofluorescence staining of in
normal and asthmatic fibroblasts stimulated with IL-13 that were stained for DNA (DAPI; blue), JMJD2B (green), β-actin (red). The
images were observed under a microscope at 20x magnification (a) and at 40x magnification (b). Arrows indicate subcellular localization
of JMJD2B in fibroblasts.
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epigenetically regulate endothelial-to-mesenchymal transition
(EndMT), an important process in wound healing after tissue
injury, where the affected endothelial cells become fibroblast-
like, leading to tissue fibrosis [12]. Further, suppression of
JMJD2B prevented EndMT-induced reduction of H3K9me3
and subsequent expression of EndMT-related genes. This indi-
cates an important role of JMJD2B in promoting a profibrotic
phenotype. In our findings, the elevated expression and activity
of JMJD2B at baseline in asthmatic fibroblasts may indicate an
aberrant fibroblast phenotype in asthma and ongoing fibrosis
even in the absence of active or apparent inflammation clini-
cally. This signifies a potential translational use in the form
of early inhibition of the activity of JMJD2B to slow down, or
even prevent, fibrosis in the airways of asthmatic individuals.

IL-13 is a key pathogenic player in asthma that is known
to induce mononuclear and eosinophilic inflammation,
mucus hyperplasia with cellular metaplasia, and fibrosis in
the subepithelial layers of the airways, eventually ending up
with airway obstruction [17]. In addition to its increased
baseline expression in asthmatic fibroblasts, JMJD2B levels
were further induced in asthmatic airway fibroblasts upon
exposure to IL-13 (Figure 3(a)). IL-13 also augmented the
demethylation of histone H3, suggesting a potential mecha-
nism involving JMJD2B in IL-13-mediated activation of
fibroblasts which plays an important role in promoting fibro-
sis as well as inflammatory processes in asthma. It is interest-
ing to note here that our literature search has shown no
previous literature demonstrating any direct relation between
IL-13 levels and JMJD2B. This is, therefore, one of the first
reports indicating the involvement of IL-13-mediated
JMJD2B expression in the pathogenesis of asthma.

Despite the well-recognized immunopathobiology of IL-
13 in asthma, clinical trials of anti-IL-13 monoclonal anti-

bodies (mAbs) in patients with severe asthma have been
largely ineffective. For instance, the STRATOS1 and STRA-
TOS2 phase 3 clinical trials that assessed the safety and effi-
cacy of Tralokinumab for the treatment of severe,
uncontrolled asthma did not show significant improvement
in asthma outcomes [18]. Further, anothermAb,
GSK679586, although well-tolerated, did not demonstrate
clinically meaningful improvements in patients with severe
asthma [19]. Although JMJD2B expression was induced by
IL-13, the elevated baseline expression of this enzyme in
asthmatic fibroblasts suggests constitutively high expression
of JMJD2B in asthmatic fibroblasts. In this context, JMJD2B
may serve as a potential therapeutic target downstream of IL-
13. Therefore, targeting JMJD2B may help alleviate IL-13-
mediated biological responses in asthma. Our study also
showed increased JMJD2B activity in the nucleus of asth-
matic fibroblasts compared to their healthy counterparts.
This further indicated a link between the nuclear transloca-
tion of JMJD2B and asthma pathogenesis. Hypoxic condi-
tions, as seen in the asthmatic airways [20], have previously
been reported to induce increased nuclear localization and
activity of JMJD2B in pulmonary arterial smooth muscle cells
[16]. This study also identified potential biological processes
targeted by JMJD, which included proliferation, apoptosis,
metabolism, and inflammation, all of which are dysregulated
in asthmatic fibroblasts. This further reinforces the patho-
genic role of increased JMJD2B activity in promoting airway
remodeling.

Increasing evidence suggests an important role of envi-
ronmental epigenetic regulation in shaping the different
asthmatic phenotypes. Importantly, the reversibility of these
epigenetic modifications is an attractive feature that may be
exploited for the development of novel epigenetic drugs. It
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Figure 5: JMJD2B expression in asthmatic bronchial biopsy tissues. Representative bronchial biopsy sections from healthy control showing
weak and asthmatic showing moderate to strong JMJD2B protein expression. Representative images for H&E staining taken at 10x
magnification and IHC for JMJD2B taken at 20x magnification showing developed with 3,3′- diaminobenzidine (brown). Nuclei were
counterstained with hematoxylin (blue). Arrows refer to bronchial epithelium. Arrowheads refer to fibroblasts.
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would be interesting to explore the use of epigenome-
modifying tools in targeting the various hallmark features
of asthma, including airway remodeling and airway
inflammation.

