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Oxidative Medicine and Cellular Longevity has retracted the
article titled “Stearoyl-CoA Desaturase 1 Potentiates Hypoxic
plus Nutrient-Deprived Pancreatic Cancer Cell Ferroptosis
Resistance” [1] due to concerns with figure duplications in
Figure 1(b) as originally noted on PubPeer [2]. Specifically,
the DMSO Nor panel is duplicated with the DMSO H/NS
panel, and the Erastin Nor+Fer-1 panel is duplicated with
the SAS Nor+Fer-1 panel. In both cases, the field of view is
different between the panels. The author responded to
explain that the duplications were introduced due to an error
when preparing their manuscript, however, this did not sat-
isfy the concerns of the editorial board and the article is
retracted due to concerns with the reliability of the data.
The authors do not agree to the retraction.
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In the article titled “Berbamine Suppresses the Progression
of Bladder Cancer by Modulating the ROS/NF-«xB Axis”
[1], the incorrect figure files were used during the produc-
tion process. The figures should be corrected as follows:
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Figure 2: Continued.
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FIGURE 2: Berbamine induced S-phase arrest in bladder cancer cells. (a, b) Representative images and quantitative cell cycle distribution was
detected by flow cytometry. (¢, d) The protein levels of a cell cycle regulator involving P21, P27, CyclinD, CyclinA2, and CDK2 were
examined by western blotting, and Image] analyzed relative expression levels. Values are represented (all dates are expressed) as the

mean + SD. The experiment was repeated at least three times. Statistical significance was determined using two-tailed Student’s t-test or
one-way ANOVA. *p<0.5 **p<0.01; ***p<0.001.
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FIGURE 6: Berbamine exerted antitumor activity against bladder cancer cells by modulating the ROS/NF-«B axis. 5637 and T24 cells were
treated with 32 yM berbamine in the presence or absence of 10 mM NAC. (a, b) Representative images of the ROS generation level were
captured using a fluorescence microscope. (¢, d) Flow cytometry was performed to measure cell apoptosis. (e, f) The levels of Bcl-2 and
Bax proteins were measured by western blotting. (g, h) The levels of P65 and P-P65 proteins were measured by western blotting. Values
are represented (all dates are expressed) as the mean + SD. The experiment was repeated at least three times. Statistical significance was
determined using two-tailed Student’s ¢-test or one-way ANOVA. *p < 0.5; **p < 0.01; ***p < 0.001; “p < 0.5; “p < 0.01.
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Objective. To identify the key genes involved in prostate cancer and their regulatory network. Methods. The dataset of
mRNA/miRNA transcriptome sequencing was downloaded from The Cancer Genome Atlas/the Gene Expression Omnibus
database for analysis. The “edgeR” package in the R environment was used to normalize and analyze differentially expressed
genes (DEGs) and miRNAs (DEmiRNAs). First, the PANTHER online tool was used to analyze the function enrichment
of DEGs. Next, a protein-protein interaction (PPI) network was constructed using STRING and Cytoscape tools. Finally,
miRNA-gene regulatory networks were constructed using the miRTarBase. Results. We identified 4339 important DEGs, of
which 2145 were upregulated (Up-DEGs) and 2194 were downregulated (Down-DEGs). Functional enrichment analysis
showed that the Up-DEGs were related to the immune system and the cell cycle in prostate cancer, whereas the Down-
DEGs were related to the nucleic acid metabolic process and metabolism pathways. Twelve core protein clusters were
found in the PPI network. Further, the constructed miRNA-gene interaction network showed that 11 downregulated
miRNAs regulated 16 Up-DEGs and 22 upregulated miRNAs regulated 22 Down-DEGs. Conclusion. We identified 4339
genes and 70 miRNAs that may be involved in immune response, cell cycle, and other key pathways of the prostate
cancer regulatory network. Genes such as BUBIB, ANX1A1l, F5, HTR4, and MUC4 can be used as biomarkers to assist in

the diagnosis and prognosis of prostate cancer.

1. Introduction

Prostate cancer (PCa) is one of the most common malignant
tumors in urology. Its incidence has been increasing in
recent years, and it has now become the leading cause of
cancer-related deaths among middle-aged men [1]. Andro-
gen deprivation therapy using surgical or chemical castra-
tion is the standard treatment for all stages of PCa [2].
However, patients ultimately tend to develop castration-
resistant PCa, which requires further treatment. The treat-
ment of PCa is limited by the low selectivity of medication
and drug resistance encountered in all radiotherapy, chemo-
therapy, and immunotherapy. Thus, the reduction of multi-
drug resistance and identification of a clear molecular target
would significantly improve the efficacy of therapeutic inter-

ventions for PCa. With the development and clinical appli-
cation of molecule-targeted drugs, the molecule-targeted
treatment of tumors has been widely accepted. However,
there is currently a lack of precise and effective indicators
to predict the efficacy of chemotherapy and targeted drug
therapy. Therefore, there is an urgent need to find new indi-
cators to indicate the use of correct drugs and improve
patient survival and quality of life [3]. These new indicators
or tumor molecular markers would be helpful in the diag-
nostic and prognostic evaluation of PCa.

With the development of high-throughput gene chip and
sequencing technology, it is possible to rapidly study the
gene expression profile of PCa, thereby identifying the gene
expression and key gene expression changes in PCa tissues
and cells under specific conditions. Bioinformatics involves
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gene chip data analyses. It uses sequence alignment, statisti-
cal analysis, visual mapping, biological clustering, biological
molecular network, and pathway analysis to mine the mas-
sive and complex bioinformatics data generated by gene chip
technology to enable more systematic study and comprehen-
sive treatment of diseases [4]. In recent years, large-scale
genome sequencing and gene chip detection approaches
have been used in cancer research. The Cancer Genome
Atlas (TCGA) database contains the global gene chip data-
set. As the largest cancer gene information database available
at present, the TCGA database includes rich and standard-
ized clinical data on many cancer types and multiple groups,
including data on gene expression, miRNA expression, copy
number variation, DNA methylation, and single nucleotide
polymorphism, based on large sample sizes for each cancer
type. Thus, this database can be used for the search for can-
cer biomarkers using bioinformatics tools.

miRNAs are evolutionarily conserved short (approxi-
mately 18-22 nucleotides long) noncoding single-stranded
RNA molecules that function as posttranscriptional gene
regulators [5]. A large body of evidence has proven that
the occurrence and development of cancer is often accompa-
nied by the abnormal expression of some miRNAs [6]. Stud-
ies on lung cancer and breast cancer have shown that
miRNAs can be used as biological targets for cancer treat-
ment [7, 8]. Therefore, it is meaningful to use miRNAs as
biomarkers for the early diagnosis and prognosis of cancer,
but this use is limited as several functions and biological pro-
cesses of miRNAs remain unidentified. In this study, differ-
entially expressed genes (DEGs)/miRNAs were extracted
from the microarray transcriptome data of PCa in TCGA/
the Gene Expression Omnibus (GEO) database. Physiologi-
cal functions and signal transduction pathways related to
the DEGs were then obtained by Gene Ontology (GO)
enrichment and Kyoto Encyclopedia of Genes and Genomes
(KEGG) pathway analyses. Further, the protein-protein
interaction (PPI) network and prostate-specific gene coex-
pression network were analyzed to identify the core protein
clusters and key genes. Finally, the miRNA-gene interaction
network was constructed. This process laid a foundation for
the clinical diagnosis and prognosis of PCa.

2. Materials and Methods

2.1. RNA-Seq and miRNA-Seq Data. The transcriptome pro-
filing datasets were downloaded from the GDC data portal
[9]. The RNA-Seq dataset was obtained by advanced search
with strings “cases.project.project_id” in [“TCGA-PRAD”],
“files.analysis.workflow_type” in [“HTSeq - Counts”], and
“files.data_category” in [“transcriptome profiling”]. And
the miRNA-Seq dataset was obtained by advanced search
with strings “cases.project.project_id” in [“TCGA-PRAD”],
“files.data_category” in [“transcriptome profiling”], and
“files.data_type” in [“miRNA Expression Quantification”].
Both the RNA-Seq and miRNA-Seq datasets originated
from a total of 499 clinical PCa samples, including white
(413 cases), black or African American (58 cases), Asian
(12 cases), American Indian or Alaska native (1 case), and
race not reported (14 cases) patients, and 52 normal prostate
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samples (race not reported). The patient age ranged from 41
to 78 years old.

For the RNA-Seq dataset, HTSeq-Count tables of the
499 tumor and 52 normal samples were merged to form a
gene read count matrix. And for the miRNA-Seq dataset,
the “read_count” columns in the quantification files were
merged to form a miRNA count table.

2.2. Differential Expression Analyses. The read count matri-
ces of genes and miRNAs were, respectively, used to call
differentially expressed genes (DEGs) and differentially
expressed miRNAs (DEmiRNAs) between tumor and nor-
mal samples by the Bioconductor package “edgeR” in the R
software (version 4.0.2). The edgeR programs including fil-
tering, normalization, dispersion estimating, and quasilikeli-
hood F-tests were performed. The cut-off we used to pick
significant DEGs and DEmiRNAs was p value < 0.05, false
discovery rate (FDR) < 0.05, and |log 2FC|>1. The log-
fold change against log-counts per million, with DEGs or
DEmiRNAs highlighted, was plotted.

2.3. Gene Functional Enrichment Analyses. The official Gene
Ontology (GO) online tool (http://geneontology.org/) with
human genes as the background was used to implement
Gene Ontology enrichment. Ensemble gene lists of 2145
upregulated DEGs (Up-DEGs) and 2194 downregulated
DEGs (Down-DEGs) were separately submitted to the web
service powered by PANTHER. Overrepresentation tests
(released 20200728) were performed with Fisher’s exact test
as the test type and the calculated false discovery rate as the
correction method. The GO terms were sorted and filtered
by FDR and fold enrichment. And the top 10 terms of the
three GO domains (cellular component, biological process,
and molecular function) were shown.

Kyoto Encyclopedia of Genes and Genomes (KEGG)
pathway enrichment analyses were performed to reveal sig-
naling pathways in prostate cancer. Firstly, ensemble IDs
of DEGs were converted and filtered to 1481 Up-DEGs’
symbols and 1961 Down-DEGs’ symbols by the HGNC
(HUGO Gene Nomenclature Committee) BioMart server.
Then, the DEGs’ symbols were called by the gene-list enrich-
ment tool in KOBAS3.0 to do KEGG pathway enrichment
with default parameters. The cut-off for significant pathways
was set as corrected p value < 0.05, and the top 10 pathways
were shown.

2.4. Construction of Protein-Protein Interaction (PPI)
Networks. Firstly, 1481 Up-DEGs’ symbols and 1961
Down-DEGSs’ symbols were separately input to the Search
Tool for the Retrieval of Interacting Genes/Proteins
(STRING) online tool [10] to build PPI networks, with
“the minimum required interaction score” set as “highest
confidence (0.900)” and the “hide disconnected nodes in
the network” option was checked. And the tabular text out-
put PPI files were exported.

Secondly, the PPI files were imported into the Cytoscape
3.8.2 software [11]. The MCODE application was used to
find clusters (highly interconnected areas) in the network,
and the score of key PPI nodes was calculated using the k
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Ficurek 1: Differentially expressed genes (DEGs) between PCa and normal samples. (a) The MA plot of DEGs. (b) Venn diagram of DEGs

overlapped with OncoKB cancer genes.

-core decomposition algorithm. The cluster finding parame-
ters were node score cutoff, 0.2; haircut, true; fluff, false; k
-core, 7; and max. depth from seed, 100. The score of nodes
reflected the density of the nodes and the surrounding
nodes. Linked proteins had the same score and formed core
protein clusters.

Finally, to depict the PPI networks of the core protein
clusters, yFiles Layout Algorithms in Cytoscape applications
were used.

2.5. Profiling of miRNAs and Gene Regulation Networks. 50
upregulated DEmiRNAs (Up-DEmiRNAs) and 20 downreg-
ulated DEmiRNAs (Down-DEmiRNAs) were compared to
PCa-related miRNAs in miRCancer (miRNA Cancer Asso-
ciation Database), and a Venn diagram was drawn.

The miRTarBase provides information about experimen-
tally validated miRNA-target gene interactions [12, 13]. To
obtain miRNA-gene interactions in PCa regulation, the 91
Up-DEGs from five upregulated and 137 Down-DEGs from
seven downregulated core protein clusters were used to bait
the corresponding miRNA regulators verified by comprehen-
sive experiments.

To increase the reliability of miRNA-gene interactions in
PCa, we selected the DEmiRNAs and the corresponding
DEGs as high-confident regulation pairs. The experimen-
tally validated high-confident regulation networks were con-
structed and displayed using the Cytoscape 3.8.2 software.

3. Results

3.1. Identification of DEGs in Prostate Cancer Response. To
know how genes respond in prostate cancer, we collected
RNA-Seq datasets from the TCGA-PRAD project, including
449 tumor samples and 52 normal samples, and performed
transcriptome profiling.

Differential expression analyses uncovered DEGs either
upregulated or downregulated in comparison between
tumor and normal. In total, 4339 DEGs were identified,
and the screening criteria were (1) |logFC| >1, (2) p < 0.05,
and (3) FDR <0.05. The MA plot gives a quick overview
of the 2145 upregulated DEGs (Up-DEGs) and 2194 down-
regulated DEGs (Down-DEGs) (Figure 1(a)).

The ensemble IDs of DEGs were converted and filtered
to 1481 Up-DEGs’ symbols and 1961 Down-DEGs’ symbols,
which were then compared with the OncoKB cancer gene
list. 125 DEGs identified in this study were also found in
OncoKB, but we also detected a large proportion of DEGs
(96.4%, 3317/3442) that have potential to be actionable
genes in prostate cancer (Figure 1(b)).

3.2. Enrichment of Gene Functions in Prostate Cancer. To
reveal effective biological functions in prostate cancer, Gene
Ontology (GO) enrichment analyses of DEGs are conducted.
The GO enrichment analysis of the 2145 Up-DEGs showed
that in biological processes, they were mainly enriched in
complement activation, classical pathway, humoral immune
response mediated by circulating immunoglobulin, comple-
ment activation, and immunoglobulin-mediated immune
response; in molecular functions, mainly in antigen binding,
immunoglobulin receptor binding, signaling receptor bind-
ing, and hormone activity; and in cellular components,
mainly in immunoglobulin complex, DNA packaging com-
plex, nucleosome, and chromatin (Figure 2(a)). The GO
enrichment analysis of the 2194 Down-DEGs showed
that in biological processes, they were mainly enriched
in nucleobase-containing compound metabolic process,
nucleic acid metabolic process, heterocycle metabolic pro-
cess, and gene expression; in molecular functions, mainly in
RNA binding, nucleic acid binding, heterocyclic compound
binding, and organic cyclic compound binding; and in cellular
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FiGure 2: Enrichment of Gene Ontologies (GO) of Up-DEGs and Down-DEGs: (a) GO enrichment of Up-DEGs; (b) GO enrichment of
Down-DEGs. The top 10 terms in the three GO domains (biological process, molecular function, and cellular component) are shown.
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components, mainly in nucleoplasm, protein-containing
complex, nuclear lumen, and membrane-enclosed lumen
(Figure 2(b)).

To profile prostate cancer-responsive mechanisms,
enrichment analyses of biological pathways defined by Kyoto
Encyclopedia of Genes and Genomes (KEGG) were carried
out. Most of the Up-DEGs were significantly enriched in the
pathways termed as “neuroactive ligand-receptor interaction,”
“cell cycle,” “complement and coagulation cascades,” “oocyte
meiosis,” “maturity onset diabetes of the young,” “nicotine
addiction,” “linoleic acid metabolism,” and “bile secretion”
(Supplementary Figure 1A), whereas the Down-DEGs were
mainly involved in “calcium signaling pathway,” “metabolic
pathways,” “neuroactive ligand-receptor interaction,” “focal
adhesion,” “cAMP signaling pathway,” “arrhythmogenic
right ventricular cardiomyopathy (ARVC),” “dilated
cardiomyopathy (DCM),” “hypertrophic cardiomyopathy
(HCM),” “gastric acid secretion,” and “PI3K-Akt signaling
pathway” (Supplementary Figure 1B).

These results suggest the importance of these pathways
in PCa medical mechanisms.

3.3. Core Protein-Protein Interaction (PPI) Networks in
Prostate Cancer. To do further functional research of the

DEGs, the STRING database providing functional associa-
tion networks was retrieved. First, the identified Up-DEGs
and Down-DEGs were, respectively, submitted to the
STRING database to construct PPI networks. And “the min-
imum required interaction score” was set to the “highest
confidence (>0.9)” to filter high-confident interactions.
Next, to discover core protein clusters hidden under the
huge networks, MCODE clustering algorithms in Cytoscape
3.8.2 were applied. The score of key PPI nodes was calcu-
lated using the k-core decomposition algorithm, and the
functional clusters with scores > 7, referred to as the “core
protein clusters,” were screened out.

In the PPI network of the Up-DEGs, there are 907 nodes
and 1307 edges retained, and the average node degree is
2.88. The expected number of edges is 497, and the network
has significantly more interactions than expected (the PPI
enrichment p value < 1.0e-16) (not shown). Finally, five core
protein clusters of Up-DEGs were constructed (Figure 3).
Cluster 1 has the maximum score 27.676, with 38 nodes
and 512 edges, including known cancer-related genes, such
as BUBI (mitotic checkpoint serine/threonine-protein
kinase BUB1), CDC20 (cell division cycle protein 20 homo-
log), and PLKI1 (serine/threonine-protein kinase PLKI1).
Cluster 2 has 28 nodes and 198 edges, including proteins
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in the coagulation system, such as KNGI1 (kininogen-1) and
F5 (pronounced factor five). Cluster 3 has 9 nodes and 36
edges, including the GRPR (gastrin-releasing peptide recep-
tor) which is known to be expressed in numerous cancers.
Furthermore, there are 8 nodes and 8 edges in both cluster
4 and cluster 5.

In the PPI network of the Down-DEGs, 1668 nodes and
2524 edges were identified, and the average node degree is
3.03. The expected number of edges is 1389, and the network
has significantly more interactions than expected (the PPI
enrichment p value < 1.0e-16) (not shown). Finally, seven
core protein clusters of Down-DEGs were constructed
(Figure 4). Cluster 1 has the maximum score 32.549, with
52 nodes and 830 edges, including known cancer-related
genes, such as ANXA1 (annexin Al) and SSTR2 (somato-
statin receptor type 2). Cluster 2 has 15 nodes and 105 edges,
including KRT (keratin) family proteins whose expression is
helpful in determining the epithelial origin in anaplastic can-
cers. Cluster 3 has 13 nodes and 78 edges, including the
FBXO32 (F-box only protein 32) which was reported to be
associated with tumorigenesis. Further, there are 11 nodes
and 55 edges in cluster 4, 17 nodes and 81 edges in cluster
5, 19 nodes and 88 edges in cluster 6, and 10 nodes and 40
edges in cluster 7.

The above results suggest that all of these PPI interac-
tions in the core protein clusters play essential roles in
prostate cancer regulation networks and deserved further
research.

3.4. Well-Grounded miRNA-Gene Regulation Networks in
PCa. To explore how miRNAs respond in prostate cancer,
we collected miRNA-Seq datasets from the TCGA-PRAD
project, including 449 tumor samples and 52 normal sam-
ples, and performed miRNA-Seq analyses.

Firstly, differential expression analyses uncovered
DEmiRNAs either upregulated or downregulated in com-
parison between tumor and normal. In total, 70 DEmiRNAs
were identified, and the screening criteria were (1) |logFC | >
1, (2) p<0.05, and (3) FDR <0.05. The MA plot gives a
quick overview of the 50 upregulated DEmiRNAs (Up-
DEmiRNAs) and 20 downregulated DEmiRNAs (Down-
DEmiRNAs) (Figure 5(a)).

Compared to PCa-related miRNAs in miRCancer
(miRNA Cancer Association Database), 24 DEmiRNAs
identified in this study were also found in miRCancer, but
we also detected more than half of DEmiRNAs (65.7%,
46/70) that have potential to be actionable miRNAs in pros-
tate cancer (Figure 5(b)).

Subsequently, the DEGs in the five upregulated core pro-
tein clusters and the seven downregulated core protein
clusters were uploaded as “seeds” to the miRTarBase (exper-
imentally validated miRNA-target interaction database), and
the miRNA-DEG interaction network verified by compre-
hensive experiments was obtained. The results showed that
in the core protein cluster, 91 Up-DEGs interacted with
829 miRNAs and 137 Down-DEGs interacted with 791
miRNAs.
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Figure 5: Differentially expressed miRNAs (DEmiRNAs) between PCa and normal samples. (a) The MA plot of DEmiRNAs. (b) Venn
diagram of DEmiRNAs overlapped with PCa-related miRNAs in miRCancer.

Lastly, miRNAs are noncoding single-stranded small
molecular RNAs that are highly conserved in evolution
and regulate gene expression through translational inhibi-
tion. Therefore, the 791 miRNAs that were found to interact
with the 137 downregulated “seeds” were crossed with the 50
Up-DEmiRNAs; this revealed 22 Up-DEmiRNAs (hsa-mir-
500a, hsa-mir-17, hsa-mir-425, hsa-mir-20b, hsa-mir-508,
hsa-mir-3074, hsa-mir-106a, hsa-mir-183, hsa-mir-25, hsa-
mir-18a, hsa-mir-342, hsa-mir-20a, hsa-mir-93, hsa-mir-
3653, hsa-mir-561, hsa-mir-200c, has-mir-96, has-mir-148a,
has-mir-1304, has-mir-146b, has-mir-7-1, and has-mir-
5586) that could predict the gene expression regulation in
PCa (Figure 6(a)). Next, the 829 miRNAs that were found
to interact with the 91 upregulated “seeds” were crossed
with the 20 Down-DEmiRNAs; this revealed 11 Down-
DEmiRNAs (hsa-mir-187, hsa-mir-1251, hsa-mir-889, hsa-
mir-204, hsa-mir-222, hsa-mir-221, hsa-mir-23c, hsa-mir-143,
hsa-mir-10a, hsa-mir-652, and hsa-mir-450b) that could pre-
dict the gene expression regulation in PCa (Figure 6(b)).

Taken together, we constructed the experimentally vali-
dated high-confident regulation networks of the DEmiRNAs
and the corresponding DEGs in PCa, which indicate that
these miRNA-Gene interactions play essential roles in PCa
molecular regulation.

4. Discussion

In this study, we attempted to identify tumor
microenvironment-related genes/miRNAs from the TCGA
database that contribute to PCa occurrence and develop-
ment. First, there were 2145 upregulated genes and 2194
downregulated DEGs between PCa and normal samples.
Next, the DEGs, were subsequently subjected to GO and
KEGG pathway enrichment analysis, which showed that
these DEGs were significantly enriched in the functional
modules and biological process of cancer development, and
indicated some significant characteristics of PCa, such as

hyperactivity of immune response [14], hormone activity,
diabetes [15, 16], and nicotine addiction [17]. Finally, the
results of PPI network analysis and prostate tissue-specific
gene coexpression network analysis revealed that six upregu-
lated genes (BUBI1B, F5 KNGI1, CCKAR, HTR4, and
LY6G6C) and eight downregulated genes (ANXA1, KRT24,
TRIM9, ADCYAPIR1, MSLN, ITGAI, FIGF, and MUC4)
were present as the core genes in the prostate tissue-specific
gene coexpression network.

These genes play an important role in various human
cancers, including prostate cancer. For example, Rajan
et al. identified seven hub genes (ADAM?7, fam72b, BUB1B,
cenbl, cenb2, TTK, and cdk172) related to cell cycle in pros-
tate biopsy tissues before and after docetaxel chemotherapy
and androgen deprivation therapy in patients with advanced
hormone-naive prostate cancer [18]. BUB1B also had differ-
ential expressions in our results. BUB1B is a key mitotic
checkpoint kinase. Ding et al. identified BUBI1B as the top-
scoring kinase by RNA interference and bioinformatics
analysis, which can monitor proper spindle microtubule
attachment to the kinetochore, and it is knocked down
inducing mitotic catastrophe and cell death in glioblastoma
[19, 20]. The above research suggests that BUB1B has poten-
tial to be a novel antimitotic target in some cancers, includ-
ing prostate cancer.

For another example, our study found that the expres-
sion of ANXIA1 is downregulated in prostate cancer, and
the results are also proven in other literatures [21-23], which
occurs in the early stage of cancer or intraepithelial tumor
transformation of prostate cancer and becomes more prom-
inent with the development of cancer. Inokuchi et al. proved
that reducing the expression of ANXAI can enhance the
invasion of prostate cancer tumor by upregulating the
expression and activity of IL-6 [24]. Therefore, the loss of
ANXA1l may be a useful marker for the development
and progression of prostate cancer. However, some studies
have proven that the expression of ANXAI is negatively



hsa-mirr500a hsa
hsa -25hs

\-1 8ahsa-

-17hsaM425 hsaMZOb hsa-mir-508sa-mi
~342 hsa-mir-20a hsa~mir- 3hsa-

Oxidative Medicine and Cellular Longevity

074 hsa-mir106a hsa-
653hsa-mir-561

ir-183

CYSLTR2NMUR1MUC21 TOR4A \C‘LU LSAMP QRFPR FPR2 RNF1§2 MYH11 SSTR2NEGR1 FBX032

-96 hsa-
hsa-mir-7-

00c hsa™®
hsa-mir=146b

hsa-mj

48a hsa-
hsa-

EDNRA LPAR1MYLKPROK2HTR1BITGA1 CCKBR PCSK9 ST3GAL1

Validation experiments

--- Clash
HITS-CLIP
~  Multi-methods

hsa-mir-187
hsa-mir-1251 ‘

ir-222

hsa-mir-889

hsa-
; hsa- mlr 221

E-Ié-SI-C:/IE BIRCS ADM2

Color legend

[ Up-regulated
Down-regulated

hsa-mir-23c

—— PAR-CLIP
A Reporter assay
~wv o Sequencing

()

- hsa-mir-204
ﬁ GAL ISE-ki

hsa-mir-10a hsa-mir-450b

hsa-mir-143  hsa-mir-652

(b

FIGURE 6: Experimentally validated DEmiRNA-DEG interaction networks: (a) Up-DEmiRNAs targeted Down-DEGs; (b) Down-
DEmiRNAs targeted Up-DEGs. Line types indicate validation experiments of the interactions. “Multi-methods” includes luciferase

reporter assay, QRT-PCR, and Western blot.

correlated with androgen receptor (AR), and the expres-
sion of ANXAI1 increases after AR knockdown or AR
antagonists are used, which accelerates the invasion and
metastasis of advanced PCa [25, 26]. ANXAI may act as
a tumor inhibitor in the early stage of cancer, but in the
late stage of cancer, it may play the opposite role. To
sum up, as a “double-edged sword,” the clinical research
and treatment of using ANXA1 as tumor inhibitors should
be cautious and limited.

The F5 gene, which is the most common genetic coagu-
lation factor mutation, also increases the risk of thrombosis.
Garber et al. found that F5 gene variation was associated
with breast cancer. The F5 expression was enriched in breast
cancer and was associated with overall survival [27]; more-
over, the F5 gene was associated with the risk of thrombosis
in cancer patients [28]. F5 is also associated with the risk of
thrombosis in patients with metastatic androgen-dependent
prostate cancer who undergo diethylstilbestrol and docetaxel
chemotherapy [29]. This provides an interesting direction
for further research to strengthen the relationship between
cancer and coagulation.

MUCH4 usually plays an important role in the pathogen-
esis of pancreatic, ovarian, and breast malignancies [30-32].
Through abnormal overexpression, MUC4 can interact with
HER?2 (a ligand-dependent receptor tyrosine kinase) physi-
cally and phosphorylated activate and stabilize HER2 to pro-

mote tumor invasion and metastasis. Our study has proven
that MUC4 is downregulated in prostate cancer tissues, like
other literatures [33, 34]. In line with our results, Dizeyi et al.
found that the HTR4 expression was upregulated in prostate
cancer [35]. They found that HTR4 is associated with the
late progression of hormone refractory prostate cancer,
possibly due to the paracrine/autocrine mechanism of
HTR4-induced hormones or growth factors, and HTR4 is
also associated with estrogen receptor « and estrogen recep-
tor . The overexpression of the receptor of the neuroendo-
crine cell product may be related to the occurrence of
hormone refractory prostate cancer, which provides a new
direction for the trigonometric relationship between cancer
neuroendocrine sex hormones. Our study first described
the upregulation of KNG1 and CCKAR in prostate cancer.
Previous studies have described the presence of KNG1 and
CCKAR as biomarkers of various types of cancer, such as
thyroid cancer [36, 37], liver cancer [38], ovarian cancer
[39], and cholangiocarcinoma [40]. In different stages of
PCa development and progression, especially in the process
of hormone-sensitive PCa progressing to castration-resistant
PCa, the proteomic alterations and transcriptomic data have
significant differences in changes [41]. By analyzing the
microarray-based profiling data of isogenic prostate cancer
xenograft models published by Chen et al. [42], we found
that the differentially expressed genes of hormone-sensitive
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PCa compared with castration-resistant PCa included
BUBIB, ADCYAPIRI, HTR4, and LY6G6C, which was also
proposed in our study. These results indicate that the core of
this study has the potential to become a new biomarker
of prostate cancer, especially for the prognosis evaluation
of castration-resistant PCa.

In addition, our study also reported the full expression of
microRNA in prostate cancer and predicted the micro-
RNA/mRNA interaction network in a very reliable way. In
this study, several microRNAs were first proposed to upreg-
ulate or downregulate differential expression in prostate can-
cer tissues. Some of them have been reported in the
literature. For instance, Schaefer et al. found that 15 differen-
tially expressed microRNAs were related to the diagnosis
and prognosis of prostate cancer [43], of which the upregu-
lated hsa-mir-183 and downregulated hsa-miR-222 overlap
our results. hsa-mir-25 is related to the invasion of prostate
cancer and may be a signaling mechanism of aurora kinase
A or integrin [44]. Yang et al. found that hsa-mir-93 can
act as a tumor promoter through the regulatory axis
Dab2/AKT/ERK1/2 [45]. hsa-mir-200c can reverse the epi-
thelial stromal transformation of prostate cancer [46]. hsa-
mir-204 has been widely studied in prostate cancer, which
is negatively related to the expression of UCA1 and plays a
role in tumor metastasis and sensitivity to chemotherapy
[47]. The functions of these miRNAs in prostate cancer
deserve further investigation.

5. Conclusions

We constructed a series of functional networks centered on
core genes involved in PCa. These networks provide new
ideas for future research on the occurrence, development,
and metastasis of PCa and also indicate potential new targets
and biomarkers for its clinical treatment and diagnosis,
respectively.
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Hypoxia and nutrient starvation (H/NS) microenvironment, a notable characteristic of pancreatic carcinoma, plays a critical role in
cell death resistance and tumor recurrence. However, its role in ferroptosis remains to be classified. Here, we found that H/NS
contributed to the pancreatic cancer cell ferroptosis resistance depending on the altered intracellular lipid compositions.
Mechanistically, H/NS induced the upregulation of stearoyl-CoA desaturase 1 (SCD1), which promoted monounsaturated fatty
acids (MUFAs) synthesis and protected against lipid peroxidation. Surprisingly, SCD1 showed a strong correlation with
antiferroptosis gene expression. Moreover, short-hairpin RNA-based knockdown of SCD1 enhanced erastin-induced ferroptosis
in vitro under H/NS. Finally, our results demonstrate the synergistic effect of erastin and A939572, a special SCD1 inhibitor, in
dictating pancreatic carcinoma subcutaneous ferroptotic death. Taken together, our findings reveal a new role of the H/NS
microenvironment against ferroptosis and suggest a potential therapeutic strategy for overcoming ferroptosis resistance in

pancreatic cancer cells.

1. Introduction

Due to the imbalance of unlimited proliferation of cancer
cells and poor supplement of blood vessels, hypoxia and
nutrient starvation (H/NS) has been recognized as the most
important characteristic of pancreatic carcinoma microenvi-
ronment [1, 2]. H/NS microenvironment is not only the
driver of pancreatic cancer cell growth and metastasis but
also inducing cancer cell death resistance, which ultimately
results in therapy failure. Therefore, it is necessary to investi-
gate the mechanisms underlying the H/NS microenviron-
ment mediating the cancer cell death resistance.
Ferroptosis, a newly identified type of programmed cell
death, is characterized by iron-dependent lipid peroxidation
[3]. Recently, more and more researches demonstrated
tumor microenvironment, and energy materials were also

critical regulators of ferroptosis [4, 5]. However, the exact
mechanisms were still unclear. Under H/NS, cancer cells
mostly depended on metabolism reprogramming, such as
elevated de novo synthesis of fatty acids (FAs), for the sake
of thriving [6, 7]. Extensive researches show that ferroptosis
was tightly related to the FA balance. Polyunsaturated fatty
acids (PUFAs) promote free radical generation and lipid
peroxide accumulation, which act as a trigger for ferroptosis
[8, 9]. Monounsaturated fatty acids (MUFAs) block the lipid
ROS accumulation on the plasma membrane and further
induce the ferroptosis-resistant state [10]. Stearoyl-CoA
desaturase 1 (SCD1), a critical regulator of de novo synthesis,
catalyzes the desaturation of saturated fatty acids (SFAs) to
MUFAs [11]. These findings suggested that SCD1 may be
involved in H/NS microenvironment-induced ferroptotic
cell death resistance in cancer cells.
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To test this hypothesis, we show that pancreatic cancer
cells under H/NS condition are associated with the upregula-
tion of SCD1 expression and ferroptosis inducer resistance.
Silencing of SCD1 in H/NS cultured pancreatic cancer cells
enhanced erastin induced ferroptosis in vitro and in vivo,
which suggests a potential ferroptosis-based therapeutic
strategy for pancreatic cancer.

2. Materials and Methods

2.1. Cell Culture. Human pancreatic cancer cell lines (BXPC3,
SW1990, PANCI, and Patu8988) and mice pancreatic cancer
cell line Panc02 were obtained from the Cell Bank of the China
Academy of Sciences (Shanghai, China). Cells were cultured in
high glucose Dulbecco’s modified Eagle medium (DMEM) with
10% fetal bovine serum (FBS; ExCell FSP500) and antibiotics
(100 units/mL penicillin, 100 mg/mL streptomycin) at 37°C in
an incubator with a humidified atmosphere of 5% CO,. Hyp-
oxic (H) incubation was performed at 94% N,, 5% CO,, and
1% O,. Nutrient starvation (NS) condition was performed in
DMEM with 2% FBS and antibiotics (100 units/mL penicillin,
100 mg/mL streptomycin). H/NS condition was performed in
DMEM with 2% FBS and antibiotics (100 units/mL penicillin,
100 mg/mL streptomycin) at 94% N,, 5% CO,, and 1% O, for
the indicated time (6, 12, and 24 hours).

2.2. Reagents. Erastin (#HY-15763), (1S,3R)-RSL3 (RSL3;
#HY-100218A), sulfasalazine (SAS, #HY-14655), oleic acid
(OA; #HY-N1446), or ferrostatin-1(Fer-1; #HY-100579) were
purchased from MedChemExpress (MCE, USA). BODIPY-
C11 (#D2861) was obtained from Invitrogen. Propidium
iodide (PI) was purchased from KeyGEN BioTECH.

2.3. Cell Viability Assay. Cell viability was measured using
Cell Counting Kit-8 (CCK-8; Dojindo, #CK04). PANC1 and
Patu8988 cells were seeded into 96-well plates overnight, then
exposed to conditions, and treated with reagents as indicated
at the indicated time (6, 12, and 24 hours). Subsequently,
10 uL of the CCK-8 solution with 90 L. DMEM was added
to each well of the plate to replace the original medium,
incubated for 1-4h at 37°C, 5% CO,. Then, the absorbance
(OD value) at wavelengths of 450 nm was measured with a
microplate reader (Biotek, #Epoch2).

Cells were seeded in 12-well plates at appropriate cell den-
sity and incubated overnight at 37°C containing 5% CO, and
then exposed to conditions and treated with reagents as indi-
cated. Cell death was analyzed by SYTOX green (Invitrogen)
or PI staining (KeyGEN) with microscopy.

2.4. Lipid Peroxidation Assay. The relative MDA level in cells
or tumor issues lysates was measured using a Lipid Peroxida-
tion (MDA) Assay Kit (Abcam, ab118970), and the experi-
ments were carried out as described previously [12]. Cells
or tumor tissues were homogenized with lysis buffer and
the MDA in samples reacts with thiobarbituric acid (TBA)
to generate an MDA-TBA adduct which can be quantified
colorimetrically (OD =532 nm).

C11-BODIPY imaging assay was performed to evaluate
lipid peroxidation in cells. Briefly, cells were collected and
stained with 5 M of BODIPY-C11 dye and 5 ug/ml of DAPI.
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Pictures were photographed with a fluorescent microscope
(Nikon, Japan).

2.5. Western Blot. Cells were lysed on ice for 30 min and cen-
trifuged at 12,000xg for 10 min at 4°C. Protein concentra-
tions were quantified using the bicinchoninic acid (BCA)
assay (Invitrogen, #23225). Western blot assay was per-
formed as described previously [13]. Antibodies were as
follows: anti-human GPX4 (Abcam, #ab41787, 1:1000),
anti-human SCD1 (Abcam, #ab19862, 1:1000), anti-
human ACSL4 (Proteintech, #22401-1-AP, 1:1000), anti-
human FTH1 (CST, #4393, 1:1000), anti-human NRF2
(CST, #12721, 1:1000), and anti-human p-tubulin (Abcam,
#ab6046, 1:1000). Secondary antibody (either anti-rabbit or
anti-mouse) was purchased from Thermo Fisher Scientific
(Invitrogen). The blots were analyzed using the software
Image] (Version 1.80, NIH, USA).

2.6. Quantitative Real-Time Polymerase Chain Reaction
Assay (qQRT-PCR). Total RNA was extracted using RNAiso
Plus (Takara) according to the manufacturer’s instructions.
For mRNA analysis, cDNA was synthesized from 1 ug
total RNA using the RevertAid First-Strand cDNA Synthe-
sis Kit (Thermo, #K1622). The experiment was performed
for reverse transcription according to the manufacturer’s
instructions. Subsequently, SYBR Green-based real-time
PCR was performed in triplicate using SYBR Green master
mix (Vazyme) on a QuantStudio 3 real-time PCR machine
(Invitrogen). For analysis, the threshold cycle (Ct) values
for each gene were normalized to expression levels of
ACTB. Analysis was performed using the QuantStudio
Design and Analysis Software. The primers, which were
synthesized and desalted from Genscript, are shown in
Table 1.

2.7. RNAi and Gene Transfection. Cancer cells were seeded in
6-well plates to achieve a confluence of 40-50% overnight. To
generate knockdown cells, cells were infected with lentivirus
carrying shRNA followed by puromycin (1 pg/ml) selection
for 10-14 days. These established stable cell lines were main-
tained in DMEM containing 10% FBS and puromycin
(0.75 ug/ml) for further experiments. The specific sShRNA
sequences are listed in Table 2.

2.8. ELISA Assay. To measure the content of MUFAs, pan-
creatic cancer cells were seeded in 6 cm dishes to achieve a
confluence of 40-50% overnight and then incubated in indi-
cated conditions. Cells were collected and MUFA concentra-
tions were measured using the Human MNSFA ELISA KIT
(Fankewei, #F10525, Shanghai, China) according to the man-
ufacturer’s instructions.

2.9. Xenograft Tumor Models. Animal studies were approved
by the Committee on the Use of Live Animals for Teaching and
Research of Jiangsu University. Five-week-old female C57BL/6
mice were obtained from GemPharmatech Company and
maintained under standard conditions in the Animal Center
of Jiangsu University.

Panc02 cells (5 x 10°) were injected subcutaneously into
the right dorsal flanks of C57BL/6 mice. When tumors
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TaBLE 1: Sequences of primers used for qRT-PCR.

Name Direction Sequence (5'-3")
Forward CCTGGTTTCACTTGGAGCTGTG
SCD1-human
Reverse TGTGGTGAAGTTGATGTGCCAGC
Forward TCCTACGTTTACCTGTCCATGT
FTHI1-human
Reverse GTTTGTGCAGTTCCAGTAGTGA
Forward GCTATCTCCTCAGACACACCGA
ACSL4-human
Reverse AGGTGCTCCAACTCTGCCAGTA
Forward CACATCCAGTCAGAAACCAGTGG
NRF2-human
Reverse GGAATGTCTGCGCCAAAAGCTG
Forward ACAAGAACGGCTGCGTGGTGAA
GPX4-human
Reverse GCCACACACTTGTGGAGCTAGA
Forward CACCATTGGCAATGAGCGGTTC
ACTB-human
Reverse AGGTCTTTGCGGATGTCCACGT
TAaBLE 2: Sequences of shRNAs.
Name Sequence (5'-3")

SCD1-shRNA1
SCD1-shRNA2
GPX4-shRNA

CCGGCGTCCTTATGACAAGAACATTCTCGAGAATGTTCTTGTCATAAGGACGTTTTTG
CCGGCTACGGCTCTTTCTGATCATTCTCGAGAATGATCAGAAAGAGCCGTAGTTTTTG
GATCGTGGATGAAGATCCAACCCAACTCGAGTTGGGTTGGATCTTCATCCAC TTTTTG

reached a volume of 50-100 mm?®, the mice were randomly
divided into four groups (five mice per group) and treated
with DMSO (control), erastin (20 mg/kg), A939572 (1 mg/kg),
or erastin (20 mg/kg) + A939572 (1 mg/kg) every two days for
two weeks. The tumor volume and growth speed were moni-
tored every two days until the end point at day 14.

2.10. Patient Selection. To determine the expression of SCD1
in pancreatic cancer tissues and normal tissues, the datasets
in GEO (GSE16515) concluding 52 samples were adopted.
The Cancer Genome Atlas (TCGA) database (https://tcga
xenahubs.net/download/TCGA.PAAD.sampleMap/HiSeqV2
.gz) including those from 183 pancreatic carcinoma patient
specimens were utilized to further analyze the association of
SCD1 expression level with overall survival and disease-free
survival rate. High and low groups were defined as above
and below the quartile, respectively.

2.11. Statistical Analysis. All data are presented as the mean
+ standard error of the mean (SEM). Statistical analysis was
performed using Prism 8 software. The differences between
groups were analyzed using Student’s ¢-tests, one-way analy-
sis of variance (ANOVA), or two-way ANOVA. P < 0.05 was
considered to reflect a statistically significant difference. All
the experiments were repeated at least three times.

3. Results

3.1. Hypoxic and Nutrient-Deprived Condition Protects
Pancreatic Cancer Cells from Ferroptosis. Hypoxia combina-
tion nutrient starvation (H/NS) is a notable characteristic of
pancreatic carcinoma microenvironment and facilitates can-
cer cell death resistance. We firstly access the role of H/NS on

pancreatic cancer cell ferroptosis. Ferroptosis inducer can be
divided into system Xc” inhibitors (such as erastin, sorafenib,
or sulfasalazine) and GPX4 deletion or inactivation (such as
RSL3). Erastin, sulfasalazine, and RSL3 could induce PANC1
and Patu8988 cancer cell death, which could be rescued by
ferrostatin-1 (Fer-1), a ferroptosis inhibitor (Figure S1A). To
mimic the H/NS condition, PANCI and Patu8988 cancer
cells were cultured with 2% FBS in a hypoxia chamber with
1% O, and then treated with various ferroptosis inducers.
Compared to normal culture condition (control), PANCI
and Patu8988 cancer cells cultured in H/NS condition were
more resistant to the ferroptosis inducer for the indicated
time (6h, 12h, and 24h), which is similar to the presence of
Fer-1 (Figures 1(a) and 1(b), Figure S1B and S1C). Due to
GPX4 is a critical regulator of ferroptosis, we constructed a
stable GPX4 knockdown PANCI cell line (Figure S1D) and
further evaluated the cell viability under normal and H/NS
condition. Compared to parental cancer cells, the cell viability
of GPX4-knockdown cancer cell was decreased under normal
condition, while little change under H/NS condition
(Figure 1(c)). Given that lipid peroxidation is one of the most
crucial features in ferroptosis, we next evaluated intracellular
malondialdehyde (MDA) levels, an end product of lipid
peroxidation. Ferroptosis inducers (erastin, sulfasalazine, or
RSL3) increased the MDA levels, which can be abolished
under the H/NS condition (Figure 1(d)). The results
indicated that H/NS condition rescued ferroptosis inducers or
GPX4 depletion induced ferroptosis.

3.2. SCD1 Expression Is Positively Related to Pancreatic
Cancer H/NS Condition and Progression. Monounsaturated
fatty acids (MUFAs) could block the lipid ROS accumulation


https://tcga.xenahubs.net/download/TCGA.PAAD.sampleMap/HiSeqV2.gz
https://tcga.xenahubs.net/download/TCGA.PAAD.sampleMap/HiSeqV2.gz
https://tcga.xenahubs.net/download/TCGA.PAAD.sampleMap/HiSeqV2.gz

Oxidative Medicine and Cellular Longevity

PANC1 Patu8988
1.5 1.5
ns P<0.0001 P<0.0001 P =0.0032 ns P<0.0001 P<0.0001 P<0.0001
[ [ [ [
= 1.0+ 1.0
=5 i
=) =
- £
2 E
© 054 3 05
0.0 — 0.0 —
DMSO Erastin RSL3 SAS DMSO Erastin RSL3 SAS
157 P =0.0013
ns
[ |
DMSO
P =0.0241
1.0
z
;’_S‘
Erastin ';
8
0.5
RSL3
0.0 —
SAS Ctrl shRNA GPX4 shRNA
T Nor
| § ; T H/NS
(b) (o)
PANCI1 Patu8988
400 — P<0.0001 P<0.0001 P =0.0334 200 — P<0.0001 P =0.0228 P =0.0001
1 1 [ [ [ 1
300 150
5 g
< 200 < 100
a a
= =
100 50 -
0 -m 0 -
DMSO Erastin RSL3 SAS DMSO Erastin RSL3 SAS
T Nor
=T H/NS
(d)

Ficure 1: H/NS condition protects pancreatic cancer cells from ferroptosis. (a) PANCI and Patu8988 cells were treated with erastin (5 uM for
PANCI and 40 yM for Patu8988), RSL3 (3 uM for PANCI or 5uM for Patu8988), or sulfasalazine (2mM) cultured in normal or H/NS
condition for 24 hours. Cell viability was measured using a CCK8 kit. (b) Representative images showing the induction of cell death in
PANCI cells treated with erastin (5uM), RSL3 (3 uM), or sulfasalazine (2mM) cultured under normal or H/NS condition with or without
Fer-1 for 24 hours. (c) Cell viability was measured in Ctrl sShRNA and GPX4 shRNA PANCI cells cultured in normal or H/NS condition for
24h. (d) PANCI1 and Patu8988 cells were treated with DMSO (control), erastin (5 M for PANCI and 40 uM for Patu8988), RSL3 (3 uM for
PANCI or 5uM for Patu8988), and sulfasalazine (2 mM) in normal or H/NS condition for 24 hours. The levels of MDA were assayed. SAS
represents for sulfasalazine; RSL3 represents for (1S,3R)-RSL3; Fer-1 represents for ferrostatin-1; GPX4 represents for glutathione peroxidase
4; Nor represents for normal condition. H/NS represents for hypoxia combination with nutrient starvation condition. Experiments were
repeated three times and the data are expressed as the mean + SEM. *P < 0.05. **P < 0.01. ***P < 0.001. ****P < 0.0001.
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on the plasma membrane and induce a ferroptosis-resistant
state in cells, especially in the hypoxia and H/NS condition
[14, 15]. SCD1 is an endoplasmic reticulum enzyme that cat-
alyzes the rate-limiting step in the formation of MUFAs.
Therefore, we hypothesize that SCDI is involved in H/NS
condition rescued cancer cell ferroptosis. Kaplan-Meier
analysis of the TCGA data showed a trend of that high
SCD1 expression associated with low disease-free survival
and overall survival rate (Figure 2(a)). Analysis of a gene
expression database in Gene Expression Omnibus
(GSE16515) indicated that SCD1 was upregulated in pancre-
atic cancer tissues compared with normal pancreatic tissues
(Figure 2(b)).

To further explore the role of SCD1 in H/NS cultured pan-
creatic cancer cell ferroptosis, we firstly detected basal SCD1
expression under normal and H/NS conditions in PDAC cell
lines Patu8988, PANCI1, BXPC3, and SW1990, with relatively
high SCD1 expression in PANC1 and Patu8988 cells, which
were chosen for the further research (Figure 2(c)). Following
cultured PANCI and Patu8988 cells under H/NS condition
for the indicated time, there was a significant upregulation of
SCD1 in protein- and mRNA-expression levels (Figures 2(d)-
2(e), Figure SIE). As the primary function of SCD1 is to
regulate the production of MUFAs, we also tested the
concentration of intracellular MUFAs in H/NS cultured
cancer cells, and a higher concentration of MUFAs was
observed (Figure 2(f)). Altogether, these findings suggested
that SCDL1 is closely correlated to the pancreatic carcinoma
malignancy and H/NS microenvironment.

3.3. SCDI Is a Suppressor of Ferroptotic Pancreatic Cancer
Cell Death under HINS. To further explore the role of
SCD1 in H/NS involved pancreatic cancer cell ferroptosis,
two stable knockdown cell clones (SCD1 shRNA1l and
shRNA2) were established with high silencing efficiency ver-
ified by Western Blot and qRT-PCR (Figures 3(a) and 3(b)).

Compared to the control group, erastin could signifi-
cantly induce the SCD1 knockdown pancreatic cancer cell
death under H/NS condition (Figure 3(c)). Also, the cell via-
bility of SCD1-knockdown cells under H/NS condition was
decreased upon erastin treatment, which was reversed in
the presence of oleic acid (OA) or Fer-1 (Figure 3(d)).
Furthermore, knockdown of SCD1 significantly increased
MDA production in H/NS cultured PANCI1 and Patu8988
in the presence of erastin (Figure 3(e)). Given that MUFAs,
products of SCD1-catalyzed reaction, negatively regulate fer-
roptosis, we therefore asked whether MUFA concentration
was altered in SCD1 shRNA groups. ELISA assay results
showed a marked decrease in MUFA concentration occurred
in SCD1 shRNA groups under H/NS condition (Figure 3(f)).

TCGA database analysis also showed that SCD1 expres-
sion correlated with the expression of ferroptosis-resistant
markers (ACSL3, SLC7A11, and NQO1) in pancreatic cancer
(Figure 3(g)). Together, these results revealed that SCD1-
mediated MUFA formation precipitates ferroptosis resis-
tance under H/NS.

3.4. Inhibition of SCDI1 Activity Sensitizes Pancreatic Cancer
Ferroptosis In Vitro and In Vivo. Next, we test whether SCD1

inhibitor, A939572, may have a synergistic effect on inducing
ferroptosis. As expected, pretreatment with A939572 produc-
tively sensitized pancreatic cancer cells to erastin induced cell
death (Figures 4(a) and S2A), which could be rescued in the
presence of Fer-1. Furthermore, MDA production and lipid
ROS level were significantly increased under A939572 and
erastin combination treatment, consistent with an increased
feature of ferroptosis (Figures 4(b) and 4(c)). Moreover, the
expression level of FTH1 and NRF2 increased, while no signif-
icantly changed of ACSL4 in cells treated with A939572 and
erastin under H/NS (Figure S2B-F).

We next investigated whether A939572 and erastin have
synergistic ferroptosis-inducing effect in vivo. Administra-
tion of A939572 and erastin reduced the size of Panc02
subcutaneous tumors in C57BL/6 mice by 26.5% and
35.6%, respectively, and the combination therapy further
reduced the size by 80.3%, compared with vehicle-treated
tumors at day 14 (Figures 4(d)-4(f)). Moreover, combination
treatment of A939572 and erastin also significantly aug-
mented MDA levels in tumor tissues (Figure 4(g)) and had
little impact on GPX4 protein expression (Figure S2G).
This data suggested that pharmacological inhibition of
SCD1 enhanced ferroptosis in pancreatic cancer in vitro
and in vivo.

4. Discussion

In the present study, we provided evidence that H/NS results
in SCD1 high expression in PDAC cells. Furthermore, SCD1-
mediated accumulation of MUFAs is involved in protecting
PDAC cells from ferroptosis under H/NS condition. Impor-
tantly, combining ferroptosis inducers with SCD1 inhibitor
showed a synergistic effect in vitro and in vivo.

As one of the most aggressive malignancy, PDAC ther-
apy has no significantly breakthrough until now. The
tumor microenvironment has been considered a crucial
component of therapy resistance [16]. Hypoxia and nutri-
ent deprivation are the two most striking features in the
solid tumor microenvironment. Qur results show that pan-
creatic cancer cells under H/NS condition were signifi-
cantly resistant to the ferroptosis inducers, a novel form
of tumor-suppressor function for cancer therapy. Cells
adapt to the H/NS microenvironment depending on
metabolism reprogramming [17]. Since hypoxia restrains
glucose-based acetyl-CoA generation, cancer cells rely on
glutamine or acetate as alternative substrates for acetyl-
CoA generation to fuel their elevation of FA synthesis
pathway [7, 18, 19]. Also, cancer cells mainly depend on
the uptake of exogenous unsaturated FAs in the absence
of oxygen [20, 21] and facilitate increased endogenous
FA desaturation via upregulation of SCD1 expression in
low-serum condition [22]. Expression of SCD1 and endog-
enous MUFA production increased under such H/NS con-
dition according to our results. SCD1 plays a critical role
in the de novo synthesis of FAs, catalyzing the conversion
of saturated fatty acids (SFAs) into A9-monounsaturated
fatty acids (MUFAs). Our data emphasized the essential
role of SCD1 mediated MUFA production in such H/NS
condition of PDAC, and this protective effect of SCDI is
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database (GSE16515). Pancreatic tumor tissues compared to pancreatic normal tissues. (c) Basal SCD1 protein expression levels in
Patu8988, PANCI, BXPC3, and SW1990 cells cultured in normal or H/NS condition were detected by western blot. S-Tubulin
expression was detected as a loading control. (d, ¢) Western blot and qRT-PCR analysis of protein and mRNA expression levels of
SCD1 in PANCI and Patu8988 cells cultured in normal, nutrient starvation, hypoxia, or H/NS condition. S-Tubulin expression was
detected as a loading control for western blot. ACTB mRNA expression was detected as a loading control for qRT-PCR. (f) ELISA-
based analysis of the MUFA concentration in PANCI and Patu8988 cells under normal and H/NS conditions. Nor represents
normal condition. NS represents for nutrient starvation condition. Hy represents for hypoxia condition. H/NS represents for hypoxia
combination with nutrient starvation condition. Experiments were repeated three times and the data are expressed as the mean +
SEM. *P<0.05. **P<0.01. ***P<0.001. ****P < 0.0001.

consistent with the fact that blockade of SCD1 causes mul-  alcohol. However, MUFAs hinder the accumulation of lipid
tiple changes in cellular lipid content and induces apopto- ~ ROS on the plasma membrane and decrease PUFA incorpora-
sis and ferroptosis in ovarian cancer cells [15]. tion into phospholipids [10]. Our study found that PDAC cells

Lipid peroxidation is the driver of ferroptotic cell death.  increase the production of MUFAs with upregulated SCD1
Acyl-CoA Synthetase Long-Chain Family Member 4 (ACSL4)  expression under H/NS condition, which provokes a
induces cancer cell ferroptosis through promoting arachidonic ~ ferroptosis-resistant cell state. Moreover, a potential PDAC
acid (AA) and adrenic acid (AdA) peroxidation [23]. MUFAs treatment strategy was highlighted by combing ferroptosis
did not upregulate GPX4 expression, which reduces reactive  inducers with SCD1 inhibitors to eliminate the resistant effect
phospholipids hydroperoxides to unreactive phospholipid  originating from TME.
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FIGURE 3: SCD1-mediated MUFA formation protects PDAC cells from ferroptosis under H/NS. (a, b) Western blot and qRT-PCR analysis of
shRNA-mediated knockdown of SCD1 protein and mRNA expression levels in PANCI and Patu8988 cells. 3-Tubulin expression was
detected as a loading control. ACTB mRNA expression was detected as a loading control for qRT-PCR. (c) Sytox green staining analysis
of PANCI1 (Ctrl shRNA), SCD1 knockdown PANC1 (SCD1 shRNA1 and SCD1 shRNA2) cancer cells treated with erastin (5 M) under
H/NS condition. (d) PANCI (Ctrl shRNA), SCD1 knockdown PANCI1 (SCD1 shRNA1 and SCD1 shRNA?2), Patu8988 (Ctrl shRNA), and
SCD1 knockdown Patu8988 (SCD1 shRNA1 and SCD1 shRNA2) cancer cells were treated with erastin (5 M for PANCI and 40 uM for
Patu8988) with or without OA (80 uM) and Fer-1 (1 uM for PANCI and 5uM for Patu8988) under H/NS condition. Cell viability was
accessed via CCK8 assay. (e) MDA assay analysis of PANCI (Ctrl shRNA), SCD1 knockdown PANCI1 (SCD1 shRNA1 and SCDI1
shRNA2), Patu8988 (Ctrl shRNA), and SCD1 knockdown Patu8988 (SCD1 shRNA1 and SCD1 shRNA2) treated with erastin (5uM for
PANCI and 40 uM for Patu8988) with or without OA (80 uM) under H/NS condition. (f) Human MNSFA ELISA Kit was used to detect
the content of monounsaturated fatty acids (MUFAs) in PANC1 (Ctrl shRNA), SCD1 knockdown PANCI (SCD1 shRNA1 and SCD1
shRNA2), Patu8988 (Ctrl shRNA), and SCD1 knockdown Patu8988 (SCD1 shRNA1 and SCD1 shRNA2) cancer cells under normal or
H/NS condition. (f) Analysis of the TCGA database for the correlation SCD1 mRNA expression level with the ferroptosis (ACSL3,
SLC7A11, NRF2, and NQO1). The results are presented by heat map: n=183. OA represents for oleic acid. Fer-1 represents for
ferrostatin-1. Experiments were repeated three times and the data are expressed as the mean + SEM. *P < 0.05. **P < 0.01. ***P < 0.001.
****P < 0.0001.
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FIGURE 4: Inhibition of SCDI activity sensitized pancreatic cancer ferroptosis in vitro and in vivo. (a, b) PANC1 and Patu8988 cancer cells
were pretreated with DMSO or A939572 (5uM) for 48 hours followed by the addition of erastin (5uM for PANCI1 and 40 uM for
Patu8988) for an additional 24 hours. Cell viability was measured by a CCK8 kit (a). The relative levels of MDA were assayed (b). (c)
Lipid ROS level was evaluated using fluorescent microscope images of BODIPY-C11 (oxidized, green; reduced, red). (d-f) C57BL/6 mice
were injected subcutaneously with mice pancreatic cancer cells Panc02 (1x10° cells/mouse) and treated with DMSO, erastin
(20 mg/kg/i.p., every two days), A939572 (1 mg/kg/i.p., every two days), or erastin (20 mg/kg/i.p., every two days) + A939572 (1 mg/kg/i.p.,
every two days). (c) Tumor volume was calculated every two days. Representative photographs (d) and tumor mass (e) of isolated tumor
tissues in each treatment group at day 14. (g) MDA levels in isolated tumors were assayed at day 14 after treatment. Experiments were
repeated three times and the data are expressed as the mean + SEM. *P < 0.05. **P < 0.01. ***P < 0.001. ****P < 0.0001.
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FIGURE 5: Schematic representation of the mechanisms of SCD1
potentiating hypoxic plus nutrient-deprived pancreatic cancer cell
ferroptosis resistance.

Taken together, the current study reveals that the involve-
ment of SCD1-mediated MUFA production results in a
ferroptosis-resistant cell state under H/NS condition in PDAC
cells (Figure 5). Further research is required to identify the
novel PDAC therapy strategy in combination with SCD1
inhibitors and ferroptosis inducers.
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Osteoclasts can interact with osteosarcoma to promote the growth of osteosarcoma. Cisplatin is common in adjuvant
chemotherapy of osteosarcoma. However, due to chemoresistance, the efficacy is profoundly limited. Previous studies have
found that zoledronic acid (ZA) has osteoclast activation inhibition and antitumor effect. However, the combined effect of ZA
and cisplatin on osteosarcoma remains unclear. In vitro, the effects of ZA and cisplatin alone or in combination on 143B cell
activity, proliferation, apoptosis, and ROS-PI3K/AKT signaling were detected. At the same time, the effect of ZA and cisplatin
on osteoclast formation, survival, and activity was detected by TRAP staining and bone plate absorption test. These were further
verified in mice. The results showed that in vitro, compared with the single treatment and control, the combination of ZA and
cisplatin could significantly inhibit the activity and proliferation of 143B cells and induced their apoptosis and further promoted
the generation of ROS and inhibited the phosphorylation of PI3K and AKT. ROS scavenger and the agonist of the PI3K/AKT
pathway could reverse these results. In addition, cisplatin in synergy with ZA could significantly inhibit osteoclast formation and
survival to reduce bone plate absorption. In vivo, compared with the single group, the tumor volume and cell proliferation were
significantly reduced, apoptosis and necrosis of tumor cells increased, and TRAP" osteoclasts and osteolysis destruction
decreased in the combined group. In conclusion, ZA enhanced the antitumor effect of cisplatin on osteosarcoma by ROS-
PI3K/AKT signaling, reducing the chemoresistance and osteoclast activation to enhance chemotherapy and inhibit osteolysis.
And this present study raised the possibility that combining ZA and cisplatin may represent a novel strategy against osteosarcoma.

1. Introduction

Osteosarcoma, common in children and adolescents, is a
primary malignant tumor, most of which occur in the
metaphysis of long bones [1]. Clinically, surgical excision,
adjuvant chemotherapy, and radiotherapy are the most
important methods for the treatment of osteosarcoma [2].
With the development of surgical techniques and the use of
adjuvant chemotherapy, the survival rate of patients with
osteosarcoma has been greatly improved [3]. However, 5-
year survival rates were reported to be still only 15 to 30%
for patients with chemotherapy resistance or metastasis [3].

Cisplatin is a classical chemotherapy drug used to treat
osteosarcoma [4]. In mechanism, on the one hand, cisplatin

causes single or double strand damage to DNA by binding
to bases on DNA molecules, which affects DNA replication
to inhibit tumor cell proliferation. On the other hand,
cisplatin plays an antitumor role through cell apoptosis
mediated by organelles such as mitochondria and endoplas-
mic reticulum [5, 6]. But due to drug resistance and side
effects, the efficacy of cisplatin in osteosarcoma has been
deeply limited [5]. At present, the common multidrug com-
bined chemotherapy can partially improve the effect on killing
osteosarcoma cells, such as cisplatin, methotrexate (MTX),
Adriamycin (ADM), and ifosfamide (IFO) [7]. However,
there is no combined strategy for osteosarcoma that not only
can significantly enhance the efficacy but also inhibit these
side effects of the combined drugs. Therefore, a novel and
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more effective treatment with lower side effects is needed to
complement the current strategy to improve overall survival.

Osteosarcoma cells derive from osteoblasts. However, it
has been found that osteoclasts also play an important role
in the occurrence and development of osteosarcoma [8].
Osteoclasts and their progenitors express RANK receptors,
while osteosarcoma cells can secrete a large number of RANK
ligands (RANKLs) [8]. RANKLs promote the precursors to
differentiate into osteoclasts and activate them, which then
leads to osteolysis and releases a variety of growth factors,
such as transforming growth factor beta (TGFp), insulin-
like growth factors (IGFs), and fibroblast growth factors
(FGFs) [9-11]. In turn, these factors promote the growth of
tumor cells to further promote the formation and activation
of osteoclasts, thus forming a “vicious circle” [11]. Zoledronic
acid (ZA), the third-generation clinical applied bisphospho-
nate with strong bone affinity, is widely used in the treatment
of metabolic and metastatic bone diseases nowadays [12]. In
mechanism, ZA can dwindle osteoclast function or enhance
osteoclast apoptosis [13, 14]. Moreover, previous studies
have found that ZA is the most potential bone resorption
inhibitor for bone metastases [15]. Preclinical data also found
that ZA can inhibit angiogenesis, tumor cell adhesion, and
invasion of extracellular matrix to inhibit a variety of tumors,
such as osteosarcoma, cervical cancer, and breast cancer [7,
16, 17]. However, as a classic antiosteoporosis drug, whether
ZA combining cisplatin can enhance the inhibition of osteo-
sarcoma growth remains unclear.

In this study, we examined the efficacy of combined ther-
apy with cisplatin and ZA. We demonstrated that combina-
tion with cisplatin and ZA enhanced the chemotherapy
effect of cisplatin on osteosarcoma. It could further induce
the apoptosis and proliferation inhibition of osteosarcoma
cells caused by cisplatin, and the mechanism of synergistic
effect enhancement was mainly related to oxidative stress
and PI3K/AKT inactivation, which play a crucial role in cell
survival and proliferation. Furthermore, we confirmed the
synergistic antitumor effect of combined treatment with ZA
and cisplatin in mice, and it inhibited osteoclasts to break
the “vicious circle” between osteoclasts and osteosarcoma
cells and reduce osteolysis (an active resorption of bone
matrix by osteoclasts).

2. Material and Methods

2.1. Reagents. Zoledronic acid (CAS No. 118072-93-8),
cisplatin (CAS No. 15663-27-1), and 740 Y-P (CAS No.
1236188-16-1) were obtained from MedChemExpress
(Wuhan, China). Isoflurane was obtained from Baxter
Healthcare Co. (Deerfield, IL, USA). TRAP staining kit
(HR0561) was purchased from Biolab Technology Co., Ltd.
(Beijing, China). Reactive oxygen species (ROS) test kit
(DHE) (HR8821) was obtained from Biolab (Beijing, China).
Phospho-PI3 kinase (p-PI3K) (4228S) and AKT (4691S)
antibodies were obtained from Cell Signaling Technology
Co., Ltd. Phospho-AKT (AP0637), MRP-1 (A1703), MDRI1
(A19093), and PI3K (A0265) antibodies were obtained
from ABclonal Co., Ltd. (Wuhan, China). Goat polyclonal
secondary antibody to rabbit IgG-H&L (Alexa Fluor® 488)
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(ab150077) was obtained from Abcam. Annexin V-FITC/PI
kit (BB-4101-50T) was purchased from BestBio (Shanghai,
China); Ki-67 (GB13030-2), TMR (red) Tunel Cell Apoptosis
Detection Kit (G1502), crystal violet (G1014), and CCK-8 kit
(G4103) were purchased from Servicebio Co., Ltd. (Wuhan,
China). TRIzol (CSA No. 5346994) was obtained from
Invitrogen Co. (Carlsbad, CA, United States). Reverse
transcription and real-time quantitative polymerase chain
reaction (RT-qPCR) kits were obtained from TaKaRa
Biotechnology (Dalian, China). The SYBR Green dye was pur-
chased from Applied Biosystems by Thermo Fisher Scientific
(ABI) (Foster City, CA, USA). The other chemicals and agents
were analytical grade.

2.2. Cell Culture and Treatment. Human osteosarcoma 143B
cell lines were purchased from Mingzhou Biological Tech-
nology Co., Ltd. (Zhejiang, China). Cells resistant to cisplatin
were established by exposing the drug-sensitive 143B cells to
stepwise increasing concentrations of cisplatin. All cells were
cultured at 37°C in a constant temperature incubator with 5%
CO, in DMEM medium (Gibco, USA), including 10% fetal
bovine serum (HyClone, North America) and 100 pug/ml
penicillin and streptomycin.

2.3. CCK-8 Assay and Synergy Effect Analysis. 143B cells were
made into 1-5 x 10%/1 cell suspension and seeded in 96-well
plates. Then, the cells were treated with ZA (0, 4, 8, 16, 32,
64, 128, and 256 uM) or cisplatin (0, 0.4, 1.0, 2.5, 5.0, 10, 20,
and 40 ug/ml) alone or in combination. Finally, after CCK-8
reagents were added according to CCK-8 kits protocol and
incubated for 0.5-4 hours in the cell culture incubator, the
absorbance was measured at 450 nm in a microplate reader.
After obtaining the data of cell activity, the synergy score
was determined by the online application SynergyFinder 2.0
with four reference models with the “viability readout” [18].
And the inhibitory concentration 50 (ICs,) value of cisplatin
was calculated by the survival curve.

2.4. Colony Formation Assay. The cells were seeded in six-well
plates at the appropriate density (500 cells/well) and allowed
to culture for 24 h. Once the cells completely adhered, the cells
were divided into six groups: control, cisplatin, ZA, ZA+cis-
platin, ZA+cisplatintNAC, and ZA+cisplatin+740 Y-P,
which were treated with 32 uM ZA, 5 ug/ml cisplatin, 5 mM
NAC, or 50 pug/ml 740 Y-P for 48 h, respectively. Then, the
cells were washed twice with PBS and cultured in a new
medium. Eight days later, the cells were fixed with 4% parafor-
maldehyde and stained with crystal violet. The assay was
repeated three times. The staining results were photographed,
and the colonies with more than 50 cells were counted under
an ordinary optical microscope.

2.5. Animals and Treatment. All experimental specific
pathogen-free BALB/c nude mice (4-6 weeks old) (No.
2019-0012, license number: SCXK (Hubei), certification
number: 42000800001149) were purchased from Hubei
Provincial Center for Disease Control and Prevention
(Hubei, China). All animal testing procedures comply with
the Guidelines for the Care and Use of Laboratory Animals
of the Chinese Animal Welfare Committee. The Animal
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Experimental Ethics Committee of Wuhan University Medi-
cal College approved this study (license number: 18026). All
animals were kept under sterile standard environmental
conditions, allowing free access to food and water. After
one week of adaptive feeding, we injected 40 ul 143B cells
into the right tibial plateau of the nude mice with an insulin
needle. When the tumor was visible, the mice were randomly
assigned to one of four groups: control, cisplatin (2 mg/kg),
and combined group (ZA: 2 mg/kg+cisplatin: 2 mg/kg). The
above reagents were injected intraperitoneally 3 times once
every 5 days. The weight and tumor size of mice were mea-
sured every 3 days. The tumor size was then calculated based
on the following equation: tumor volume = (length x width?
)/2. Finally, all nude mice were sacrificed with 2% isoflurane,
the blood samples were collected, and the tumors and lower
limbs were isolated for further analysis.

2.6. X-Ray and Micro-CT. Before the nude mice were sacri-
ficed, the mice were anesthetized with 4% chloral hydrate
and then examined tibia with X-rays under the mouse
in vivo imager (including X-ray imaging module) (Bruker
Xtreme BI, BRUKER, USA) and observed bone destruction.
After the nude mice were sacrificed, the bones were soaked
in ethanol. Then, we used a micro-CT scan (Quantum GX,
PerkinElmer) to scan the tumor side tibia and femur and
perform 3D reconstruction. Finally, we used the software
(Analyze 12.0, PerkinElmer) to assess the trabecular bone
microstructure with the parameters, including trabecular
bone volume per tissue volume (BV/TV), trabecular number
(Tb.N), trabecular thickness (Tb.Th), and trabecular separa-
tion (Tb.Sp) of the scanned femurs.

2.7. Immunofluorescence Staining and ROS Assay. After the
cells were fixed with 4% formaldehyde for 15min, the
membranes were broken with 0.2% Triton X-100 for 5-
10 min. Then, samples were incubated with 3% BSA at room
temperature for 60 min. Soon afterward, they were incubated
overnight at 4°C with primary antibodies in blocking buffer.
After washing with TBST three times, the samples were incu-
bated with 1:800 secondary antibody-labeled fluorescent for
60 min. The nucleus was then stained with DAPI for 5min.
After washing with PBS three times, fluorescence images were
taken with confocal microscopy (Smartproof 5, Carl Zeiss,
Oberkochen, Germany). 10 visual fields were collected for fur-
ther analysis of each image. Differently, after the ROS reagent
was directly added to the sample according to the protocol, it
was immediately observed under a confocal microscope
(Smartproof 5, Carl Zeiss, Oberkochen, Germany), and the
Image] software (NIH, Bethesda, MD, USA) was used for
quantitative analysis.

2.8. Formation of Osteoclast Cells and Bone Resorption Assay.
Primary bone marrow cells were cultured in the complete
medium supplemented with 50 ng/ml M-CSF for 3 days to
obtain bone marrow-derived macrophages (BMMs). Then,
we cultured the cells for 4 days with 50 ng/ml M-CSF and
50 ng/ml RANKL. To assess osteoclast survival, 32 uM ZA
and/or 5 pug/ml cisplatin were added for the first two days.
The samples were fixed with 4% paraformaldehyde and

stained with the TRAP staining. As for bone resorption assay,
after we cultured the BMMs in Osteo Assay Surface 24-well
plates (Corning, Corning, NY, USA) for 24h, a complete
inducing medium replaced the previous medium. Similarly,
32uM ZA and/or 5 ug/ml cisplatin were added for the first
two days. The cells were rinsed with 10% sodium hypochlo-
rite and water three times after 6 days. Finally, we used an
ordinary light microscope to take pictures, and the Image]
software was used for quantitative analysis.

2.9. TRAP Staining. After the cells were treated, TRAP stain-
ing of osteoclasts was performed according to the TRAP
staining kit protocol. Briefly, after removing the culture
medium, the cells were immobilized by adding 50 ul of 10%
paraformaldehyde. After washing with ddH,O, add
tartrate-containing buffer and 50 yl chromogenic substrate.
After incubating at 37°C for 40 min, wash with ddH,O.
Finally, we used Nikon NIS Elements BR light microscope
(Nikon, Tokyo, Japan) for photograph. The staining intensity
was analyzed by measuring the mean optical density (MOD)
in 10 fields.

2.10. H&E, Ki-67 Staining, and Tunel Assay. The specimens
were sectioned at 5um for further morphological staining
analysis. According to the protocol, H&E staining was oper-
ated as follows: after dewaxing in xylene for 10 min, the slices
were immersed in 100%, 95%, 85%, and 70% ethanol for
3 min. Next, after dyeing with hematoxylin for 10 min, the
color was separated with 70% ethanol. After washing with
running water for 15min, dye with 0.2% eosin for 3 min
and then dehydrate by 70%, 85%, 95%, and 100% ethanol
successively. Finally, xylene was used for transparency. Ki-
67 and Tunel staining was followed by an immunohisto-
chemical staining protocol described in this article [19]. All
images were pictured with Nikon NIS Elements BR light
microscope (Nikon, Tokyo, Japan) for further analysis.

2.11. RT-qPCR. The total RNA of cells and bone tissue was
extracted by the method of TRIzol according to the manufac-
turer’s guidelines. As for the quantitative real-time PCR (RT-
qPCR), the reactions were acted in a 10 ul system (1 ul cDNA,
reverse and forward primers, 3.6 ul ddH20O, and 5ul SYBR
Green Master Mix) with the Applied Biosystems PCR System
(Thermo Fisher Scientific, USA): 95°C for 2 min, 40 cycles at
95°C for 155, and 60°C for 1 min. The cycle threshold (Ct)
values were detected by the 274““* method. And the relative
mRNA expression was normalized with GAPDH. The
primers of related genes are shown in Table S1.

2.12. Flow Cytometry. After different treatments, the experi-
mental cells were centrifuged and collected after digestion
with trypsin without EDTA. Then, we used an Annexin V-
FITC Apoptosis Detection Kit (BB-4101-50T, Best Biotech-
nology, China) to detect apoptotic cells according to the
protocol. In brief, after the cells were resuspended with
400 pl 1x Annexin V binding buffer, 5yl Annexin V-FITC
staining was added to the cell suspension, and the mixture
was gently mixed and incubated at 2-8°C in the dark for
15min. Then, PI dye solution was added and incubated at
2-8°C in the dark for 5min. The prepared cells were



immediately detected by CytoFLEX (Beckman Coulter,
United States) flow cytometry. And the results were analyzed
with the CyteExpert software (Beckman Coulter, United
States). According to the instructions, the sum of UR and
LR quadrant cells is the total apoptosis rate. The experiment
was repeated three times for statistical analysis.

2.13. Western Blotting. The prepared cells were rinsed with
PBS twice, and then, RIPA Lysis Buffer was used to lyse the
cells for 30 min on ice to extract total protein, and the protein
sample was then obtained when the supernatant was col-
lected and transferred to the 1.5 ml precooled centrifuge tube
after being centrifuged for 10 min at 12000g and 4°C. An
equal amount of protein (100 ul) was mixed with sodium
dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-
PAGE) loading buffer (Beyotime, China) and heated at
95°C for 5min. Finally, the protein sample obtained above
was used for further protein quantification (p-PI3K, PI3K,
p-AKT, AKT, MDR1, MRP1, and GAPDH). All results were
repeated 3 times. The detailed steps of protein molecule
separation and visualization were shown in our previous
research [20]. The Image] software (NIH, Bethesda, MD,
USA) was used to measure the gray values.

2.14. Statistical Analysis. SPSS 20 (SPSS Science Inc.,
Chicago, Illinois) and Prism 7 (GraphPad Software, La Jolla,
CA, USA) were used for data statistics and graphing. Quan-
titative data were expressed as the mean + SD. SNK-q was
used for the comparison in two of multiple samples after
one-way ANOVA that was used for the comparison of the
control, single, and combined treatments. P < 0.05 was
defined as statistically significant.

3. Results

3.1.  Zoledronic  Acid  Enhanced  Cisplatin-Induced
Proliferation Inhibition and Apoptosis of Osteosarcoma
Cells. Firstly, CCK-8 assay was used to detect the cell viability
of 143B cells treated with ZA/cisplatin/combination in differ-
ent concentrations and times. The results showed that the cell
activity decreased in a concentration- or time-dependent
manner whether in a separate group or the combined group,
while the CCK-8 absorption curve in the combined group
was significantly higher than alone or control (Figures 1(a)
and 1(b); P <0.05, P < 0.01). Cell clone and immunofluores-
cence were further used to measure the cell proliferation. The
cell clone showed that clone formation was significantly
lower in the combined group than either the cisplatin or
ZA group, and all of that were lower than control
(Figure 1(c); P <0.01). The Ki-67 expression by RT-qPCR
and immunofluorescence showed that Ki-67 mRNA and
protein expressions in the cisplatin or ZA group were signif-
icantly lower than those in the control and higher than those
in combination (Figures 1(d) and 1(e); P <0.01). Further-
more, to investigate the apoptosis of 143B cells treated with
ZA/cisplatin/combination, flow cytometry and RT-qPCR
were used. The results showed that the expression of
apoptosis-related genes (caspase 3/9 and Bax) and the
apoptosis rate of 143B in the combined treatment group were

Oxidative Medicine and Cellular Longevity

significantly higher than those in the control and single treat-
ment groups (Figures 1(f) and 1(g), S2; P < 0.05, P < 0.01),
while the antiapoptosis gene (Bcl-2) expression was the low-
est in the combined treatment. Furthermore, the synergy
score of cisplatin and ZA was determined by SynergyFinder
2.0 [18]. The results showed that all the averaged synergy
scores using four reference models were more than ten,
indicating there is a good synergistic antiosteosarcoma effect
between cisplatin and ZA (Figure Sla-d). In short, cisplatin
in synergy with ZA could significantly induce the
proliferation inhibition and apoptosis of 143B cells.

3.2. Oxidative Stress and PI3K/AKT Signaling Inhibition
Mediated Cisplatin in Synergy with Zoledronic Acid Induced
Apoptosis and Proliferation Inhibition of Osteosarcoma
Cells. To further explore the mechanism of ZA and cisplatin
enhancing antitumor, immunofluorescence was used to
detect ROS generation after single or combined action of
ZA and cisplatin. The results showed that the ROS genera-
tion after ZA or cisplatin treatment was significantly
increased compared with the control, but the ROS of the
ZA group was lower than that of the cisplatin group, while
the ROS production after combined treatment was higher
(Figures 2(a) and 2(b); P <0.05, P <0.01). The PI3K/AKT
signaling is a crucial pathway related to the proliferation
and apoptosis of osteosarcoma [21]. We further detected
the expression of the PI3K/AKT pathway by RT-qPCR and
Western blotting. The results showed that the phosphoryla-
tion of PI3K and AKT was significantly decreased in ZA or
cisplatin alone than the control while there was no significant
change in the mRNA and protein expression of PI3K and
AKT, and the combined treatment was more significant than
the single treatment group (Figures 2(c)-2(e); P <0.05,
P <0.01). Furthermore, when we treated 143B cells with
ROS scavenger N-acetyl-L-Cysteine (NAC) and 740 Y-P
(an agonist for PI3K/AKT signaling pathway [22]) in combi-
nation with ZA+cisplatin, the results of phosphorylation
inactivation of PI3K and AKT, clone formation and prolifer-
ation inhibition, and increased apoptosis were reversed
(Figures 1(c)-1(g) and 2(d) and 2(e); P <0.05, P<0.01).
Therefore, these results suggested that ZA+cisplatin could
inhibit PI3K/AKT signaling activation by promoting ROS
generation to induce apoptosis and proliferation inhibition
of osteosarcoma cells.

3.3. Cisplatin in Synergy with Zoledronic Acid Inhibited
Osteoclast Differentiation and Promoted the Apoptosis. It
has been reported that ZA can inhibit osteoclast differentia-
tion and survival [23]. However, chemotherapy drugs such
as cisplatin often caused complications such as bone loss
[24]. Moreover, osteoclasts are the essential cells for osteo-
sarcoma to invade and destroy the surrounding bone tissue
[25]. Therefore, we examined whether ZA inhibited osteo-
clast differentiation and survival after cisplatin treatment.
Physiologically, osteoclasts are derived from BMMs. Conse-
quently, we treated the cells during the differentiation of
BMMs into osteoclasts with cisplatin, ZA, or combination.
The results showed that TRAP staining positive rate and
the number of osteoclasts in the combined treatment group
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FIGURE 1: Zoledronic acid (ZA) increased cisplatin-induced apoptosis and proliferation inhibition in 143B cells. (a) Cell viability was
measured by CCK-8 assay after 24h in culture with the indicated concentrations of ZA/cisplatin/combination. (b) CCK-8 assay was
performed to determine the cell viability of 143B cell after treatment with ZA/cisplatin/combination for 0, 24, 48, and 72 hours. (c) Cell
clone formation of the 143B cells treated with cisplatin/ZA/ZA+cisplatin/ZA+cisplatintNAC/ZA+cisplatin+740 Y-P. (d) The mRNA
expression of Ki-67 was detected by RT-qPCR in 143B cells with the different treatment in the figures. (¢) Immunofluorescence was used
to detect Ki-67 protein expression in 143B cells treated by cisplatin/ZA/ZA+cisplatin/ZA+cisplatin+NAC/ZA+cisplatin+740 Y-P and
quantification of the MOD value of the Ki-67 expression; scale bar = 25 ym. (f) Flow cytometry was used to detect apoptosis induced by
cisplatin/ZA/ZA+cisplatin/ZA+cisplatin+NAC/ZA+cisplatin+740 Y-P. (g) RT-qPCR was used to detect the mRNA expression of caspase
3/9, Bcl-2, and Bax. CON: control; ZA: zoledronic acid; NAC: N-acetyl-L-Cysteine; MOD: mean optical density; Ki-67: marker of
proliferation Ki-67; Bcl-2: protein phosphatase 1, regulatory subunit 50; Bax: BCL2-associated X protein omega. The values were the
means + SD, n=3; *P <0.05, **P <0.01.

were significantly lower than those in the single treatment  the effects of ZA and cisplatin on the survival of osteoclasts.
group, and both were lower than the control  Consistent with differentiation, the osteoclast apoptosis in
(Figures 3(a)-3(c); P<0.05, P<0.01). We further tested the ZA+cisplatin group was more than that in the control,
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but it was not significantly different from the single treat-
ment group (Figures 3(d) and 3(e); P<0.05, P<0.01).
Moreover, the bone resorption of the combined treatment
group was significantly higher than that of the single treat-
ment group, and both were stronger than the control
(Figures 3(f) and 3(g); P < 0.05, P < 0.01). The above results
indicated that either ZA or cisplatin could inhibit osteoclast
formation, survival, and activation, but the combination
was more effective.