In an era where the importance of epigenetic alterations
in fibrosis and inflammation is increasingly being appreci-
ated, we demonstrate here a novel epigenetic control of fibro-
sis mediated by JMJD2B in asthmatic airways. Increased
activity of histone demethylase JMJD2B is induced by IL-
13-mediated profibrotic and proinflammatory conditions.
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As the most prevalent internal eukaryotic modification, N6-methyladenosine (m6A) is installed by methyltransferases, removed by
demethylases, and recognized by readers. However, there are few studies on the role of m6A in clear cell renal cell carcinoma
(ccRCC). In this study, we researched the RNA-seq transcriptome data of ccRCC in the TCGA dataset and used bioinformatics
analyses to detect the relationship between m6A RNA methylation regulators and ccRCC. First, we compared the expression of
18 m6A RNA methylation regulators in ccRCC patients and normal tissues. Then, data from ccRCC patients were divided into
two clusters by consensus clustering. LASSO Cox regression analysis was used to build a risk signature to predict the prognosis
of patients with ccRCC. An ROC curve, univariate Cox regression analysis, and multivariate Cox regression analysis were used
to verify this risk signature’s predictive ability. Then, we internally validated this signature by random sampling. Finally, we
explored the role of the genes in the signature in some common pathways. Gene distribution between the two subgroups was
different; cluster 2 was gender-related and had a worse prognosis. IGF2BP3, IGF2BP2, HNRNPA2B1, and METTL14 were
chosen to build the risk signature. The overall survival of the high- and low-risk groups was significantly different
(p = 7:47e − 12). The ROC curve also indicated that the risk signature had a decent predictive significance (AUC = 0:72). These
results imply that the risk signature has a potential value for ccRCC treatment.

1. Introduction

As one of the most common types of kidney cancer in adults,
renal cell carcinoma (RCC) accounts for nearly 3% of adult
malignant tumors in the US [1]. Clear cell renal cell carci-
noma (ccRCC) is the most common histological subtype of
RCC [2]. The exact cause of ccRCC is uncertain, but smoking
and several genetic predisposition conditions may be related
to its development. ccRCC has the worst prognosis among all
renal epithelial tumors. At present, surgery is considered an

effective treatment, but there are still 20%–40% of patients
with postoperative metastasis or recurrence [3]. Therefore,
we aimed to find a way to evaluate the prognosis of ccRCC
(to make specific judgments of prognoses), determine accu-
rate biomarkers for patients, and reduce mortality.

N6-Methyladenosine (m6A) is a modified adenosine
residue, methylated at position N6 [4]. It is involved in a
series of mRNA metabolism processes, such as mRNA
stability, splicing, transport, and translation, and plays an
important role in the fate of mRNA. m6A is mainly located
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within the consensus sequence RRACH (R=G or A; H=A,
C, or U) [5, 6]. This sequence is enriched near 3′-untrans-
lated regions as well as in stop codon regions of protein-
encoded mRNAs [7, 8]; in addition, when present in the 5′
-UTR, mRNAs can be translated in a cap-independent man-
ner [9]. m6A is the most common and abundant internal
transcriptional modification found in RNAs in eukaryotic
cells [4, 10, 11]. There have been many recent studies on
m6A, and results indicate that m6A methylation contributes
to the pathogenesis and progression of tumors [12, 13] [14,
15] and even those cancer responses to treatments are related
to m6A [16–18].

The dynamic process of m6A modification is orches-
trated by writers (methyltransferase complexes), erasers
(demethylases), and readers (Figure 1(a)). Writers, such as
METTL14, WTAP, and KIAA1429, catalyze the adenylate
mRNA m6A modification, whereas the complex composed
of METTL3, METTL14, and KIAA1429 causes the m6A
methylated group to be written into RNA [19]. Erasers, such
as FTO and ALKHB5, cause the demethylation of the base
[10, 20, 21]. Finally, readers play an important role in RNA
metabolism; they recognize the base modified by m6A, bind
to the methylation site, and activate the downstream physical
process [22–24]; proteins from the YTH domain family,
together with IGF2BP1-3 and HNRNPA2B1, belong to the
group of reader proteins. Some studies have mentioned that
m6A regulators could be used as prognostic biomarkers in
ccRCC, but these studies only analyzed some m6A regulators
and did not make a complete risk signature. In this study, we
collected data from 539 patients with ccRCC from The
Cancer Genome Atlas (TCGA) and used bioinformatics
analysis to determine the connection between m6A regula-
tors and ccRCC in an attempt to identify a risk signature to
predict the prognosis of patients with ccRCC.

2. Materials and Methods

2.1. Ethics Statement. This study was approved by the Ethics
Committee of the First Affiliated Hospital of Dalian Medical
University and conducted in accordance with the principles
expressed in the Declaration of Helsinki. All datasets were
retrieved from published literature, and all written informed
consent was verified.

2.2. Data Acquisition. We systematically searched for RNA-
seq transcriptome data of ccRCC in the TCGA dataset
(https://cancergenome.nih.gov/) and downloaded all the
matching clinical information data. During the processing
of the clinical data in TCGA, we discounted patient samples
with missing clinical information. As the lymph node
metastasis status of most data is unknown, this factor was
later removed from the analysis.

We used the data from the cBioPortal (https://www
.cbioportal.org/) to verify the correlation between METTL14
and YTHDC1. To further understand the biological func-
tions of these regulators, we used KOBAS (http://kobas.cbi
.pku.edu.cn/index.php) to analyze the data obtained from
GO, KEGG, and Reactome. We also searched the data on
GSCALite (http://bioinfo.life.hust.edu.cn/web/GSCALite/)

to identify those pathways in which the 18 regulators used
in this study are active and those drugs to which they are
sensitive to, and to further detect the roles of the four chosen
genes in cell signaling pathways.

2.3. Bioinformatics Analyses. First, we used the Perl package
to merge all the data and extract the information of the 18
m6A RNA methylation regulators for further study.

We then used R (version 3.5) software to compare the
expression levels of the regulators in 539 patients with ccRCC
and 72 normal kidney tissues and construct a cluster analysis
tree, followed by a vioplot to clearly visualize differential
expression. We also analyzed the correlation between these
18 regulators.

The consistent clustering algorithm was used to deter-
mine the clustering number of samples under the following
classification parameters: (1) the growth rate of the cumula-
tive distribution function (CDF) value was slow; (2) no small
clusters were allowed; (3) the data in a cluster needed to have
good clustering, implying a high correlation within the
cluster. Then, we performed principal component analysis
(PCA) to verify the clustering results.

Aiming to build a proper risk signature using m6A RNA
methylation regulators in ccRCC, we used the least absolute
shrinkage and selection operator (LASSO) Cox regression
algorithm to choose the appropriate risk factors. The associ-
ation between regulators and survival was first identified.
Then, the coefficient was determined using the minimum
standard. The best penalty parameter λwas selected to obtain
the final risk score. Then, we used the risk signature to divide
the patients into two subgroups and compared the overall
survival (OS) of these two subgroups. Then, the receiver
operating characteristic (ROC) curve was estimated, and uni-
variate and multivariate Cox regression analyses were per-
formed to verify the predictive ability of the risk signature.
Finally, we use the GSE22541 dataset in the GEO database
for external verification and random internal verification on
the ccRCC dataset in the TCGA database. All these were also
executed using R software package.

2.4. Statistical Analyses. The expression of m6A RNAmethyl-
ation regulators in tumor tissues and normal tissues was
compared by one-way ANOVA. Kaplan-Meier analysis was
used to obtain survival curves [25]. t-tests were used to com-
pare the expression levels in ccRCC for different clinical
characteristics. We obtained the optimal cut-off value of each
risk score in the training group using R software to build the
risk signature. Cox regression analysis was used to evaluate
the association between the risk score, other clinical charac-
teristics, and OS. The log-rank tests were used to perform
survival analyses. In all our analyses, p < 0:05 was considered
statistically significant.

3. Results

3.1. The Panorama of m6A RNA Methylation Regulators in
ccRCC. First, we compared the expression of the 18 m6A
RNA methylation regulators in 539 ccRCC cancer tissues
against the expression in 72 normal kidney tissues obtained
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from the TCGA database. Compared with normal tissues, the
expression of ALKBH5, KIAA1429, RBM15B, IGF2BP2,
HNRNPA2B1, YTHDF2, METTL4, ZC3H13, YTHDF3,
IGF2BP3, RBMX, FTO, WTAP, and RBM15 showed signifi-
cant statistical differences (Figures 1(b) and 1(d)). Next, we
further explored the interactions between the 18 m6A RNA
methylation regulators and found that such interactions
could be positive, negative, or irrelevant (Figure 1(c)). We
found that the two most relevant regulators were YTHDC1
andRBM15, with amutual reinforcement correlation. To ver-
ify this conclusion, we explored the cBioPortal data and found
that these two regulators had a strong expression correlation.