3.4. Zoledronic Acid Enhanced Cisplatin-Induced Tumor
Inhibition In Vivo. To further explore the effects in vivo, we

first established a nude mouse tibia orthotopic osteosarcoma
model, and these model mice were then treated with cispla-
tin/ZA+cisplatin. The results showed that the tumors in the
combined treatment group were significantly smaller visually
than those in the single treatment and control (Figure 4(a)),
and the weight of tumors was lower (Figure 4(b); P < 0.01).
Furthermore, tumor volume and nude mouse body weight
were measured, and tumor growth was significantly slower
in the combined treatment group than in the other treatment
and control (Figure 4(c); P < 0.05, P < 0.01), but there was no
significant change in weight (Figure 4(d); P > 0.05). Further,
we exfoliated the tumor and performed H&E, Ki-67, and
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Figure 3: Cisplatin in synergy with zoledronic acid (ZA) inhibited osteoclast formation, survival, and activation. (a) The TRAP staining of
BMMs treated with M-CSF and RANKL for 4 days in the presence of cisplatin/ZA+cisplatin. (b) The osteoclasts per well were counted.
(c) The area of TRAP" multinucleated cells (nuclei > 3) was quantified. (d) The mature osteoclasts were treated by cisplatin/ZA+cisplatin.
(e) The dead osteoclasts per well were counted. (f) The bone resorption on Corning Osteo Assay 24-well plates of osteoclasts treated by
cisplatin/ZA+cisplatin. (g) The resorption area was quantitative. CON: control; ZA: zoledronic acid. The values were the means + SD, n =

3; scale bar = 50 ym; *P < 0.05, **P < 0.01.

Tunel staining. The results showed that the apoptosis and
necrosis of tumor cells (Figures 4(e) and 4(g)) were signifi-
cantly increased, while the proliferation (Figure 4(f)) was
decreased. Finally, the function of the liver and kidney was
tested because the hepatotoxicity and nephrotoxicity of che-
motherapeutic drugs are the most common side effects [26,
27]. The results showed that the serum levels of ASL, ALT,
CREA, and BUN in the combined group were not higher
than those in the group treated by cisplatin, but they were
all higher than those in the control (Figure S4a-d; P < 0.05,
P <0.01), indicating that the side effects of combined
treatment were not higher than those of cisplatin alone.

3.5. Cisplatin in Synergy with Zoledronic Acid Attenuated
Osteolytic Destruction. Biologically, osteoclasts and osteosar-
coma cells interact to form a “vicious cycle” conducive to
osteosarcoma growth and osteolysis [25]. Therefore, inhibi-
tion of osteolytic status is an important step in inhibiting
the growth of osteosarcoma. In a nude mouse model of
orthotopic osteosarcoma in the tibia, combined treatment
with ZA and cisplatin resulted in significantly lower bone tis-
sue destruction than that of the group treated with cisplatin
alone or saline (Figure 5(a)). Three-dimensional reconstruc-
tion images of micro-CT further showed that there was less
bone destruction in the combined treatment group
(Figure 5(b)), and the decrease of femoral cancellous bone
mass in the group treated with cisplatin could be reversed
by the combined therapy, as manifested by a change in
BV/TV, Tb.N, Tb.Th, and Tb.Sp (Figure 5(c); *P < 0.05, **
P <0.01). Finally, we detected the mRNA expression of
marker genes of osteoclast differentiation (NFATcl) and

activity (TRAP and Ctsk) and performed TRAP staining on
the tumor side tibia tissue. The results showed that the
marker genes of osteoclast differentiation and activity were
lower significantly in ZA+cisplatin than those in the group
treated with saline or cisplatin (Figure 5(d); *P < 0.05, **P
<0.01). And TRAP staining-positive cells were also signifi-
cantly reduced, indicating that osteoclasts in bone tissue were
inhibited after ZA+cisplatin treatment (Figure 5(e)). In short,
ZA could inhibit the formation of osteoclasts between osteo-
sarcoma and normal bone, breaking the “vicious circle”
between it and tumor cells to inhibit osteolytic destruction.

4. Discussion

Osteosarcoma, with extremely high nausea, is originated
from osteoblast and often occurs in long tubular bone [28,
29]. Studies have shown that about 20% of bone tumors are
osteosarcoma, which is common in adolescents [30]. With
the development of surgery and adjuvant chemotherapy,
the long-term survival rate of patients with osteosarcoma is
increasing. However, the 5-year survival rate is still less than
70%, and osteosarcoma is still the main cause of cancer death
in children and adolescents [4, 31]. Chemotherapy is one of
the most important methods in the treatment of osteosar-
coma [32]. The commonly used chemotherapy drugs include
cisplatin, MTX, ADM, IFO, vincristine (VCR), epirubicin
(EPI), cyclophosphamide (CTX), and etoposide (VP-16),
among which cisplatin, MTX, ADM, and IFO are the most
common [33]. However, the application of chemotherapy
drugs such as cisplatin can easily lead to drug resistance
and a variety of adverse reactions such as bone loss, which
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FiGurek 4: Cisplatin in synergy with zoledronic acid (ZA) inhibited osteosarcoma in vivo. (a) The tumor growth in nude mice. (b) Tumor
weights were weighted after the mice were sacrificed. (c) Tumor volume was measured every 3 days. (d) Mouse body weights were
measured per 3 days. (e) H&E staining of tumors, scalebar = 100 ym. (f) Immunohistochemical analysis of Ki-67 protein expression in
tumor tissues, scalebar =100 um. (g) Tunel staining in tumor tissues indicated the apoptosis of tumor cells, scalebar = 50 yum. H&E:
hematoxylin-eosin staining; CON: control; ZA: zoledronic acid. The values were the means + SD, n=5; *P < 0.05, **P < 0.01.

are pivotal reasons for the bottleneck in the treatment of oste-
osarcoma [34]. Therefore, it is urgent to explore new strate-
gies to enhance the efficacy of chemotherapy drugs and
reduce the side effects.

Bisphosphonates are the first-line drugs for the treatment
of osteoporosis, whereas ZA is the third generation of
nitrogen-containing bisphosphonates [35, 36]. However,
increasing studies have shown that ZA has the effect of not
only treating osteoporosis but also antitumor. Liu et al.
showed that ZA can block the interaction between breast
cancer cells and regulatory T cells, thereby reducing breast
cancer invasion [16]. Wang et al. also showed that ZA can
regulate cell cycle and apoptosis to inhibit the growth of cer-
vical cancer cells [17]. However, the understanding of ZA in
osteosarcoma is still lacking, and its combined effect and
mechanism with commonly used chemotherapy drugs are
still unclear. In this study, cisplatin alone or in combination

with ZA could reduce the activity of osteosarcoma cells, but
the combined effect was more obvious. It took 48 hours for
cisplatin alone to decrease the cell activity, but it decreased
at 24 hours after the combination of cisplatin and ZA at the
same dose. Moreover, after combined treatment whether
in vitro or in vivo, the proliferation inhibition and apoptosis
of osteosarcoma cells were more obvious, and the necrosis
and growth inhibition of tumor were also obviously increased.
The synergy score calculated by SynergyFinder was also more
than ten. Therefore, these results showed that ZA could
synergistically enhance the antitumor effect of cisplatin.
Cisplatin is one of the most commonly used and classic
chemotherapy drugs in the treatment of osteosarcoma [37,
38]. However, its resistance limits its further application in
clinic. Studies have shown that the mechanisms of cisplatin
resistance include increased DNA repair, altered cellular
aggregation, apoptosis resistance, and autophagy [39, 40].
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FiGurek 5: Cisplatin in synergy with zoledronic acid (ZA) attenuated osteolysis. (a) X-ray radiography of lower limb in the side of the tumor.
(b) Three-dimensional reconstruction images of micro-CT. (c) Analysis of the femoral cancellous bone mass based on the data from micro-
CT scan, including BV/TV, Tb.N, Tb.Th, and Tb.Sp. (d) The mRNA expression of NFATc1, TRAP, and Ctsk in the bone tissue at the site of
tumor invasion. (e) The TRAP staining of the tibia containing the tumor, scale bar = 100 ym. ZA: zoledronic acid; BV/TV: bone volume/total
volume; Tb.N: trabecular number; Tb.Th: trabecular thickness; Tb.Sp: trabecular separation; NFATcl1: nuclear factor of activated T cells 1;
TRAP: triiodothyronine receptor auxiliary protein; Ctsk: cathepsin K. The values were the means + SD, n=3; *P < 0.05, **P < 0.01.

Therefore, intervention in these mechanisms can inhibit the
resistance of cisplatin. The PI3K/AKT signaling pathway is
a classical tyrosine kinase cascade signal transduction path-
way widely existing in organisms, which is involved in the
occurrence and development of tumors, as well as the treat-
ment and prognosis [41, 42]. PI3K is an intracellular
phosphatidylinositol kinase with serine/threonine kinase

activity. After phosphorylation of PI3K, AKT is further phos-
phorylated, and the PI3K/AKT pathway is activated, thus
promoting the proliferation of tumor cells and inhibiting
their apoptosis [43]. In this present study, the combination
of ZA and cisplatin further inhibited the activation of the
PI3K/AKT singling pathway in osteosarcoma cells than
cisplatin alone. Further study showed that ZA and cisplatin
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combined treatment significantly increased the generation of
ROS in osteosarcoma cells, while ROS scavengers could elim-
inate the inhibition of the PI3K/AKT pathway. What is more,
in this study, ROS scavengers and the agonist of PI3K/AKT
pathway (740 Y-P) could reverse the clone formation and
proliferation inhibition and increased apoptosis of osteosar-
coma induced by cisplatin+ZA. This was consistent with
Deng’s finding that dexamethasone can promote the genera-
tion of ROS in osteoblasts and thus inhibit the activation of
PI3K/AKT [44]. However, how ROS induced the activation
of the PI3K/AKT pathway remains to be further studied.
Bugide et al. found that apoptosis resistance mediated by
the PI3K/AKT pathway is closely related to cisplatin resis-
tance [45]. Qiu et al. also proved that MNAT1 promotes
cisplatin resistance of osteosarcoma cells via regulating the
PI3K/AKT/mTOR pathway [46]. And another study by Zhao
et al. further confirmed that activation of the PI3K/AKT sig-
naling abolished poncirin-induced reduction of the mRNA
and protein expression of multidrug resistance gene
(MDR1, MPRI, and BCRP) in cisplatin-resistant osteosar-
coma cells [47]. Therefore, we detected the effect of ZA+cis-
platin on cisplatin resistance. The results showed that the
IC,, values of cisplatin decreased significantly in the
cisplatin-resistant osteosarcoma cells treated with 8 uM ZA
(this concentration had no effect on the cell viability)
(Figure S3a; *P <0.05, **P <0.01). And the apoptosis rate
increased, and the mRNA and protein expression of the
multidrug resistance gene (MDR1, MPR1) decreased in the
cisplatin-resistant osteosarcoma cells treated with cisplatin
+ZA (Figure S3b-e; *P <0.05, **P <0.01). In conclusion,
the combination of ZA and cisplatin can inhibit ROS-
PI3K/AKT signaling to enhance the antitumor efficacy and
drug resistance of cisplatin.

Physiologically, osteoclasts remove old bone and osteo-
blasts form new bone, maintaining bone homeostasis. The
formation and activation of osteoclasts require two factors:
RANKL and macrophage colony-stimulating factor [48]. It
has been found that osteosarcoma cells can produce RANKL,
which can promote the production of osteoclasts and osteo-
lysis [25], and activated osteoclasts can secrete a variety of
cytokines, such as TGEp, IGFs, and FGFs [9-11], to further
promote the growth of tumor cells and form a “vicious
circle.” Therefore, inhibiting the formation and activation
of osteoclasts is also the key to suppress the growth of osteo-
sarcoma. In this study, we found that ZA and cisplatin could
significantly inhibit osteoclast differentiation, promote osteo-
clast death, and inhibit bone resorption in vitro. In vivo, we
also found that in the combined treatment group, the
number of osteoclasts at the junction of tumor and bone
decreased significantly, and the destruction of bone by tumor
decreased significantly. Interestingly, our study and previous
studies have shown that cisplatin can reduce bone mass [24],
but we also found that cisplatin could inhibit osteoclast
formation, survival, and activity. Osteoblasts are another
important factor in maintaining bone mass [49]. Therefore,
the decrease in bone mass induced by cisplatin might be
related to the inhibition of osteoblasts. In addition, it has
been found that there is an important relationship between
the PI3K/AKT signal pathway and osteoclast differentiation,
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survival, and the interaction of many kinds of cytokines [50,
51]. However, this study found that ZA and cisplatin could
inhibit the activation of the PI3K/AKT signaling pathway
in osteosarcoma cells, which might also be the reason for
inhibiting the survival and formation of osteoclasts and
reducing bone destruction, but it needs further confirmation.

5. Conclusion

In conclusion, this study confirmed that ZA can enhance the
antiosteosarcoma effect of cisplatin and ameliorate chemore-
sistance in vivo and in vitro. The mechanism is related to the
increased generation of ROS and inhibition of PI3K/AKT
signal pathway activation. Moreover, the combination of
ZA and cisplatin could inhibit osteoclast differentiation, sur-
vival, and activation, thus breaking the “vicious circle” to
inhibit tumor growth and osteolysis destruction. Therefore,
ZA may be used as an adjuvant chemotherapy drug beneficial
to the treatment of osteosarcoma.
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Supplementary Materials

Table SI: the primers used for a real-time quantitative
polymerase chain reaction. GAPDH,,): glyceraldehyde 3-
phosphate dehydrogenase from human; Ki-67: marker of
proliferation Ki-67; caspase 3: apoptosis-related cysteine pro-
tease 3; caspase 9: apoptosis-related cysteine protease 9; Bcl-2:
protein phosphatase 1, regulatory subunit 50; Bax: BCL2-
associated X protein omega; PI3K: phosphatidylinositol-4,5-
bisphosphate 3-kinase; AKT: AKT serine/threonine kinase
1; MDRI: ATP binding cassette subfamily B member 1;
MRP1: ATP binding cassette subfamily C member 1;
GAPDH,,,: glyceraldehyde 3-phosphate dehydrogenase from
mouse; NFATc1: nuclear factor of activated T cells 1; TRAP:
trilodothyronine receptor auxiliary protein; Ctsk: cathepsin
K. Figure S1: the combination of cisplatin and zoledronic acid
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(ZA) showed a synergistic effect against the osteosarcoma cell.
The synergistic effect was analyzed with SynergyFinder by
four reference models. The synergy delta score was calculated
by HAS (a), Loewe (b), Bliss (c), and ZIP (d) reference models,
respectively. The values in the center of each panel showed the
highest synergy score. HAS, Loewe, Bliss, and ZIP Synergy
scores > 0 indicate synergism (red regions), while the scores
< 0 suggest antagonism (green regions). Figure S2: detection
of apoptosis rate of 143B cells by flow cytometry. 143B cell
was treated with cisplatin (5 yg/ml) and/or ZA (32 uM) or cis-
platin+ZA+NAC or cisplatin+ZA+740 Y-P. CON: control;
ZA: zoledronic acid; NAC: N-acetyl-L-Cysteine. The values
were the means + SD, n =3; *P < 0.05, **P < 0.01. Figure S3:
ZA attenuated the resistance of osteosarcoma cells to cis-
platin. (a) After 143B/CDDP was treated with 8 uyM ZA for
12 h, the IC;, value of cisplatin was analyzed with a CCK-8
kit. (b, c) Flow cytometry was used to detect apoptosis of
143B/CDDP  cells induced by cisplatin (5ug/ml)/ZA
(32 uM)/ZA+cisplatin. (d) RT-qPCR was used to detect the
mRNA expression of MDR1 and MRP1 in 143B/CDDP cells
treated with 8 uyM ZA. (e) The protein expression of MDRI
and MRP1 was analyzed by Western blotting. CON:
control; ZA: zoledronic acid; MDRI1: ATP binding cassette
subfamily B member 1; MRP1: ATP binding cassette
subfamily C member 1. The values were the means + SD,
n=3; *P<0.05, **P<0.01. Figure S4: the hepatotoxicity
and nephrotoxicity in the nude mice bearing 143B osteosar-
coma cell treated with cisplatin or/and zoledronic acid. The
serum concentration of ASL (a), ALT (b), CREA (c), and
BUN (d) detected by an automatic biochemical analyzer.
ZA: zoledronic acid; AST: aspartate aminotransferase;
ALT: alanine aminotransferase; BUN: blood urine nitrogen;
CREA: creatinine. The values were the means + SD, n=5;
*P <0.05, **P <0.01. (Supplementary Materials)
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Numerous studies have shown that resveratrol can induce apoptosis in cancer cells. Trans-3, 5, 4’-trimeth0xystilbene (TMS), a
novel derivative of resveratrol, is a more potent anticancer compound than resveratrol and can induce apoptosis in cancer
cells. Herein, we examined the mechanisms involved in TMS-mediated sensitization of human osteosarcoma (143B) cells to
TNF-related apoptosis-inducing ligand- (TRAIL-) induced apoptosis. Our results showed that cotreatment with TSM and
TRAIL activated caspases and increased PARP-1 cleavage in 143B cells. Decreasing cellular ROS levels using NAC reversed
TSM- and TRAIL-induced apoptosis in 143B cells. NAC abolished the upregulated expression of PUMA and p53 induced by
treatment with TRAIL and TSM. Silencing the expression of p53 or PUMA using RNA interference attenuated TSM-mediated
sensitization of 143B cells to TRAIL-induced apoptosis. Knockdown of Bax also reversed TSM-induced sensitization of 143B
cell to TRAIL-mediated apoptotic cell death. These results indicate that cotreatment with TRAIL and TSM evaluated
intracellular ROS level, promoted DNA damage, and activated the Bax/PUMA/p53 pathway, leading to activation of both
mitochondrial and caspase-mediated apoptosis in 143B cells. Orthotopic implantation of 143B cells in mice also demonstrated
that cotreatment with TRAIL and TSM reversed resistance to apoptosis in cells without obvious adverse effects in normal cells.

1. Introduction

Resveratrol, a natural polyphenolic compound that is abun-
dant in blueberries, grapes, and peanuts, possesses numerous
pharmacological activities. Previous studies have shown that
resveratrol can induce apoptosis in various human tumor
cells via ROS-dependent endoplasmic reticulum (ER) stress

[1, 2]. Although resveratrol has shown remarkable anticancer
effects in numerous preclinical studies, its poor pharmacoki-
netic parameters have restricted its clinical application. Add-
ing methoxy or hydroxyl groups to the stilbene backbone of
resveratrol generates modified resveratrol derivatives that
possess improved bioavailability and stability, resulting in
increased transport of these agents into cells [3]. Unlike
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resveratrol, TMS can bind membrane proteins with high
binding affinity. Furthermore, upon uptake, TMS can enter
cells unaltered, which increases its stability within cells [4-6].

In recent decades, several studies have shown that TMS
can exert antitumor effects in several malignant human
tumors, including lung malignancies, cholangiocarcinoma,
prostate adenocarcinoma, and osteosarcoma [7-9]. Annick
et al. have demonstrated that TMS exhibits stronger antican-
cer activity than that of resveratrol and can induce apoptosis
in malignant MCF-7 cells [10, 11]. Additionally, TMS can
decrease cellular viability and induce apoptosis in prostate
adenocarcinoma cells. This TMS-mediated inhibition of
cellular viability can be enhanced by combining TMS with
TRAIL, thereby activating the reactive oxygen species-
(ROS-) induced caspase cascade [12]. Indeed, 20 uyM TSM
increases intracellular ROS levels and induces apoptosis by
phosphorylating JNK, p38, and MAPK [13, 14]. Another
study has shown that 10 yum TSM sensitizes osteosarcoma
cells to apoptosis by activating Bax, p53, and caspase-3
[15]. Additionally, 10 yum TMS suppresses the proliferation
of human hepatocellular carcinoma MHCC-97H cells by
inducing PUMA-dependent cellular apoptosis in vitro and
in vivo, suggesting that TMS may sensitize cancer cells to
apoptosis [16]. Although TMS possesses reduced cytotoxicity
compared with that of resveratrol, 10 um TMS may show
some cytotoxicity in normal cells and tissues [17]. Therefore,
in our current study, we treated osteosarcoma cells with
TRAIL and low-dose TMS (2.5, 5um) to evaluate whether
TMS could sensitize these cells to TRAIL-mediated apoptotic
cell death.

ROS induce apoptosis by destroying the basic structure of
DNA, which increases the expressions of PUMA and Bax
[11, 12]. As a proapoptotic protein, Bax can promote cyto-
chrome C release from the mitochondria and induces subse-
quent caspase cascade. Excessive levels of intracellular ROS
and DNA damage may activate the expression of p53 and
upregulate that of PUMA, subsequently inducing cellular
apoptosis [13]. Previous studies have shown that TMS
(10um) may inhibit cancer progression by promoting
PUMA-dependent apoptosis [9]. Hence, we hypothesized
that in osteosarcoma cells, treatment with TMS likely triggers
Bax/PUMA/P53 signaling that contributes to intrinsic
apoptosis, while cotreatment with TRAIL and TMS likely
induces extrinsic apoptosis. To test this hypothesis, we
treated osteosarcoma cells with TRAIL and low-dose TMS
to evaluate whether TMS could sensitize these cells to
TRAIL-mediated apoptosis.

2. Materials and Methods

2.1. Cell Lines and Chemicals. Osteosarcoma cells 143B and
Saos-2 were provided by Dr. Christopher Johnson (Medical
center, University of Kansas); the MG-63 cells with specific
genes knock-down were purchased form GeneTech corpora-
tion (San Francisco, CA, USA). Normal human osteoblast
hFOBL1.19 cells were provided by Dr. Ryan Taylor (Medical
center, University of Kansas). hFOB1.19 cell was cultured
in complete DMEM/F12, with 1% streptomycin-penicillin
(Gibco), 0.5% Nonessential amino acids (HyClone), and
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10% fetal bovine serum (FBS; HyClone). 143B and Saos-2
cells were cultured in DMEM with 1% penicillin-streptomy-
cin, 10% FBS, and 1% L-glutathione (Gibco). All the cell lines
were incubated under 5% CO2 atmosphere at 37°C, unless
otherwise indicated. All the chemical agents were provided
by Sino-pharm Chemical Reagent Company (Beijing,
China), unless otherwise indicated. Recombinant human
TRAIL was provided by Thermofisher Corp (Waltham,
MA, USA) and reserved in PBS+0.01% BSA at -20°C.

2.2. Dosage Information. The TMS concentration used in this
study (2.5, 5, 10 uM) for in vitro experiment was referred to
previous studies. For control group, 1% DMSO were used
as a vehicle [18, 19]. The TMS concentration used for
in vivo experiment on mice was calculated according to the
previous publications, which was 11 times as much as that
for human beings [20]. This dosage is accomplishable for
humans by available supplements via taking orally. Mice
were pretreated with TMS (10mg/kg) by intragastrical
gavage every two days; 1% Dimethyl sulfoxide (DMSO) were
used as a vehicle in control group. To evaluate the potential
toxicity of TMS (10 mg/kg) in vivo, the results on kidney
and liver function and the blood cell counts in mice were
detected by commercial kits.

2.3. Cell Viability. Cell viability was analyzed using trypan
blue staining assay kit (Sigma, USA) and 3-(4,5-dimethyl-
thiazol-2-yl)-2,5-diphenyltertrazolium bromide tetrazolium
(MTT) assay (Sigma, USA). For trypan blue staining assay,
2 % 10° cells were cultured into 48-well plates after treatment
for 24 hour. The cell viability was assessed after mixing
200 uL of cell suspension and 200 uL of 0.5% trypan blue
solutions (Sigma, USA), and the cell counting was performed
with a Neubauer chamber. The average of three readings for
each group was counted, and the cell count was calculated
based on the following equation: number of cells/mL =
average cells count x 2 x 10°>. For MTT assay, 10yl MTT
solution was added into the medium (2 x 10* cells/well)
and incubated at 37°C for 3.5h. Then, the MTT mixture
was discarded, and 100 uL DMSO was added. After agitating
for 20 min, the absorbance of each sample at 570 nm was
detected by a microplate reader (Bio-Rad, USA).

2.4. Western Blot Assay. Cells were extracted with lysis buffer
for obtaining total proteins. The proteins were transferred to
PVDF membrane after separating on 4% SDS-PAGE. After
blocking with 4% de-fat milk for 1.5hour at 25°C, the mem-
brane was washed with TBST for 2 times and following with
the primary antibody incubation at 5°C for 12 hour. Then,
the membrane was washed with TBST for 2 times and further
incubated with secondary antibodies for 1.5hour at 25°C.
The protein blots were visualized by using an ECL system
and quantified with Image] software (National Institutes of
Health, USA). Actin was used as a loading control for
normalizing the bands density. The information of primary
antibodies used in this study are shown below. Caspase-8
(ab 20421), caspase-3 (ab13847) at dilutions 1:500,
caspase-9 (ab2154) at dilutions 1:500, p53 (ab131162) at
dilutions 1:1000, H2A.X (ab141768) at dilutions 1:200,
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phospho-H2A X (ab 51272) at dilutions 1:200, and PARP-1
(ab12633) at dilutions 1:1000 were purchased from Abcam
(Cambridge, USA). The primary antibody for actin
(CS4970) at dilutions 1:200 was purchased from Cell
Signaling Technology (Trask Lane Danvers, USA); PUMA
(sc-41606) and Bax (sc-43716) were provided by Santa Cruz
Biotechnology (Santa Cruz, USA) that were used at dilutions
1:500 and 1:1000.

2.5. Apoptosis Assessment by DAPI Staining and TUNEL
Assay. Osteosarcoma cells were cultured in a 40-dish at
5x 10 cells/mL, stabilized for 12 hours, processed with
TMS at different concentrations, then, cultured in an incuba-
tor for 12 hours. Nuclear fragmentation and condensation
were examined by 4,6-diamidino-2-phenylindole (DAPI)
staining. After incubation with TMS, the cells were harvested,
washed, and resuspended in PBS, stained with 1 g/mL DAPI
and placed at 4°C with a cover slip, protected from light for
25min. Then, the samples were washed three times with
PBS and examined by fluorescence microscopy.(Thermo
Scientific, USA). For TUNEL assay, paraffin-embedded
cancer tissues were examined by TUNEL commercial kit
(Invitrogen, USA). Briefly, cells were fixed with 4% parafor-
maldehyde for 10 min at 25°C and then washed with PBS
twice. Paraflin tissue sections were processed with 20 yg/mL
proteinase K for 5min. Then, the samples were treated with
the 3% H202 for 15min and incubated with 10 yL TdT
enzyme reaction buffer for 1hr at 37°C. The digoxigenine-
dUTP end-labeled DNA was examined by antidigoxigenin
peroxidase antibodies (1:200; ROCHE, Swiss) following the
manufactures instructions. In vivo fluorescence imaging
quantification was analyzed on images captured using confo-
cal microscopy (Olympus, Japan).

2.6. ROS Generation Assessment. Intracellular ROS in osteo-
sarcoma cell was detected using CM-H2DCDFA, which is
an uncharged and nonfluorescent ROS indicator. Briefly,
100 ug of CM-H2DCDFA (Life Technologies, USA) was
added into each sample. The cells were harvested 25 minutes
after CM-H2DCDFA incubation and kept in -80°C. Then,
the cells were fixed with 5% PFA/PBS at 4°C for 10 min. After
washed by PBS for twice, cells were detected under a fluores-
cent microscope (400x magnification). Both captured fluo-
rescence and gray images were evaluated by DP controller
3.0 (Leica, Germany). Gray images for analyzing fluorescence
intensity were processed by Image J 2.0.

2.7. DNA Comet Assay. To detect single- and double-
stranded DNA breaks, DNA comet assay was performed in
our study. The pretreated osteosarcoma cells were immersed
in fresh lysing solutions in dark place at 4°C for 2 hours and
then rinsed with neutralization buffer (200 mM Na2EDTA,
10mM Tris-HCl, 3M NaCl, 1% Triton X-100, and 9%
DMSO) to eliminate salts and detergents. The samples were
set in horizontal electrophoresis system at 5°C with alkaline
buffer for 25 minutes (20 V, 250 mA), which promotes the
damaged DNA to deviate from the nucleus. Then, the aga-
rose gel was stained with ethidium bromide (20 ug/mL)
(Vista Green, USA) for 15 minutes in dark. The slides were

TaBLE 1: Sequences for siRNA transfection.

Gene bank Gene siRNA sequences
1D name

F:5'- AAA AUGACUU-3'
AG072923  PUMA 5 -CUCC CUGCGAUGACUU-3

R:5'-UAUCUCACAACGGCACGAC-3'

F: 5'-GUGCACCGGCUCUACAAUA-3'

AK356651 P53 R:5'-ACUUACGGCAGCUCAGACC-3'

visualized using an epifluorescence microscope (ZEISS
AXIOS Al, Germany) with a magnification of 400x, using a
580 nm filter. Tail moment was evaluated via calculation of
percentage of tail length x tail DNA.

2.8. siRNA Transfection. siRNA targeting p53 or PUMA were
transfected into 143B cells based on the manufacturer’s
manual. Generally, siRNA (20nM) against p53 or PUMA
(Table 1) was transfected with RNAIMAX transfection
reagent (Invitrogen, USA) into 143B cells for 36 hours at
36°C. Cells were then washed with PBS, and the efficiency
of transfection was validated by Western blotting.

2.9.  Orthotopic  Transplantation —Tumor Model of
Osteosarcoma. The female BALB/c-nu/nu nude mice (4-
week-old) were purchased from the Experimental Animal
Centre in University of Kansas (Kansas, USA), and the mice
were treated according to the ethics committee’s guidelines
and regulations under the project license No. K8139B5G.
The mouse was fed with standard diet. Before the surgical
procedure, anesthesia was induced with 2.5% isoflurane
and O2 at 2-4%. Osteosarcoma 143B cells were diluted in
PBS (1 x 10° cells/mL) and 200 uL of cell suspension were
injected to the tibial plateau of mouse. Then, nude mice were
randomly divided into four groups (n=>5): TMS (1 ug/g),
TRAIL (100ng/g), TRAIL (100ng/g)+TMS(1 ug/g), and
control group (0.1% DMSO +PBS). Tumor volume and
body weight were measured every 7 days. At the end of the
experiment, the mice were sacrificed with carbon dioxide,
and the tumors were dissected for further analysis. The
blood was collected from the tail vein to assess kidney and
hepatic function.

2.10. Immunohistochemistry. The mice’ osteosarcoma tissue
sections (5pum thick) were dewaxed in xylene for 10 min;
then, the samples were rehydrated with alcohol and wished
by distilled water. 20 mM citrate buffer was used to process
the tissue sections at 96°C for 15 min; fixative was applied
to fix the samples. Next, the slides were blocked with 5%
BSA for 45 min. Then, the slides were incubated with PUMA
(1:2000, Abcam) and p53 (1:500, Abcam) antibodies at 4°C
for 12h, followed by incubation with secondary antibodies
24°C for 2 h. After washing by PBS, the samples were stained
with hematoxylin and DAB. Finally, the slides were exam-
ined with a fluorescence microscope, and the brown color
indicated the positive cells.

2.11. Statistics. One-sample t-test was applied for quantifica-
tion of the band intensity of Western blotting, the two-



sample t-test was used for analyzing the means of two
groups, and one-way ANOVA with Dunnett’s multiple com-
parison was used to compare the means among more than
two groups. Data are expressed as the mean + standard
deviation (SD). The data is considered as significant differ-
ence when P < 0.05.

3. Results

3.1. TRAIL Resistance in Osteosarcoma 143B Cells. To exam-
ine TRAIL resistance in osteosarcoma cell lines, 143B and
Saos-2 cells were treated with 0-200 ng/mL TRAIL for 12h.
Our results indicate that 50-200 ng/mL TRAIL suppressed
the viability of Saos-2 cells in a dose-dependent manner
(Figures 1(a) and 1(b)). However, the viability of 143B cell
was not significantly changed after TRAIL treatment; the
survival of 143B cells was about 92% when pretreated
with TRAIL (200ng/mL). Cleaved poly (ADP-ribose)
polymerase-1 (PARP-1), an indicator of apoptosis, was
detected in Saos-2 cells only (Figures 1(a) and 1(b)). We
then used DAPI staining and TUNEL labeling to determine
whether apoptosis occurred after the cell was pretreated by
100 ng/mL TRAIL. DAPI staining results show chromo-
some condensation in Saos-2 cell after TRAIL treatment
(100 ng/mL), while no significant subcellular morphological
changes were detected in 143B cells pretreated with
100ng/mL TRAIL (Figure 1(c)). The results of TUNEL
assay were consistent with those obtained using DAPI
staining. These results suggest that TRAIL-treated Saos-2
cells were sensitive, while TRAIL-treated 143B cells were
resistant, to apoptosis.

3.2. The Effect of TMS on TRAIL-Resistant Osteosarcoma
Cells. Next, we examined whether a noncytotoxic dose of
TMS could induce apoptosis in 143B cells. For this, 143B cells
were exposed to 0-10um TMS for 6h, and then, cellular
viability was examined using the Trypan blue dye exclusion
method. Our results demonstrate that treatment with
2.5um TMS alone did not inhibit the survival of 143B
cells (Figure 2(a)). However, cotreatment using TRAIL
(50ng/mL) and TMS (2.5 um) for 6 hours did inhibit the
survival of 143B cells (Figure 2(b)). Western blotting showed
that the levels of PARP-1 cleavage were not increased in 143B
cells after treating by 1-5um TMS or TRAIL (50 ng/mL).
However, cotreatment with 2.5um TMS and 50ng/mL
TRAIL increased the expression of cleaved PARP-1 in 143B
cells (Figure 2(c)). Interestingly, combination therapy by
2.5um TMS and 50 ng/mL TRAIL did not induce PARP-
1 cleavage in normal human hFOBI.19 osteoblasts
(Figure 2(d)). Furthermore, DAPI and TUNEL labeling
confirmed that combined treatment using TRAIL and
TMS did induce apoptosis in 143B cells (Figure 2(e)).

3.3. Cotreatment with TMS and TRAIL Activates Caspases
Signaling. To explore the mechanisms underlying TMS-
and TRAIL-induced apoptosis in 143B cells, we assessed
the expression of cleaved PARP-1 and several caspases in
143B cells treated with TMS and/or TRAIL. No significant
changes in the expressions of cleaved PARP-1 or caspases
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were observed in 143B cells treated with TMS or TRAIL
alone (Figure 3(a)). However, cotreatment using TMS
(2.5 pm) and TRAIL (50 ng/mL) induced PARP-1 and caspase
cleavage in a time-dependent manner (Figure 3(a)). Caspase
cleavage was enhanced by TMS in a dose-dependent manner
(Figure 3(b)). Next, we used different caspase inhibitors,
including zZIEHDfmk, zZIETDfmk, and zDEVDfmKk, to evalu-
ate the possible roles of caspase cleavage in the survival of
143B cell cotreated with TMS and TRAIL. Our results show
that PARP1 cleavage and apoptosis in 143B cells were inhib-
ited by treatment with caspase inhibitors (Figure 3(c)).
Together, these data suggest that cotreatment with TRAIL
and TMS activated caspases and induced apoptosis in
143B cells.

3.4. TMS Increases Intracellular ROS Levels in 143B Cells.
Reactive oxygen species (ROS) and mitochondria play
important roles in the induction of apoptosis under condi-
tions of physiologic and pathologic stress. Thus, we evaluated
intracellular redox status in 143B cells after treatment with
TMS and TRAIL. A CARBOYX-H,DCFAD fluorescence
probe was used to detect intracellular ROS levels in treated
143B cells. Our results show that 143B cells treated with
positive control (H,0,) or 2.5um TMS emitted stronger
fluorescent signal compared with that of the control group
(Figure 4(a)). Results obtained using spectrofluorometry
indicate that relative fluorescence intensity was increased in
143B cells after treatment with TMS, suggesting that TMS
may have increased ROS levels in a dose-dependent manner
(Figure 4(b)). Relative fluorescence intensity reached peak
level 20 minutes after the cells received the recommended
dose of TMS (2.5, 5um). Sixty minutes after reaching its
peak level, relative fluorescence intensity rapidly decreased
to its minimal value. Interestingly, 4h after reaching its
minimal value, relative fluorescence intensity increased
again (Figure 4(c)). These results indicate that TMS may
regulate intracellular ROS generation in 143B cells in
biphasic pattern. For further exploring the possible roles of
ROS in TRAIL- and TMS-mediated apoptosis of 143B cells,
NAC (which is an ROS inhibitor) was used to treat 143B cells
after treatment with TRAIL and/or TMS. Our results show
that TRAIL (50 ng/mL) had no effect on intracellular ROS
levels, while NAC (4mM) reduced ROS level induced by
TMS (Figure 4(d)). Additionally, NAC reversed the cellular
apoptosis that had been induced by cotreatment with TMS
and TRAIL in human 143B cells (Figure 4(e)). These results
indicated that when ROS was inhibited by NAC, the proa-
poptotic effect of TMS and TRAIL could be attenuated. The
P53 protein exerts dual effects under conditions of intracellu-
lar oxidative stress, providing cytoprotection at basal ROS
levels and inducing senescence/apoptosis at high ROS levels
[21]. Previous studies have shown that TMS-mediated cellu-
lar apoptosis is associated with increased expression of p53
and PUMA in osteosarcoma cells [22]. Thus, we used immu-
noblotting to detect the expression of cleaved PARP-1, p53,
and PUMA in 143B cells cotreated with TMS and TRAIL.
Our results show that combined treatment with TMS and
TRAIL upregulated the expressions of cleaved PARPI,
PUMA, and p53 in 143B cell. Interestingly, NAC (4 mM)
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Ficure 1: TRAIL suppresses viability and promotes apoptotic cell death in Saos-2 cells. MTT assay (a) and Trypan blue staining (20x objective
lens) (b) were used to examine the survival of 143B and Saos-2 cells after treatment with 0-200 ng/mL TRAIL for 12 h. Equal volume of
vehicle (0.01% BSA + PBS) was used to treat the control groups, *P < 0.05; **P < 0.01. (c) Western blotting was used to detect PRAP-1
cleavage in 143B and Saos-2 cells treated with 0-200 ng/mL TRAIL for 6 hour. (c) DAPI and TUNEL labeling were used to examine
apoptosis in 143B and Saos-2 cells treated with 100 ng/mL TRAIL for 6 hours. White arrows indicate chromatin condensation in 143B
and Saos-2 cells; spots of green fluorescence indicate morphological changes in 143B and Saos-2 cells (magnification x200); additional
higher-magnification images are also provided (magnification x400).

TRAIL
100 ng/mL

reversed the effects of TMS and TRAIL on protein expression  induced ROS generation in 143B cells and promoted intrinsic
of cleaved PARP1, p53, and PUMA (Figure 4(f)). These find-  apoptotic signaling by upregulating the expression of p53
ings indicate that combined treatment with TRAIL and TMS  and PUMA.



Oxidative Medicine and Cellular Longevity

143B 143B
< =liw 4 - - -t e
kAt R
100 100 4 ——
~ 807 80+
X X
= 604 = 60
< <
= &
g 40 £ 404
a 3
20 A 20 4
0 - 0
ConDMSO 1 25 5 10 - + + + TRAIL 50 ng/mL
TMS (uM) - 0 1 2.5 5 TMS (uM)
(a) (b)
hFOBI1.19
143B - - + + TRAIL 50 ng/mL
- - - - + + + + TRAIL50ng/mL - + - + TMS (2.5 uM)
- 1 25 5 - 1 25 TMS (M)
-_— e e PARDL
- T T e e . e ] -
- © e o PARP- . 85
STeoeSeWew o - S .- i
(0 (d)
143B hFOBI1.19

TMS 2.5 uM

DAPI

TUNEL

TRAIL 50 ng/mL+ TMS 2.5 uM

TRAIL 50 ng/mL+ TMS 2.5 uM

(e)

FIGURE 2: TMS reverses TRAIL-resistance in 143B cells. (a) After treatment with different doses of TMS for 6 h, the survival rate of 143B cells
was examined using the Trypan blue dye exclusion method (20x objective lens). (b) Survival of 143B cells, treated with 0-10 ygm TMS and/or
50 ng/mL TRAIL, was assessed using the Trypan blue dye exclusion method. (c¢) Human osteosarcoma 143B cells and (d) normal human
hFOBI1.19 osteoblasts were pretreated with 50 ng/mL TRAIL and 2.5 ym TMS for 10 hours. Western blotting was used to detect the levels
of cleaved PARP1. (e) DAPI and TUNEL labeling were used to evaluate the apoptosis of 143B osteosarcoma cells and normal hFOB1.19
osteoblasts after treatment with TMS and/or TRAIL for 6 h (magnification x400).

3.5. TMS Induces DNA Damage in 143B Cells. ROS-induced
oxidation of DNA is one of the major causes of gene muta-
tion, resulting in various types of DNA damage such as
double-strand breaks in the chromosome. DNA damage
may result in apoptosis [23]. To examine the DNA damage
potentially caused by exposure to TMS, we performed a
comet assay to detect double-strand breaks in the chromo-
somes of TMS-treated 143B cells. Results of the comet assay
indicate that the length of DNA migration (tail length),
which reflects the extent of DNA damage, was increased in
143B cells treated with TMS (2.5uM) (Figure 5(a)). These
results show that TMS may have induced DNA damage
and consequent apoptosis in 143B cells. H2AX is phosphor-

ylated on serine 139 and is then designated as yH2AX in a
reaction involving DNA double-strand breaks [24, 25].
Therefore, the expression of H2AX and phosphorylation of
H2AX-Ser139 were examined to confirm that treatment with
TMS induced DNA damage in 143B cells. Our results
indicate that TMS facilitated H2AX-Ser139 phosphorylation
in 143B cells in a dose- and time-dependent manner
(Figures 5(b) and 5(c)). Above data suggest that TMS may
activate P53 and trigger apoptosis by increasing ROS levels
and inducing DNA damage in 143B cells.

3.6. TMS Activates p53 and PUMA Expression in
Osteosarcoma Cells. Previous studies have confirmed that
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PARP-1 and caspase cleavage in 143B cells treated with TMS and/or TRAIL for different lengths of time. The control group was treated
with an equal volume of 1% DMSO + PBS+0.01% BSA. (b) Caspase cleavage was examined by Western blotting in 143B cells after
treatment with 50 ng/mL TRAIL and TMS (0.5-2.5 yuM) for 10 hours. (c) Caspase inhibitory agents, including ZIEHDfmk, zIETDfmk, and
zDEVDfmk, were used to block the caspase pathway in 143B cells. After the cells were pretreated with TMS and/or TRAIL for 10 hours,
the Trypan blue dye exclusion method was used to evaluate cell survival (20x objective lens), and Western blotting was utilized to detect

the expression of cleaved PARP1. **P < 0.05.

p53 phosphorylation may affect its stabilization in cells [26].
In our study, we found that TMS could activate P53 by phos-
phorylation of P53 on Serl5, Ser46, and Ser392; this activity
was crucial for p53 accumulation and stabilization in 143B
cells (Figure 6(a)). As a downstream target gene of p53,
PUMA is upregulated by p53 activation and can induce apo-

ptosis in cells exposed to TMS [22]. In this study, we further
examined the roles of p53 and PUMA in the apoptosis of
143B cells after cotreatment with TMS and TRAIL.
Figure 6(b) shows that TMS dose-dependently upregulated
the expression p53 and PUMA. After cotreatment with
TMS (1-5uM) and TRAIL (50ng/mL), the expression of
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FIGURE 4: TMS increases ROS levels in 143B cells. (a) Intracellular ROS levels in 143B cells were detected using fluorescence microscopy. The
cell was pretreated with positive control (H,O,) or TMS for 50 minutes and labeled with CMH2DFCDA for 15 minutes. Considerably
higher fluorescence intensity was detected in cells treated with H,O, or TMS compared with that of the 0.01% BSA+ PBS-treated control
group. (b) 143B cell was pretreated with different doses of TMS for various periods of time. ROS generation was measured using relative
fluorescence intensity in 143B cells. **P < 0.05. (c) After treatment with TMS (2.5, 5um) for various periods of time, 143B cell was
labeled with CMH2DFCDA. ROS levels were analyzed at different time points according to the value of relative fluorescence intensity.
(d) Pretreatment with NAC reduced ROS generation induced by TMS (2.5 ym) and (e) attenuated TMS- and TRAIL-induced apoptosis
in 143B cells. Trypan blue dye exclusion method was used to evaluate cell survival (20x objective lens). *P < 0.05; **P < 0.01. Cells in the
control group were treated with an equal volume of PBS+0.1% DMSO. (f) Immunoblotting were used for examining the expression of
cleaved PARP-1, p53, and PUMA in 143B cells after pretreatment with NAC and treatment with TRAIL and TMS.
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Figure 5: TMS induces DNA damage and facilitates phosphorylation of Ser-139 (H2AX) in 143B cells. (a) Comet assay was
performed to examine DNA damage induced by treatment with TMS or TRAIL for 15 minutes. Tail moment were applied for quantifying
double-strands break via calculating the tail length x percentage of tail DNA. *P < 0.05. (b) 143B cell was treated with 0-10 uM TMS for
24 hours, and Western blotting was used to examine the expression of H2AX and phospho-H2AX-Ser139 in 143B cells; 0.01% DMSO was
used as vehicle control. (c) 143B cell was pretreated with TMS (2.5 uM) for 0-24 hours, and immunoblotting was used to examine the
expression of H2AX and phospho-H2AX-Ser139 expression in 143B cells; 0.01% DMSO was used as vehicle control.

PUMA and p53 was significantly increased in 143B cells  decreased in 143B cells, which suggests that TMS-induced
(Figure 6(c)). RNA interference assay was used for down- ~ TRAIL sensitization was attenuated in p53- or PUMA-
regulating the expressions of PUMA and P53 in order to silenced cells (Figure 6(d)). DAPI staining confirmed that
confirm the critical roles of PUMA and p53 in TMS-  transfection with PUMA or p53 siRNA reversed apopto-
mediated sensitization of 143B cells to TRAIL stimulus.  sis in 143B cells after cotreatment with TRAIL and TMS
Our results indicate that 48 h after transfection with PUMA  (Figure 6(e)). These findings suggest that activation of
or p53 siRNA, cleaved PARP-1 expression was significantly =~ p53 and PUMA contributed to TMS-mediated TRAIL



10
TMS 2.5 uM
C 1 2 4 8 16 24 ¢(h)
———— —

— e ----4“3 ps3

<« 53 p-p53-Ser

<53 p-p53-Ser’®

< 53 p-p53-Ser®

392

- e e e e @ 43 Acin
(a)
- + o+ 4+ + TRAIL 50 ng/mL
- - 1 25 5 TMS (uM)

— — ewa» F53 p53

WS LS - 8 W < 13 PUMA

- e & & e 43 Actin

(c)

SiRNA transfection Mock

Oxidative Medicine and Cellular Longevity

c 1
- oo oo oo @

25 5 10  TMS (uM)

< 53 p53

18 PUMA

- e e» e -}HsAmn

(®)
Mock p53 PUMA

siRNA transfection

- + - + - + TRAIL50ngmL

- + - + - + TMS25uM

}.-----4— 116
— <

85
— -‘(— 53 p53

PARP-1

| - e — <18 PUMA

-—chapasese® < |3 i)

(d)

P53 PUMA

TRAIL 50 ng/mL _ +
TMS 2.5 uM

+ +

_ + _ + _ +
(e)

FIGURE 6: TMS activates PUMA and p53 expression in osteosarcoma cells. (a) TMS (2.5 uM) was used to treat 143B cells for 0-24h, and
protein expression of phosphorylated p53 (on Ser392, Ser46, or Serl5) was examined by Western blotting; 0.01% DMSO was used as
vehicle control. (b) Different doses of TMS were used to treat 143B cells for 10 h, and Western blot assay was performed to detect the
expressions of P53 and PUMA. (c) Different doses of TMS and TRAIL were used to treat 143B cells for 10 h, and Western blot assay was
performed to detect the expressions of P53 and PUMA. (d) Gene expression of p53 and PUMA was silenced by siRNA in 143B cells, and
then, the cells were treated with TRAIL and TMS for 10 h. Western blotting was used to examine the expression of cleaved PARP1, P53,
and PUMA. (e) Apoptotic cells were examined by DAPI staining after treating p53- or PUMA-silenced 143B cells with TMS and TRAIL.
White arrows indicate condensed chromatin in 143B cells (magnification x400).

sensitization and apoptosis in 143B cells. Next, we used MG-
63 cells, another osteosarcoma cell line, for further verifying
the effect of p53 in TMS- and TRAIL-induced apoptosis of
osteosarcoma cells. Two strains of MG-63 cells, p53—/— and
p53+/+, were treated using 2.5 uM TMS + TRAIL (50 ng/mL)
for 0-24 h. Figures 7(a) and 7(b) show that TMS inhibited the
viability of MG-63 p53+/+ cells and increased the expression
of cleaved PARP-1. However, MG-63 p53—/— cells were not
sensitive to treatment with TMS. Two other MG-63 cell lines
(MG-63 PUMA+/+ and MG-63 PUMA-/-) were used to
assess the role of PUMA in TRAIL- and TMS-induced apo-
ptosis of osteosarcoma cells. Figures 7(c) and 7(d) show that
TMS may have induced sensitization to TRAIL-induced apo-
ptosis and increased the expression of cleaved PARP-1 in

MG-63 PUMA+/+ cells, while MG-63 PUMA-/— cells were
not sensitive to the combined treatment. These results
suggest that activation of PUMA or p53 was involved in
TMS-mediated sensitization of osteosarcoma cells to
TRAIL-induced apoptosis.

3.7. The Impact of BAX in TMS- and TRAIL-Mediated
Apoptosis. BAX is a key member of the antiapoptotic Bcl-2
family, which plays critical roles in the apoptosis of tumor
cells. The coordinated activity of Bax and its upstream activa-
tors (PUMA and p53) can promote mitochondrial activation
and apoptosis [27]. We next used 143B Bax+/— and 143B Bax
—/— cells to confirm the role of Bax in TMS- and TRAIL-
induced apoptosis. Our results show that TRAIL-mediated
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FIGURE 7: Treatment with TMS overcomes TRAIL resistance and promotes apoptotic cell death of MG-63 cell via activating p53 and PUMA.
(a) Wild-type MG-63 cell, (b) p53—/— MG-63 cell or (c) wild-type MG-63 cell, and (d) PUMA —/— MG-63 cell were pretreated by TRAIL
(50 ng/mL) and TMS (2.5 ym) for 10h. Equal volume of PBS+0.1% DMSO 0.01% + BSA was used as vehicle control. Cell survival was
examined as indicated in the experimental method section. Immunoblotting was used to detect the expression of cleaved PARP1, p53, or

PUMA. *P <0.01.

apoptosis and the expression of cleaved PARP1 were
enhanced after 2.5 ym TMS treatment in 143B Bax+/— cells,
instead of 143B Bax—/— cells (Figures 8(a) and 8(b)). Com-
bined treatment with TRAIL and TMS significantly increased
the expression of PUMA and p53 in both cell types
(Figure 8(b)). Morphological assessment of apoptotic osteo-
sarcoma cells by DAPI staining showed nuclear changes
and apoptosis in 143B Bax+/— cells when treating by TMS
and TRAIL (Figure 8(c)).

3.8. TMS and TRAIL Impair Osteosarcoma Growth In Vivo.
A xenograft tumor model using 143B cell was set up in
BALB/c mice for evaluating the effects of TMS and TRAIL
on osteosarcoma progression. Our results show that tumor
weight and volume were reduced in the group treated with
TRAIL (100ng/g) + TMS (1 pug/g) compared with those of
the control group. Conversely, no differences in tumor vol-
ume or weight were observed between TRAIL (100 ng/g body
weight)-treated mice and control mice (Figures 9(a) and
9(b)). The body weights of nude mice in TMS and/or TRAIL
groups were similar to those of control-group mice during
our in vivo studies (Figure 9(b)). Serum levels of alanine
transaminase (ALT), aspartate aminotransferase (AST), and
those of several renal function markers (creatinine (Cr) and
blood urea nitrogen (BUN)) were analyzed in the cardiac
blood of nude mice in order to evaluate the potential kidney
and liver toxicity of cotreatment with TMS + TRAIL. Our

results show that hepatic and kidney function was normal
in all the groups of mice used in our study (Table 2). Leuko-
cyte, erythrocyte, and platelet count of the nude mice was
also normal, suggesting that cotreatment with TMS + TRAIL
exerted no significant hematological adverse effects within
the present dosage (Table 3). These results indicate that
cotreatment with TRAIL (100 ng/g) + TMS (1 ug/g) inhibited
the development of osteosarcoma without significant toxicity
in nude mice. Furthermore, the results of immunohisto-
chemistry (IHC) show that the expressions of Bax, PUMA,
and p53 were markedly increased in osteosarcoma tissues
of TMS + TRAIL treated mice compared with those of the
vehicle-treated mice (P < 0.05 Figure 9(c)). These results sug-
gest that TMS likely triggers Bax/PUMA/P53 signaling that
contributes to intrinsic apoptosis while cotreatment with
TRAIL and TMS likely induces extrinsic apoptotic cell death
in osteosarcoma.

4. Discussions

The intrinsic and extrinsic apoptosis pathways are naturally
occurring or drug-induced processes by which cells are
directed toward programmed cell death. Intracellular cues,
such as cellular DNA damage, can induce apoptosis primar-
ily via the intrinsic pathway. The intrinsic apoptosis pathway,
which involves activation of conserved signaling proteins,
such as that of p53, is physically associated with [28]. The
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FiGURE 8: The role of BAX in TMS- and TRAIL-mediated apoptosis. (a, b) 143B Bax+/— and 143B Bax—/— cells were exposed to TMS and
TRAIL for 10h. Equal volume of 0.01% BSA +PBS+0.1% DMSO was used as vehicle control. Cell survival rate was analyzed as
indicated in the experimental method section. Immunoblotting was used to examine the expression of cleaved PARPI1, P53, Bax, and
PUMA. *P<0.05. (c) DAPI was used as specific counterstain for apoptosis to evaluate the effects of cotreatment with TMS and
TRAIL in 143B Bax+/— and 143B Bax—/— cells. White arrows indicate chromatin condensation in 143B cells evaluated by fluorescence

microscopy (magnification x400).

extrinsic apoptosis pathway is activated by extracellular
ligands binding to cell-surface death receptors, which results
in the formation of a death-inducing signaling complex
(DISC). Caspases orchestrate both intrinsic and extrinsic
apoptotic cell death by activating the cleavage of target pro-
teins [29]. TRAIL, also called TNF superfamily 10, is a pleio-
tropic cytokine from the tumor necrosis factor superfamily.
TRAIL has been shown to selectively induce apoptosis in
various tumor cells by activating the extrinsic apoptosis
pathway. Treating tumor cells with small molecular inhibi-
tors may facilitate tumor-cell sensitivity to TRAIL-induced
apoptosis while exempting normal cells from this fate [30].
Treatments combining TRAIL with small molecular inhibi-
tors, such as the proteasome inhibitor [31], BCL-2 inhibitor
[32], mammalian target of rapamycin (mTOR) inhibitor
[33], and histone deacetylase (HDAC) inhibitor [34], are
being assessed for inhibition of specific signaling proteins
that can synergistically facilitate the TRAIL-mediated extrin-
sic apoptosis pathway. In the present study, our results dem-
onstrate that TMS (used at a noncytotoxic dosage) sensitized

143B cells to TRAIL-mediated apoptosis by increasing the
expression of PUMA, p53, and Bax via ROS-induced DNA
damage. Mitochondria-mediated caspase-9 activation may
have contributed to intrinsic apoptotic signaling induced by
TMS by upregulating the levels of intracellular ROS, while
death-receptor-mediated caspase 8 activation was likely
involved in extrinsic apoptotic signaling triggered by treat-
ment with TRAIL.

TRAIL can selectively induce apoptosis in various cancer
cells, as shown in previous studies [12, 35-37]. However, var-
ious tumor cells are either intrinsically TRAIL-resistant or
become resistant after exposure to TRAIL therapy [38]. Our
present results indicate that treatment with TRAIL induced
apoptosis in the osteosarcoma cell line Saos-2, while 143B
cells showed considerable resistance to TRAIL. These results
have consistently agreed with those of previous studies on
TRAIL-resistant or TRAIL-sensitive osteosarcoma cell lines
[32]. Our results also show that cotreatment using a noncyto-
toxic dose of TMS and TRAIL promoted apoptosis of 143B
cells in vitro. These results demonstrate that TRAIL and
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F1GURE 9: Cotreatment with TMS and TRAIL suppresses the proliferation of cancer cells in nude mice transplanted with osteosarcoma.
(a) Sizes of osteosarcoma tumors in nude mice subjected to different treatment regimens. (b) Tumor volume and weight were
significantly decreased in TRAIL (100 ng/g) + TMS (1 ug/g)-treated group compared with those of the other groups. No obvious
changes in body weight were noted among mice subjected to different treatment regimens. **P < 0.01; ***P <0.001 versus control.
(c) The expression of Bax, PUMA, and P53 was evaluated using immunohistochemistry (IHC). The scored IHC results were analyzed by
multiplying the percentages of positive cells by the intensity score obtained using confocal microscopy. Signal intensity was analyzed and
scored by two independent pathologists. The score of 0 indicates lack of staining, 1 indicates mild staining, and 2 indicates obvious
staining. Osteosarcoma cells in five separate areas were chosen at random and analyzed according to the percentages of positively labeled

cells (**P < 0.01).

TasBLE 2: Effects of TMS + TRAIL on kidney and liver function in vivo.

Treatment Number of mice Cr (mmol/L) ALT (u/L) AST (u/L) BUN (mmol/L)
Control 5 21.13+2.10 31.14+2.01 97.86 +9.20 6.19+1.10
TMS 5 21.23 +3.30 29.14 +3.32 99.14 + 16.35 5.97+1.01
TRAIL 5 22.42+3.16 28.95+3.35 98.63 +12.32 5.76 £ 0.49
TMS + TRAIL 5 22.51+3.67 31.13+3.10 100.34 +21.60 5.98 +1.86

Cr: creatinine; ALT: alanine aminotransferase; AST: aspartate transaminase; BUN: blood urea nitrogen.

TMS may act synergistically to promote apoptotic cell death
in osteosarcoma cell. The opening of the permeability transi-
tion pore complex in the membrane of mitochondria is
pivotal to cytochrome-C release, apoptosome formation,
and subsequent activation of the caspase cascade in intrinsic
apoptosis signaling. Caspases, which are intracellular prote-
ases, are responsible for the deliberate disassembly of cell into

apoptotic body during apoptotic cell death. Activation of
caspases during apoptotic cell death leads to cleavage of crit-
ical cellular substrates, such as lamins and poly(ADP-ribose)
polymerase, thereby precipitating the dramatic morphologi-
cal changes present in apoptotic cell death [39]. In our pres-
ent study, we found that TMS and TRAIL synergistically
increased the expression of caspases 9, 8, and 3, further
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TaBLE 3: Effects of TMS + TRAIL on blood cells count in vivo.

Treatment Number of mice Leukocyte (x10%/L) Erythrocyte (x10"/L) Platelet (x10%/L)
Control 5 5.17 +0.54 7.78 +1.04 803.28 + 84.72
TMS 5 5.02+1.01 7.82+1.03 741.52 £ 107.70
TRAIL 5 4.57+0.63 7.66 +0.49 786.76 + 71.71
TMS + TRAIL 5 4.65+0.72 8.36 £ 0.64 795.46 +93.11

No significant changes were detected in the blood cells count among different group of mice (P > 0.05).
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F1GURE 10: Schematic diagram of the mechanisms underlying TRAIL and TMS-mediated apoptosis in osteosarcoma.

highlighting the critical role played by caspases in the apo-
ptosis of osteosarcoma cells. The opening of the mitochon-
drial permeability transition pore (MPTP), induced by the
generation of reactive oxygen species (ROS), is related to
the activation of Bax, a pore-destabilizing protein [11]. Our
results indicate that increased ROS generation in osteosar-
coma cells was detected after treatment with TMS. Further-
more, considerable levels of DNA double-strand breaks
were detected in 143B cells after treatment with TMS.
Cotreatment using noncytotoxic dosage of TMS and TRAIL
led to caspase activation and PARP1 cleavage in 143B cell,
which further enhanced ROS-mediated signaling involved
in intrinsic apoptosis. However, pretreating cells with the
antioxidant (NAC) significantly inhibited intracellular ROS
generation and PARP-1 cleavage, thereby reversing apoptosis
in osteosarcoma cells induced by cotreatment with TRAIL
and TMS. The expression of PUMA and p53 was also
decreased by treatment with NAC in 143B cells, which subse-
quently suppressed apoptosis in these osteosarcoma cells. As
a Bcl-2-binding component, PUMA is a proapoptotic protein
and can induce p53-dependent apoptosis by transducing a
death signal into the mitochondria and activating Bax. Bax
is a requisite gateway protein involved in mitochondrial dys-
function and caspase activation [29, 40]. Herein, we found

that combination therapy by TMS and TRAIL remarkably
elevated the expression of PUMA and Bax in osteosarcoma
cell lines 143B and Saos-2. However, siRNA-induced silenc-
ing of TP53 and PUMA expression, or deficiency in the
expression of Bax, attenuated TRAIL sensitization induced
by TMS in osteosarcoma cells. These results indicate that
treatment with TMS enhanced intracellular ROS generation,
induced DNA damages, and activated the p53/PUMA/Bax
signal pathway, resulting in the enhanced outer membrane
of mitochondria permeabilization and caspase activation, as
well as sensitizing osteosarcoma cell to TRAIL-mediated
apoptotic cell death (Figure 10). Despite various novel small
molecules and natural compounds have been identified and
shown to cause apoptosis by facilitating ROS generation,
the specific mechanisms involved in the production of ROS
remain unknown [41, 42]. Therefore, in our future studies,
we will focus on exploring the mechanisms underlying the
biological activity of TMS in the promotion of ROS genera-
tion in osteosarcoma cells.

Finally, we explored the potential beneficial effect of
cotreatment with TRAIL and TMS in nude mice subjected
to orthotopic implantation. Our results demonstrate that
cotreatment with TRAIL and TMS suppressed osteosarcoma
development with no obvious toxicity in nude mice. The
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results of IHC, conducted to assess the expression of PUMA,
Bax, and p53 in osteosarcoma tissues collected from the
implanted nude mice, further validated the data obtained
using our previously described in vitro models. In conclu-
sion, our results demonstrate that combined therapy using
TRAIL and TMS facilitated intracellular ROS generation,
DNA damage, and p53-induced expression of PUMA and
Bax in osteosarcoma cells. Activation of p53-PUMA-Bax sig-
naling activated the caspase cascade and induced apoptosis in
143B cells while sparing normal human osteoblasts
hFOBI1.19. Although our results indicate that TMS may be
a safe and effective TRAIL sensitizer and can be used to
induce apoptosis in osteosarcoma cells, certain factors
require further study. For example, the mechanisms involved
in TMS-mediated ROS generation and the efficacy and safety
of TMS in patients with osteosarcoma need to be investigated
and will be the subject of our future studies.

5. Conclusions

In conclusion, our results indicate that cotreatment with
TRAIL and TMS evaluated intracellular ROS level, promoted
DNA damage, and activated the Bax/PUMA/p53 pathway,
leading to activation of both mitochondrial and caspase-
mediated apoptosis in 143B cells.
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Glioblastoma (GBM) is the most common and aggressive malignant brain tumor with high morbidity and mortality. Human
telomerase reverse transcriptase (WTERT), the catalytic subunit of human telomerase, is overexpressed in most cancers including
GBM. It is well known that hTERT can compensate telomere shortening to immortalize cells. However, in addition to the
canonical function, hTERT has the roles beyond canonical telomere maintenance. To further understand the effects of hTERT
on glioblastoma progression, we investigated the role of hTERT in regulating autophagy—a conserved pathway, by which cells
deliver cellular organic material and impaired organelles to the lysosomes for degradation and recycle these cargos to produce
energy under a stressful condition. Our results showed that downregulation of hTERT impaired autophagy levels by suppressing
BECN1/beclin-1 and induced an increase of reactive oxygen species (ROS), which resulted in cell death ultimately. On the
contrary, overexpression of BECN1 or treating cells with the antioxidant N-acetylcysteine (NAC) could restore the survival of
hTERT knockdown cells. Our study will provide an additional basis of telomerase-targeting therapy for future clinical
anticancer treatment.

1. Introduction years after diagnosis [2-4]. According to the 2016 WHO clas-
sification, increasing evidence demonstrated the genetic het-
erogeneity of GBM [5]. To date, up to 45 genes were found to

contain mutations, including IDHI/IDH2, TP53, ATRX,

Glioblastoma (GBM) is classified as grade IV glioma by the
World Health Organization and accounts for about 20% of

all brain tumors. From a global perspective, there are
0.59~3.69 cases out of 100,000 people [1]. Despite the
improvement of medical technology and the rigorous treat-
ment that patients received, it is still difficult to remove
GBM tumors by surgical resection due to their invasion to
the surrounding tissues. As a result, recurrence often occurs
in GBM patients, and the median survival is less than two

TERT, NF1, PTEN, and EGER [6]. Thus, even within a single
glioblastoma, a combination of treatments may be required
for different cell subtypes, greatly exacerbating the difficulty
of treating this type of tumor.

Telomerase is an RNA-dependent DNA polymerase,
which can add TTAGGG repetitive sequences to telomeres
via de novo DNA synthesis, thus enabling cell proliferation
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and immortalization [7]. Telomerase is composed of two
main subunits: telomerase reverse transcriptase (TERT) and
an RNA component (TERC). TERT is the core catalytic sub-
unit of telomerase holoenzyme, and the gene expression level
is crucial to telomerase activity [8]. In normal somatic cells,
telomerase activity is difficult to detect, while most cancer
cells reactivate telomerase thus can proliferate unlimitedly
[9]. In GBM, researchers found frequent mutations in TERT
promoter, which are considered a mechanism of increasing
TERT expression [10, 11]. Therefore, TERT may be involved
in the progression and used for analyzing prognosis of glio-
blastoma. It is well studied that telomerase can lengthen telo-
meres to maintain the stability of chromatin structure.
However, emerging evidence shows the extratelomeric roles
of TERT, including mitochondria fitness regulation, antia-
poptosis, and response to DNA break repair [12-14].
Furthermore, by interacting with transcription factors or
chromatin modulating factor, such as MYC, NF-«B, and
BRGI, the gene expression of TERT can be regulated inde-
pendently of telomerase activity [15-17]. Hence, it is neces-
sary to explore new features of TERT.

Autophagy is an evolutionally conserved process of deg-
radation, by which double-membraned vesicles (autophago-
somes) deliver intracellular components that need to be
fused with lysosomes where the materials are resolved and
recycled into the cytosol [18]. Basal autophagy maintains
the stability of the intracellular environment via turnover of
dysfunctional proteins and organelles [19]. However, when
cells are under a stressful state (for example, nutrient depri-
vation), autophagy is strongly upregulated and provides a
survival mechanism by promoting the circulation of nutri-
ents, preventing the accumulation of misfolded proteins,
decreasing reactive oxygen species (ROS), maintaining the
function of organelles, and regulating intracellular signaling
pathways [20]. In recent years, there has been increasing evi-
dence in the role of oxygen free radicals in tumorigenesis and
the dual function of antioxidants in the prevention and treat-
ment of cancer [21, 22]. In comparison with healthy cells,
cancer cells exhibit increased levels of ROS. This alteration
of cellular redox homeostasis may have a series of effects on
cancer cells, influencing cell proliferation, invasion, metasta-
sis, and sensitivity to anticancer drugs. The altered oxidan-
t/antioxidant balance, resulting from increased production
of ROS, inactivation and decrease of the antioxidant
enzymes, can induce oxidative damage and lipid peroxida-
tion processes leading to cell death [22-24].

In the present study, we explore to demonstrate the reg-
ulation of ROS and autophagy by TERT and the subsequent
effects on GBM survival, aiming to provide a more molecular
basis for TERT-targeting therapies. We investigated the role
of TERT in regulating ROS and autophagy, and the results
showed that downregulation of hTERT can impair autoph-
agy levels by suppressing BECN1 and lead to an increase of
ROS, which resulted in cell death ultimately. On the contrary,
overexpression of BECNI1 or treating cells with the antioxi-
dant N-acetylcysteine (NAC) could restore the survival of
TERT knockdown cells. Our study will provide an additional
basis of telomerase-targeting therapy for future clinical anti-
cancer treatment.
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2. Materials and Methods

2.1. Databases for Bioinformatics. The expression levels of
hTERT in normal tissues and cancer tissues were searched
in GEPIA database (http://gepia.cancer-pku.cn/) and CGGA
database (http://www.cgga.org.cn/). The correlation of the
expression levels of hTERT and patients’ survival time in
glioblastoma samples and normal samples were searched by
TCGA database (http://portal.gdc.cancer.gov), and the statis-
tical significance was analyzed by the SPSS software. The
STRING database (http://string-db.org/) was used to query
the interacting proteins of the TERT and BECNI proteins.
The STRING database can be used to annotate the structure,
function, and evolutionary properties of proteins. It can also
explore and predict protein interaction networks, provide
new research directions for future experiments, and provide
efficient mapping of cross-species predictions.

2.2. Cell Culture. The human glioblastoma cell line U87 was
generously gifted by Professor Xudong Wu from Tianjin
Medical University, originated from ATCC. Cells were cul-
tured in Dulbecco’s Modified Eagle’s Medium (DMEM,; Bio-
logical Industries), supplemented with 10% fetal bovine
serum (FBS; Biological Industries) in a humidified chamber
with 5% CO, at 37°C. To establish stable TERT knockdown
cell line, lentiviruses carrying TERT-targeting shRNA (Gen-
ePharma) were transduced into U87 cells along with 5 yg/mL
polybrene (GenePharma), and cells were sorted by 1 yg/mL
puromycin (Thermo Fisher). Plasmid transfection was car-
ried out using Lipofectamine 3000 (Invitrogen), as recom-
mended by the manufacturer. We also used the ROS
scavenger, N-acetylcysteine (NAC; Beyotime Biotechnol-
ogy), at a concentration of 3mM.

2.3. Plasmid. The BECNI gene was amplified by PCR from
the cDNA of U87 cells. The PCR products were purified with
a Gel Extraction Kit (TTANGEN). Then, restriction endonu-
cleases were used to digest the purified products and pLVX-
IRES-puro vectors. After purification, they were ligated by
T4 DNA ligase (Takara). Finally, the plasmids were amplifi-
cated in DH5« E. coli cells and identified by sequencing.

2.4. Quantitative Real-Time PCR (qPCR). Total RNA was iso-
lated using the Total RNA extraction kit (TIANGEN)
according to the manufacturer’s instructions. 1 ug RNA was
used as a template to synthesize cDNA using the GoScript
Reverse Transcription System (Promega). All gPCRs were
carried out using the Roche LightCycler System with SYBR
green incorporation (Roche). The primers used in this study
are from primer bank (https://pga.mgh.harvard.edu/
primerbank/index.html) and are as follows: GAPDH, 5'
-GGAGCGAGATCCCTCCAAAAT-3" and 5'-GGCTGT
TGTCATACTTCTCATGG-3'; TERT, 5'-CCGATTGTG
AACATGGACTACG-3' and 5'-CACGCTGAACAGTGCC
TTC-3'. Each sample was assayed in triplicate. The relative
mRNA level was determined using the 274*“* method.

2.5. Western Blotting. Cells were lysed in RIPA lysis buffer
supplemented with phosphatase inhibitor cocktail and
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protease inhibitor cocktail (Roche). Protein content was
measured with the BCA Protein Assay (Thermo Fisher Sci-
entific). Equal amounts of protein extracts were separated
on the SDS-PAGE gel, followed by electrotransfer onto a
PVDF membrane (Millipore). The blots were subsequently
incubated for 2h in blocking buffer (5% nonfat milk in
TBST). The membranes were incubated in 4°C overnight
with monoclonal antibodies and followed by corresponding
secondary anti-rabbit or anti-mouse antibodies for 2h. The
antibodies used for Western blot were as follows: Beta-actin
(ProteinTech), TERT (ABclonal), mTOR (ABclonal), p-
mTOR (Ser2448, Cell Signaling Technology), BENCI1 (Santa
Cruz Biotechnology), p62 (Cell Signaling Technology), LC3
(Abcam), and secondary anti-rabbit or anti-mouse antibod-
ies (ProteinTech). The protein was detected with the ECL
Blotting Detection Reagents (Thermo Fisher Scientific).

2.6. Telomere Repeat Amplification Protocol (TRAP) for
Telomerase Activity. Telomerase activity of U87 cell was
assayed with telomeric repeat amplification protocol (TRAP)
performed as previously described. Briefly, after washing
with PBS, 10° cells were resuspended in 500 uL 1x CHAPS
lysis buffer, incubated on ice for 30 min, and then centrifuged
at 13,000 g at 4°C for 30 min. Then, 1 L was used for the
PCR reaction. PCR products were separated on 12% nonde-
naturing polyacrylamide gels and then stained with SYBR
Green I for 30 min, visualized by UVP imaging system. Fluo-
rescence density was quantified by Image].

2.7. Cell Proliferation Assay with CCK-8. Cells were counted
and seeded in 96-well plates. The Cell Counting Kit-8
(CCK-8) (Beyotime Institute of Biotechnology) was used to
determine the cell proliferation rate according to the manu-
facturer’s instructions. Briefly, after the cells grew for 0, 24,
48, and 72h, respectively, they were incubated in CCK-8
reagent at 37°C for 2 h. Then, absorbance at 450 nm was mea-
sured using a microplate reader.

2.8. Measurement of Cellular ROS. The intracellular ROS
level was determined using DCFH-DA Reagent (Beyotime
Institute of Biotechnology) following the manufacturer’s
instructions. Briefly, cells were incubated with DCFH-DA
at 37°C for 20 min. Then, cells were washed with serum-
free medium for 3 times. The fluorescence intensity of
DCFH-DA was detected using a fluorescence microscope
quantified by Image] or analyzed by flow cytometer.

2.9. Cell Viability Assessment. Cell viability measurements
were conducted using CCK8 (Beyotime Institute of Biotech-
nology) adccording to the manufacturer’s instructions.
Briefly, the prepared cells grown in 96-well plates were
treated with 10 uL of CCK-8 reagent after standard culture
for 24 h. Next, cells were incubated at 37°C for 2 h. Finally,
the absorbance at the wavelength of 450 nm was measured
by a microplate reader.

2.10. Statistical Analysis. Data were analyzed by one-way
ANOVA with Fisher’s LSD test as indicated and shown as
mean + SEM from at least three independent experiments
unless otherwise indicated. Data analysis was carried out

using GraphPad Prism5.0 (GraphPad Software). P values of
< 0.05 were considered statistically significant.

3. Results

3.1. TERT Is Overexpressed in GBM and Affects the Survival
Rate of GBM Patients. By searching the GEPIA database,
we found that hTERT mRNA levels were higher in low-
grade gliomas (mainly including Grades II and III glioma)
and glioblastoma (Grade IV glioma) than their correspond-
ing normal tissues. And the difference between the tumor
samples of GBM and the relative normal samples was statis-
tically significant (Figure 1(a)). The expression levels of
hTERT mRNA also increased from low malignancy to high
malignancy in samples from Chinese GBM patients. Besides,
the difference between samples of Grade II and Grade IV was
statistically significant (Figure 1(b)). To further identify the
importance of TERT in GBM, we also analyzed the relation-
ship between TERT expression and survival time of GBM
patients using datasets from TCGA. The results showed that
GBM patients with lower expression levels lived longer than
those with higher levels of TERT (Figure 1(c)). These results
indicated that elevated expression of TERT may play a tumor
promoting role during GBM progression.

3.2. Downregulation of TERT Impairs Cell Survival and
Proliferation. To seek for the effects of TERT expression on
cell proliferation of GBM, we transfected U87 cell lines with
lentiviruses carrying TERT-targeting small hairpin RNA
and constructed a stable cell line in which TERT expression
was downregulated. After 48 h of transfection, we measured
the silencing efficacy of TERT by qPCR and western blotting.
The molecular weight of TERT protein detected was 127 kDa.
The results showed that compared to control cells, the level of
TERT expression was decreased by about 50% in TERT
knockdown cells (Figure 1(d) and Figure 1(e)). The telome-
rase activity of TERT knockdown cells was significantly
decreased assayed by TRAP (Figures 1(f) and Figure 1(g)).
Besides, by cell clone formation experiment and cell prolifer-
ation detection, we found that TERT downregulation signif-
icantly suppressed cell survival rate (Figures 1(h) and 1(i)),
indicating that TERT plays an important role in the growth
and proliferation of GBM cells.

3.3. Autophagy and ROS Participate in the Regulation of GBM
Growth and Proliferation by hTERT. Autophagy is an essen-
tial mechanism for cell homeostasis. When cells are subjected
to various stress states, autophagy will be upregulated to pro-
mote cellular and mammalian survival. To explore the effects
of TERT knockdown on autophagy in GBM, we detected the
expression levels of some major molecular markers of
autophagy, mTOR, p-mTOR, BECN1, p62, and LC3B by
western blotting. As shown in Figure 2(a), TERT knockdown
was found to decrease the expression of BECNI, the
conversion of LC3B from LC3B-I to LC3B-II, and increase
the expression of p62, indicating that TERT deficiency sup-
presses the process of autophagy in U87 cells. Interestingly,
the expression level of p-mTOR did not significantly increase
after TERT knockdown. Comparatively, the change of
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#p < 0.05 were considered statistically significant.

BECNT1 expression level was more significant than that of p-
mTOR. Therefore, we speculated that BECN1 mediated the
suppression of autophagy by TERT knockdown.

ROS are usually small and short-lived molecules, whose
increase may lead to oxidative stress [22]. In comparison
with healthy cells, cancer cells exhibit increased levels of
ROS. This alteration of cellular redox homeostasis may have
a series of effects on cancer cells, influencing cell prolifera-
tion, invasion, metastasis, and sensitivity to anticancer drugs.
It is commonly accepted that increased level of ROS induces
autophagy, which serves to decrease oxidative damage [25].
Here, we wonder that if intracellular ROS levels will accord-
ingly rise after the inhibition of autophagy by TERT knock-
down. Therefore, we detected cellular ROS levels using
DCFH-DA probes and analyzed the results using fluores-
cence microscope followed by quantification with Image]
(Figures 2(b) and 2(c)) or flow cytometer (Figure 2(d)). The
results showed that the intracellular ROS level increased sig-
nificantly after TERT knockdown. The results also suggested
that increased level of ROS may be a factor mediating cell
growth inhibition by TERT deficiency. To confirm this
notion, we treated TERT-deficient cells with the antioxidant
NAC and used PBS as a control, and then the viability of
the cells was detected. As expected, the cell viability was
significantly restored after ROS removal, indicating that
ROS was involved in the regulation of hTERT on cell viability
(Figure 2(e)).

3.4. BECNI1 Mediates the Effects of TERT on Autophagy, ROS
Level, and Cell Survival in GBM. BECN1 (Beclin-1) is a core
mammalian autophagy protein necessary for the stage of
vesicle nucleation. It binds to PI3K (phosphatidylinositol 3-
kinase) to form a complex, which can recruit LC3 and initiate
autophagy flux [26, 27]. To further investigate the mecha-
nisms of TERT in regulating autophagy, we overexpressed

BECNI1 in TERT-deficient cells. As shown in Figure 3(a),
autophagy could be restored by BECN1 overexpression.
Accordingly, ROS level was also reduced after the recovery
of autophagy (Figure 3(b)). These results indicated that
BECN1 mediated the suppression of autophagy by TERT
deficiency. To verify the effect of autophagy on the growth
and proliferation of TERT-deficient cells, the viability of cells
was detected. The result showed that the cell viability signif-
icantly decreased after stable knockdown of TERT protein.
On this basis, the overexpression of the autophagy-related
gene BECNI restored cell viability, indicating that BECN1-
dependent autophagy was involved in the regulation of
hTERT on cell growth and survival (Figure 3(c)). In order
to further study the interaction relationship between TERT
and BECN1 proteins, the STRING database was used to ana-
lyze their interaction protein network. There were eleven
important proteins, ATG14, BCL2L1, BID, CREBBP, CASPS,
NCOA3, PI3KC3, PI3KR4, RELA, TP53, and UVRAG that
may play roles and were involved in the protein network of
TERT and BECN1 (Figure 3(d) and Table 1).

4. Discussion

GBM has been considered the most common brain tumor
with high recurrence and lethality [28]. The current option
of medical therapy is relied on surgical resection followed
by temozolomide treatment and/or radiotherapy [29, 30].
GBM patients usually have a poor quality of life and terrible
prognosis after diagnosis. Thus, it is urgently needed to
develop effective therapies. TERT has long been regarded as
an important marker of cancer and a target of cancer treat-
ment, but it has not been applied to clinical treatment. Previ-
ous studies showed that the vast majority of glioblastomas
contain mutations in TERT promoter [31, 32]. In addition,
the mutations of TERT promoter enhance its activity and
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FIGURE 2: Autophagy and ROS participate in the regulation of GBM growth and proliferation by hTERT. (a) Western blotting images of
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cells and control cells analyzed by flow cytometer. (e) Cell viability of TERT knockdown cells treated with antioxidant NAC and PBS as a
control. **p < 0.01 and p < 0.05 were considered statistically significant.

serve as a mechanism for its regulation [10]. In this regard,
we explored the expression levels of TERT mRNA in GBM
samples by bioinformatic methods. Consistent with previous
studies TERT expression is upregulated in a variety of tumor
cells and its reactivation is a key step in the development of
cancer [33-35]. Our results showed that the expression levels
of TERT mRNA were higher in glioblastoma samples than
that in healthy controls. Besides, the results of survival anal-
ysis showed that patients with high TERT expression lived
shorter than those with low TERT expression. Biological
experiments manifested that downregulation of TERT
suppressed the growth and proliferation of U87 cells. These
results indicated that TERT may promote the progression
of GBM. It is well known that TERT is able to stabilize chro-
matin ends by lengthening telomeres. Moreover, TERT has
other roles in mitochondria fitness regulation, antiapoptosis,
and response to DNA break repair. Here, we discussed the
relationship between TERT and autophagy. Our results
showed that TERT deficiency impaired the process of
autophagy mediated by BECN1 and led to a subsequently
increased level of ROS. In addition, Overexpression of
BECNI or treating cells with antioxidant NAC decreased
the levels of ROS and rescued the worse survival rate caused
by TERT deficiency.

Autophagy is a cellular degradation process that main-
tains the balance of the intracellular environment, regulates
cellular signals, and promotes cell survival. Promoting the
survival of tumor cells under stress is widely recognized as
an essential role of autophagy and makes it an attractive ther-
apeutic target for cancer [18, 36]. Our results showed that
TERT deficiency significantly inhibited the occurrence of
autophagy and was depended on BECN1. The initiation step
of autophagy is regulated by Class I and Class III PI3K. Class
I PI3K can inhibit autophagy indirectly via mTOR, whereas
Class ITI PI3K directly enhances autophagy through interac-
tion with BECN1. Accordingly, the two pathways of mTOR
and BECN1 may work together in autophagy [37, 38]. Our
present study showed that TERT knockdown significantly
decreased the expression of BECNI, the conversion of
LC3B from LC3B-I to LC3B-II, and increase the expression
of p62, indicating that TERT deficiency suppresses the pro-
cess of autophagy in U87 cells. Ali et al. reported that TERT
inhibits the kinase activity of mTOR complex 1 (mTORC1)
in multiple cell lines, resulting in the activation of autophagy
under both basal and amino acid-deprived conditions [39],
whereas, in our present study, the expression level of p-
mTOR did not significantly increase after TERT knockdown
in U87 glioma cells. The change of BECN1 expression level



Oxidative Medicine and Cellular Longevity

shTERT
shTERT+Vec

' shSCR

shTERT+BECN1

. ' BECN1

---

()

p62

LC3-1
LC3-1I

Relative DCFH-DA-flurescence

intensity

150 ~
— ok
§ r 1
=1 3k k3
g | — | —
3
> 100
S]
X ns
i
§ 50
>
o)
Q
0 - T
[~ H 8 =
O [ 2 Z
%2} 35 D Q
G = > &
Z +
= +
4 =
m a9
= =
] =
v

(c)

3k

kK k3

shSCR

SshTERT -

shTERT+BECN1
shTERT+PBS
SshTERT+NAC A

[
8
3
>
£
o~
=
<
Z]

Ficure 3: BECNI mediates the effects of TERT on autophagy, ROS levels, and cell survival in GBM. (a) Western blotting images of
autophagy-related proteins after overexpression of BECN1 in TERT knockdown cells. (b) Graphical representation of ROS levels in TERT
knockdown cells overexpressed by BECN1 and treated with the antioxidant NAC. (c) Cell viability of TERT knockdown cells and control
cells after overexpression of BECNI. ##p <0.01 and p <0.05 were considered statistically significant. (d) Proteins in TERT-BECNI1
interaction network searched by the STRING database.