3.2. Consensus Clustering of m6A RNA Methylation
Regulators Identified Two Clusters of ccRCC. Next, we used
consensus clustering to group the 539 ccRCC tissues.
According to Figures 2(b) and 2(c), k = 2 or k = 3 values
would be acceptable; however, after dividing the samples into
3 groups, some data could not be well clustered; therefore, we
decided to separate our data into 2 groups. The matrix shown
in Figure 2(a) represents the consensus for k = 2 and
indicates a well-defined 2-block structure. Then, we used
PCA to verify whether the grouping was appropriate
(Figure 2(d)). As there were little overlapping area between
clusters 1 and 2, and the data in each group gathered well,
we concluded that grouping by m6A RNA methylation
regulator expression was appropriate (k = 2).

3.3. Groups Determined by Consensus Clustering Are Closely
Related to the Prognosis of ccRCC and Clinicopathological
Features. According to consensus clustering, we compared
the expression levels of m6A RNA methylation regulators
between clusters 1 and 2. Other factors such as gender, age,
tumor grade, fustat, cancer stage status, and T, M, and N
status were also taken into account for the comparison. We
found that the expression levels of m6A RNA methylation
regulators in clusters 1 and 2 were indeed different, and that
cluster 2 was correlated with gender (Figure 3(a)). The
detailed information of gene expression in clusters 1 and 2
is summarized in Supplementary Material Table S1. As
shown in Figure 3(b), the OS of cluster 2 is shorter than
that of cluster 1, indicating a worse clinical outcome.

3.4. The Role of m6A RNA Methylation Regulators in Various
Physiological Processes or Signaling Pathways and Drug
Sensitivities of m6AMethylation Regulators. To better under-
stand the function of m6A RNA methylation regulators,
we analyzed the 18 regulators using KOBAS and visualized
the results using R language. Relevant data was obtained
from Gene Ontology (GO), KEGG, and Reactome
(Figures 3(c) and 3(d)) databases. According to the results
from pathway enrichment, studied regulators are mainly
involved in RNA regulation and metabolism processes,
such as RNA binding, poly(A) RNA binding, and gene
expression.
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Figure 1: The panorama of m6A RNA methylation regulators in ccRCC. (a) The m6A RNA methylation process and the regulators
involved. (b) Expression levels of 18 m6A RNA methylation regulators in ccRCC and normal tissues. The upper tree diagram
represents grouping results for the samples, whereas the tree on the left represents cluster analysis results for regulators. Highly
expressed genes are represented by a red-colored gradient: the highest the expression, the darker the red tone. In contrast, lowly
expressed genes are represented by a green-colored gradient, being the genes with the lowest expression the darker ones. (c)
Spearman correlation analysis of the 18 m6A RNA methylation regulators in ccRCC and verification of the correlation between YTHDC1
and RBM15. (d) Vioplot visualizing differentially expressed m6A RNA methylation regulators in ccRCC. The x-axis represents different
genes, the y-axis represents gene expression, blue represents normal kidney tissue, and red represents ccRCC tissue. ∗p < 0:05, ∗∗p < 0:01,
and ∗∗∗p < 0:001.
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Then, we analyzed the data on GSCALite and found that
m6A RNA methylation regulators play important roles in
many cell signaling pathways and physiological activities.
HNRNPA2B1, for example, can activate apoptosis and
DNA damage response, and it is also engaged in the cell cycle
(Figures 4(a) and 4(b)). In addition, m6A RNA methylation
regulators are sensitive targets for common chemotherapy
drugs and targeted agents (Figure 4(c)).