TaBLE 1: List of proteins in TERT-BECNI1 interaction network.

Abbreviation of proteins

UniProtKB accession

Full names of proteins

ATG14
BCL2L1
BID
CASP8
CREBBP
NCOA3
PIK3C3
PIK3R4
RELA
TP53
UVRAG

Q6ZNE5
Q07817
P55957
Q14790
Q92793
Q9Y6Q9
QSNEBY
Q99570
Q04206
P04637
Q9P2Y5

Autophagy-related 14
Apoptosis regulator BCL-x
BH3-interacting domain death agonist
Caspase 8, apoptosis-related cysteine peptidase
CREB-binding protein
Nuclear receptor coactivator 3
Phosphatidylinositol 3-kinase catalytic subunit type 3
Phosphoinositide-3-kinase regulatory subunit 4
RELA protooncogene, NF-«B subunit
Tumor protein P53

UV radiation resistance-associated gene protein




was more significant than that of p-mTOR. Therefore, we
speculated that BECN1 mediated the suppression of autoph-
agy by TERT knockdown in GBM.

However, the mechanism of TERT regulating the expres-
sion of BECN1 needs further studies. A strong hypothesis is
that hTERT indirectly regulates gene expression by acting
as a transcriptional cofactor or via a posttranscriptional
mechanism [40]. One mechanism comes from the interac-
tion between TERT and a subunit of nuclear factor kappa B
(NF-xB), suggesting that TERT responds to the regulation
of NF-«B target genes, such as cytokines involved in cancer
progression [17]. Moreover, another study found conserved
binding sites of NF-«B on the promoter of BECNI gene in
mice and humans. The authors also showed that NF-«xB fam-
ily member p65/RELA could upregulate the expression of
BECNI1 and promote the initiation of autophagy [41]. There-
fore, it is highly possible that TERT regulates the expression
of BECN1 by interacting with NF-«xB. Besides, a study
showed that TERT contains a BH3-like motif, a short peptide
sequence found in BCL-2 family proteins. TERT interacted
with  MCL-1 and BCL-xL, antiapoptotic BCL-2 family
proteins, suggesting a functional link between TERT and
apoptosis pathway [42]. There are other studies reported that
the antiapoptotic proteins BCL-2 and BCL-xL inhibited
autophagy through their binding to the BH3-only protein
BECNI1 [43, 44]. Thus, BCL-2 family proteins might link
TERT to BECNI1 and was involved in the autophagic pro-
cesses. In order to further study the interaction relationship
between TERT and BECNI protein, the STRING database
was used to analyze their interaction protein network. We
found that eleven proteins, ATG14, BCL2L1, BID, CREBBP,
CASP8, NCOA3, PI3KC3, PI3KR4, RELA, TP53, and
UVRAG, were involved in the protein network of TERT
and BECNI1. Our present results may provide a new idea
for the mechanism of regulation of BECN1 by TERT.

Previous studies reported that TERT could function in
response to oxidative stress and alleviate intracellular ROS
levels [12, 45, 46], but the mechanisms are not well under-
stood. It is suggested that an increase of cellular ROS can acti-
vate the process of autophagy, which will facilitate the
removal of excessive ROS. On the contrary, when autophagy
is impaired under certain conditions, ROS levels will be dis-
turbed, which can affect the growth and proliferation of cells
[47-49]. In the present study, we found that increased
autophagy by BECN1 overexpression could lower the ele-
vated ROS level in TERT knockdown cells. Based on these
results, we speculated that BECNI1-dependent autophagy
may be a bridge builder mediating the regulation of ROS by
TERT.

5. Conclusions

In summary, the present study provides insight into the roles
of TERT on regulating ROS and autophagy during GBM pro-
gression. Our results demonstrate an interaction between
TERT and autophagy mediated by BECN1. TERT deficiency
impairs the process of BECN1-dependent autophagy, ele-
vates the intracellular ROS level, and thus regulates cell
survival and proliferation in GBM cells.
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Aim. The main objective of this article was to evaluate the association of voltage-dependent anion channel 1 (VDAC1) with
Cytochrome C (Cytc) expression, various clinicopathological features, and prognosis in breast cancer (BC) patients. Meanwhile,
the correlation of Cytc expression with various clinical features and 5-year disease-free survival (5-DFS) of BC was also
investigated. Methods. In vivo, expression of VDACI and Cytc was examined in 219 BC tissues and 100 benign breast lesions by
immunohistochemical (IHC) analysis. In vitro, MTT and wound healing migration assay were performed to detect the effect of
VDACI on BC cells. Results. Expression of VDACI is conversely associated with Cytc in BC (P =0.011), especially in triple-
negative breast cancer (TNBC) (P = 0.004). Knockdown of VDACI inhibited proliferation (P < 0.001) and migration (P < 0.05)
of MCF-7 cells. High expression of VDAC1 and low expression of Cytc had a significant association with multiple
clinicopathological parameters (P < 0.05) and poor 5-DFS (P < 0.001) in BC. Conclusion. VDAC1 was elevated in BC tissues and

conversely associated with Cytc. Detection of VDACI may provide guidance for the poor prognosis of BC, especially TNBC.

1. Introduction

Breast cancer (BC) is by far the most common female malig-
nant tumor in the world, with a high mortality rate, and is the
leading cause of cancer-related death in women [1]. In China,
367900 new cases of BC were diagnosed in 2018, which
accounts for 19.2% of all newly diagnosed female cancers
[2]. In recent years, although breast conserving surgery, tar-
geted therapy, endocrine therapy, and immunotherapy have
made progress in breast cancer treatment, the incidence rate
of the disease has increased [3]. And only limited success has
been achieved in cases of advanced cancer [4]. The burden of
this disease is heavy, and it remains a serious health threat for
women relative to the large Chinese population [5]. There-
fore, it is extremely important to find new prognostic

markers and early diagnosis of BC, so that patients can
receive better treatments.

Cancer cells have a series of common characteristics,
including high proliferation and antiapoptosis [6, 7]. The for-
mation of cancer is related to cell metabolic reprogramming,
such as enhanced aerobic glycolysis (Warburg effect) [8, 9].
And the “Warburg effect” is postulated to be closely associ-
ated with the closure of voltage-dependent anion channel
(VDAC) [10, 11]. VDAC has been identified as a 31kDa
pore-forming protein, which is present in the mitochondrial
outermembrane (OMM) of all eukaryotes [12]. Three
homologous genes encode three VDAC isoforms: VDACI,
VDAC2, and VDAC3 [13]. Among them, VDACI is the
most abundantly expressed and best characterized one,
which forms a channel for the entry and exit of
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TaBLE 1: Patient characteristics (N =219).

Characteristic N (%)
Age (years)

<50 135 (61.64%)

>50 84 (38.36%)
Menopause

Before 125 (57.08%)

After 94 (42.92%)
TNM stage

/11 153 (69.86%)

III 66 (30.14%)
Histological grade

G1/G2 165 (75.34%)

G3 54 (24.66%)
Lymph node metastasis

No 95 (43.38%)

Yes 124 (56.62%)
ER status

Negative 122 (55.71%)

Positive 97 (44.29%)
PR status

Negative 124 (56.62%)

Positive 95 (43.38%)
HER?2 gene

Nonamplification 173 (79%)

Amplification 46 (21%)
Recurrence

No 136 (62.1%)

Yes 83 (37.9%)

mitochondrial metabolites including ATP and NADH across
the OMM, thereby regulating the activity of mitochondria
[14]. VDACI plays a key role in the regulation of apoptosis
by both interaction with proapoptotic (Bcl2 and Bcl-xL) pro-
teins and antiapoptotic proteins (Bax, Bak, and Bim) [15, 16].
It has been proved that VDACI is involved in several dis-
eases, such as neurodegenerative, cardiac injury, and neo-
plastic [17]. Several studies have demonstrated that VDACI
is remarkable expressed in malignant tumors such as uterine
cervical cancer [18], hepatocellular carcinoma [19], and cho-
langiocellular carcinoma [20], indicating that it plays a signif-
icant role in high energy-demanding cancer cells.
Furthermore, VDACI has also been reported to promote
tumor growth and play a controversial role in the prognosis
of different cancers [21]. A number of anticancer agents have
taken VDACI as a novel pharmacological target [12]. How-
ever, the correlation of VDACI expression with tumorigene-
sis and progression of solid tumor of BC and the role of
VDACI acts in the prognosis of BC patients has not been
well-documented.

Cytochrome C (Cytc) has been proposed to be a proa-
poptotic factor which is located in the inner membrane of
mitochondria and plays an irreplaceable role in mitochon-

Oxidative Medicine and Cellular Longevity

drial electron transport and intrinsic type II apoptosis [22,
23]. Cytc release forms an essential step in the apoptotic cas-
cade, upon binding with apoptosis protease-activating factor
1 (Apaf-1), dATP, and procaspase-9 [24, 25]. A number of
studies have shown that Cytc can induce apoptosis of cancer
cells [26, 27]. Jamsheed et al. [28] demonstrated that in non-
small-cell lung cancer patients, Cytc level was lower than
healthy individuals, and the lower expression of Cytc were
associated with advanced stages, high grade histological dif-
ferentiation, and shorter overall survival. Rahul et al. [29]
explored that in prostate cancer, the deficiency of Cytc con-
tributed to tumor invasiveness and therapeutic resistance
and led to faster recurrence. It has been widely reported that
VDACI is involved in the release of Cytc, which is able to sig-
nal Cytc to initiate the mitochondrial-mediated cell death
cascade [30]. In contrast, VDACI has also been reported to
interact with antiapoptotic proteins such as Bcl-2 and hexo-
kinase (HK) to control the release of Cytc [15]. In several
melanoma and prostate cancer cell lines, the expression level
of VDACI is related to the induction of Cytc release, which
provides more possibilities for the pharmacological treat-
ment of tumors [31]. However, the association of VDACI1
expression with Cytc in BC is still elusive and rarely
addressed, thereby indicating further investigation is needed.

The main objectives of this article were as follows: (i)
evaluate the association of VDACI expression with Cytc in
BG; (ii) investigate the correlation of various clinical features
and 5-year disease-free survival (5-DEFS) of BC with VDACI1
and Cytc, respectively, and (iii) explore the effects of VDACI1
on cell proliferation and migration in BC cell line.

2. Material and Methods

2.1. Patient Tissue Samples. A total of 219 formalin-fixed,
paraffin-embedded primary invasive breast cancer tissue
samples were collected from the patients diagnosed with
BC through histopathologic evaluation on surgical tissue
specimens. 100 cases of benign breast lesions were collected
as controls. All the patients underwent surgical treatment at
Renmin Hospital of Wuhan University between August
2009 and December 2010. There were no any previous che-
motherapies, radiotherapies, or other treatments before sur-
gery in these patients. The patients’ written informed
consent was obtained before the operation, and the study
was approved by the Ethics Committee of Renmin Hosptial
of Wuhan University. Patients were all followed up for 5
years. The follow-up data was calculated as the period from
the date of surgery to the end of follow-up or death. We
followed up all the patients by telephone interviews or outpa-
tient clinic visits.

2.2. Cell Culture. The breast cancer cell line MCF-7 was pur-
chased from the Cell Bank of Chinese Academy of Sciences
(Shanghai, China). These cells were incubated in Dulbecco’s
modified Eagle’s medium (DMEM, Invitrogen, Carlsbad,
CA, USA) supplemented with 10% fetal bovine serum (FBS,
Invitrogen), routinely maintained at 37°C and in an atmo-
sphere of 5% CO2.
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FiGurg 1: Immunohistochemical staining of VDACI in breast cancer (BC) lesions and benign breast lesions: (a) high expression of VDACI1
protein in BGC; (b) low expression of VDACI protein in BC; (c) high expression of VDACI protein in benign breast lesions; (d) low expression

of VDACI protein in benign breast lesions. Scale bar, 50?m.

TaBLE 2: The expression of VDACI and Cytc protein in breast cancer and benign breast lesions.

VDACI P value Cyte P value
High expression Low expression High expression Low expression
Breast cancer tissue (n = 219) 162 (73.97%) 57 (26.03%) 65 (29.68%) 154 (70.32%)
0.001 0.004

Benign breast lesions (n = 100) 55 (55%)

45 (45%)

47 (47%) 53 (53%)

2.3. Immunohistochemistry (IHC). A tissue array was used
which included two tumor samples from each patient. The
paraffin-embedded tissues were cut into 4 ym thick sections,
then deparaffinized and dehydrated following standard pro-
cedures. Subsequently, paraffin sections were rinsed with
PBS (3 x 5 min) and then blocked with 3% hydrogen perox-
ide at 37°C for endogenous peroxidase ablation for 10 min.
Antigen retrieval was conducted by microwave heating with
citrate buffer (pH6.0) for 20 min. Then, the samples were
exposed to normal goat serum at 37°C for 20 min to decrease
nonspecific antibody binding. The tissue sections were incu-
bated overnight at 4°C with the primary antibody (anti-
VDACI, 1:1000, ab15895, Abcam, UK; anti-Cytc, 1:50, sc-
13561, Santa Cruz Biotechnology, Inc., Santa Cruz, CA,
USA). After rinsing in PBS, the tissue sections were incu-
bated with horseradish peroxidase-labeled anti-rabbit anti-
bodies at 37°C for 20 min. Then, the tissue sections were
rinsed with PBS for 4 times and then dripped with freshly
prepared 3,3-diaminobenzidine (DAB). Microscopically, the
staining was terminated when the tissue sections were
brown-yellow or brown. Subsequently, all the tissue sections
were restained with hematoxylin for about 1 min. Finally, the

slices were dehydrated with ethanol and toluene and then
sealed with neutral gum. PBS was used to replace the primary
antibody as negative control.

2.4. Evaluation of Immunohistochemical Staining. The slides
were viewed via Olympus BX53 (Tokyo, Japan) microscope.
IHC staining was evaluated independently by two patholo-
gists under the double-blind condition. VDAC1 was mainly
expressed in membrane of tumor cells. VDAC1 immunohis-
tochemical staining in tumor cells was evaluated semiquanti-
tatively as follows: (1) staining intensity: 0 (no staining), 1
(weak staining), 2 (moderate staining), and 3 (strong stain-
ing); (2) the extent of staining: 0 (0%), 1 (1-20%), 2 (21-
50%), and 3 (>50%). Five most representative fields of high
magnification (400x) were selected to calculate the final
score. The final immunohistochemical score was multiplied
by staining intensity and extent, theoretically from 0 to 9.
Scores less than or equal to 3 were defined as low expression,
and scores greater than or equal to 4 were described as high
expression. Cytc protein was predominantly located in mem-
brane and cytoplasm of tumor cells. The staining intensity
was classified as four grades as follows: 0 (no staining), 1
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F1GURE 2: Immunohistochemical staining of Cytc in BC lesions and benign breast lesions: (a) high expression of Cytc protein in BC; (b) low
expression of Cytc protein in BC; (c) high expression of Cytc protein in benign breast lesions; (d) low expression of Cytc protein in benign

breast lesions. Scale bar, 50?m.

TaBLE 3: Correlation analysis of the expression of VDACI with Cytc in benign breast lesions.

High-VDACI expression (n = 55) Low-VDACI expression (1 = 45) P value
Cytc expression
High (n = 47) 28 (59.57%) 19 (40.43%) oS
Low (n=53) 27 (50.94%) 26(49.06%)

(light yellow), 2 (brown-yellow), and 3 (dark brown). The
percentage of positive cells was classified as five grades as fol-
lows: 0 (0%), 1 (<30%), 2 (31-50%), 3 (51-80%), and
4(>80%). Five most representative fields of high magnifica-
tion (400x) were selected to calculate the final score. The final
immunohistochemical score was the product of staining
intensity and extent, theoretically from 0 to 12. Scores less
than 4 were defined as low expression, and scores greater
than or equal to 4 were described as high expression.

2.5. Transfection. Small interfering RNA (siRNA) duplexes
targeting human VDACI (si-VDAC1-1: GTCTAGGACTG-
GAATTTCA, si-VDACI-2: GGAGACCGCTGTCAATCTT,
and si-VDACI1-3: GCTGCGACATGGATTTCGA) were
designed and synthesized by Guangzhou Ruibo Biotechnol-
ogy Co., Ltd (Guangzhou, China). SiRNA duplexes with non-
specific sequences were used as siRNA negative control. The
transfections were carried out using Lipofectamine-RNAi
MAX (Invitrogen) following the manufacturer’s protocol.
The siRNA-targeted human VDACI is designed from the
messenger RNA (mRNA) sequences of human VDACI gene

(RefSeq: NM_003374). The effect of silencing was verified at
the protein level.

2.6. Western Blot Analysis. Cultured cells were collected and
lysed to harvest protein. Denatured protein samples were
electrophoretically separated on 10% SDS-polyacrylamide
gel (PAGE), and then, the proteins were transferred to poly-
vinylidenefluoride (PVDF) membranes. After transfer, the
membranes were incubated with a blocking buffer consisting
of 50mm Tris-HCI (pH7.5), 100 mm NaCl, 5% nonfat dry
milk, and 0.05% Tween 20 for 2 h. Next, the membranes were
incubated with primary antibodies against VDAC1 (Abcam
Ab15895, 1:1000) and Cytc (Santa Cruz sc-13561, 1:100)
at 4°C overnight. After being washed for three times, the
membranes were further incubated with horseradish
peroxidase-conjugated sheep antihuman (Amersham Biosci-
ences, Piscataway, NJ) IgG antibodies at a dilution of 1:5000
for 2h at room temperature. Protein was visualized using an
enhanced chemiluminescence system (ECL) reagent (Key-
GEN BioTECH, China). The volumes of target bands were
normalized to GAPDH. Then, the membranes were detected
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TaBLE 4: Correlation analysis of the expression of VDACI1 with Cytc in breast cancer patients.
High-VDACI expression (1 =162) Low-VDACI expression (n =57) r value P value
Cytc expression
High (1 =65) 40 (61.54%) 25 (38.46%)
-0.184 0.011
Low (1 = 154) 122 (79. 22%) 32 (20.78%)

(c)

(d)

F1GURE 3: Immunohistochemical staining for VDACI and Cytc in breast cancer tissues: high expression of VDACI protein (a) with low Cytc
expression (b); low expression of VDACI protein (c) with high Cytc expression (d). Scale bar, 50?m.

by automatic chemiluminescence analyzer, and the gray
value of related bands was analyzed by Image J software (Bro-
ken Symmetry Software). Each experiment was repeated at
least three times.

2.7. MTT Assay. Cell proliferation viability of MCF-7 cells
was measured using the MTT assay. In brief, cells were
seeded after transfection with siRNA for the indicated time
in triplicate in 96-well plates at densities of 3 x 10° cells/well
. The cells were incubated under standard conditions for 48
hours. Then, cells were treated by MTT dye (5mg/ml 10 ul
per well) for 4 h. The absorbance values were measured using
a microplate reader at a wavelength of 490 nm. The growth
assays were repeated three times and reported as percentage
changes compared to the controls.

2.8. Wound Healing Migration Assay. A total of 1 x 106 cells
were plated into a 6-well plate, and complete convergence
was allowed. Wounds were created by scraping confluent cell
monolayers with 200 ul pipette tips. The cells were washed
with PBS twice, after which cells were cultured in 10% FBS
DMEM. Three digital images were taken at 0 and 48h after

wounding under a microscope (Olympus, Japan). The assays
were accomplished in triplicate and repeated three times. The
change of wound width was measured, and wound area filled
was calculated by Image ] software (Broken Symmetry
Software).

2.9. Statistical Analysis. SPSS software version 17.0 was used
to carry out all the statistical analyses. Chi-square test and
Student’s ¢ test were used to analyze the association between
categorical variables. Spearman’s rank correlation analysis
performed to evaluate correlations between variables. The
survival curves were disposed by using the Kaplan-Meier
method and log-rank test. We performed univariate and
multivariate survival analysis through Cox proportional haz-
ard regression model to assess the independent prognostic
factors in BC patients. Hazard ratios (HRs) and their 95%
confidence intervals (CIs) were calculated for both univariate
and multivariate analyses. Two-tailed P values of <0.05 were
considered statistically significant. Graph-Pad Prism 8.0.1
(GraphPad, San Diego, CA) software was used to present
graphs.
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TaBLE 5: Correlation between the expression of VDACI, Cytc, and clinicopathologic parameters.
" High (n= 16\2])DAC1LOW (n=57) P value High (n=65) e Low (n=154) P value

Age 0.636 0.763
<50 135 98 (72.59%) 37 (27.41%) 39 (28.89%) 96 (71.11%)
>50 84 64 (76.19%) 20 (23.81%) 26 (30.95%) 58 (69.05%)

Menopause 0.878 0.455
Before 125 93 (74.4%) 32 (25.6%) 40 (32%) 85 (68%)

After 94 69 (73.4%) 25 (26.6%) 25 (26.6%) 69 (73.4%)

Recurrence 0.000 0.004
No 136 85 (62.5%) 51 (37.5%) 50 (36.76%) 86 (63.24%)

Yes 83 77 (92.77%) 6 (7.23%) 15 (18.07%) 68 (81.93%)

TNM stage 0.007 0.895
1 153 105 (68.63%) 48 (31.37%) 45 (29.41%) 108 (70.59%)

I 66 57 (86.36%) 9 (13.64%) 20 (30.3%) 46 (69.7%)

Lymph node metastasis 0.030 0.953
No 95 63 (66.32%) 32 (33.68%) 28 (29.47%) 67 (70.53%)

Yes 124 99 (79.84%) 25 (20.16%) 37 (29.84%) 87 (70.16%)

Histological grade 0.033 0.041
G1/G2 165 116 (70.3%) 49 (29.7%) 55 (33.33%) 110 (66.67%)

G3 54 46 (85.19%) 8 (14.81%) 10 (18.52%) 44 (81.48%)

HER?2 gene 0.008 0.591
Nonamplification 173 121 (69.94%) 52 (30.06%) 53 (30.64%) 120 (69.36%)
Amplification 46 41 (89.13%) 5 (10.87%) 12 (26.09%) 34 (73.91%)

ER status 0.440 0.037
Negative 122 93 (76.23%) 29 (23.77%) 29 (23.77%) 93 (76.23%)

Positive 97 69 (71.13%) 28 (28.87%) 36 (37.11%) 61 (62.89%)

PR status 0.535 0.025

Negative 124 94 (75.81%) 30 (24.19%) 29 (23.39%) 95 (76.61%)
Positive 95 68 (71.58%) 27 (28.42%) 36 (37.89%) 59 (62.11%)
3. Results and 57 (26.03%) showed low expression. In benign breast

3.1. The Characteristics of Patients. The patients were com-
posed of 219 females with a median age of 50 (age range,
29-78) years. Among the 219 cases, 165 (75.34%) were clas-
sified into G1 and G2 stages, 54 (24.66%) were defined with
G3 on the basis of histological differentiation. 153 (69.86%)
patients were classified as stages I and II, and 66 (30.14%)
as III on the basis of tumor node metastasis (TNM) stage.
Other basic clinicopathological characteristics, including
age, menopausal status, lymph node metastasis (LNM),
estrogen receptor (ER), progesterone receptor (PR), human
epidermal growth factor receptor 2 (HER2), and recurrence,
were presented in Table 1.

3.2. Expression of VDACI Is Significantly Higher in BC
Tissues than in Benign Breast Lesions. To examine the expres-
sion level of VDACI protein, we performed IHC on 219 cases
of BC tissues and 100 cases of the benign breast lesions. As
shown in Figure 1, VDACI protein was mainly expressed
in the membrane of breast cancer cells. Table 2 showed the
result of IHC staining of VDACI protein. Of 219 BC samples,
162 (73.97%) showed high expression of VDACI protein,

lesions, 55 (55%) showed high expression of VDACI protein,
and 45 (45%) showed low expression. The expression of
VDACI was significantly higher in BC tissues (y* = 11.361,
P =0.001) as determined by chi-square test.

3.3. Expression of Cytc Is Lower in BC Tissues than in Benign
Breast Lesions. We examined the expression of Cytc by IHC
in 219 cases of BC tissue and 100 cases of the benign breast
lesions. As shown in Figure 2, Cytc protein was mainly
expressed in the membrane and cytoplasm of BC tumor cells.
The result of IHC staining of Cytc protein was summarized
in Table 2, which showed that the rate of high Cytc expres-
sion was 29.68% (65/219) and the rate of low Cytc expression
was 70.32% (154/219) in all BC samples. While in benign
breast lesions, the rate of high Cytc expression was 47%
(47/100), and the rate of low Cytc expression was 53%
(53/100). Thus, the expression of Cytc was significantly lower
in BC tissues than benign breast lesions (x*=9.039, P=
0.004).

3.4. VDACI Protein Expression Correlates with Cytc Protein
Expression and Clinicopathological Parameters in BC
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FIGURE 4: (a) VDACI expression was examined by Western blot in MCF-7 cells transfected with three different siRNAs targeting VDACI (si-
VDACI-1, siVDACI-2, and si-VDACI1-3). (b) VDACI and Cytc expressions were examined by Western blot in MCE-7 cells transfected with
si-VDACI-1. After standardization with GADPH, the ratio of VDACI/Cytc was calculated. (c) Proliferation of MCF-7 cells was
demonstrated by MTT assay after knockdown of VDACI. Each value represents the mean + SD; *P < 0.05, **P < 0.01, ***P < 0.001.
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FIGURE 5: (a, b) Effects of VDACI knockdown on MCE-7 cells migration were assessed using a wound healing migration assay after 0 h and
48 h. Each value represents the mean + SD; *P < 0.05, **P < 0.01, ***P < 0.001.

Tissues, but Not in Benign Breast Lesions. In the benign breast
lesions, there was no significant association between VDACI
expression and Cytc protein expression (x> = 0.75, P = 0.425;
Table 3). Conversely, as shown in Table 4, high expression of
VDACI protein was inversely associated with Cytc protein
expression in BC tissues ()(2 =7.423, r=-0.184, P=0.011),
which was also shown in Figure 3. Furthermore, as shown
in Table 5, high expression of VDACI protein was detected
in 73.97% (162/219) of BC tissues, which was significantly

associated with advanced TNM stage (y* =7.534, P =0.007
), higher histological grade (x* = 4.68, P =0.033), recurrence
(y*=24.532, P<0.001), HER2 gene amplification
( X2 =6.949, P=0.008), and lymph node metastasis
(x> =5.109, P =0.03), but not with other examined clinico-
pathological parameters, including age (y*>=0.348, P=
0.636), ER status (x*=0.729, P=0.44), PR status
(x*=0.499, P=0.535), and menopause (y*=0.028, P=
0.878).
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F1GURE 6: Kaplan-Meier survival analysis showing the correlation between VDACI expression (a), Cytc expression (b), and 5-DFS in breast
cancer patients; the correlation between VDACI expression and 5-DFS in HER2-negative breast cancer (c) and triple-negative breast cancer

(d) (log-rank test).

3.5. Cytc Expression Is Also Correlated with Various Clinical
Features in BC Tissues. As is shown in Table 5, low expres-
sion of Cytc was associated with higher histological grade
(x*=4.278, P=0.041), ER status (y*>=4.609, P=0.037),
PR status (y?=5.424, P=0.025), and recurrence
(x> =8.629, P=0.004), but not age (x> =0.106, P=0.763),
TNM stage (x> =0.018, P=0.895), lymph node metastasis
(x> =0.003, P=0.953), HER2 gene amplification (x* = 0.36,
P =0.591), or menopause (y*=0.751, P=0.455) in tumor
samples.

3.6. Expression Level of Cytc Protein Is Increased after VDACI
Knockdown In Vitro. Firstly, we conducted transient silenc-
ing of VDACI in the MCEF-7 cell line with three different siR-
NAs and verified the knockdown efficiency with Western
blot. Si-VDACI-1 achieved more effective knockdown effi-

ciency, so it was used in all subsequent experiments
(P <0.001, Figure 4(a)).

As VDACI was conversely associated with Cytc expres-
sion in BC tissues, we also explored the expression level of
Cytc in vitro after knockdown of VDACI. Consistently,
silencing of VDACI led to Cytc expression upregulation at
the protein level in MCF-7 cells (P < 0.001, Figure 4(b)).

3.7. VDACI Promoted the Proliferation and Migration of BC
Cells In Vitro. Additionally, we explored whether VDACI1
could affect the cell proliferation and migration. After trans-
fection with si-VDACI-1, a significant reduction in the pro-
liferation rate of MCF-7 cells was observed with the MTT
assay compared with the control (P < 0.001, Figure 4(c)).
Afterwards, wound healing migration assay was performed.
As a result, we validated that VDACI silencing obviously
inhibited MCF-7 cell migration compared with the controls
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TaBLE 6: Univariate and multivariate analyses of predictive factors for disease free survival in BC patients.

" Univariate Multivariate
P value Hazard ratio, 95% CI P value Hazard ratio, 95% CI
VDACI expression 0.000 5.636 (2.454-12.942) 0.001 3.982 (1.723-9.207)
High 162
Low 57
Cytc expression 0.007 0.463 (0.265-0.811) 0.035 0.542 (0.307-0.959)
High 65
Low 154
Age 0.718 1.084 (0.699-1.683)
<50 135
>50 84
TNM stage 0.000 3.879 (2.512-5.989) 0.028 1.772 (1.063-2.956)
I/ 153
III 66
Lymph node metastasis 0.000 4.717 (2.692-8.265) 0.003 2.690 (1.401-5.164)
No 95
Yes 124
Histological grade 0.000 5.399 (3.489-8.356) 0.000 2.998 (1.899-4.731)
G1/G2 165
G3 54
HER?2 gene 0.075 1.568 (0.956-2.574)
Nonamplification 173
Amplification 46
ER status 0.033 0.613 (0.390-0.962)
Negative 122
Positive 97
PR status 0.001 0.442 (0.275-0.711) 0.016 0.553 (0.341-0.896)
Negative 124
Positive 95
Menopause
Before 125 0.184 1.339 (0.870-2.060)
After 94

(P <0.05, Figure 5). Therefore, knockdown of VDACI can
suppress the proliferative and migrative ability of MCEF-7
cells in vitro.

3.8. Correlation Analysis of the 5-DFS with the Expression of
VDACI, Cytc Protein, and Other Parameters in BC. Kaplan-
Meier analysis showed that low VDACI protein expression
in BC predicted a better survival and lower mortality rate
(Figure 6(a), P <0.001). Similarly, high expression of Cytc
also predicted a better outcome of BC patients (Figure 6(b),
P =0.007). Univariate analysis of predictive factors for the
5-DFS in BC patients was performed by Cox proportional
hazards regression model (Table 6). In univariate analysis,
histological grade (P <0.001), TNM stage (P <0.001), ER
status (P =0.033), PR status (P=0.001), and lymph node
metastasis (P < 0.001) were also significantly correlated with
the 5-DFS of BC patients. However, age, HER2 gene amplifi-
cation, and menopause had no significant association with 5-
DES in BC patients (P > 0.05) (Table 6). In order to analyze

whether the above univariate was an independent prognostic
factor, multivariate Cox proportional hazard model for 5-
DFS was performed. The results indicated that both the
expressions of VDACI1 and Cytc were independent prognos-
tic parameters for 5-DFS of BC patients [HR: 3.982 (1.723-
9.207), P=0.001; HR: 0.542 (0.307-0.959), P = 0.035, respec-
tively, Table 6]. Concurrently, TNM stage, PR status, lymph
node metastasis, and histological grade were also indepen-
dent predictors regarding the 5-DFS of breast cancer
patients.

3.9. High Expression of VDACI Is Associated with the Poor
Prognosis of HER2-Negative Breast Cancer. As is shown in
Table 5, the expression of VDACI was significantly associ-
ated with HER2 gene, but not with ER and PR status. As tar-
geted therapy can be implemented for HER2-positive breast
cancer, we analyzed the correlation of VDACI protein
expression with the prognosis of HER2-positive breast cancer
patients and HER2-negative breast cancer patients,
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TaBLE 7: Univariate and multivariate analyses of predictive factors for disease free survival in TNBC.

" Univariate Multivariate
P value Hazard ratio, 95% CI P value Hazard ratio, 95% CI
VDACI expression 0.001 4,616 (1.635-13.029) 0.009 4,018 (1.415-11.407)
High 61
Low 26
Age 0.802 0.921 (0.484-1.753)
<50 49
>50 38
TNM stage 0.000 3.332 (1.757-6.317) 0.003 2.663 (1.381-5.135)
/11 61
III 26
Lymph node metastasis 0.002 3.186 (1.504-6.747)
No 38
Yes 49
Histological grade 0.000 3.149 (1.660-5.974) 0.007 2.469 (1.28-4.762)
G1/G2 59
G3 28
Menopause 0.590 0.839 (0.444-1.587)
Before 43
After 44

respectively. Kaplan-Meier analysis showed that VDACI
expression had no correlation with 5-DFS in HER2-positive
breast cancer patients (P = 0.159). However, a significant rel-
evance was found between high VDACI expression and
shorter 5-DFS (P <0.001) in HER2-negative breast cancer
patients (Figure 6(c)). As triple-negative breast cancer
(TNBC) is a special molecular subtype of HER2-negative
breast cancer, which is defined by the absence of the ER,
PR, and HER2 genes, with no standard treatment at present,
we then explored the correlation of VDACI expression with
the prognosis of TNBC. Interestingly, VDACI1 was also asso-
ciated with reduced 5-DFS in TNBC (P=0.001)
(Figure 6(d)), predicting a poorer survival and higher mortal-
ity rate. To further validate the prognostic significance of
VDACI, Cox proportional hazards model analysis was also
performed in TNBC. As presented in Table 7, VDACI1 was
an independent predictor of poor 5-DFS [HR: 4.018 (1.415-
11.407), P =0.009]. Meanwhile, VDACI protein expression
was inversely associated with Cytc in TNBC (x* =9.102, r
=-0.323, P=0.004, Table 8, Figure 7). In summary, high
expression of VDACI is associated with the prognosis of
TNBC and inversely correlates with Cytc.

4. Discussion

In this study, we observed that VDACI was elevated while
Cytc was decreased in breast carcinoma patients compared
with benign breast lesions. VDACI protein expression was
conversely associated with Cytc in BC, especially in TNBC.
Meanwhile, knockdown of VDACI inhibits BC cell prolifer-
ation and migration in vitro. Furthermore, both high VDACI1
and low Cytc protein expression had significant positive cor-

relation with poor prognosis. VDACI expression can also be
an independent prognostic factor of BC, especially TNBC.
VDACI1 participates in cancer metabolism via its modu-
latory roles in the transport of various metabolites [32]. In
many types of cancer, the interaction of VDACI with HK,
especially HK I, directly accesses to mitochondrial ATP for
phosphorylation of glucose to glucose-6-phosphate and con-
tributes to the cancer cells unrestricted growth and the inhi-
biting of apoptosis [21, 33]. VDACI has been found to be
involved in tumor proliferation, migration, metastasis, and
invasion [13]. It has been demonstrated that VDACI acts a
controvertial role in the prognosis of different malignant
tumors. For example, in uterine cervical cancer, high expres-
sion of VDACI was associated with exhibited deeper stromal
invasion, larger tumor size, higher recurrence, and poorer
overall survival [18]. Conversely, in cholangiocellular carci-
noma, the low expression of VDACI correlated with higher
cancer stage classification, lymph node involvement, and
reduced survival [20]. These conflicting consequences dem-
onstrate the differential effects of VDACI expression in dif-
ferent kinds of cancer and may need further exploration. In
the present study, 219 cases of primary invasive breast cancer
tissues were collected, and it was found that VDACI protein
was primarily located in the membrane of breast cancer cells.
The expression of VDACI protein in breast cancer solid
tumors was significantly higher than that in benign breast
lesions, and high expression of VDACI protein correlated
with advanced TNM stage, higher histological grade, recur-
rence, lymph node metastasis, and HER2 gene amplification,
thereby suggesting that high VDACI expression may play a
role in promoting tumorigenesis and progression of BC.
Interestingly, our present results in breast cancer were con-
sistent with the reports in pancreatic cancer [34] and
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TasLE 8: Correlation analysis of the expression of VDACI with Cytc in TNBC.
High-VDACI expression (1 =61) Low-VDACI expression (1 = 26) r value P value
Cytc expression
High (n=19) 8 (24.24%) 25 (75.76%)
-0.323 0.004
Low (11 = 68) 53 (77.94%) 15 (22.06%)

T RS Ry
i T k;.r L1
. 3 -ht;‘._l" PASL o

'p_:! 4 !.ﬁ--__nu‘(' ‘:t;_.-_-.

e SN
o TRty oy ;
e S A

F1Gure 7: Immunohistochemical staining for VDAC1 and Cytc in triple-negative breast cancer lesions: high expression of VDACI protein (a)
with low Cytc expression (b); low expression of VDACI protein (c) with high Cytc expression (d). Scale bar, 50?m.

colorectal cancer [35], which indicated VDACI expression
was upregulated in tumor and promoted the growth and
invasion of cancer cells. In addition, knockdown of VDACI1
in multiple types of cancer cell lines, including colon and
lung cancer cells, has been demonstrated to block prolifera-
tion and migration of the cancer cells in vitro [36-38]. As is
shown above, our studies achieved the similar results.
Furthermore, by the multivariate analysis, we found that
overexpression of VDACI protein in BC tissues could be as
an independent poor prognostic factor. Consistent with this
result, Chih-Hsien and Eiran’s studies also showed that high
expression of VDACI was correlated with poorer prognosis
in uterine cervical cancer and hepatocellular carcinoma [18,
19]. Therefore, these data suggest that VDACI has the poten-
tial to be a poor prognostic marker in BC. As TNBC showed
more progressively malignant manifestation with worse clin-
ical outcomes and is the most insensitive subtype of breast
cancer to drug treatment, we next explored the correlation
of VDACI expression with the prognosis of TNBC. Amaz-
ingly, our result demonstrated that high level of VDACI pro-
tein was also associated with reduced 5-DFS and acted as an
independent predictor of poor prognosis in TNBC, suggest-

ing more potential use of VDACI should be exploited in
prognostic marker and therapeutic target.

Cytc release from mitochondria is the driving force for
apoptosome leading to apoptotic cell death in several malig-
nant tumor [39], and VDACI has been widely reported to be
interacted with pro- or antiapoptotic proteins such as Bcl-2
and HK, whereby mediating the release of Cytc [15, 40]. In
many types of cancer cells, when HK2 binds to VDACI,
the interaction between VDACI and Bcl-2 protein family will
be blocked, resulting in a decrease in Cytc release, thus pro-
tecting tumor cells from apoptosis [21]. In our present study,
VDACI protein expression was inversely associated with
Cytc in BC, especially in TNBC. Simultaneously, silencing
of VDACI upregulated Cytc expression at the protein level
in MCF-7 cells. Furthermore, Cytc was lower expressed in
BC compared with benign breast lesions and low expression
of Cytc was correlated with higher histological grade, ER sta-
tus, PR status, and recurrence. A similar correlation was
found in prostate cancer which Cytc deficiency contributed
to tumor invasiveness and faster recurrence [29]. Impor-
tantly, we also found that decreased expression of Cytc was
an independent prognostic factor and played a pivotal role
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in the poorer 5-DFS of that cohort of BC patients. As a result,
contrary to VDACI, Cytc has the potential to be an improved
prognostic marker in BC.

It should be acknowledged that there are also some limi-
tations in this study. Firstly, due to the limited number of
patients in this study, a larger cohort is required. Secondly,
we took the benign breast tissues as control, which was not
paired comparison, so associations should be interpreted
with cognizance of these possible differences. Besides, more
investigations need to be conducted to explore the mecha-
nisms by which VDACI reduces Cytc expression in BC.
Afterwards, the prognostic significance of VDACI in BC
was discussed only at histological level. The exact role of
VDACI in BC, especially in TNBGC, still needs to be evaluated
in follow-up mechanistic investigations. Finally, our study
evaluated prognosis by 5-DFS rather than OS. Since DFS
was not correlated with OS sometimes, the influence of
VDACI expression on OS is still a topic for future research.

5. Conclusion

Our study showed for the first time that VDACI was elevated
in BC tissues. Meanwhile, our findings firstly revealed that
VDACI expression was conversely associated with Cytc,
and knockdown of VDACI inhibited malignant behavior of
BC. Besides, high VDACI level was associated with reduced
5-DFS of BC patients. By the multivariate analysis, we found
that overexpression of VDACI could be employed as an
independent poor prognostic factor in breast cancer, includ-
ing TNBC, which was intractable in clinical. All in all,
VDACI can be exploited as a potential prognostic marker
and therapeutic target in BC, especially TNBC.
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Radiotherapy and chemotherapy are the most effective nonsurgical treatments for cancer treatment. They usually induce regulated
cell death by increasing the level of reactive oxygen species (ROS) in tumour cells. However, as intracellular ROS concentration
increases, many antioxidant pathways are concurrently upregulated by cancer cells to inhibit ROS production, ultimately leading
to drug resistance. Understanding the mechanism of antioxidant stress in tumour cells provides a new research direction for
overcoming therapeutic resistance. In this review, we address (1) how radiotherapy and chemotherapy kill tumour cells by
increasing the level of ROS, (2) the mechanism by which ROS activate antioxidant pathways and the subsequent cellular
mitigation of ROS in radiotherapy and chemotherapy treatments, and (3) the potential research direction for targeted treatment

to overcome therapeutic resistance.

1. Introduction

Reactive oxygen species (ROS) are derivatives of molecular
oxygen formed by reduction-oxidation (redox) reactions or
electronic excitation [1]. They are ubiquitous as by-
products of chemical reactions in cell metabolism [2]. When
the balance between ROS and antioxidants are disrupted, the
body is under a state of oxidative stress [3]. This state may
bring about inflammatory infiltration of neutrophils,
increased secretion of proteases, and the production of large
amount of oxidative intermediate products, all of which con-
tribute to ageing and disease [4]. At excessive levels of intra-
cellular ROS, cells take measures to clear ROS. These
measures are called the antioxidant stress response [5]. ROS
affect cell gene expression through various pathways. One
classic pathway of cell resistance to ROS is the Keapl-Nrf2
system [6]. This system activates the transcription of a series
of cytoprotective genes to increase the antioxidant level in the
cell and reprogramme its metabolism to produce more gluta-
thione and other substances. These effects can help the cell
resist cell damage caused by ROS.

Radiotherapy and chemotherapy can kill tumour cells by
several mechanisms, such as damaging DNA, increasing the
ROS level, or damaging subcellular organelles [7, 8]. How-
ever, some tumour cells can survive these therapies and pro-
liferate rapidly, limiting their therapeutic effect. This
phenomenon is called therapeutic resistance. One way
tumour cells develop this resistance is by increasing antioxi-
dant levels and reprogramming metabolism to protect cells
from the damage caused by ROS [4]. Some molecules receive
signals of increased ROS in the cell, then enter the nucleus
and react with some nucleic substances to regulate the tran-
scription of some genes. The expression of these genes can
increase the antioxidant level of the cell and reprogramme
metabolism.

2. Killing Effect of Radiotherapy and
Chemotherapy on Tumour Cells

2.1. Radiotherapy and Chemotherapy Increase Intracellular
ROS Levels. In normal cells, ROS levels are kept low due to
the antioxidant systems that maintain redox balance [9]. In
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cancer cells, the level of ROS increases to meet the need of
malignant proliferation and progression but stays below the
threshold to avoid cytotoxicity [10]. Radiotherapy uses radi-
ation to irradiate tumour tissues and kill tumour cells. On the
one hand, radiation acts directly on cells and instantly pro-
duces a large number of free radicals. On the other hand, it
indirectly produces lasting and severe therapeutic effects
through the redox reaction of water [11]. Due to the high
content of water in cells, when water absorbs the energy of
low-LET rays, a redox reaction occurs and a large number
of free radicals and free electrons are produced. The free rad-
icals and electrons generated initiate cascade reactions that
produce OH, H,0,, and O,-", significantly increasing the
level of ROS [12]. Notably, oxidative changes can persist for
several months after initial radiotherapy. This feature is
related to the continuous generation of ROS and its heritabil-
ity in the offspring of irradiated cells and obviously enhances
the curative effect [13].

The mainstream treatment for cancer, chemotherapy,
also often works by changing the redox state of cancer
cells. Quite a few chemotherapeutics induce oxidative
stress and ROS-mediated cell damage in cancer cells by
increasing ROS above the threshold to yield an anticancer
effect [14]. Most of these drugs produce ROS directly in
cancer cells to increase the level of ROS. The first drug
developed to achieve therapeutic effects by producing
ROS was procarbazine. Procarbazine can be oxidised in
aqueous solution and produce H,O, and -OH. When
coordinating with ionising radiation, procarbazine forms
unstable peroxides to damage DNA in vitro [15]. It was
approved for the treatment of primary brain tumours
and other diseases 60 years ago [16]. Nowadays, drugs like
anthracycline [17] are widely used in cancer treatment to
promote ROS production.

Another characteristic of the redox system in tumour
cells is that it can increase the activity of ROS scavenging
enzymes to adapt to internal oxidative stress [18]. Therefore,
recently more attention has been focused on the inhibition of
key molecules in the antioxidant system. For instance, sulfa-
salazine (an inhibitor of significant antioxidant glutathione)
[19], chaetocin (an inhibitor of thioredoxin system) [20],
and some other novel chemotherapeutic drugs are all tar-
geted to inhibit the antioxidant system and increase the level
of ROS.

2.2. ROS Are Responsible for Triggering Cell Death. Radio-
therapy can directly cause DNA double-strand breaks
through the immediate power of ionising radiation, thus
blocking the cell cycle, preventing the proliferation of tumour
cells, and eventually leading to cell death [21]. In addition,
radiotherapy can cause indirect cellular effects, including
bystander responses [22] and low-dose hypersensitivity
[23], leading to a more extensive and lasting cell killing effect.
These indirect reactions are related to the mechanism of cell
death initiated by ROS [24]. Some of these indirect effects
such as bystander responses have also been observed with
chemotherapy [25]. Here, we primarily focus on how the
increased ROS levels caused by radiotherapy and chemother-
apy trigger cell death.
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In normal conditions, ROS are maintained at a low
dynamic balance under the effects of oxidation and antioxi-
dation in cells [26]. Low levels of ROS are implicated in many
intracellular chemical reactions and adjust the structure and
function of proteins and lipids, whereas high levels of ROS
damage DNA, proteins, and other cell components nonspe-
cifically to hurt cells [9]. ROS levels can be divided into three
types according to the effect on cells: (I) low level, normal
physiological stage; (II) moderate level, carcinogenic stage;
and (III) high levels, cell damage stage [5]. These stages pres-
ent a gradual transition, and the dividing line of each process
is not obvious. When ROS rise to moderate levels, they cause
random mutations in cells due to DNA damage [27] and pro-
mote cell proliferation and metastasis [28], which exceeds the
threshold of cell control and repair. These factors lead to the
transformation of cells into cancer cells. ROS levels that con-
tinue to rise to high levels will lead to cell death. At this level,
ROS trigger different types of regulated cell death, including
apoptosis, autophagy, and ferroptosis.

2.2.1. Apoptosis. Caspases, a family of proteases in cells, play
an important role in apoptosis. They induce cell death by
breaking down the key proteins in cells [29]. Caspases are
activated by one of two pathways: death receptor-
dependent pathway and mitochondrial-dependent pathway
[30]. In the first pathway, the external apoptosis signal is trig-
gered by death receptors on the cell surface and then activates
caspase 8, producing a cascade reaction and finally leading to
apoptosis [31]. ROS can induce apoptosis by regulating the
expression of the death receptors and its ligand such as Fas-
mediated apoptosis. Hydrogen peroxide (H,0,) promotes
the expression of Fas by increasing its mRNA and protein
levels [32]. In addition, it can upregulate the expression of
death ligand Fas L and cause the activation of caspases 8 in
Hela cells [33]. In the second pathway, mitochondria release
caspase-activating proteins into the cytoplasm and cause
apoptosis [34]. The permeability transition pore (PTP) on
mitochondria plays a decisive role in this pathway [35].
Important regulators of the PTP opening are the Bcl-2 pro-
tein family, which can promote apoptosis [36]. ROS can oxi-
dise and modify Bcl-2 proteins and then regulate apoptosis. B
cell lymphoma-2 is an antiapoptotic member of the Bcl-2
protein family. Increased H,O, induces the oxidative modifi-
cation of B cell lymphoma-2 and downregulates its expres-
sion, promoting cell apoptosis [37].

2.2.2. Autophagy. Autophagy maintains cell homeostasis by
decomposing damaged organelles and proteins through lyso-
somes [38]. At a low ROS levels, autophagy can be induced
by ROS and inhibited by antioxidants, and the three are in
dynamic balance to maintain cell homeostasis [39, 40]. In
oxidative stress, ROS damage DNA, lipids, and proteins
and initiate autophagy [41]. At the same time, ROS molecules
themselves also induce autophagy. The core of autophagy
regulation is the Atg4 family of cysteine proteases. The acti-
vation of Atg4 is regulated by signal molecules including
ROS, and H,0, directly targets the oxidation of Atg4 to pro-
mote the formation of autophagosomes [42]. Once



Oxidative Medicine and Cellular Longevity

autophagy exceeds the limit of cell tolerance, it eventually
causes autophagic death.

2.2.3. Ferroptosis. Ferroptosis is a recently identified type of
programmed cell death caused by lipid peroxidation [43].
Lipid peroxidation is a process in which ROS oxidise bio-
films. ROS react with phospholipids, enzymes, and other
macromolecules of biofilm to form lipid peroxidation prod-
ucts. It can directly change the fluidity and permeability of
the cell membrane, destroy ion gradients, and affect the
structure and function of cells [44]. In addition, the products
of lipid peroxidation are highly bioactive, can disrupt the
activity of DNA, proteins, and enzymes, and initiate cell
death signalling pathways [45, 46]. Recent studies show that
when radiotherapy induces increased intracellular ROS, the
cells show the morphological characteristics of ferroptosis.
Furthermore, the use of a ferroptosis inhibitor increases cell
survival rates after radiation [47]. Therefore, high levels of
intracellular ROS may directly promote ferroptosis by induc-
ing lipid peroxidation.

The goal of radiotherapy and chemotherapy is to raise the
level of ROS directly from type I/II to type III. And tumour
resists the therapy by maintaining moderate ROS levels at
type II. This is also the basic reason why radiotherapy and
chemotherapy can achieve the purpose of tumour treatment
and why tumours develop therapeutic resistance (Figure 1).

3. Antioxidative Stress-Related Pathways That
Lead to Therapeutic Resistance

As prooxidant cancer therapy increases the effective ROS
concentration in cancer cells, irreversible oxidative stress is
generated that damages DNA, lipids, and proteins, causing
the suppression of cancer cells [48, 49]. However, many cell
signalling pathways that adapt to prooxidant therapy-
induced oxidative stress are activated by this increased
ROS. These pathways have various functions, such as
increasing antioxidant levels and reprogramming metabo-
lism [50], which can inhibit ROS production to adapt to oxi-
dative stress and produce therapeutic resistance.

3.1. Keapl-Nrf2 Signalling Pathway

3.1.1. Activation of the Keap1-Nrf2 Signalling Pathway under
Oxidative Stress. The Keapl-Nrf2 signalling pathway per-
forms a significant role in cell protection and adaptation
against oxidative stress. This pathway comprises two main
parts: Kelch-like ECH-associated protein 1 (Keapl) and
nuclear factor erythroid 2-related factor 2 (Nrf2) [51]. Under
normal physiological conditions, Keapl interacts specifically
with Cullin 3 (Cul3) and forms an E3 ligase complex to stim-
ulate the ubiquitination of Nrf2, ultimately leading to the tar-
geted degradation of Nrf2 by the 26S proteasome [52, 53]
(Figure 2). In this case, the Nrf2 protein is inactivated and
has a short half-life. Thus, the activation of the Keap-Nrf2
signalling pathway is prevented.

However, in case of radiotherapy or chemotherapy-
meditated oxidative stress, Nrf2 can be activated by detach-
ing from Keapl. With radiation and drugs increasing the

level of ROS in cells, the cysteines which residues in Keapl
and function as redox sensors are oxidised causing the disso-
ciation of Keapl between Nrf2 and slowing down the speed
of Nfr2 degradation. Three functionally important cysteines
that regulate the activation of Keapl-Nrf2 have been found:
Cys151, Cys273, and Cys288 [54]. Among them, Cys273
and Cys288, both of which reside in the region of the IVR
domain, are critical for Keapl to inhibit Nrf2 under normal
conditions, whereas a subset of Nrf2 activators target
Cys151 which locate in the BTB domain [55, 56]. Recent
findings have shown that the modification of Cys151 residue
in Keap1 is crucial in activating Nrf2 by artemisitene and cur-
cumin [56, 57] (Figure 2). Apart from the canonical mecha-
nism to activate Nrf2 by oxidising Keapl cysteine, other
noncanonical Nrf2 regulatory pathways have been found
under stressful conditions. These include proteins containing
an ETGE amino acid motif such as sequestosome 1/p62,
dipeptidyl peptidase 3 [58]; kinases including protein kinase
B (PKB/AKT, see Section 3.2.3), protein kinase C
extracellular-regulated protein kinases [59], protein kinase-
like endoplasmic reticulum kinase [51]; transcriptional factor
EB [60]; and acetyltransferase p300 [61] (Figure 2). As Nrf2
and Keapl detach, Nrf2 becomes dissociated and transferred
to the nucleus to induce the adaptation to oxidative stress.

3.1.2. Activated Nrf2 Induces ROS Mitigation. Activated
NRF2 translocates into the nucleus and interacts with one
of the small MAF (sMAF) proteins, forming the Nrf2-
SMAF heterodimer [62, 63]. The heterodimer plays an
important role in inducing the expression of cytoprotective
genes, leading to radio- and chemoresistance in tumour cells.
It binds to DNA sequences referred to as the antioxidant
response element [64] or electrophile response element
[65], now collectively defined as the CNC-sMAF binding ele-
ment (CsMBE) [66]. Most of these sequences are cytoprotec-
tive genes. In addition, the way that these heterodimers bind
to CsMBE is stress dependent [63] (Figure 2). The binding of
the Nrf2-sMAF heterodimer and CsMBE primarily results in
increased antioxidant levels and reprogrammed metabolism.

(1) Nrf2-sMAF and Increased Antioxidant Levels. The antiox-
idant function of Nrf2-sMAF is the most canonical way that
Nrf2 promotes the adaptation of cancer cells to oxidative
stress as it activates the transcription and translation of a
number of antioxidant enzymes or proteins in a stress-
dependent manner [67]. For the last two decades, using
genome-wide chromatin immunoprecipitation analysis, sci-
entists have targeted various Nrf2-dependent antioxidant
genes including peroxiredoxin 1 (PRDXI), sulfiredoxin 1,
thioredoxin, and thioredoxin reductase 1 [68-70]. Most of
the related enzymes can be directly activated by Nrf2-
SMAF; here, we primarily focus on PRDXI as an example
of the function of antioxidant enzymes. Peroxiredoxins
(PRDXs) are a highly conserved family of peroxidases that
reduce ROS [71]. PRDXI is one of the 2-Cys PRDXs subfam-
ily members that has been reported to have potential radio-
and chemoprotective effects [72-74]. The established mecha-
nism is that PRDX1 detoxifies H,O, by reducing it with the
thioredoxin (TRX) system and supplying reducing
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F1GURE 1: ROS are responsible for triggering cell death and the mechanisms of cancer treatment to trigger cell death. (1) ROS levels can be
divided into three types according to their effects on cells. Type I is a low ROS level, wherein ROS only participate in normal cell
physiological activities. Type II is a moderate ROS level, wherein ROS induce cell deformation within cancerous cells. Type III is a high
ROS level, wherein ROS lead to cell death. (2) Radiotherapy and chemotherapy both increase the production of ROS. Radiotherapy causes
the redox reaction of water and produces a large number of free radicals and free electrons. In chemotherapy, many drugs directly
produce ROS in cancer cells to increase the level of ROS. (3) Radiotherapy and chemotherapy can cause indirect cellular effects by raising
ROS levels to type III. High levels of ROS induce different types of regulated cell death. They regulate the expression of the death
receptors such as Fas and Bcl-2 family proteins to induce apoptosis, target the oxidation of Atg4 to promote the formation of
autophagosomes, which cause autophagic death, and directly promote ferroptosis by inducing lipid peroxidation.

equivalents [75]. However, PRDXI may also play its antiox-
idant role by affecting ROS-dependent signalling pathways
[72]. In one study, the downregulation of PRDX1 in lung
cancer cells was found to reverse radioresistance and enhance
radiosensitivity [76].

(2) Nrf2-sMAF and Reprogrammed Metabolism. Recent anal-
yses show that Nrf2 contributes to stress adaptation by
regulating intermediary metabolic pathways [77]. In addi-
tion, reprogrammed metabolism has been found to be
closely related to the development of radio- and chemore-
sistance [78]. Some metabolic enzyme modulating
sequences were identified as Nrf2-sMAF target genes
including those involved in glutamine and glucose metab-
olism [77, 79, 80].

Glutathione (GSH) functions as antioxidant defence and
plays an important role in maintaining the redox homeosta-

sis in cells. Nrf2 is thought to be a critical transcriptional con-
troller of GSH metabolism by regulating a series of enzymes
of GSH metabolism including the GSH de novo synthesis
enzymes glutamate cysteine ligase (GCL) and glutathione
synthase (GS), as well as the GSH regeneration enzyme gluta-
thione reductase (GSR) [81, 82]. Specifically, Nrf2-sMAF
controls the expression of catalytic and regulatory subunits
of the rate-limiting enzyme complex, which are the major
determinants of glutathione synthesis [83]. Besides the
enzymes that control the glutamine metabolism directly, a
cystine/glutamate exchange transporter called system X also
plays a critical role in intracellular GSH biosynthesis [84].
The expression of the light chain of system X is promoted
by Nrf2 under the stimulation of oxidative stress, which is
closely related to radio- and chemoresistance in tumour cells
[85, 86]. In Nrf2 knockdown cells, glutathione metabolism is
affected [80], showing the pivotal role of Nrf2 in glutathione
metabolism.
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F1GURE 2: The role of the Keap1-Nrf2 signalling pathway in antioxidative stress-related radio- and chemoresistance. (1) Degradation of Nrf2.
Under normal conditions, Keapl combines with Nrf2 to promote the degradation of Nrf2 by the 26S proteasome. (2) Activation of Nrf2.
Radiation and chemotherapies increase the effective ROS concentration in cancer cells via the redox reaction of water and direct
production of ROS, respectively. Later, increased ROS oxidise three cysteines within Keapl to activate Nrf2 by dissociating Nrf2 from
Keapl and slowing down the speed of Nfr2 degradation. (3) Translocation of Nrf2. Activated Nrf2 translocates into the nucleus, forming
the Nrf2-sMAF heterodimer with one of the small MAF (sMAF) proteins. The Nrf2-sMAF heterodimer binds to the CNC-sMAF binding
element (CsMBE), resulting in increased antioxidant levels and reprogrammed metabolism. (4) Increased antioxidant enzymes. Various
antioxidant genes including peroxiredoxin 1 (PRDXI), sulfiredoxin 1 (SRXNI), thioredoxin (TXN), and thioredoxin reductase 1
(TXNRDI) can be activated by Nrf2. (5) Reprogrammed metabolism. G6PD and 6PGD are the two major enzymes in the pentose
phosphate pathway (PPP), which generates NADPH. Glutamate cysteine ligase (GCL) and glutathione synthase (GS) are the two rate-
limiting enzymes in glutathione (GSH) de novo synthesis. Nrf2 promotes the translation and expression of GCL, GS, GSR, G6PD, and
6PGD. Increased antioxidant enzymes and reprogrammed metabolism can protect cancer cells from ROS-triggered cell death, leading to
radio- and chemoresistance.



The glucose metabolism phenomenon of cancer cells
known as the Warburg effect indicates the paradoxical fact
that most tumour cells rely on aerobic glycolysis even in an
oxygen environment [87, 88]. Due to the Warburg effect,
cancer cells have more glucose uptake than normal cells.
When large amounts of glucose enrich cells, the pentose
phosphate pathway (PPP), which generates NADPH, domi-
nates [89]. NADPH is critical in cellular antioxidation sys-
tems and protects the cell from oxidative stress [89, 90].
Nrf2-sMAF mostly controls the production of NADPH via
the PPP. The activation of Nrf2 signalling in cancer cells pro-
motes the expression of PPP genes by weakening miR-1 and
miR-206 expression, leading to the reprogramming of glu-
cose metabolism [91].

The expression of some major enzymes of PPP is Nrf2
dependent. The increased expression and activity of
glucose-6-phosphate dehydrogenase (G6PD), which is the
first and rate-limiting enzyme in the PPP, is promoted by
Nrf2 [92]. In addition, the overexpression of 6-
phosphogluconate dehydrogenase (6PGD), the third oxida-
tive decarboxylase of the PPP in cancer cells, is mediated by
Nrf2 [78].

Another fact that should be seriously considered is the
relationship between GSH, NADPH, and the antioxidant
reaction. As the intracellular ROS level increases (e.g.,
H,0,), GSH can eliminate H,O, and turn it into water under
the catalysis of glutamate peroxidase. At the same time, GSH
is converted to its oxidised form, GSSG. GSH is then reduced
from GSSG by NADPH under the catalysis of GSR to detox-
ify ROS entirely. As mentioned above, the generation of
GSH, the GSH regeneration enzyme, and the production of
NADPH are all controlled by Nrf2, demonstrating the
important role of activated Nrf2 in the cellular response to
oxidative stress (Figure 2).

3.2. PI3K-AKT Signalling Pathway

3.2.1. Activation of the PI3K-AKT Signalling Pathway under
Oxidative Stress. The intricacies of the PI3K-AKT signalling
pathway have already been reported by previous reviews in
detail [93, 94]. Here, we primarily focus on the ROS-
dependent activation of PI3K-AKT. When receptors are acti-
vated by their ligands such as G-protein-coupled receptors, it
stimulates the recruitment of class 1 phosphoinositide-3-
kinases (PI3Ks), which ultimately activate PI3K. Later, the
activated PI3K phosphorylates phosphatidylinositol 4,5-
bisphosphate (PIP2) to phosphatidylinositol 3,4,5-trisphos-
phate (PIP3) [95]. As PIP3 accumulates, it acts as a membra-
nal signalling molecule and subsequently recruits and
activates protein kinase B (PKB/AKT) [51, 96]. The serine-
threonine kinase AKT is one of the most important down-
stream effectors of PI3K signalling, which controls a large
number of pathways. When AKT binds to PIP3, it is acti-
vated with phosphoinositide-dependent protein kinase 1
and rapamycin complex 2, phosphorylating the T308 and
S473, respectively [97]. Moreover, the primary functional
antagonist of PI3K, phosphatase and tensin homolog
(PTEN), inhibits the activation of AKT by dephosphorylat-
ing PIP3 to PIP2 [98].
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As radiotherapy and chemotherapy change the redox
state of cancer cells, the increased ROS has the ability to acti-
vate PI3K or AKT directly to amplify the downstream of
PI3K-AKT signalling. Meanwhile, PTEN is inhibited, pro-
moting the activation of PI3K-AKT [96]. Increased ROS
not only oxidise the cysteine residue located in the active cen-
tre to modulate PTEN directly but also promote the phos-
phorylation of serine/threonine within the C-terminus of
the protein by casein kinase II [98, 99]. The phosphorylation
of PTEN prevents its recruitment to the membrane and pro-
motes its ubiquitination, ultimately leading to the proteolytic
degradation pathway [96, 98] (Figure 3).

3.2.2. Activated AKT Induces ROS Mitigation. With further
exploration of downstream effectors that mitigate ROS levels,
the PI3K-AKT signalling pathway was recently found to
induce the adaptation to oxidative stress separate from the
Keapl-Nrf2 pathway [97]. The principal mechanism of
PI3K-AKT to reduce ROS levels is to reprogramme metabo-
lism, which promotes the production of NADPH. Activated
AKT not only phosphorylates metabolic enzymes directly
but also regulates several downstream effectors, among
which mammalian target of rapamycin complex 1
(mTORCI1), and Nrf2 (see Section 3.2.3) seems to play an
important role [97].

The direct method by which AKT promotes NADPH
production is closely related to NAD" kinase (NADK), a
unique cytosolic enzyme that catalyses the phosphorylation
of NAD" to NADP" using the magnesium ion as a cofactor
and ATP as the phosphate donor [100, 101]. AKT directly
stimulates the activation of NADK by phosphorylating three
serine residues (Ser44, Serd6, and Ser48) within the N-
terminal region [102]. Then, activated NADK promotes the
production of NADP”, which is subsequently reduced to
NADPH. The synthesis of NADP* from NAD" via NADK
enlarges the size of the NADP* and NADPH pool, which
may resist the loss of oxidised NADPH and result in the
adaptation to increased ROS level.

The mTORCI has been reported to play an important
role in producing NADPH and has received much attention
as one of the downstream substrates of the PI3K-AKT signal-
ling pathway. The tuberous sclerosis (TSC) 1 and TSC2 func-
tional complex is the intermediate regulator of the PI3K-
AKT-mTORCI pathway. Under normal conditions, the
complex inhibits mTOR, which meditates the inhibition of
p70 ribosomal protein S6 kinase 1 (p70S6K, also S6K1) and
the activation of eukaryotic initiation factor 4E binding pro-
tein 1 (4EBP1) [103]. As mentioned above, when intracellu-
lar ROS levels are increased by radiotherapy and
chemotherapy, AKT becomes activated. Activated AKT
directly phosphorylates TSC2, disrupting and inactivating
the TSC1-TSC2 complex. The destabilisation of TC2 pro-
motes Ras homolog enriched in brain activity, ultimately
activating mTORC1 [104]. Thus, the two canonical key
downstream proteins S6K1 and 4EBP1 are all phosphory-
lated by mTORCI, leading to activation and inactivation,
respectively [105]. S6K1, the major substrate protein mole-
cule of mTORCI, promotes the activation of sterol regulatory
element-binding protein (SREBP) [106].
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F1GURE 3: (1) The role of the PI3K-AKT signalling pathway in antioxidative stress related to radio- and chemoresistance. Phosphoinositide-3-
kinases (PI3Ks) phosphorylate phosphatidylinositol 4,5-bisphosphate (PIP2) to phosphatidylinositol 3,4,5-trisphosphate (PIP3), which
subsequently recruits and activates protein kinase B (PKB/AKT). However, these processes can be inhibited by phosphatase and tensin
homolog (PTEN), which dephosphorylates PIP3 to PIP2. As radiation and chemotherapy continuously generate ROS via the redox
reaction of water and direct production of ROS, respectively, increased intracellular ROS activate the PI3K-AKT pathway by directly
promoting PI3K and AKT and inhibiting PTEN. PI3K-AKT signalling serves as defence against ROS by promoting NADPH production.
Activated AKT regulates NADPH metabolism in direct and indirect ways via NAD" kinase (NADK) and rapamycin complex 1
(mTORC1), respectively. NADK is the unique cytosolic enzyme that catalyses the phosphorylation of NAD* to NADP", enlarging the size
of the NADP" and NADPH pool. Downstream of mTORCI, sterol regulatory element-binding protein (SREBP) stimulates the expression
of G6PD, 6PGD, IDH1, and ME, reducing NADP" to NADPH. (2) The loop formed between AKT and Nrf2. Glycogen synthase kinase 3
(GSK3) and platelet-derived growth factor (PDGF) act as a linker to connect AKT with Nrf2. PI3K-AKT signalling inhibits the Keap1-
independent degradation of Nrf2 by phosphorylating GSK3. Activated Nrf2 translocates to the nucleus and upregulates the transcription

of PDGF, binding with its cognate receptors to stimulate AKT.

In the cytoplasm, the most important pathway that
reduces NADP" to NADPH is the oxidative PPP with
G6PD and 6PGD catalysing the key steps. In addition, isoci-
trate dehydrogenase 1 (IDH1) and malic enzyme (ME) can
regenerate NADPH from NADP*. IDHI and ME catalyse
the oxidative decarboxylation of isocitrate to a-ketoglutarate
and of malate to pyruvate, respectively, ultimately reducing
NADP" to NADPH. SREBP can promote the production of
NADPH by stimulating the expression of these four
enzymes. The mRNAs for G6PD, 6PGD, and ME were found
to be elevated in SREBP-overexpressed transgenic mice, indi-
cating that these three enzymes are potentially activated by
the ROS-meditated upregulation of SREBP [107]. Upregu-
lated SREBPs bind with the IDH1-SRE sequence element
GTGGGCTGAG within the promoter region to activate
IDH1 [108]. Using 25-hydroxycholesterol or stains to inhibit
or activate SREBP, respectively, Ricoult et al. demonstrated
SREBP-mediated regulation on IDH1 expression [109]. The
complicated mechanism of PI3K-AKT-mediated production

of NADPH protects cancer cells against ROS, potentially
revealing a new aspect of radio- and chemoresistance
(Figure 3).

3.2.3. Crosstalk between PI3K-AKT and Keapl-Nrf2
Signalling Pathways. Several studies have covered the interac-
tion between PI3K-AKT and Keap-Nrf2 signalling pathways.
For example, using the PI3K inhibitor LY294002 to repress
the PI3K-AKT pathway inhibits the nuclear translocation
of Nrf2 [110]. Nrf2 regulates metabolic reprogramming,
and its function can be expanded by the continuous activa-
tion of the PI3K-AKT pathway [80]. He et al. found that in
human hepatomegaly, all the factors including oxidative
stress and liver cancer that stimulate Nrf2 result in the activa-
tion of AKT [111]. Interestingly, it seems that the PI3K-AKT
and Keap-Nrf2 pathways form a loop so that both can act as
the downstream effector of the other. Glycogen synthase
kinase 3 (GSK3) is the intermediate factor of the PI3K-
AKT-Nrf2 pathway and mediates the Keapl-independent



degradation of Nrf2 [112]. GSK3 phosphorylates NRF2 to
stimulate the ubiquitination of Nrf2, which is subsequently
marked for proteasomal degradation [113]. Given that the
phosphorylation and inhibition of GSK3 are mediated by
AKT activation [114], the activation of the PI3K-AKT
pathway could promote the stabilisation of Nrf2 by inhi-
biting GSK3. By contrast, Nrf2 can stimulate the activation
of AKT. When Nrf2 translocates to the nucleus, it recruits
specificity protein 1 to the promoter of platelet-derived
growth factor (PDGF) to upregulate its transcription
[115]. In addition, the activation of AKT is closely related
to the binding of PDGF and its cognate receptors [111].
To conclude, PI3K-AKT controls Nrf2 indirectly via the
downstream kinase GSK3, whereas Nrf2 promotes the
activation of AKT at transcriptional and translation levels
through PDGF (Figure 3).

3.3. Prooxidant Therapy and Antioxidant Pathways. It is gen-
erally acknowledged that ROS are one of the primary media-
tors of ionising radio- and chemotoxicity, which leads to the
death of cancer cells. Radiation and some chemotherapy
drugs trigger tumour cell death by upregulating ROS to the
threshold needed to treat tumours. However, while prooxi-
dant therapy increases intracellular ROS levels to treat the
patient, many antioxidant pathways have also been activated
to interfere with oxidative stress due to increased level of
ROS, giving rise to radioresistance and chemoresistance.
NADPH serves as the most significant reducing agent to anti-
oxidant defence systems, which protect tumour cells from the
cytotoxicity of ROS. ME- and IDH-dependent NADPH pro-
duction and the oxidative PPP are the three primary path-
ways that enlarge the cytosolic NADPH pool. As
mentioned above, the continuous generation of ROS from
radio- and chemotherapy activates Keapl-Nrf2 and PI3K-
AKT pathways, which regulate several antioxidative down-
stream effects. Both of these signalling pathways upregulate
the expression of some major enzymes of the PPP including
6PGD and G6PD. Furthermore, the PI3K-AKT pathway
stimulates the expression of ME and IDH, contributing to
the regeneration of NADPH from NADP" via the middle
effector SREBP. Apart from promoting the production of
NADPH, the activated antioxidant pathways also increase
antioxidant levels to mitigate ROS. Based on this mechanism,
it is easy to conceive that as the Keapl-Nrf2 or PI3K-AKT
signalling pathway is activated by increased ROS, cancer cells
are facilitated with the ability to resist the prooxidant
therapy-meditated generation of ROS, resulting in radio-
and chemoresistance. In fact, several inhibitors of these two
signalling pathways have been found, including halofuginone
[116], trigonelline [117], delicaflavone [118], and perifosine
[119], which are potential therapeutic strategies to weaken
radioresistance and chemoresistance (Figure 4). Trigonelline,
an effective inhibitor of Nrf2, was demonstrated to overcome
oxaliplatin resistance in colon cancer cells [117]. Delicafla-
vone may potentially break down the therapy resistance in
colorectal cancer by the significant inhibition of the phos-
phorylation levels of the PI3K-AKT signalling pathway and
the subsequent generation of ROS [118] (see Section 4 for
more details). Thus, the Keapl-Nrf2 and PI3K-AKT path-
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FiGUre 4: Effective treatment methods to overcome therapeutic
resistance. PI3K-AKT and Keapl-Nrf2 signalling pathways are
activated after radio- or chemotherapy for ROS production. The
downstream antioxidant elements of these two pathways facilitate
cancers with radio- and chemoresistance by resisting the
cytotoxicity of high ROS. Halofuginone, trigonelline, delicaflavone,
and perifosine are potential inhibitors of the PI3K-AKT or Keapl-
Nrf2 pathway to reduce resistance and meet the need of
radiosensition and chemosensition.

ways should be considered for radiosensitivity and
chemosensitivity.

4. Role of ROS in Radiosensition
and Chemosensition

While overproduced ROS adapt to the increased metabolism
of tumour cells, high ROS levels caused by radiotherapy and
chemotherapy also result in cytotoxicity, indicating a close
connection between ROS levels and the sensitivity of cells
to treatment [120-122]. To improve the sensitisation of
tumours, much attention has been paid to targeted therapies
that interfere with the changes in ROS levels, including gen-
eration, degradation, and regulation pathways [123]. Gener-
ally, current research has primarily focused on three
aspects: (1) regulating the generation and elimination of
ROS [124], (2) adjusting metabolism [125], and (3) amelio-
rating hypoxic environment [126]. Each aspect has its own
unique treatment mechanism which is aimed at its target
pathways. Therefore, to explore effective treatment methods
to overcome therapeutic resistance, it is necessary to gain a
full understanding of the key principles and their influences
on redox homeostasis. Moreover, the treatment needs to be
applied to the whole body to determine its effectiveness. This
effectiveness should also consider the advantages and disad-
vantages between the damage of normal tissue and the killing
of tumour tissue.

4.1. Regulating the Generation and Elimination of ROS.
Active metabolism in tumour cells leads to high production
of ROS. To resist the cytotoxicity of high ROS, antioxidant
systems are activated to maintain ROS at a relatively secure
level [127]. To enhance their sensitivity, tumour cells
increased ROS levels by promoting the production of ROS
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or inhibiting the antioxidant system. As an important source
of ROS, mitochondrial dysfunction is the primary reason for
increased ROS production in cancer cells and provides a chief
focus for targeted therapy [128]. Currently, targeted thera-
peutic drugs (e.g., elesclomol [129] and rotenone [130]) for
ROS production mostly focus on the mitochondrial electron
transport chain as a specific inhibitor to the complex. The
increase of ROS production leads to apoptosis and ultimately
is manifested as tumour sensitisation. In addition, some spe-
cial ROS molecules produced through relatively independent
pathways, such as nitric oxide (-NO), offer a completely dif-
ferent treatment idea. Although -NO is inert in most cases,
its reaction rate with O, " in cells is even faster than that of
O, disproportionation catalysed by SOD [131]. In this
way, directly providing donors or regulating synthetases
may be novel methods to increase the level of ROS [132, 133].

For the antioxidant system, due to the numerous path-
ways involved, more options are provided for the selection
of inhibitors. The first choice at present is undoubtedly the
direct inhibition of several important pathways, such as the
pathways mentioned above (Figure 4). For the Keapl-Nrf2
pathway, halofuginone was reported to be able to deplete all
Nrf2 in cells by inhibiting all protein synthesis, thus reducing
the drug resistance of tumour cells in vivo and in vitro [116].
In addition, trigonelline is a potent inhibitor of Nrf2 and
causes a higher repression on the expression of the down-
stream antioxidant response element [117]. Recent studies
have indicated that trigonelline is a potential inhibitor to
reduce resistance in the treatment of colon cancer and hepa-
tocarcinoma [117, 134]. For the PI3K-AKT pathway, delica-
flavone significant inhibited resistance and induced
apoptosis effectively [118]. However, because the antioxidant
system is complex, regulating its related factors can also indi-
rectly inhibit the pathway. Cyclooxygenase-2 overexpression
has been confirmed to mediate the activation of the PI3K-
AKT pathway and is associated with drug resistance in
non-small-cell carcinoma [135]. Moreover, cyclooxygenase-
2 participates in the regulation of the NF-«B pathway, sug-
gesting another method for regulating ROS elimination
[136].

4.2. Adjusting Metabolism. Tumour cells reprogramme
metabolism to meet the need of malignant proliferation and
metastasis [125]. The altered metabolism provides more
sources for the increase in ROS, improving the resistance of
the tumour. Pavlova et al. divided the known metabolic char-
acteristic changes in tumours into six groups according to
their effects on cell genes, differentiation, and the microenvi-
ronment [137]. While most cancers often display a few of
these effects, the grouping provides a clearer direction for
the research of treatments for a certain type of tumour.
Among these groups, two are considered to be closely related
to the change in ROS levels. One is the increase in glucose
and glutamine catabolism. As two major nutrients for cell
survival and biosynthesis, glucose and glutamine are con-
sumed by tumour cells at a significantly increased rate [138,
139]. To adapt to these changes, tumour cells strictly control
their own state by reprogramming the metabolic process
[140]. Different metabolic modes also cause the increase in

ROS. This provides a direction for targeted therapy. As pre-
viously mentioned, Nrf2 affects cell metabolism. As a tar-
geted inhibitor of Nrf2, 2',4'-dihydroxy-6'-methoxy-3',5’
-dimethylchalcone can significantly decrease GSH content
and GST activity [141]. In addition, the inhibitor K-563 pro-
duced by Streptomyces sp. is able to reduce the production of
GSH by inhibiting the Keapl-Nrf2 pathway [142]. Both
inhibitors raise the sensitivity of tumour cells by adjusting
glucose and glutamine catabolism.

The other related group is the change in the use of inter-
mediate products in the tricarboxylic acid cycle. Tumour
cells not only have increased demand for nutrients but also
change the using ways of nutrients [88]. The variation in
redox reactions of the tricarboxylic acid cycle supplies more
opportunities for ROS induction. The key mechanism of
NADPH oxidase 4 promoting cell growth is considered to
be the PI3K/AKT pathway in the antioxidant system, indicat-
ing the connection between ROS levels and reprogramming
metabolism [143]. Targeted therapy to inhibit the pathways
related to these aspects is expected to be beneficial to the reg-
ulation of cellular ROS levels.

4.3. Ameliorating Hypoxic Environment. As a marker of the
tumour microenvironment, hypoxia greatly reduces the sen-
sitivity of tumour cells to effective treatment. Various
changes in cells caused by hypoxia promote the development
of the tumour and the generation of therapeutic resistance
[144]. In the process of the cell response, the HIF family plays
a significant role as transcription factors [145]. Therefore, it
is easy to think that the inhibition of HIF by targeted therapy
would achieve a good prognosis. FTY720 (Fingolimod)
[146], L-carnosine dipeptide [147], and LW6 [148] are inhib-
itors of HIF1 that are currently being studied. They primarily
repress therapeutic resistance by inhibiting the accumulation
of HIF factors, thus reducing the expression of target genes.
However, although the inhibition therapy is the most direct
and effective treatment in theory, the current treatment
results are not ideal due adverse effects and low bioavailabil-
ity [149]. At present, effective targeted therapy drugs are still
under exploration.

Because tumour therapies are less effective due to hyp-
oxia, another approach that has recently attracted attention
is the combination of a nanosensitiser and traditional treat-
ment, which is aimed at relieving the anoxic environment
while delivering drugs. For instance, one study reported that
a special nanoparticle consisting of doxorubicin (DOX) and a
MnO shell can be delivered to tumour tissues and released by
a near-infrared laser, then resolve HO to ameliorate the hyp-
oxia environment [150]. Moreover, when the nanoparticles
contain different materials, they play different auxiliary
roles in diverse tumour treatment. For example, novel
shell-stacked nanoparticle can wrap and deliver targeted
medicine to tumour cells and neovascularization [151]. A
prodrug system made up of hybrid nanoenzymes may
improve hypoxic conditions in tumour cells and provide
better basis for chemophotodynamic treatment [152].
Nanotechnology provides another possible method to
stimulate the sensitivity of tumour cells and overcome
therapeutic resistance.
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4.4. Precise Regulation of ROS Levels under Systemic
Condition. Although the inhibition of antioxidants can
improve the therapeutic effects of adjuvant radiotherapy
and chemotherapy, the role of the antioxidant system in nor-
mal tissue cannot be ignored. In most cases, the antioxidant
system protects normal tissue by scavenging ROS [127].
Studies have shown that antioxidants play a significant role
in protecting and preventing carcinogenesis [153]. As an
antioxidant, isoflavone inhibits the activation of NF-«B in
oxidative stress [154]. Due to its antioxidant ability, isofla-
vone can inhibit the production of H,0, caused by tumour
promoters in vitro and in vivo, indicating its potential ability
to prevent carcinogenesis [155]. In addition, the antioxidant
eugenol can effectively inhibit lipid peroxidation and reduce
iron and copper ions, suggesting its strong antioxidant activ-
ity and free radical scavenging ability [156]. Eugenol has been
shown to play a role in preventing skin cancer and reducing
the incidence of gastric cancer, the actions of which are
closely related to its antioxidant activity [157, 158]. However,
some studies indicate that excessive antioxidation also has
harmful effects on normal cells. In clinical trials, people tak-
ing antioxidant supplements have shown a higher risk of
developing skin cancer [159, 160]. The antioxidant epigallo-
catechin gallate can induce DNA double-strand breaks in
human lung and skin normal cells, resulting in DNA damage
and cell death [161]. Moreover, high doses of synthetic anti-
oxidants, which eliminate the interference of cytotoxicity,
have been demonstrated to cause DNA damage in cultivated
mesenchymal stem cells, finally inducing premature senes-
cence [162].Therefore, only antioxidants maintained within
a certain concentration range can be beneficial to normal
issue.

However, this does not mean that the idea of inhibiting
antioxidants to enhance radiotherapy and chemotherapy is
wrong. On the contrary, radiation protective agents such as
the antioxidant 3,3’ -diindolylmethane make use of the char-
acteristic to reduce the damage to normal tissue caused by
radiotherapy. 3,3'-Diindolylmethane can inhibit the accu-
mulation of ROS and has strong free radical scavenging activ-
ity [163]. In addition, it prevents tumorigenesis by protecting
DNA from damage in colon cancer [164]. Furthermore, it
has been proposed as a radioprotective drug because it pro-
tects normal tissue from radiation damage [165]. Other rep-
resentative drugs such as the cysteamine series also have
strong protective effects [166]. Amifostine, which is widely
used in clinical practice, significantly reduces the effect of
radiotherapy on normal tissue by scavenging free radicals
[167]. In fact, the ideal therapeutic method is to enhance
the effect of antioxidants in normal tissue and suppress it in
tumour tissue.