3.5. A Risk Signature Built with Four Regulators to Evaluate
Clinical Outcomes. We tried to determine whether m6A
methylation regulators can play a prognostic role in
ccRCC. Therefore, we performed a univariate Cox regres-
sion analysis on the expression levels of these regulators.
As shown in Figure 5(a), patients with high expression
of KIAA1429 (hazard ratio ½HR� = 0:869, 95%confidence
interval ½CI� = 0:80 − 0:95), YTHDC1 (HR = 0:922, 95%CI
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Figure 2: Identification of consensus clusters by m6A RNA methylation regulators. (a) When k = 2: correlation between groups. (b) Relative
change in the area under the cumulative distribution function (CDF) curve for k values from 2 to 9. (c) Consensus clustering CDF when k
value ranges from 2 to 9. (d) Principal component analysis of the total RNA expression profile in the TCGA dataset (cluster 1 is marked
in red and cluster 2 in blue).
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= 0:88 − 0:96), YTHDF2 (HR = 0:955, 95%CI = 0:92 − 0:99
), METTL14 (HR = 0:662, 95%CI = 0:58 − 0:76), ZC3H13
(HR = 0:892, 95%CI = 0:84 − 0:95), YTHDF3 (HR = 0:953,
95%CI = 0:92 − 0:99), RBMX (HR = 0:971, 95%CI = 0:95 −
0:99), and FTO (HR = 0:945, 95%CI = 0:91 − 0:99) have a
better prognosis than patients with high expression of
IGF2BP2 (HR = 1:087, 95%CI = 1:06 − 1:12), HNRNPA2B1
(HR = 1:016, 95%CI = 1:01 − 1:02), IGF2BP1 (HR = 1:14,
95%CI = 1:02 − 1:28), and IGF2BP3 (HR = 1:415, 95%CI
= 1:27 − 1:58).

Next, we used the LASSO Cox regression algorithm to
analyze the 18 regulators in the TCGA dataset and chose four
of them, IGF2BP3, IGF2BP2, METTL14, and HNRNPA2B1,
to build the risk signature. Selection was based on the mini-
mum criteria and the coefficients obtained from the LASSO
algorithm that were used to calculate the risk score for the
TCGA dataset (Figures 5(b) and 5(c)).

To verify the prognostic ability of the four-regulator risk
signature, we graded the data in the TCGA dataset and
divided them into two groups according to the risk signature,
the high-risk and low-risk groups, and drew the correspond-
ing survival curves. We found that the clinical outcomes of
the high-risk group were significantly worse than those of
the low-risk group (Figure 5(d)).

3.6. The Prognostic Value of the Risk Signature Built with
Four m6A RNA Methylation Regulators. We compared the
expression of the four selected regulators between the low-
risk and the high-risk groups. We also compared the expres-
sion considering several characteristics, such as T and M
statuses, the clinical stage and grade of the tumor, the
patients’ age, gender, and fustat, and the cluster (1 or 2) to
which the regulators belonged. After noticing that most of
the data in the TCGAdataset were NX, we decided not to con-
sider this factor in our analysis. We found that there was a
high expression of IGF2BP3, IGF2BP2, and HNRNPA2B1
and a low expression of METTL14 in the high-risk group.
The high-risk group also showed stronger correlations with
M and T statuses, tumor stage and grade, fustat, and cluster
of origin than the low-risk group (Figure 6(a)).

Receiver operating characteristic (ROC) curves were used
to test the accuracy and specificity of the four-gene risk signa-
ture. The AUC = 0:72 indicated that the risk score could
efficiently predict the 5-year survival of patients with ccRCC
(Figure 6(b)). Then, we performed univariate and multivariate
Cox regression analyses of the data from the TCGA dataset to
determine whether the risk signature could be useful as an
independent factor to predict the clinical outcome
(Figures 6(c) and 6(d)). Results from the univariate Cox
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Figure 4: Physiological processes, signaling pathways, and drug sensitivities relevant to m6A methylation regulators. (a) Effect of m6A
methylation regulators on physiological processes and signaling pathways. A: active; I: inhibited; the darker the color, the stronger the
inhibition (blue) or activation (red). If a regulator activates a process or a pathway, the activation index is higher than the inhibition index.
On the contrary, if the inhibition index has the highest value, then the process is inhibited. (b) Pie chart showing the results from (a) (red:
activation; green: inhibition). (c) Drug sensitivities of m6A methylation regulators (ordinate axis: various drugs; abscissa axis: regulators).
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Figure 5: Continued.
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regression analysis showed that age (HR = 1:031, 95%CI =
1:02 − 1:05), grade (HR = 2:296, 95%CI = 1:87 − 2:82), stage
(HR = 1:865, 95%CI = 1:63 − 2:13), T status (HR = 1:893, 95
%CI = 1:60 − 2:24), M status (HR = 4:407, 95%CI = 3:22 −
6:03), and risk score (HR = 2:209, 5%CI = 1:85 − 2:64) corre-
lated with OS. In addition, results from the multivariate Cox
regression analysis indicated that age (HR = 1:037, 95%CI =
1:02 − 1:05) and risk score (HR = 1:88, 95%CI = 1:51 − 2:25)
were associated with OS. Therefore, we can conclude that
the risk signature can predict the prognosis of patients with
ccRCC independently and in combination with other risk
factors (Figures 6(c) and 6(d)).

3.7. Random Sampling Verification and External Verification
Based on the Signature. To verify the accuracy of the signa-
ture, we tested it over randomly sampled data from TCGA.
Survival curves indicated that the OS of the high-risk group
was lower than the low-risk group (Figure 7(a)). Figure 7(b)
shows the expression levels of the four genes in the chosen
samples. The high-risk group contained 24 samples, and
the low-risk group contained 26 samples. Compared with
the low-risk group, the high-risk group had lower expression
of METTL14 and higher expression of IGF2BP3, IGF2BP2,
and HNRNPA2B1. To further extend the performance of
the risk signature, we made a nomogram to take other clini-
copathological factors into account. By using this nomogram,
we could calculate the 5-year survival, 7-year survival, and
10-year survival of the patients (Figure 8). Then, we used
GSE22541 for external verification. Since this dataset only
contained patient DFS information and not OS information,
we verified the DFS of the risk model and the four genes in
ccRCC and drew the corresponding survival curve (Supple-
mentary Materials Figure S1(A–E)). Surprisingly, we found

that the external verification results also support the results
obtained through the TCGA database in the early stage.

3.8. GSEA Pathway Analysis of the Four Genes. We selected
five signaling pathways for evaluating changes in the expres-
sion of the four genes belonging to the newly described signa-
ture. An open-up parabola indicates that the gene activates
the pathway, whereas an open-down parabola indicates that
the gene can inhibit the pathway (Figures 9(a)–9(d)). For
instance, IGF2BP3 has a positive regulatory effect on the cal-
cium signaling pathway, glycosaminoglycan degradation,
P53 signaling pathway, and steroid biosynthesis; however,
high levels of IGF2BP3 can inhibit glycerolipid metabolism.
Finally, in order to show the process of this research more
clearly, we draw a corresponding flow chart (Figure 10).

4. Discussion

Evidence shows that m6A RNA methylation has various
functions in the occurrence, development, and proliferation
of cancer [26, 27]. It may also affect cancer stem cell pluripo-
tency and cell differentiation [16, 28], promote cancer cell
migration [29], and contribute to tumor immunity [30].
m6A RNA methylation regulators include three major
elements: writers, erasers, and readers. Writers catalyze the
formation of m6A, erasers remove m6A from RNAs, and
readers recognize and bind m6A sites. As writers, the com-
plex formed by METTL14 and METTL3 recognizes the
substrate [31], WTAP ensures that the complex is located
exactly on the nuclear speckle [32], RBM15 attaches to the
WTAP-METTL3 complex and engages it to specific RNA
sites [33], ZC3H13 mediates the combination of WTAP
and Spenito [34], and KIAA1429 is related to the selectivity
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Figure 5: Risk signature for ccRCC. (a) Hazard ratios (HRs) and 95% confidence intervals (CIs) were calculated using univariate Cox
regression. (b, c) Coefficients calculated by the least absolute shrinkage and selection operator (LASSO) multivariate Cox regression
algorithm. (d) Kaplan-Meier overall survival (OS) rate curve for high-risk (red) and low-risk (blue) groups of patients.
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of m6A modified sites [35]. As erasers, FTO controls mRNA
splicing and regulates adipogenesis [36], and ALKBH5
participates in the process of splicing and the production of
longer 3′-UTR mRNAs [37]. Finally, as readers, YTH
domain family members are the first to recognize m6A [38],
IGF2BPs bind to m6A and enhance RNA stability of the
target mRNA [23], HNRNPA2B1 mediates the splicing of
RNAs and enhances primary miRNA processing [39], and
HNRNPC and RBMX regulate the processing of m6A-con-
taining RNA transcripts indirectly [40] [41].

In the United States, the estimated number of new
patients with kidney and renal pelvis cancer in 2019 was
73,820 (44,120 males and 29,700 females), whereas the esti-
mated death toll was 14,770 (9,820 males and 4,950 females)