5. Conclusion

ROS are the redox products of cellular metabolism. Under
normal conditions, the production and clearance of ROS
are in balance to keep them at a stable low level. In tumour
cells, the appropriate increase of ROS plays an important role
in the malignant progression of cancer. However, high levels
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of ROS can also induce regulated cell death such as apoptosis,
autophagy, and ferroptosis by affecting cell signalling path-
ways and promoting lipid peroxidation. As primary antitu-
mour treatment methods, radiotherapy and chemotherapy
primarily increase the level of ROS to achieve their therapeu-
tic effect. However, in the process of treatment, tumour cells
correspondingly enhance antioxidant stress to prevent ROS
levels from being too high. Here, we review some important
mechanisms of antioxidant stress in tumour resistance to
radiotherapy and chemotherapy. Previous studies have
shown that some important pathways, such as Keapl-Nrf2
and PI3K-AKT, are significantly upregulated to reduce ROS
levels by increasing antioxidant levels, changing metabolism,
or other mechanisms. These findings suggest that the inhibi-
tion of ROS production is an important reason for the thera-
peutic resistance of tumour cells. In this context, treatment
targeting the antioxidative stress system is an important
research direction to overcome radioresistance and chemore-
sistance. Prior research indicates that ROS levels can be
increased by directly promoting ROS production, inhibiting
antioxidant system, regulating metabolism, and ameliorating
hypoxia environment. At present, the relevant research is still
in the state of exploration but shows great potential for future
study of the tumour cell antioxidant stress system.
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Berbamine (BBM), one of the bioactive ingredients extracted from Berberis plants, has attracted intensive attention because of its
significant antitumor activity against various malignancies. However, the exact role and potential molecular mechanism of
berbamine in bladder cancer (BCa) remain unclear. In the present study, our results showed that berbamine inhibited cell
viability, colony formation, and proliferation. Additionally, berbamine induced cell cycle arrest at S phase by a synergistic
mechanism involving stimulation of P21 and P27 protein expression as well as downregulation of CyclinD, CyclinA2, and
CDK2 protein expression. In addition to suppressing epithelial-mesenchymal transition (EMT), berbamine rearranged the
cytoskeleton to inhibit cell metastasis. Mechanistically, the expression of P65, P-P65, and P-IxkBa was decreased upon berbamine
treatment, yet P65 overexpression abrogated the effects of berbamine on the proliferative and metastatic potential of BCa cells,
which indicated that berbamine attenuated the malignant biological activities of BCa cells by inhibiting the NF-«B pathway.
More importantly, berbamine increased the intracellular reactive oxygen species (ROS) level through the downregulation of
antioxidative genes such as Nrf2, HO-1, SOD2, and GPX-1. Following ROS accumulation, the intrinsic apoptotic pathway was
triggered by an increase in the ratio of Bax/Bcl-2. Furthermore, berbamine-mediated ROS accumulation negatively regulated the
NEF-«xB pathway to a certain degree. Consistent with our in vitro results, berbamine successfully inhibited tumor growth and
blocked the NF-«B pathway in our xenograft model. To summarize, our data demonstrated that berbamine exerts antitumor
effects via the ROS/NF-«B signaling axis in bladder cancer, which provides a basis for further comprehensive study and presents
a potential candidate for clinical treatment strategies against bladder cancer.

1. Introduction

Bladder cancer is the 7th most common malignancy in males
and remains the leading cause of urinary disease-related
death [1]. An estimated 549,000 new cases diagnosed as blad-
der cancer and 200,000 deaths occurred worldwide in 2018
[2]. In terms of clinical and pathological aspects, urothelial

carcinoma, which accounts for 90% of primary bladder
malignant tumors, is the major histological subtype. Among
those bladder cancer patients, non-muscle-invasive bladder
cancer (NMIBC) accounts for 70% of diagnoses. Moreover,
as many as 40% of NMIBCs eventually develop into
muscle-invasive bladder cancer (MIBC), which is extremely
aggressive and has overall 5-year and 10-year survival rates
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of 50% and 36%, respectively [3, 4]. To date, therapeutics
such as surgical resection and chemotherapy, mainly based
on the tumor’s clinical stage, have made certain progress.
However, some hurdles, including adverse side effects, drug
resistance, and the high recurrence rate, restrict sustainable
clinical benefits. Therefore, it is highly necessary to screen
more effective alternatives with low toxicity and determine
their underlying mechanisms for patients with BCa.

Chinese traditional herbs have a wide range of pharma-
cological effects for clinical applications, such as anti-inflam-
matory, lipid modulation, antivirus, and antitumor [5, 6].
Berbamine, initially identified as an effective antileukemic
agent extracted from the herbal medicine Berberis, garnered
much attention [7]. A large number of research achievements
further corroborate the antitumor properties of berbamine
and its derivatives in various carcinomas, such as colon can-
cer, ovarian cancer, prostate cancer, and liver cancer [8-11].
Nonetheless, there have been no reports so far involving the
effects of berbamine on the biological activities of bladder
cancer.

ROS are a class of highly reactive, oxygen-containing
molecules, mainly including superoxide anion, hydrogen
peroxide, hydroxyl radicals, and singlet oxygen [12, 13]. Reg-
ulation of the ROS signaling network is a complex process.
Under physiological conditions, a moderate level of ROS
guaranteed by redox balance is crucial to a series of biological
processes. However, compared with normal cells, cancer cells
inherently exhibit aberrantly higher ROS levels due to their
high metabolic rate, which profoundly facilitates the onset
and deterioration of various human cancers by mediating
oxidative damage to DNA, proteins, and lipids. Due to their
dualistic nature, ROS can exert opposite biological effects.
Once the extremely high ROS level exceeds intracellular tol-
erance, it can induce mitochondrial dysfunction and destroy
cellular homeostasis, ultimately eliciting apoptosis, which
provides possible insights into cancer treatment [14].

The process of tumor progression is synergistic, involving
various intracellular proteins and complex signal transduc-
tion. Emerging evidence has demonstrated that abnormal
upregulation of the inducible transcription factor NF-«B is
closely associated with unfavorable prognosis in patients
with MIBC [15-17]. In general, inactive P65 and P50 hetero-
dimers were bound to the inhibitor IxBe in the cytoplasm.
For NF-«B to be activated, IxBa must undergo phosphoryla-
tion, ubiquitination, and degradation; then, free P65 is phos-
phorylated for nuclear translocation and binds to DNA
sequences at the promoter region of downstream target genes
to regulate cellular processes [18]. In cancer cells, NF-«B acti-
vation initiates the transcription of proliferative, metastatic,
and angiogenic genes, all of which contribute to carcinogen-
esis [19]. Therefore, targeting the NF-xB pathway has
emerged as an effective strategy for cancer therapeutics.

We aimed to investigate the broad-spectrum effects of
berbamine on bladder cancer in vitro and in vivo and eluci-
date its underlying mechanism. Cell phenotype experiments
have revealed that berbamine could inhibit bladder cancer
cell survival, proliferation, and metastasis by suppressing
the NF-«B pathway. Moreover, berbamine could induce cell
cycle arrest at S phase accompanied by alteration of P21,
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P27, CyclinD, CyclinA2, and CDK2 proteins. We further
established that berbamine downregulated the expression of
several key antioxidative genes and subsequently elicited
mitochondrial ROS generation that ultimately mediated cell
apoptosis and negatively regulated the NF-«B pathway to a
certain degree. Collectively, these findings indicated that ber-
bamine could attenuate the multiple biological properties of
bladder cancer by modulating the ROS/NF-«B axis. This
study improves our understanding of the antitumor mecha-
nism of berbamine against bladder cancer, thereby providing
a basis for further comprehensive studies.

2. Materials and Methods

2.1. Cell Lines and Culture Conditions. Bladder cancer cell
lines (5637 and T24 cells) were purchased from the Chinese
Academy of Sciences (Shanghai, China). The above cells were
cultured at 37°C in a humidified incubator containing 5%
CO, in RPMI-1640 medium (Gibco, China) supplemented
with 10% fetal bovine serum (Gibco, USA) and 1% penicillin
(Sigma-Aldrich, Italy) and streptomycin (Sigma-Aldrich,
Italy).

2.2. Cell Counting Kit-8 Assay (CCK-8). The CCK-8 assay was
applied to evaluate the viability of bladder cancer cell lines
(Dojindo, Japan). Appropriate 5637 and T24 cells were cul-
tured in 96-well plates overnight and treated at the indicated
doses. Following a certain period, the supernatant solution
was replaced by 110ul fresh medium containing 10 ul
CCK-8 solution; then, the cells were incubated for 2h at
37°C. The absorbance of each well was measured with a
microplate reader at a wavelength of 450 nm.

2.3. Colony Formation Assay. 5637 and T24 cells were uni-
formly dispersed in 6-well culture plates at an approximate
density of 1000/well. Cells were cultured with the indicated
berbamine for 48 h, and the medium was renewed every three
days. After a two-week cultivation, the colonies were fixed in
4% paraformaldehyde, stained with hematoxylin (Solarbio),
and counted using Image].

2.4. Wound Healing Assay. Exponentially growing cells were
seeded in 6-well culture plates and allowed to reach approx-
imately 95% confluence in complete medium. A sterile
pipette tip was applied to scratch the cell layer to create a
wound. Subsequently, the cells were cultured in serum-free
medium containing a specified berbamine concentration.
The images of wound closure were captured using an
inverted microscope, and the healing rate was assessed by
Image J.

2.5. Transwell Assay. Appropriate 5637 and T24 cells resus-
pended in serum-free medium (200 pl) with a specific con-
centration of berbamine were placed in the Transwell
chamber (24-well, 8 ym pore membrane, Corning Incorpo-
rated, NY, USA). For cell invasion, the upper chamber mem-
brane was precoated with Matrigel (Corning Incorporated,
NY), not for cell migration. Subsequently, 500 ul of medium
containing 20% FBS was presented in the lower chamber.
After incubation at 37°C for 48h, the cells on the upper
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surface of the membrane were wiped with a cotton swab, and
then migrated or invaded cells were fixed in 4% paraformal-
dehyde and stained with hematoxylin (Solarbio, China). The
images were taken in five randomly selected fields by a
microscope (Leica Microsystems, GmbH).

2.6. Cell Cycle Analysis. 5637 and T24 cells were cultured for
starvation overnight and then pretreated with berbamine for
48 h. Subsequently, the collected cells were resuspended and
fixed with precooled 75% ethanol at 4°C overnight. Following
incubation with 1 mg/ml RNase A at 37°C for 30 min, the
cells were stained with the propidium iodide (PI) solution
for 20 minutes in the dark. Ultimately, the distribution of
the cell cycle phase was analyzed through flow cytometry
using a BD FACSArray (BD Biosciences, USA).

2.7. Cell Apoptosis Analysis. The collected cells were resus-
pended in 100yl 1x binding buffer supplemented with 5 pl
Annexin V-FITC and 5 pl propionate (BD.559763), followed
by incubation at room temperature in the dark for 15
minutes. After staining, the cell apoptosis rate was calculated
using flow cytometry (BD Biosciences, USA) and Flow]Jo
7.6.2 software. At least 10000 cells were guaranteed before
analysis.

2.8. 5-Ethynyl-2'-Deoxyuridine (EAU) Assay. 5637 and T24
cells were seeded in 24-well plates with berbamine treatment
for 48h and incubated with medium supplemented with
50 uM EdU. Two hours later, the cells were fixed with 4%
paraformaldehyde at room temperature for 20 minutes,
permeabilized in 0.5% Triton X-100 for 10 minutes, and
stained with Apollo staining solution and Hoechst reagent.
Finally, images were taken using fluorescence microscopy
(Olympus, Tokyo, Japan).

2.9. Phalloidin Staining. After berbamine treatment for 48 h,
5637 and T24 cells were fixed with cooled carbinol and incu-
bated with 50 ug/ml FITC-phalloidin (Sigma-Aldrich) at
room temperature in the dark for 1h. Next, the cells were
counterstained with DAPI (Sigma-Aldrich, USA). Finally,
cell morphology was observed under a fluorescence micro-
scope (Olympus, Japan).

2.10. Cell Transfection. pcDNA3.1-P65 and the empty vector
were obtained from Genomeditech (Shanghai, China). When
the cell confluence was approximately 50% in 6-well plates,
the OV-P65 plasmid and the empty vector were transfected
into 5637 and T24 cells with Lipofectamine 3000 Reagent
(Invitrogen, USA). After 48h of transfection, the cells were
collected for subsequent experiments.

2.11. Mitochondrial ROS Measurement. Briefly, berbamine-
treated cells were incubated with 5uM MitoSOX reagent
working solution at room temperature in the dark for 10
minutes. Then, the cells were fixed in 4% paraformaldehyde
and stained with DAPI. Finally, images were captured using
a fluorescence microscope (Olympus, Japan).

2.12. Immunofluorescence. Cells were fixed with 4% parafor-
maldehyde for 20 minutes and permeabilized in 0.5% Triton
X-100 for 10 minutes. Next, the cells were blocked with nor-

mal goat serum for 1 h and incubated overnight with the pri-
mary antibody at 4°C, followed by incubation with the Alexa
Fluor 488-conjugated secondary antibody in the dark for 2 h.
Finally, the cell nuclei were counterstained with DAPI, and
images were captured using a fluorescence microscope
(Olympus, Japan).

2.13. Quantitative Real-Time PCR (qRT-PCR). The total
RNA was extracted from 5637 and T24 cells by using the
TRIzol Reagent (Takara, China) and was subsequently
reverse-transcribed into ¢cDNA with the PrimeScript™ RT
Reagent Kit (Takara) according to the manufacturer’s
instructions. QRT-PCR analysis was carried out using the
TB Green™ Premix Ex Taq™ II (Takara). The primer
sequences were as follows: GAPDH (forward: 5'-GCACCG
TCAAGGCTGAGAAC-3'; reverse: 5 -TGGTGAAGACG
CCAGTGGA-3") and P65 (forward: 5'-GACGCATTGCT
GTGCCTTC-3'; reverse:  5'-TTGATGGTGCTCAGGG
ATGAC-3"). The GAPDH gene was regarded as an internal
reference for P65 mRNA. The relative expression levels were
calculated by the 2744t method. All trials were conducted in
triplicate (3 wells).

2.14. Western Blotting. Total protein was extracted from
bladder cancer cells using RIPA lysis buffer (CST, USA) with
1% phosphatase inhibitors and 1% protease inhibitors on ice,
and then quantified with the bicinchoninic acid (BCA)
method (Solarbio). Each sample (25ug) was separated by
10% SDS-PAGE, transferred to a polyvinylidene fluoride
(PVDF) membrane, blocked with 5% skim milk powder,
and incubated with the primary antibody overnight at 4°C.
The next day, the membrane was incubated with the HRP-
conjugated secondary antibody for 1 h and finally visualized
using an enhanced chemiluminescence kit.

2.15. Xenografts. The animal protocol was approved by the
Institutional Animal Care and Use Committee of Shandong
University. A suspension containing 5 x 10° T24 cells was
injected subcutaneously into the right axilla of nude mice
(specific-pathogen-free (SPF) grade, 4 weeks old) that were
randomly divided into the control group and BBM group
(n =5 for each group). When the tumor volume in each nude
mouse was greater than 100 mm®, the mice in the treatment
group were intraperitoneally injected with berbamine at
35 mg/kg body weight every three days until the completion
of the experiment. Simultaneously, the mice in the control
group were exposed to the same concentration of DMSO.
At the termination of the experiment, the mice were sacri-
ficed by cervical dislocation, and solid tumors were removed
for evaluation. In addition, a portion of tumor tissues were
embedded in paraffin for immunohistochemistry (IHC).

2.16. IHC. Tumor tissues were fixed with 4% paraformalde-
hyde and embedded in paraffin for slicing. Subsequently,
the samples were deparaffinized, rehydrated, and washed
with PBS. These samples were immersed in the antigen
retrieval solutions with 10nM citrate buffer (pH 6.0) for 3
minutes and incubated with the Ki-67 antibody and P65 anti-
body at 4°C overnight. The next day, the sections were



incubated with the biotin-conjugated secondary antibody for
1h. According to the manufacturer’s procedures, protein
staining was carried out with the DAB enzyme (Abcam,
ab64238), and the nuclei were stained with hematoxylin
(Abcam, ab143166). The stained slides were observed under
a microscope.

2.17. Statistical Analysis. All values are expressed as the
mean + SD. Prism software (GraphPad, USA) was used to
do statistical analysis. Statistical significance was determined
using two-tailed Student’s t-test or one-way ANOVA. Differ-
ences with p values less than 0.05 were considered statistically
significant.

3. Results

3.1. Berbamine Suppressed the Growth of Bladder Cancer
Cells In Vitro. The chemical structure of berbamine is dis-
played in Figure 1(a). The CCK-8 assay was first performed
to delve into the cytotoxic effects of berbamine. Briefly, cells
were treated with a range of concentrations of berbamine
(8, 16, 24, 32, and 40 uM) for 24 h or 48h, and cell survival
was calculated in comparison with that of untreated cells.
According to Figure 1(b), berbamine significantly suppressed
the viability of both 5637 and T24 cells in a concentration-
and time-dependent manner. The 50% inhibitory concentra-
tion (IC50) values of berbamine for 5637 and T24 cells at 48 h
were 15.58 +2.489 and 19.09 +0.68 umol/l, respectively.
Therefore, we applied suitable concentrations (8 uM and
16 uM) of berbamine to subsequent experiments. As shown
in Figures 1(c) and 1(d), berbamine treatment significantly
decreased the number of colonies compared to that in the
control group. Additionally, the EAU assay visually suggested
an antiproliferative activity of berbamine, as it disturbed
DNA replication. Following berbamine treatment, the per-
centages of EdU-positive 5637 and T24 cells were markedly
reduced (Figure 1(e)). Consistent with the EdU assay, immu-
nofluorescence assays indicated that the level of Ki-67, a vital
marker of cell proliferation, was notably decreased in both
cell lines in response to berbamine (Figure 1(f)). In conclu-
sion, the above outcomes illustrated that berbamine strongly
restrained bladder cancer cell growth in vitro.

3.2. Berbamine Induced Cell Cycle Arrest at S Phase in
Bladder Cancer Cells. Cell cycle perturbation underlies aber-
rant cell proliferation, which characterizes a malignant phe-
notype [20]. Given that berbamine, a cycle-specific drug,
could suppress tumor cell growth by disturbing cell cycle
progression [8, 21], we measured the cycle ratio of 5637
and T24 cells with berbamine treatment by PI staining. As
expected, berbamine increased the percentage of cells in S
phase and exhibited a dose-dependent trend, but the propor-
tion of cells in GO/G1 phase and G2/M phase did not change
significantly (Figures 2(a) and 2(b)).

To clarify the molecular mechanism of how berbamine
arrests the cell cycle, we assessed the levels of P21, P27,
CyclinD, CyclinA2, and CDK2 proteins that are responsible
for S-phase regulation [22]. As illustrated in Figures 2(c)
and 2(d)), the expression of cyclin-dependent kinase inhibi-
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tors p21 and p27 was clearly upregulated upon berbamine
treatment. In contrast, berbamine dramatically downregu-
lated the expression of CyclinD, CyclinA2, and CDK2. In
summary, berbamine induced S-phase arrest by targeting
and altering the expression of checkpoint regulators, thus
suppressing the growth of bladder cancer cells.

3.3. Berbamine Suppressed the Migration and Invasion
Activities of Bladder Cancer Cells. Considering that the
metastasis of cancer cells is a vital factor in tumor progres-
sion, we performed a wound healing assay and a Transwell
assay to assess the influences of berbamine on the metastatic
potency of bladder cancer cells. As shown in Figure 3(a),
berbamine retarded wound closure in a dose-dependent
manner, indicating that berbamine apparently curbed the
migratory capacity of bladder cancer cells. Consistently, a
similar result was obtained in the Transwell assay
(Figure 3(b)). After treatment for 48 h, berbamine induced
significant decreases in the numbers of migrated cells.
Besides, the Transwell invasion assay revealed that the
number of cells that invaded the lower chamber through
extracellular matrix (ECM) gels was remarkably reduced fol-
lowing berbamine treatment, which suggested that berba-
mine restricted the invasive capacity of bladder cancer cells.

The above experiments confirmed the antimetastatic
effects of berbamine on BCa cells (Figure 3(c)). Given that
the EMT process has been verified to engage in the migration
and invasion of cancer cells, we investigated the levels of
select markers involved in EMT following berbamine treat-
ment. Data in Figures 3(d) and 3(e) show that berbamine
augmented E-cadherin expression and concomitantly
decreased the levels of N-cadherin, vimentin, and MMP-9
in both cell lines. Therefore, the outcomes validated that ber-
bamine attenuated cell metastasis by repressing the EMT
process.

The remodeling of the actin cytoskeleton also plays a vital
role in metastasis [23]. Filopodia are actin-based protrusions
that mainly arise on the ventral surface of the cell membrane
to assimilated signals like chemokines, nutrients, and che-
moattractants [24, 25]. We next stained the cytoskeleton
and pseudopodia with fluorescein-conjugated phalloidin.
An interesting observation showed that 5637 and T24 cells
without berbamine treatment maintained the spindle- and
fibroblast-like appearance with lamellipodia at the cell
perimeter. However, the treated cells exhibited a
cobblestone-like morphology (Figure 3(f)), which was a fea-
ture of epithelial cells. Furthermore, there were few cellular
protrusions and contact surfaces between cancer cells. In
summary, it seemed clear that the inhibitory effects of berba-
mine on metastasis were also associated with cytoskeletal
rearrangement.

3.4. Berbamine Inhibited the Biological Activities of Bladder
Cancer Cells by Suppressing the NF-«kB Pathway. The excep-
tional NF-«B pathway is known as a crucial participant in cell
proliferation and EMT in bladder cancer, and blockade of the
NF-«B pathway could inhibit tumorigenesis and the progres-
sion of malignancies [26-28]. Previous studies have indeed
identified berbamine as a novel inhibitor of the NF-«B
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FiGurek 1: Inhibitory effects of berbamine on the proliferation of bladder cancer cells in vitro. (a) The chemical structure of berbamine was
depicted. (b) A CCK-8 assay was conducted to evaluate the viability of 5637 and T24 cells treated with different concentrations of
berbamine. (¢, d) Representative images of colony formation assays and quantitative analysis of the numbers of colonies. (e¢) EAU assay:
cell nuclear dye Hoechst (blue) and red fluorescence stands for DNA synthesis; percentage of EdU-positive cells of each group was
calculated using a fluorescence microscope. (f) Representative images of the Ki-67 level in 5637 and T24 cells treated with berbamine.
Green indicates Ki-67 intensity, and DAPI staining is for nuclei visualization. Values are represented (all dates are expressed) as the mean
+ SD. The experiment was repeated at least three times. Statistical significance was determined using two-tailed Student’st-test or one-way
ANOVA. "p<0.5; **p <0.01; ***p < 0.001.
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FIGURE 2: Berbamine induced S-phase arrest in bladder cancer cells. (a, b) Representative images and quantitative cell cycle distribution was
detected by flow cytometry. (c, d) The protein levels of a cell cycle regulator involving P21, P27, CyclinD, CyclinA2, and CDK2 were examined
by western blotting, and ImageJ analyzed relative expression levels. Values are represented (all dates are expressed) as the mean + SD. The
experiment was repeated at least three times. Statistical significance was determined using two-tailed Student’st-test or one-way ANOVA.
*p<0.5 **p<0.01; ***p<0.001.
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FIGURE 3: Berbamine inhibited migration and invasion of bladder cancer cell lines. 5637 and T24 cells were treated with the indicated
concentrations of berbamine for 48 h. (a) Wound-healing assays were performed to evaluate the migration capacity. (b) Transwell assays
with or without Matrigel were performed to evaluate the migration and invasion capacity. (c) The results of wound-healing assays
and Transwell assays were analyzed using Image]. (d, e) The expression of EMT-related biomarkers was examined by western
blotting. (f) Phalloidin dyeing of the F-actin cytoskeleton was performed to display morphological changes. The images were
captured under inverted fluorescent microscopy. Values are represented (all dates are expressed) as the mean + SD. The experiment
was repeated at least three times. Statistical significance was determined using two-tailed Student’st-test or one-way ANOVA. *p <0.5;

**p<0.01; ***p<0.001; ****p < 0.0001.

pathway with antitumor activity [29-31]. Thus, we hypothe-
sized that the inhibition of NF-«xB activation is a potential
mechanism by which berbamine interferes with the biologi-
cal activities of bladder cancer. We measured the expression
of the critical genes involved in the NF-«B signaling pathway.
As predicted, the levels of total P65, P-P65, and P-IxBa were
significantly decreased in the presence of berbamine
(Figures 4(a) and 4(b)). To determine whether inactivation
of the NF-«B pathway caused by berbamine was responsible
for the reduction in proliferation and metastasis, we initially
chose the pathway-specific inhibitor BAY-11-7082 and then
assessed cell viability by CCK-8 assay. Our results proved
that BAY-11-7082 alone exhibited superior inhibitory activ-
ity and exacerbated cytotoxicity mediated by berbamine
(Figure 4(c)). On the other hand, the pcDNA3.1-P65 plasmid
was constructed and subsequently transfected into 5637 and
T24 cells. As shown in Figures 4(d) and 4(g), the level of P65
dramatically increased, suggesting successful transfection. As
expected, P65 overexpression partially abolished the inhibi-
tory effect of berbamine on cell proliferation and metastasis
in the rescue experiments (Figures 4(h) and 4(i)), which indi-
cated that the antitumor action of berbamine against bladder
cancer cells was mediated, at least in part, by inhibiting the
activity of the NF-«B signaling pathway.

3.5. Berbamine Triggered ROS Generation and Cell Apoptosis
in Bladder Cancer. Mitochondria are vital sources of intracel-
lular ROS involved in the regulation of diverse pathophysio-

logic processes [32]. In addition, fluctuations in ROS levels
could regulate the proliferation and apoptosis of cancer cells
in response to multiple stimuli [33]. Due to their short half-
lives, we evaluated the changes in ROS levels of 5637 and
T24 cells incubated with 16 uM and 32 uM berbamine for
24h. MitoSOX images (Figures 5(a) and 5(b)) showed that
red fluorescence intensity was remarkably elevated, indicat-
ing that berbamine directly accelerated the generation of
mitochondrial superoxide. In most cells, the level of ROS
strictly depends on the dynamic equilibrium between ROS
generation and antioxidant systems. Next, we detected the
expression levels of a few antioxidative genes of bladder can-
cer cells following berbamine treatment. The Nrf2, HO-1,
SOD2, and GPX-1 genes were substantially downregulated
(Figures 5(c) and 5(d)), which explained that the ROS accu-
mulation mediated by berbamine is associated with the defi-
ciency of antioxidant defense.

We further used the Annexin V-FITC/PI double-staining
method with flow cytometry to elucidate the cytotoxic effect
of berbamine on BCa cells in more detail. As shown in
Figures 5(e) and 5(f), an obvious increase in the apoptosis
rate was found upon treatment with a higher concentration
of berbamine. To understand the molecular evidence of
berbamine-induced apoptosis, we analyzed the expression
levels of Bcl-2 family proteins that are master regulators of
mitochondrial apoptosis. Western blotting results showed
that berbamine dose-dependently increased the expression
of the proapoptotic Bax protein while significantly inhibiting
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FIGURE 4: Berbamine inhibited the NF-«B pathway in bladder cancer cell lines. (a, b) Western blotting experiments were performed to detect
the expression levels of NF-«B P65, P-P65, and P-IxBa in both 5637 and T24 cells following berbamine treatment for 48 h. (c) A CCK-8 assay

evaluated cell viability via a comparison between group exposures to

16 M berbamine and in the presence or absence of 10 uM BAY-11-

7082. (d, e) To detect the effectiveness of transfection, QRT-PCR and western blotting were performed to measure the expression of P65 at
48h posttransfection. (f, g) Western blotting was performed to detect the expression of P65 and P-P65 in 5637 and T24 cells after
berbamine treatment with or without pcDNA3.1-P65. (h) In rescue experiments, the invasive potency of 5637 and T24 cells was evaluated
by Transwell assays with Matrigel following berbamine treatment with or without pcDNA3.1-P65. (i) EdU assays were performed to
detect the proliferative ability of 5637 and T24 cells following berbamine treatment with or without pcDNA3.1-P65. Values are
represented (all dates are expressed) as the mean + SD. The experiment was repeated at least three times. Statistical significance was
determined using two-tailed Student’st-test or one-way ANOVA. *p < 0.5; **p < 0.01; ***p < 0.001; ****p < 0.0001; “p < 0.5; p < 0.01.

the level of the antiapoptotic Bcl-2 protein in both cell lines
(Figures 5(g) and 5(h)). Overall, berbamine increased the
Bax/Bcl-2 ratio, which is critical for the initiation of the
intrinsic apoptosis pathway.

3.6. Berbamine Exerted Antitumor Activity against Bladder
Cancer Cells by Modulating the ROS/NF-kB Axis. It is well
known that numerous anticancer drugs trigger cell apoptosis
via a ROS-dependent pathway [34, 35]. Accordingly, we fur-
ther explored whether cell apoptosis caused by berbamine is
directly relevant to ROS accumulation. To confirm this
hypothesis, we applied N-acetylcysteine (NAC), a ROS scav-
enger, to the berbamine-treated group in advance. As shown
in Figures 6(a) and 6(b), pretreatment with NAC partially
prevented berbamine-mediated mitochondrial ROS genera-
tion, followed by a decrease in bladder cancer cell apoptosis
(Figures 6(c) and 6(d)). Consistent with the flow cytometry
assay results, western blotting analysis showed that NAC par-
tially reversed the effects of berbamine on the protein levels
of Bcl-2 and Bax (Figures 6(e) and 6(f)). Numerous articles
have demonstrated that ROS can modify cell-signaling pro-

teins to mediate multiple pathways. We further explored
the correlation between ROS and NF-«B. We observed that
the ROS inhibitor counteracted the NF-«xB pathway suppres-
sion mediated by berbamine to a certain degree (Figures 6(g)
and 6(h)). Taken together, these observations indicated that
the ROS/NF-«B axis plays a vital role in the antitumor activ-
ity of berbamine against bladder cancer.

3.7. Antitumor Effect of Berbamine In Vivo. To further vali-
date the antitumor effect of berbamine in vivo, we established
a human-T24 subcutaneous xenograft in nude mice and
recorded mouse weight and tumor weight throughout the
experiment. As exhibited in Figures 7(a) and 7(b), berbamine
exerted apparent cytotoxicity against cancer cells in vivo. The
tumor volume and weight of the berbamine-treated group
grew much more slowly than those of the control group
(Figures 7(c) and 7(d)); however, there was no significant dif-
ference in the average weight of mice between the control
group and the berbamine-treated group (Figure 7(e)), sug-
gesting that berbamine possibly had no evident adverse
effects in vivo.
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THC analysis showed that the positive rate of Ki-67 and
P65 in the tumor tissue of the berbamine-treated group was
significantly lower than that in the control group
(Figures 7(f) and 7(g)), which is consistent with our in vitro
results. Overall, our results suggested that berbamine reduces
tumor growth and suppresses NF-«B signaling in vivo.

4. Discussion

Bladder cancer is the most common malignant tumor of the
urinary system, with high incidence and recurrence. Thus far,
studies have extensively reported the pathogenesis and cur-
rent therapeutic strategies of bladder cancer, consisting of
surgical resection, immune checkpoint inhibition, and a
combination of chemotherapy drugs. However, there are
few studies on Chinese traditional medicine applications in
clinical cancer therapy, which is possibly due to a lack of a
comprehensive understanding of their mechanisms and
safety. Berbamine is one of the active ingredients extracted
from the herbal medicine Berberis and possesses multiple
biological activities, including immunomodulatory, antihy-
pertensive, and cardioprotective properties [36-38].

Natural compounds and their derivatives extracted from
traditional Chinese herbs can be considered as ideal alterna-
tive anticancer agents owing to their lower cost, stronger
effectiveness, and minimal side effects [11, 39]. Berbamine
has exhibited favorable antitumor potential in previous stud-
ies, as it modulates various molecular targets and has low
cytotoxicity in normal cells. For instance, berbamine sup-
pressed cell growth and invasion ability while inducing
G0/G1 cell cycle arrest and apoptosis by inhibiting Wnt/f3-
catenin signaling in ovarian cancer [9]. Additionally, berba-
mine exerted antitumor effects in vitro and in vivo through
apoptosis induction partially relevant to the activation of
the p53 gene in colorectal cancer [8]. Moreover, berbamine
enhanced the efficacy of gefitinib in pancreatic cancer cells

and radiosensitivity for head and neck squamous cell carci-
noma by inhibiting the STAT3 pathway [40, 41]. Herein,
we attempted to unambiguously investigate the effects and
potential mechanisms of berbamine in bladder cancer
in vitro and in vivo.

Cancer-cell-based experiments manifested that berba-
mine inhibited cell viability and impaired the colony forma-
tion ability of bladder cancer cells. Also, the EAU and Ki-67
immunofluorescence assay collectively revealed the antipro-
liferative effect of berbamine on bladder cancer.

Cell cycle deregulation leads to infinite cell proliferation,
which is an elementary characteristic directly related to
tumor progression. Thus, targeting the cell cycle pathway is
emerging as a fundamental strategy to arrest neoplastic pro-
cesses [33, 42]. The data of the present study demonstrated
that berbamine induced significant S-phase arrest in bladder
cancer cells. Regulations of the cell cycle are tightly depen-
dent on the coordinated activity of protein kinase complexes
that consist of cyclins, cyclin-dependent kinases (CDKs), and
endogenous inhibitor proteins (CKIs). Progression through
G1 phase is driven by activation of the CyclinA-CDK2 com-
plex, and CyclinA is required for DNA replication through-
out the S phase [43, 44]. To our knowledge, P21 and P27,
inhibitors of CDKs, bind to these Cyclin-CDK complexes
and induce their inactivation, thus halting cell cycle progres-
sion [45]. Concurrently, we observed that berbamine
dramatically downregulated the expression of CyclinD,
CyclinA2, and CDK2 and upregulated the levels of P21 and
P27, which indicated that berbamine-induced S-phase arrest
was mainly driven by enhanced initiation of S phase and con-
comitant suppression of S-phase progression.

Metastasis, the property that enables individual cancer
cells to spread into local or distant tissues [46], remains a
stumbling block limiting the effective therapy of bladder can-
cer and is also the leading cause of cancer mortality. EMT is a
critical process responsible for the acquisition of malignant
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determined using two-tailed Student’st-test or one-way ANOVA. *p < 0.5; **p < 0.01; ***p < 0.001; “p < 0.5; *p < 0.01.

phenotypes in epithelial tumor cells [47]. In this process, can-
cer cells could lose cell adhesion attributes and acquire cyto-
skeletal activation [48]. Furthermore, EMT can endow tumor
cells with stem cell characteristics, thus resulting in a poor
prognosis for cancer patients [49]. Activation of NF-«B is
correlated with the induction of a well-defined set of tran-
scription factors involved in EMT, such as Snail, Slug, Twist,
and ZEB1/ZEB2 [50]. It was reported that NF-«B P65, as a
transcriptional activator, facilitated Snail transcription by
directly binding to the promoter [51]. MMP-9 plays a crucial
role in the invasive process of various solid tumors by
degrading the extracellular matrix barrier [52]. The promoter
of MMP-9 has been characterized as having a series of func-
tional enhancer element-binding sites, such as NF-«B and
activator proteins (AP-1) [50]. Therefore, the inactivation
of NF-«B could decrease the basal transcriptional activity of
the MMP-9 promoter, thus inhibiting the expression of the
MMP-9 protein. Interestingly, we observed that berbamine
could remarkably dampen the migration and invasion
capacity of both cell lines. Western blotting revealed that
berbamine increased E-cadherin expression while decreasing
N-cadherin, vimentin, and MMP-9 expression. In our rescue
experiment, P65 overexpression increased the number of
invasive cells among those treated with berbamine. Thus,
we postulated that berbamine might suppress the metastatic
ability of bladder cancer cells through reversal of NF-xB-
mediated EMT. Moreover, berbamine impaired the cytoskel-
etal organization of 5637 and T24 cells. The cytoskeleton
changed into an epithelial morphology upon exposure to
berbamine, which could facilitate tight adhesion to avoid cell
metastasis.

Apoptosis, also known as type I genetically programmed
cell death, is a normal physiological process that accom-
panies morphological and biochemical changes involving
DNA fragmentation, chromatin condensation, and mem-
brane blebbing. To the best of our knowledge, apoptosis
can be activated by either the extrinsic pathway initiated
by the death receptor or intrinsic pathway through the
mitochondria to prevent tumor formation. In our results

presented here, berbamine elevates bladder cancer cell apo-
ptosis in a dose-dependent manner. Previous studies con-
firmed that members of the Bcl-2 family, as key regulatory
factors of the mitochondrial-mediated pathway, play an
essential role in the antiapoptosis response [53-55]. Both
Bax and Bcl-2 belong to the Bcl-2 family, and the ratio of
Bax/Bcl-2 is relevant to the sensitivity or resistance of cancer
cells to apoptotic stimuli and therapeutic drugs [56]. Western
blotting revealed that berbamine reduced the level of the Bcl-
2 protein but increased the level of the Bax protein. In a word,
berbamine activates the mitochondrial-dependent apoptotic
pathway by targeting the Bcl-2 family to exert a cytotoxic
effect on bladder cancer cells.

Strict control of ROS levels is vital to regulate cell repair,
survival, and differentiation [57]. Several lines of evidence
highlight that once the redox status deviates to oxidation,
the increased ROS function as redox messengers to accelerate
the early events involving tumorigenesis and tumor progres-
sion. Mechanistically, as an upstream factor, ROS mediate
DNA mutations and modulate various cellular signaling
pathways, thus affecting several cancer hallmarks of meta-
bolic reprogramming, angiogenesis, metastasis, and drug
resistance development [58]. However, when the continued
increase in ROS levels overwhelms intracellular antioxidant
capacity, it can stimulate cell cycle arrest and cellular apopto-
sis [59]. Compared to normal cells, tumor cells are more
sensitive to fluctuations in ROS levels, and excessive ROS
induction is a common mechanism by which various antitu-
mor agents scavenge cancer cells [60, 61]. ROS-mediated
apoptosis is known to open the permeable transition pore
of the mitochondrial membrane with the release of cyto-
chrome c by regulating Bcl-2 family genes [62]. Representa-
tive MitoSOX images initially demonstrated that berbamine
dose-dependently accumulated mitochondrial ROS in both
cell lines. Not surprisingly, previous studies reported that
berbamine, as a prooxidant, effectively induced intracellular
ROS generation, thus enhancing the sensitivity of glioma
cells to paclitaxel therapy [63]. It indicated that berbamine
might modulate ROS levels to influence the biological
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behaviors of cancer cells. To further explore the mechanism
underlying ROS generation, we measured the expression of
a few crucial antioxidative genes. Western blotting results
suggested that the levels of the Nrf2, HO-1, SOD2, and
GPX-1 genes were downregulated following berbamine treat-
ment, which implies that berbamine impaired the functions
of the antioxidant system, followed by ROS production.
Intriguingly, the apoptosis caused by berbamine was miti-
gated following the use of the antioxidant NAC, along with
the reversal of Bcl-2 and Bax expression. As stated previously,
excessive ROS generation upon the tolerable threshold plays
a crucial role in the proapoptotic effect of berbamine on blad-
der cancer.

In response to multiple stimuli, aberrant activation of the
NF-«B signaling pathway participates in multiple malignant

transformation processes by mediating the downstream
oncogenic genes. However, earlier research confirmed that
the NF-xB pathway is constitutively activated in bladder
cancer and is associated with muscle-invasive clinical fea-
tures [64]. Herein, western blot analysis showed that berba-
mine negatively regulated the expression of P65, P-P65, and
P-IxBa, which indicated that berbamine blocked the NF-«xB
signaling pathway. However, it remains unclear whether
inactivation of the NF-«B signaling pathway is sufficient to
influence the progression of BCa cells. Suppression of
NF-xB activity by the specific inhibitor BAY-11-7082 dra-
matically inhibited cell viability in both cell lines assessed.
Meanwhile, our rescue experiment revealed that cell prolifer-
ation was reversed following P65 overexpression. In addition,
the activity of NF-«B function can be regulated by ROS in
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different contexts [65]. NF-xB activation is associated with
ROS-mediated oxidation and activation of inhibitors of
NF-«B (IxB) kinases, which negatively control the stability
of IxB. On the other hand, ROS inhibit NF-«xB transcrip-
tional activity by interfering with NF-«B DNA binding
owing to the presence of oxidizable cysteines in the
DNA-binding region [66]. In this paper, we identified a
relationship in which ROS generated by berbamine acted
as an upstream molecule to partially inhibit the NF-«B
pathway, which implies the indispensable role of the
ROS/NF-xB axis in berbamine-mediated antitumor activi-
ties against BCa cells.

Finally, a xenograft mouse model was established to fur-
ther determine the inhibitory growth effects of berbamine
in vivo. Consistent with the promising results in vitro, berba-
mine could reduce the tumor volume and weight. However,
there was no significant difference in the average weight of
mice between the control group and the berbamine-treated
group, indicating that berbamine probably has no evident
side effects in vivo. The results of human pharmacokinetic
studies revealed that the half-life of berbamine was 39.25h
in the body, indicating that the compound’s elimination
was slow [67]. Thus, berbamine could be accumulated to an
efficient concentration in vivo, although lower-dose drugs

are administered. Further clinical studies are needed to
explore a better dosage regimen. As indicated by IHC, the
positive staining rate of Ki-67 and P65 frequently declined
in the tumor tissue after berbamine treatment, which sug-
gests that berbamine suppresses tumor growth and NF-«xB
signaling in vivo.