[1]. Compared with data from previous years, morbidity and
mortality have increased. In China, the number of new
patients with renal cancer in 2014 was about 6:8 × 104
(4:3 × 104 males and 2:6 × 104 females) and the estimated
death toll was 2:6 × 104 (1:6 × 104 males and 0:9 × 104
females) [42]. At present, the main treatment for kidney
cancer is surgery, and an adjuvant therapy, including immu-
notherapy and chemotherapy, can be chosen according to the
disease stage. However, there is a possibility of recurrence to
the surgical treatment and some patients are initially refrac-
tory to immunotherapy and chemotherapy [43]. Among
renal cancers, ccRCC is the main histological subtype,
accounting for 75% of all cases [44]. However, compared
with other cancers, there are few studies on ccRCC. In
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Figure 6: Prognosis value and accuracy of the risk signature. (a) Comparison of clinicopathological characteristics and expression of
IGF2BP3, IGF2BP2, HNRNPA2B1, and METTL14 between the two groups defined by the risk signature. (b) ROC curve representing the
efficiency and accuracy of the risk signature: the ROC curve for 5-year survival prediction by risk signature (date from TCGA). (c)
Univariate Cox regression analysis of the association between clinicopathological factors, risk score, and overall survival of patients from
TCGA datasets. (d) Multivariate Cox regression analysis of the association between clinicopathological factors, risk score, and overall
survival of patients from TCGA datasets. ∗p < 0:05, ∗∗p < 0:01, and ∗∗∗p < 0:001.
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addition, there are few articles on bioinformatics analyses of
ccRCC. In this study, we analyzed a dataset of ccRCC
patients from TCGA, grouped the data by consensus cluster-
ing, and built a risk signature with m6A RNA methylation
regulators to predict the prognosis of patients with ccRCC.
We hope that this can suggest ideas for future research.

Considering the close relationship between m6A and
cancer, we wanted to explore the linkage between m6A
RNA methylation regulators and ccRCC. In this study, 18
m6A RNA methylation regulators were chosen. To better
understand the important role of m6A RNA methylation
regulators in ccRCC, we first compared the expression of
these regulators in normal and tumor tissues and found that
most of them are differentially expressed among both kinds
of tissues. Besides, correlation analyses revealed that these 18
regulators interact with each other. Therefore, it is suggested
that these 18 m6A RNA methylation regulators could either
act independently or interactively to play a role in the occur-
rence and development of ccRCC. To further determine the
effects of m6A RNA methylation regulators on the clinico-
pathological characteristics and prognosis of the patients,
we separated our data into two groups by consistent cluster-
ing. The expression levels of m6A RNA methylation regula-
tors in the two clusters were different, and most of the
regulators had a higher expression in cluster 2. Moreover,
a survival curve showed that cluster 2 had a significantly
worse prognosis that cluster 1.

Next, we tried to determine the function of these regula-
tors in ccRCC by integrating their functions in GO, KEGG,
and Reactome. We found that they can play roles in DNA
repair, RNA splicing, and other physiological processes such
as apoptosis, cell cycle, and epithelial mesenchymal transfor-
mation (EMT), and even inhibit or activate cell signaling
pathways, including the PI3K/Akt pathway. Therefore, we
proposed that these regulators affect the occurrence and
development of ccRCC by intervening in the above processes.
We also determined the drug sensitivities of these regulators,
aiming to provide some ideas for future targeted drug
research for ccRCC.

To build a risk signature, we used the LASSO Cox
regression algorithm over the 18 regulators in the TCGA
dataset. We then chose four regulators (IGF2BP3, IGF2BP2,
METTL14, and HNRNPA2B1) to build the signature, and
separated patients into high-risk and low-risk groups
according to it. Characteristically, patients from the high-
risk group had a worse prognosis, having increased expres-
sion levels of IGF2BP3, IGF2BP2, and HNRNPA2B1 and
decreased expression levels of METTL14 compared to those
in normal tissues.

The risk signature can be used independently or com-
bined with other indicators to predict patient prognosis. To
determine this, the signature was tested against randomly
sampled data from TCGA. In these random samples, the
prognosis predicted by the signature was found to be in
accordance with the actual prognosis of the patients, and
the expression levels of the four chosen genes were also con-
sistent with previous results. All these results show that the
risk signature can effectively judge the prognosis of patients
with ccRCC. We believe that this risk signature can be used
to predict the five-year survival rate of patients in the clinical
practice. Finally, we enriched the function of the four signa-
ture genes in five different pathways; similar to previous
results, we found that in patients with ccRCC, these genes play
a positive or negative role in many physiological processes.

According to other studies, IGF2BP2 and IGF2BP3
belong to the IGF2BP protein family, formed by IGF2BP1-3.
As readers, IGF2BPs recognize GGC sequences and target
thousands of mRNA transcripts; they can regulate the stabil-
ity, translation, and storage of RNA, thereby affecting the
expression of genes (recognition ofRNAN6-methyladenosine
by IGF2BP proteins enhances mRNA stability and transla-
tion). Huang et al. found that in pancreatic ductal adenocarci-
noma, the expression of IGF2BP2was upregulated and led to a
poor outcome [45]. In addition, in patients with acute myelo-
cytic leukemia, the overexpression of IGF2BP2 indicates poor
survival, and IGF2BP2 expression is associated with muta-
tions in FLT3-ITD and IDH1, which are also indicators of
poor prognosis [46]. These results are consistent with our
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results, that is, IGF2BP2 and IGF2BP3 play a positive regula-
tory role in the process of tumor occurrence and development.
These conclusions are urging us to carry out relevant research
to verify whether inhibiting the expression of IGF2BP2 and
IGF2BP3 can inhibit the growth of the tumor.

HNRNPA2B1 binds m6A-containing sites on nuclear
RNAs. HNRNPA2B1 can also regulate alternative splicing
of exons in a set of transcripts, similar to METTL3; conse-
quently, METTL3 depletion together with a diminishment
in HNRNPA2B1 concentration may have a close correlated
impact in the cell [47]. Previous studies have shown that
HNRNPA2B1 is overexpressed in breast cancer tissue, and
that its encoded protein can activate the STAT3 and

ERK1/2 signaling pathways, thereby promoting the tumori-
genic potential of cancer cells. Here, we found that the
expression of HNRNPA2B1 in the high-risk group was also
significantly increased, and that the prognosis of the group
with high levels of this regulator is worse than that of the
group with low levels. Therefore, studying the pathways
related to this reader and finding possible inhibitors could
also be a breach in the treatment of ccRCC.

As a writer, METTL14 plays a role by tightly combining
with METTL3. Studies have revealed that METTL14 and
ALKBH5 control the expression of each other and inhibit
the expression of YTHDF3, thereby blocking RNA demethyl-
ation to degrade cancer cells [48]. Compared with studies
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Figure 9: GSEA pathway analysis of IGF2BP3, IGF2BP2, HNRNPA2B1, and METTL14 genes. (a–d) An upward parabola indicates that the
indicated gene promotes the pointed pathway; otherwise, the pathway is suppressed.
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focused in METTL3, research on METTL14 has only been
gradually carried out in the last ten years. However, many
articles have reported that METTL14 can mediate the self-
renewal of HSCs (hematopoietic stem cells) by upregulating
the expression of regulators such as BMI-1 and PRDM16
[49]. A study on leukemia also found that METTL14 can
block myeloid differentiation and promote the self-renewal
of normal HSPCs and LSCs/LICs (leukemia stem cells/leuke-
mia-induced cells) [50]. In addition, downregulation of
METTL14 can promote metastasis of liver cancer cells,
whereas its overexpression significantly reduces tumor inva-
sion and metastasis (METTL14 suppresses the metastatic
potential of hepatocellular carcinoma by modulating N6-
methyladenosine-dependent primary microRNA process-
ing). These data are consistent with our results that suggest
that a high expression of METTL14 can inhibit tumor growth
or other harmful physiological processes. Therefore, improv-
ing the expression of METTL14 could be an effective thera-
peutic strategy to treat some diseases.

Although there are few studies on ccRCC and m6A, a
high expression of IGF2BP2 and IGF2BP3 has been
reported in many kinds of tumors. Consequently, it is
thought that IGF2BP2 and IGF2BP3 are closely related to
the occurrence and development of tumors. In addition,
there are few studies about HNRNPA2B1, but according
to our results and those from breast cancer studies, we
believe that it is also an important regulator that promotes
tumorigenesis. METTL14 may inhibit tumor development
and metastasis. Compared with normal tissues, its expres-

sion is significantly reduced in tumor tissues; therefore,
invasion and metastasis of the tumor are more likely to
occur. In the future, we will further explore the relationship
between these regulators and the occurrence and develop-
ment of ccRCC, trying to identify the specific mechanisms
that underlie this disease.

This study has some limitations. For example, it only
discusses data at the gene and mRNA levels. Overcoming
technical problems around the complexity of protein expres-
sion modification is needed to further analyze the relation
between the selected m6A regulators and ccRCC at the pro-
tein level. Additionally, the AUC value of the ROC curve just
exceeded 0.7; the sample size needs to be increased in the
future to further confirm the sensitivity and specificity of this
signature. However, we believe that the establishment of this
signature will play a great role in predicting the five-year
survival rate of patients with ccRCC and improving their
treatment. This signature may also be a good starting point
for new studies on ccRCC.

5. Conclusion

m6A RNA methylation regulators are closely related to the
occurrence and development of ccRCC. The newly defined
risk signature can predict the prognosis of patients with
ccRCC. Regulators used to build the risk signature may
also become targets for the diagnosis and treatment of
ccRCC.
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