5. Conclusion

We elucidated for the first time that berbamine could exert
antitumor activities in bladder cancer by inhibiting cell pro-
liferation and metastasis and inducing cell cycle arrest at S
phase in vitro. Further analysis highlighted that berbamine
suppresses the aberrantly active NF-«B signaling pathway
to interfere with the progression of bladder cancer. In addi-
tion, ROS accumulation induced by berbamine contributes
to the intrinsic apoptosis of bladder cancer cells and inhibits
the NF-«B pathway to some extent (Figure 8). Finally, our
in vivo experiments corroborate our in vitro findings. Based
on the above results, it can be concluded that berbamine
has potential clinical applications for patients with bladder
cancer. Future studies are encouraged to ensure its drug
safety and clarify its broader mechanisms.
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Oxidative stress plays an important role in the development of colorectal cancer (CRC). This study is aimed at developing and
validating a novel scoring system, based on oxidative stress indexes, for prognostic prediction in CRC patients. A retrospective
analysis of 1422 CRC patients who underwent surgical resection between January 2013 and December 2017 was performed. These
patients were randomly assigned to the training set (n = 1022) or the validation set (n = 400). Cox regression model was used to
analyze the laboratory parameters. The CRC-Integrated Oxidative Stress Score (CIOSS) was developed from albumin (ALB), direct
bilirubin (DBIL), and blood urea nitrogen (BUN), which were significantly associated with survival in CRC patients. Furthermore,
a survival nomogram was generated by combining the CIOSS with other beneficial clinical characteristics. The CIOSS generated
was as follows: 0.074 x albumin (g/L), —0.094 x bilirubin (umol/L), and -0.099 x blood urea nitrogen (mmol/L), based on the
multivariable Cox regression analysis. Using 50% (0.1025) and 85% (0.481) of CIOSS as cutoff values, three prognostically distinct
groups were formed. Patients with high CIOSS experienced worse overall survival (OS) (hazard ratio [HR] = 4.33; 95% confidence
interval [CI], 2.80-6.68; P < 0.001) and worse disease-free survival (DFS) (HR =3.02; 95% CI, 1.96-4.64; P < 0.001) compared to
those with low CIOSS. This predictive nomogram had good calibration and discrimination. ROC analyses showed that the CIOSS
possessed excellent performance (AUC = 0.818) in predicting DFS. The AUC of the OS nomogram based on CIOSS, TNM stage, T
stage, and chemotherapy was 0.812, while that of the DFS nomogram based on CIOSS, T stage, and TNM stage was 0.855. Decision
curve analysis showed that these two prediction models were clinically useful. CIOSS is a CRC-specific prognostic index based on the
combination of available oxidative stress indexes. High CIOSS is a powerful indicator of poor prognosis. The CIOSS also showed better
predictive performance compared to TNM stage in CRC patients.

1. Introduction women and men, respectively, accounting for 10% of all
new cancer cases each year [1]. The “rise” of CRC in devel-
Colorectal cancer (CRC) is the third most common cancer,  oped countries can be attributed to an ageing population,

accounting for 9.7% of all cancers except melanoma skin ~ unfavorable modern dietary habits, and an increase in risk
cancer. It is the second and third most common cancer in ~ factors such as smoking, inadequate physical activity, and
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obesity [2]. Despite significant advances in treatment strate-
gies, the mortality rate from CRC remains high; from 1990
to 2013, the death rate from CRC increased by 57%. In
2013, there were 771,000 deaths from CRC, which now
accounts for about 10% of the cancer-related deaths world-
wide [3]. At present, the long-term prognosis of CRC
patients is still not optimistic, warranting a reasonable and
effective prediction model for the long-term prognostic
assessment of CRC patients.

Integrating different types of information into an accu-
rate, personalized CRC prognostic assessment tool is a chal-
lenge, but few assessments of the internal or external
effectiveness of prognostic models are currently conducted
[4]. At present, the common prognostic indicators of CRC
patients include age, tumor location, tumor stage, tumor
marker level, and presence of metastasis. Although CRC
prognosis has been proved to be closely related to the afore-
mentioned indicators, they have not been effectively verified
externally and their prediction accuracy is also not high [5-
7]. Considering that quite a few factors are closely related
to the prognosis of CRC patients, a reasonable, simple,
accurate, and low-cost prediction model should be designed
to effectively predict the prognosis of patients.

In addition, oxidative stress, mainly associated with
mutations in the colorectal genes, has an equally important
predictive role in the occurrence, development, and progno-
sis of CRC [8]. Studies have also shown that some plant-
based foods with the potential to inhibit inflammation and
oxidative stress may be beneficial to CRC patients, especially
those whose molecular markers point to severe inflammation
and oxidative stress [9]. A multicenter randomized con-
trolled study has found that a healthy diet has an important
role in suppressing inflammation and oxidative stress in
long-term disease outcome and survival in patients with
CRC [10]. Given the critical role of oxidative stress in the
progression of CRC, we attempted to investigate the
prognostic significance of oxidative stress-related indexes in
this study.

In the present study, we first created and validated a new
CRC-Integrated Oxidative Stress Score (CIOSS) from a large
sample of CRC patients undergoing surgical operation. Fur-
thermore, we compared the predictive value of CIOSS and
TNM staging system for the prediction of OS and DFS.
Finally, we combined the new indicators with other common
clinical variables to create and validate sequence diagrams for
predicting OS and DFS in patients with CRC.

2. Materials and Methods

2.1. Patients and Study Design. This clinical study was per-
formed at the Wuhan Union Hospital with a total of 1422
CRC patients who underwent surgical resection between Jan-
uary 2013 and December 2017. The inclusion criteria were as
follows: (1) confirmed CRC diagnosis by abdominal com-
puted tomography (CT) or biopsy, (2) underwent surgical
resection with no evidence of distant metastasis, and (3)
availability of complete clinical and pathological data.
Patients with the following conditions were excluded from
the study: (1) history of tumor, coinfection, or blood disease;
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(2) treatment with anti-inflammatory drugs prior to surgical
resection; (3) presence of severe cardiovascular disease or
metabolic diseases; (4) without clinical and follow-up
information; (5) received chemotherapy or pharmacological
treatment before surgery.

A total of 1422 surgically resected CRC patients with
complete clinical and follow-up data were included in this
study and randomly divided into the training (n=1022)
and validation (n=400) groups. This study was approved
by the ethics committee of Wuhan Union Medical College
Hospital (No. 2018-5377) and was carried out in accordance
with the Helsinki Declaration. All patients signed an
informed consent regarding their understanding of the
procedure and its potential complications, as well as their
approval for participation in the research.

2.2. Data Collection. Baseline clinicopathologic data obtained
from hospital medical records included age, gender, smoking
status, tumor history, intestinal obstruction, tumor differen-
tiation, tumor size, tumor location, tumor T stage, tumor N
stage, tumor TNM stage, perineural invasion, vascular inva-
sion, and chemotherapy. Tumor stage was classified accord-
ing to the 8" edition of the American Joint Committee on
cancer staging system, and patients with high-risk stages II
or above received adjuvant chemotherapy postoperation.
Follow-up data were obtained every three months, and
whenever we suspected recurrence, gastroscopy and imaging
were performed. The primary endpoint of this study was OS,
and the secondary endpoint was DES. OS was defined as the
time interval from surgery to the last follow-up or death. DFS
was defined from the date of definitive surgery to the date of
first recurrence (local or distant) or the date of last follow-up.

2.3. Evaluation of the Oxidative Stress Indexes. Routine blood
and biochemistry tests were conducted from the first day of
admission for each CRC patient. The oxidative stress indexes
in our study comprised ALB, total bilirubin (TBIL), DBIL,
BUN, and uric acid (UA). The cutoff values of these oxidative
stress indexes were identified using the X-tile software [11].

2.4. Statistical Analysis. Statistical analysis was performed
using the SPSS 23.0 (SPSS Inc., Chicago, IL, USA) and R
4.0.0 software (Institute for Statistics and Mathematics,
Vienna, Austria). Continuous data were expressed as mean
+ standard deviation, unless otherwise specified. Patient
characteristics were compared using ¢-tests for continuous
variables and x? or Fisher exact tests for categorical variables.
X-tile 3.6.1 (Yale University, New Haven, CT, USA) was used
to determine the optimal cutoff value for ALB, TBIL, DBIL,
BUN, and UA levels. The training set was applied to develop
the novel oxidative stress score based on the f3 coefficients
from the multivariable Cox analysis [12]. CRC patients were
divided into three risk groups (low risk, intermediate risk,
and high risk) based on the 50™ and 85" percentiles of
CIOSS. Receiver operating characteristic (ROC) analyses
were then performed to assess the predictive abilities of
CIOSS and TNM stage for the prediction of survival out-
comes. Moreover, univariate and multivariate Cox propor-
tional hazards regression models were utilized to evaluate
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Patients pathologically confirmed as colorectal cancer
between February 2013 to March 2017 (n = 3500)

Patients excluded (n = 2078)

1. History of tumor, coinfection, or blood disease( n = 538)

2. Treatment with anti-inflammatory drugs prior to surgical resection (n = 286)

3. Presence of severe cardiovascular disease or metabolic diseases (n = 631)

4. Without clinical and follow-up information (n = 521)

5. Received chemotherapy or pharmacological treatment before surgery (n = 102)

Patients included in analysis (n = 1422)

[ Training set (n = 1022) ] [ Validationset (n = 400) ]

FIGURE 1: Strategies for selecting patients to be included in the study.

the prognostic factors for OS and DFS. A nomogram incor-
porating the important factors related to the OS or DFS
was constructed with the R software. Td-ROC curves were
drawn to assess the predictive performance of survival nomo-
gram for 1-year, 3-year, and 5-year prediction. To further
measure the calibration of the nomogram in predicting
survival, a calibration curve was generated to compare
the observed results with the predicted results. A value of
P <0.05 was considered significant.

3. Results and Discussion

3.1. Study Population. A total of 1422 participants from
Wuhan Union Hospital were included in this research; 825
were males, 597 were females, and mean age was 57.79 +
11.26 years (range, 20-85). Of these, 70% (n =1022) of the
patients were randomly assigned to the training set while
the remaining patients (n = 400) were included in the inter-
nal validation set. A detailed flow diagram of the patient
selection process is shown in Figure 1. The clinical character-
istics of CRC patients in the training and validation set are
given in Table 1. The cutoff values for oxidative stress were
determined using the X-tile software. Based on these cutoff
values, all oxidative stress indicators included in our study
were those that statistically correlated with OS (Fig. S1 A-E)
and DFS (Fig. S1 F-J) in CRC patients.

3.2. Creation of the Novel Oxidative Stress Index. As clearly
shown in Table 1, we observed no significant differences in
the clinical characteristics between the data sets. For the cre-
ation of CIOSS, we selected only informational oxidative
stress indicators that significantly correlated with OS or
DEFS by performing Cox regression. As shown in Table 2,
ALB, DBIL, and BUN were found to be independent risk fac-
tors for poor OS. Hence, based on the f coeflicient, the prog-
nostic model CRC-Integrated Oxidative Stress Score (CIOSS)
was generated: 0.074 x albumin (g/L), —0.094 x bilirubin

(umol/L), and —0.099 x BUN (mmol/L). Using 50% (1.60)
and 85% (2.10) of CIOSS as cutoft values, three prognosti-
cally distinct groups were obtained. Kaplan-Meier survival
plots comparing OS and DFS stratified by CIOSS are shown
in Figures 2(a)-2(d).

3.3. Univariate and Multivariate Analyses of Factors
Associated with OS and DFS. Univariate regression analysis
was performed for all factors influencing the prognosis of
patients. Then, multivariate Cox regression analysis was per-
formed on the clinical features that were found to be signifi-
cant in the univariate log-rank test. The results confirmed
that TNM (hazard ratio [HR]: 3.44; confidence interval
[CI]: 1.37-8.63; P =0.009), T stage (HR: 2.79; CI: 1.10-7.09;
P=0.031), chemotherapy (HR: 0.72; CI: 0.52-0.98; P=
0.045), and CIOSS (Intermediate, HR: 2.93, CI: 1.99-4.32,
and P < 0.001; High, HR: 4.33, CI: 2.80-6.68, and P < 0.001)
were independent prognostic factors for OS (Table 3).

Furthermore, TNM (HR: 13.09; CI: 3.63-47.19; P < 0.001),
T stage (HR: 6.8; CI: 1.60-28.87; P = 0.009), and CIOSS (Inter-
mediate, HR: 1.88, CI: 1.29-2.76, and P =0.001; High, HR:
3.02, CI: 1.96-4.64, and P < 0.001) were independent prognos-
tic factors for DFS as well (Table 4).

3.4. Comparisons of the CIOSS and TNM Stage. ROC analyses
were further applied to assess the predictive significance of
the CIOSS in predicting survival and comparing to TNM
stage. The predictive ability of CIOSS as measured by AUC
in predicting OS was 0.768 in the training set (Figure 3(a))
and 0.735 in the validation set (Figure 3(c)). Similarly, the
CIOSS also showed remarkable performance in the predic-
tion of DFS among CRC patients, as reflected by the AUC
of 0.818 in the training set (Figure 3(b)) and 0.789 in the
validation set (Figure 3(d)). The AUCs of TNM for OS were
0.706 in the training set and 0.715 in the validation set
(Figure 3). The AUCs of TNM for DFS were 0.792 in the
training set and 0.778 in the validation set. Thus, we
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TasLE 1: Clinicopathological characteristics of all patients.

Characteristics Test set (n=1022), % Validation set (n=400), % P
Age (years) 0.557
>60 478 (46.8) 194 (48.5)
<60 544 (53.2) 206 (51.5)
Sex, male 590 (57.7) 235 (58.8) 0.726
Primary site 0.587
Left colon 310 (30.3) 124 (31.0)
Right colon 197 (19.3) 83 (20.8)
Rectum 515 (50.4) 193 (48.3)
Family history of cancer 99 (9.7) 47 (11.8) 0.557
Histological grade 0.567
Well differentiated 153 (15.0) 60 (15.0)
Moderately differentiated 800 (78.3) 319 (79.8)
Poorly differentiated 69 (6.7) 21 (5.2)
Tumor size 0.144
<2cm 51 (5.0) 25 (6.2)
2-5cm 597 (58.4) 243 (60.8)
>5cm 374 (36.6) 132 (33.0)
Lymphovascular invasion 0.364
Yes 187 (18.3) 65 (16.3)
No 835 (81.7) 335 (83.7)
Circumferential resection margin 0.576
Yes 11 (L.1) 3(0.8)
No 1011 (98.9) 397 (99.2)
T stage 0.505
T1 73 (7.1) 33 (8.3)
T2 169 (16.5) 64 (16.0)
T3 539 (52.7) 215 (53.7)
T4 241 (23.7) 88 (22.0)
N stage 0.065
NO 59 (5.8) 15 (3.8)
N1 539 (52.7) 198 (49.5)
N2 251 (24.6) 112 (28.0)
N3 173 (16.9) 75 (18.7)
TNM stage 0.563
Stage I 140 (13.7) 53 (13.2)
Stage II 352 (34.4) 130 (32.5)
Stage I1I 394 (38.6) 163 (40.8)
Stage IV 136 (13.3) 54 (13.5)
Adjuvant chemotherapy 0.529
Yes 492 (48.1) 200 (50.0)
No 530 (51.9) 200 (50.0)
Radiotherapy 0.499
Yes 55 (5.4) 18 (4.5)
No 967 (94.6) 382 (95.5)
Serum albumin 0.176
>36.3g/L 794 (77.7) 318 (79.5)

<36.3g/L 228 (22.3) 82 (20.5)
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TastLE 1: Continued.

Characteristics Test set (n=1022), % Validation set (n=400), % P
Total bilirubin 0.431

>12.2 yimol/L 389 (38.1) 159 (39.8)

<12.2 ymol/L 633 (61.9) 241 (60.2)
Direct bilirubin 0.732

>5.2 ymol/L 227 (22.2) 105 (26.3)

<5.2 yimol/L 795 (77.8) 295 (73.7)
Urea nitrogen 0.144

>4.6 mmol/L 616 (60.3) 233 (58.2)

<4.6 mmol/L 406 (39.7) 167 (41.8)
Uric acid 0.081

>200.0 ymol/L 888 (86.9) 361 (90.3)

<200.0 ygmol/L 134 (13.1) 39 (9.8)
Overall survival months 29.5 (21.8, 40.1) 29.6 (22.3, 40.7) 0.198
Disease-free survival months 20.0 (12.7, 30.2) 20.2 (13.1, 30.3) 0.732
Death, n (%) 174 (17.0) 59 (14.8) 0.298
Recurrence, 1 (%) 152 (14.9) 60 (15.0) 0.952

TaBLE 2: Cox regression models of laboratory parameters in the test set.
Univariate Multivariate
B HR p B HR p

ALB -0.077 0.926 <0.001 -0.074 0.916 <0.001
TBIL 0.029 1.029 0.014 0.002 1.002 0.916
DBIL 0.110 1.116 <0.001 0.094 1.099 0.023
BUN 0.129 1.1138 0.001 0.099 1.104 0.011
UA -0.001 0.999 0.488

CRC-Integrated Oxidative Stress Score (CIOSS) = 0.054 x ALB -0.112 x DBIL - 0.147 x BUN.

concluded that the performance of the CIOSS in predicting
both OS and DFS was superior to TNM.

3.5. Construction and Validation of a Survival Nomogram.
Based on the multivariate Cox results for OS, four valuable
factors, including TNM, T stage, chemotherapy, and CIOSS,
were eventually selected to establish the predictive model
(Figure 4(a)). Time-dependent- (TD-) receiver operating
characteristic (ROC) analysis was used to estimate the effi-
ciency of nomogram in predicting one-year, three-year, and
five-year OS. When evaluating one-year, three-year, and
five-year survival rates, the predictive power of survival
nomograms measured by area under the ROC curve (AUC)
in the training set was 0.868, 0.784, and 0.731, respectively
(Figure 5(a)); in the validation set, it was 0.757, 0.780, and
0.792, respectively (Figure 5(b)).

For DFS, three valuable factors in the multivariate regres-
sion, including TNM, T stage, and CIOSS, were selected to
establish the predictive model (Figure 4(b)). TD-ROC analy-
sis was used to estimate the efficiency of nomogram in pre-
dicting one-year, three-year, and five-year DFS. When
evaluating one-year, three-year, and five-year survival rates,
the predictive power of survival nomograms measured by
AUC in the training set was 0.889, 0.796, and 0.792, respec-

tively (Figure 5(c)); in the validation set, it was 0.855, 0.806,
and 0.800, respectively (Figure 5(d)).

The calibration curves of the two nomograms for the
probability of OS and DFS in the CRC showed good agree-
ment between prediction and observation in the test and
validation sets (Figures 6(a)-6(1)). Survival nomographs
based on COISS and other important characteristics have
better ability to distinguish between high-risk and low-risk
CRC patients in terms of OS and DEFS.

4. Discussion

In this study, we established the oxidative stress score for the
first time to predict the prognosis of CRC patients. Oxidative
stress is involved in the development of a variety of cancers,
including CRC; whether it also plays a role in CRC prognosis
is not clear. We assessed the relationship between biochemi-
cal indicators of oxidative stress and the prognosis of CRC. In
establishing a predictive model of CRC comprehensive oxi-
dative stress score (CIOSS), we found that patients with high
CIOSS had worse OS (HR =4.33; 95% CI, 2.80-6.68; P <
0.001) and worse DFS (HR =3.02; 95% CI, 1.96-4.64; P <
0.001) compared with CRC patients with low CIOSS. We
also observed that TNM and T stages are strongly related to
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F1GURE 2: Kaplan-Meier survival plots comparing OS and DFS stratified by CRC-Integrated Oxidative Stress Score (CIOSS). OS: (a) training
cohort (log rank P < 0.001) and (b) validation cohort (log rank P < 0.001); DFS: (c) training cohort (log rank P < 0.001) and (d) validation

cohort (log rank P < 0.001).

the prognosis of CRC and that the inclusion of these indica-
tors together can improve the prediction of CRC prognosis
significantly. The predictive nomogram had good calibration
and discrimination, with an AUC of 0.731 in the test set and
0.792 in the validation set on the five-year OS. In addition,
the ROC curve prediction was 0.792 in the test set and
0.800 in the validation set for the five-year DFS. This suggests
that oxidative stress has an important influence on prema-
ture death in CRC patients and shows the great potential of
these biomarkers have in enhancing the prediction of CRC
prognosis based on tumor stage.

It is believed that the development of cancer is the result
of the damage of antioxidant system, high oxidative stress
will increase the risk of colorectal cancer, and autophagy
and reactive oxygen species in oxidative stress can cause
genetic instability and posttranslational modification of
cancer-related proteins, leading to the development of CRC
(13, 14].

Autophagy is a core component of the comprehensive
stress response and affects the development of colorectal
cancer; it has been found that BRGI isolates and alleviates
colon inflammation and tumorigenesis through autophagy-

dependent oxidative stress [15]. Port et al. found that oxida-
tive stress was associated with the aggressiveness and poor
prognosis of colorectal cancer. This study found that NUAK1
is a key component of the antioxidant stress response path-
way, and the absence of NUAKI can inhibit the formation
of colorectal tumors. After oxidative stress, the expression
of NUAKI in colorectal cancer is increased, leading to a
decrease in the invasive height and overall survival rate of
colorectal cancer [12]. Studies have found that the clearance
of oxidative stress compounds is crucial to protect the body
from malignant tumors. In mouse cancer cell lines and E-
coli-related cancer models, it was found that after oxidative
stress-related pathways were abnormally regulated, GPRC5A
deletion would reduce cell proliferation, increase cell apopto-
sis, and inhibit the occurrence of tumors in vivo. Studies have
shown that GPRC5A is a potential biomarker for colon
cancer and promotes the occurrence of tumors in colitis-
associated cancers by stimulating vanin-1 expression and
oxidative stress [16]. Inhibiting oxidative stress in a rat model
of colon cancer helps to inhibit the risk of CRC and has the
potential to further evaluate therapeutic objectives [17]. In a
clinical study, antioxidant enzyme activity in CRC patients
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TaBLE 3: Univariate and multivariate analyses of factors associated with OS.
Univariate analysis Multivariate analysis
HR (95% CI) P HR (95% CI) p
Age (years)
>60 1.14 (0.85-1.54) 0.378
<60 Ref. -
Sex, male 1.18 (0.87-1.60) 0.296
Primary site
Left colon 1.56 (1.11-2.20) 0.011 1.29 (0.90-1.84) 0.169
Right colon 1.73 (1.18-2.54) 0.005 1.24 (0.83-1.86) 0.302
Rectum Ref. - Ref. -
Family history of cancer 1.03 (0.63-1.71) 0.901
Histological grade
Well differentiated Ref. -
Moderately differentiated 1.23 (0.63-2.42) 0.547
Poorly differentiated 1.44 (0.69-3.03) 0.336
Tumor size
<2cm 0.60 (0.28-1.29) 0.190 0.82 (0.36-1.86) 0.628
2-5cm 0.61 (0.45-0.83) 0.002 0.79 (0.58-1.09) 0.147
>5cm Ref. - Ref. -
Lymphovascular invasion
Yes 1.01 (0.67-1.50) 0.983
No Ref. -
Circumferential resection margin
Yes 0.62 (0.09-4.41) 0.630
No Ref. -
T stage
T1 Ref. - Ref. -
T2 0.83 (0.31-2.22) 0.714 0.84 (0.30-2.37) 0.748
T3 1.70 (0.74-3.91) 0.212 1.30 (0.51-3.29) 0.583
T4 5.38 (2.35-12.32) <0.001 2.79 (1.10-7.09) 0.031
N stage
NO Ref. - Ref. -
N1 0.56 (0.28-1.15) 0.114 0.65 (0.31-1.35) 0.245
N2 1.51 (0.74-3.05) 0.256 1.29 (0.59-2.83) 0.530
N3 2.86 (1.42-5.76) 0.003 1.82 (0.84-3.96) 0.132
TNM stage
Stage I Ref. - Ref. -
Stage II 1.77 (0.78-4.02) 0.170 0.81 (0.32-2.08) 0.668
Stage IIT 4.07 (1.87-8.82) <0.001 1.07 (0.42-2.71) 0.892
Stage IV 10.47 (4.78-22.93) <0.001 3.44 (1.37-8.63) 0.009
Adjuvant chemotherapy
Yes 0.66 (0.49-0.90) 0.008 0.72 (0.52-0.98) 0.045
No Ref. - Ref. -
Radiotherapy
Yes 0.98 (0.48-1.98) 0.945
No Ref. -
CIOSS
Low Ref. - Ref. -
Intermediate 3.08 (2.12-4.48) <0.001 2.93 (1.99-4.32) <0.001
High 5.09 (3.40-7.64) <0.001 4.33 (2.80-6.68) <0.001
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TaBLE 4: Univariate and multivariate analyses of factors associated with DFS.

Univariate analysis Multivariate analysis

HR (95% CI) P HR (95% CI) p
Age (years)
>60 1.13 (0.82-1.55) 0.457
<60 Ref. -
Sex, male 1.02 (0.74-1.41) 0.886
Primary site
Left colon 1.40 (0.98-2.02) 0.068 1.15 (0.79-1.67) 0.481
Right colon 1.52 (1.01-2.29) 0.048 1.26 (0.82-1.93) 0.303
Rectum Ref. -
Family history of cancer 1.26 (0.70-2.26) 0.450
Histological grade
Well differentiated Ref. -
Moderately differentiated 1.31 (0.81-2.12) 0.279
Poorly differentiated 1.50 (0.73-3.09) 0.272
Tumor size
<2cm 0.71 (0.31-1.64) 0.421
2-5cm 0.88 (0.63-1.23) 0.453
>5cm Ref. -
Lymphovascular invasion
Yes 0.96 (0.62-1.48) 0.845
No Ref. -
Circumferential resection margin
Yes 1.49 (0.37-6.03) 0.573
No Ref. -
T stage
T1 Ref. - Ref. -
T2 2.21 (0.49-9.96) 0.303 2.93 (0.63-13.55) 0.170
T3 4.39 (1.07-17.92) 0.040 3.71 (0.88-15.73) 0.075
T4 13.23 (3.25-53.88) <0.001 6.80 (1.60-28.87) 0.009
N stage
NO Ref. - Ref. -
N1 0.83 (0.35-1.93) 0.659 1.02 (0.43-2.43) 0.958
N2 1.87 (0.80-4.38) 0.152 1.30 (0.53-3.19) 0.570
N3 4.00 (1.71-9.23) 0.001 1.88 (0.78-4.51) 0.160
TNM stage
Stage I Ref. - Ref. -
Stage II 2.63 (0.78-8.81) 0.118 1.38 (0.37-5.16) 0.634
Stage III 5.64 (1.76-18.09) 0.004 2.24 (0.61-8.18) 0.223
Stage IV 33.45 (10.56-105.93) <0.001 13.09 (3.63-47.19) <0.001
Adjuvant chemotherapy
Yes 0.82 (0.68-1.17) 0.328
No Ref. -
Radiotherapy
Yes 0.51 (0.29-0.91) 0.022 0.92 (0.51-1.67) 0.794
No Ref. - Ref. -
CIOSS
Low Ref. - Ref. -
Intermediate 2.17 (1.49-3.16) <0.001 1.88 (1.29-2.76) 0.001
High 3.09 (2.02-4.71) <0.001 3.02 (1.96-4.64) <0.001
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FIGURE 3: Receiver operating characteristic (ROC) curves of CIOSS, TNM stage, and the nomogram. The prognostic significance and
predictive performance of the CIOSS, TNM stage, and nomogram in predicting OS and DFES in the (a, b) training sets and (c, d)

validation sets, respectively.

was significantly lower than that in the normal population
(P <0.01). Assessment of oxidative stress and antioxidant
administration are of great significance for the treatment
and prevention of colorectal cancer [18]. Although current
studies have found that oxidative stress is closely related to
the occurrence and development of CRC, few studies have
used the state of oxidative stress to establish CRC prediction
model, and oxidative stress may be a potential indicator to
improve the prediction accuracy of CRC prognosis.

In this study, we designed a new score, CIOSS, developed
from a series of oxidative stress indicators significantly asso-
ciated with survival in CRC patients and found that CIOSS
was independent prognostic factors among patients with
CRC. To build a highly accurate OS prediction model,
important parameters from the univariate regression were
further used for the multiple regression model. Four valuable
factors, TNM, T staging, chemotherapy, and CIOSS, were

selected to establish the prediction model. In this study,
ROC was compared with nomogram, CIOSS, and TNM.
AUC in the OS test set was 0.813, 0.768, and 0.706, respec-
tively, and 0.855, 0.818, and 0.792 in the validation set,
respectively. The AUC in the DFS test set was 0.799, 0.735,
and 0.715, respectively, and 0.804, 0.789, and 0.778 in the
validation set. The nomogram and CIOSS showed good
discrimination and calibration and had important clinical
application.

At present, many studies also use relevant indicators to
predict CRC prognosis and establish corresponding predic-
tion models. Li et al. also established a nomogram model to
predict CRC prognosis based on the NLR, PLR, lymphocytes
and monocyte ratio (LMR), and albumin/globulin ratio
(AGR) for five-year OS and DFS [19]. They found that
NLR >2.72, PLR>219.00, 2.83, and AGR<1.50 were
associated with a significant reduction in DFS and OS
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FIGURE 4: Evaluation of overall survival (OS) and disease-free survival- (DFS-) associated nomograms for resectable patients with colorectal
cancer (CRC). (a) OS nomogram integrating the TNM stage, T stage, CIOSS, and chemotherapy for predicting 1-, 3-, and 5-year OS rates. (b)
DFS nomogram integrating TNM stage, T stage, and CIOSS for predicting 1-, 3-, and 5-year DFS rates.

(P <0.001), and the Harrell’s C-indexes for OS and DFS pre-
diction were 0.765 and 0.735. In this study, an obvious limi-
tation of this model is that it has not been effectively verified
externally, so it needs further verification. There is another
multicenter retrospective study using postoperative carci-
noma embryonic antigen (CEA) level, depth of tumor inva-
sion (T factor), lymph node metastasis (N factor), and
number of metastatic organs as variables, and predicting
OS with postoperative CEA level, T factor, and peritoneal
metastasis using factor N as a useful tool for postoperative
monitoring of stage IV CRC patients, the nomograms
showed c-indices of 0.629 and 0.640 in the derivation set
and 0.604 and 0.637 in the validation set for DFS and OS,

respectively [20]. This study is also an effective model based
on common laboratory examination indicators, but its accu-
racy is slightly lower than that of our study. A few CRC
prediction models with large sample data have also been
established, and their validity has been verified both inter-
nally and externally. Boakye et al. used the Cox model and
predefined variables (age, sex, stage, tumor location, and
comorbidity score) to construct nomograms of relevant sur-
vival outcomes, which were found to significantly improve
the prediction of CRC prognosis [21]. Li et al. established
nomogram prediction for progression based on inflamma-
tory biomarkers to predict the prognosis of CRC patients,
and the results showed that the inflammatory factors
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FIGURE 5: Nomograms of time-dependent receiver operating characteristic (ROC) curves associated with overall survival (OS) and disease-
free survival (DFS). (a, ¢) Represent ROC curve of nomogram 1-, 3-, and 5-year OS rates for the training set and validation set; (b, d) represent
ROC curve of nomogram 1-, 3-, and 5-year DFS rates for the training set and validation set.

included in these nomograms predicted accurate individual
prognosis [22]. In addition to the combination of commonly
used laboratory examination indicators into a prediction
model, there have also been studies to predict the prognosis
of CRC patients by combining laboratory examination and
imaging examination into a prediction model. Huang et al.
included a panel of radiology characteristics in their study
where CT reports the status of lymph nodes and independent
clinical risk factors, and through the group of radiology
nomogram, model identification and calibration and applied
in the validation queue nomogram still have good identifica-
tion, the model showed good discrimination, with a C-index
of 0.736 through internal validation, and in the validation
cohort, it still gave good discrimination with C-index of
0.778 and good calibration [23]. The results of this study
are of great significance, imaging examination and laboratory
examination-related indicators are combined, and the pre-
diction model is effectively validated both internally and
externally. Although the accuracy of the prediction results
is slightly lower than that of our study, it provides us with a

good reference and suggestion. It is worth further exploring
whether the integration of our research indicators into imag-
ing examination can significantly improve the prediction
effect. At present, different indexes are included in the prog-
nosis prediction model for CRC patients, and the prediction
effect of each is different. However, a reasonable and effective
prediction model still needs further study.

In our study, the independent predictors of OS and DFS
in multivariate analysis of CRC patients were mainly related
to T stage, TNM stage, adjuvant chemotherapy, and CIOSS.
Tumor stage and chemotherapy have been previously vali-
dated as independent prognostic factors for CRC patients
after surgery [24, 25]. CIOSS comprised the ALB, DBIL,
and BUN, which are closely related to oxidative stress and
play an important role in tissue damage and disease progres-
sion. An animal model experiment found that when the oxi-
dative stress reaction was triggered in mice after receiving
external stimulation, the oxidative stress factors increased
and biochemical examination showed significantly high
levels of TBIL, lactate dehydrogenase (LDH), CRE, and
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FIGURE 6: Calibration curves for 1-, 3-, and 5-year nomogram predictions. The calibration curves for predicting overall survival (OS) in
colorectal cancer (CRC) patients at (a) 1, (b) 3, and (c) 5 years in the training set and at (d) 1, (e) 3, and (f) 5 years in the validation set.
The calibration curves for predicting disease-free survival (DFS) in CRC patients at (g) 1, (h) 3, and (i) 5 years in the training set and at (j)

1, (k) 3, and (1) 5 years in the validation set.

BUN [26]. In a prospective observational study, it was found
that the levels of TBIL, ALB, LDH, and CRP were signifi-
cantly increased in patients with oxidative stress. After anti-
oxidant treatment, the respective scores were significantly
lower in patients than those in the control group, and the
incidence of mortality and sepsis was also lower [27]. A
retrospective study showed that TBIL and DBIL were signif-
icantly associated with poor prognosis after surgical resection
in stages II and III CRC patients, and high DBIL had higher
percentage of lymph node metastasis and lymphovascular
invasion as compared with low DBIL levels (P < 0.05) [28].
BUN and ALB have been confirmed to be closely related to
the prognosis of CRC patients and are independent prognos-
tic factors [29, 30]. In these studies, we find that the predictive
value of a single indicator is limited, while the predictive value
of a combination of indicators is higher. Therefore, CIOSS and
nomograms were constructed to predict CRC prognosis by
combining relevant biochemical examinations that can reflect
oxidative stress status. This is a new prediction model, and it
has been verified to be effective.

Although the sample size of our study is large, this clini-
cal study has some limitations. First, this retrospective study
was conducted at a single center and lacked external valida-
tion. Second, although we systematically collected the labora-
tory examination information of patients, the levels of
relevant laboratory indicators changed over time and no
continuous dynamic monitoring was carried out. Finally,
due to the clinical limitations, the oxidative stress indicators
were not fully included. Large-scale clinical studies with more

clinical and genetic characteristics conducted in multiple
centers are needed to verify our results. Although there are
some shortcomings, our research also has great application
value. We used some common laboratory indicators to eval-
uate patients’ oxidative stress status, which is more conve-
nient to use and has high predictive effect and value. To
our knowledge, few studies have established a CRC prognosis
model from the direction of oxidative stress. This is the first
time to predict the prognosis of CRC patients from the direc-
tion of oxidative stress, and our study can provide a new idea
for the prediction of CRC prognosis.

5. Conclusions

CIOSS is a CRC-specific prognostic index based on a combi-
nation of available oxidative stress indexes. High CIOSS was
found to be a powerful indicator of poor prognosis. The
CIOSS also showed better predictive performance compared
to TNM stage in CRC patients. The survival nomogram gen-
erated by combining the CIOSS with other beneficial clinical
characteristics can potentially be a convenient and effective
tool for predicting the prognosis of CRC patients.
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Background. Redox plays an essential role in the pathogeneses and progression of tumors, which could be regulated by long
noncoding RNA (IncRNA). We aimed to develop and verify a novel redox-related IncRNA-based prognostic signature for clear
cell renal cell carcinoma (ccRCC). Materials and Methods. A total of 530 ccRCC patients from The Cancer Genome Atlas
(TCGA) were included in this study. All the samples were randomly split into training and test group at a 1:1 ratio. Then, we
screened differentially expressed redox-related IncRNAs and constructed a novel prognostic signature from the training group
using the least absolute shrinkage and selection operation (LASSO) and COX regression. Next, to verify the accuracy of the
signature, we conducted risk and survival analysis, as well as the construction of ROC curve, nomogram, and calibration curves
in the training group, test group, and all samples. Finally, the redox gene-redox-related IncRNA interaction network was
constructed, and gene set enrichment analysis (GSEA) was performed to investigate the status of redox-related functions
between high/low-risk groups. Results. A nine-redox-related IncRNA signature consisted of AC025580.3, COLCAI, AC027601.2,
DLEU2, AC004918.3, AP006621.2, AL031670.1, SPINT1-ASI, and LAMA5-ASI was significantly associated with overall survival
in ccRCC patients. The signature proved efficient, and thus, a nomogram was successfully assembled. In addition, the GSEA
results demonstrated that two major redox-related functions were enhanced in the high-risk group ccRCC patients. Conclusions.
Our findings robustly demonstrate that the nine-redox-related IncRNA signature could serve as an efficient prognostic indicator
for ccRCC.

1. Introduction

Renal cell carcinoma (RCC) is the most common malignant
tumour in the kidney, accounting for nearly 90% of all kidney
cancers [1]. Approximately 350,000 new cases of RCC were
diagnosed worldwide per year, which caused more than
15,000 deaths per year in the USA and more than 140,000
deaths per year worldwide [2, 3]. RCC can have several histo-
logic subtypes; clear cell renal cell carcinoma (ccRCC) is the
most common RCC subtype in adults and accounts for
approximately 70% of all RCC cases [4]. The prognosis of
ccRCC varies widely. For patients with early and localized
disease, the cure rate is high with a 5-year survival of more
than 90%. However, 5-year survival was only 12% for
patients with distant metastatic disease [5], which caused

most deaths in ccRCC patients. In addition to the most basic
surgical resection, many emerging therapies for the treat-
ment of metastatic ccRCC have been proposed with
improved knowledge of disease biology. Cabozantinib, an
antiangiogenic agent that targets the VEGF pathway, was
approved as a first-line therapy for patients with advanced
ccRCC [6]. Immunotherapy, such as programmed cell death
1 (PD-1) and cell death-ligand 1 (PD-L1) blockers, has also
been developed in ccRCC [7, 8]. However, each of these treat-
ments still has some limitations. Hence, it is urgent to
improve the survival of patients with ccRCC. Whereas
TNM (Tumor, Node, Metastasis) staging system has been
the most commonly prognostic predictive system for ccRCC
patients, it does not effectively predict the aggressiveness of
the ccRCC [9]. Although there are several common
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prognosis factors such as tumor stage, grade, and size, these
factors also do not provide accurate predictions due to their
molecular and genetic heterogeneity were ignored. Identify-
ing potential valuable molecular biomarkers would enhance
the prognostic value of the developed tools.

Redox homeostasis system regulates many biological
processes, including cell signaling, proliferation, and differ-
entiation by modulating intracellular antioxidant and redox
signaling (ARS). Imbalances among oxidation and antioxida-
tion can lead to oxidative stress and damage to cell functions,
contributing to a variety of diseases [10, 11]. During the last
decades, extensive research has revealed that disruption of
the reduction-oxidation signaling can mediate cancer initia-
tion and development by leading to molecular damage [12,
13]. Recent studies showed the imbalance of the redox
homeostasis system is closely related to the RCC occurrence
and progression [14, 15]. Hence, it is vital to discover poten-
tial valuable redox-related biomarkers to improve the prog-
nostic prediction of patients with ccRCC.

In recent years, scientists have focused on molecular bio-
markers in the development of a reliable prognostic bio-
marker in cancer [16]. The long noncoding RNA (IncRNA)
is a type of noncoding RNA with transcripts of >200 nucleo-
tides in length without any protein-coding capacity [17], but
it plays important roles in the regulation of mRNA transcrip-
tion and protein translation [18]. IncRNA modulated many
important biological functions, such as cell growth and sur-
vival, genomic imprinting, chromatin modifications, and
allosteric regulation of enzyme activities [19]. In tumor
patients, abnormal expressions of IncRNA are frequent bio-
logical phenomena and closely associated with prognosis
[20]. IncRNAs have been repeatedly suggested as well-
accessible blood-based biomarkers in numerous urogenital
malignancies, including RCC [21-23]. Therefore, the redox-
related IncRNA may be used as a potential valuable bio-
marker or a potential therapeutic target.

In our study, we evaluated the interaction between redox
and IncRNA. A nine-redox-related IncRNA signature with
potential molecular prognostic value in ccRCC was identified
by using both the LASSO and Cox regression analyses. We
also constructed a nomogram based on this nine-redox-
related IncRNA signature for improving the prognostic pre-
diction of ccRCC patients, and it will serve as a reliable prog-
nostic predictor tool for ccRCC patients in the future.

2. Materials and Methods

2.1. Data Sources. We searched TCGA-GDC (https://portal
.gdc.cancer.gov/) for the transcriptome profiling and clinical
data. We filtered the transcriptome profiling data using the
following: the primary site is the kidney, the program
name is TCGA, the project is TCGA-KIRC, the disease
type is adenomas and adenocarcinomas, and the data cat-
egory is transcriptome profiling while workflow type is
HTSeq-FPKM. On the other hand, the filter criteria for
clinical data included data category and format as clinical
and ber xml, respectively. We then downloaded the cart
and metadata files for the transcriptome profiling data
(611 samples) and the cart files for the clinical data (537
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samples). The data files were decompressed and sorted into a
matrix based on PERL programming. We searched the
Ensembl database (http://asia.ensembl.org/index.html) for
the human gene transfer format (gtf) file to transfer the gene
id and annotate genes for mRNA or IncRNA. In addition,
we searched GSEA-MSigDB (https://www.gsea-msigdb.org/
gsea/msigdb) for the redox-related gene set by searching
“redox” as keywords, and we download two redox-related
gene sets as “GO_CELL_REDOX_ HOMEOSTASIS” and
“GO_RESPONSE_TO_REDOX_STATE.”

2.2. Differentially Expressed Redox-Related IncRNAs
(DERRIncRNAs). Having annotated the genes for mRNA or
IncRNA, we extracted the expression of IncRNA and then
used the “limma” package for the entire IncRNA data to iden-
tify the differentially expressed IncRNAs (DEIncRNAs) with
[logFC | >1 and FDR < 0.05 between tumor and normal sam-
ples. Meanwhile, we extracted the expression of redox-related
gene sets then identified redox-related IncRNAs by using the
Pearson Correlation Test with |Cor | >0.5 and p.adj < 0.001
between IncRNAs and expression of redox-related gene sets
in tumor tissue. Finally, we took an intersection of DEIncR-
NAs and redox-related IncRNAs to screen differentially
expressed redox-related IncRNAs (DERRIncRNAs).

2.3. Random Grouping and Signature Construction. We
merge the expression of DERRIncRNAs with their clinical
survival data; then, all the samples were randomly split into
the training and test groups at a 1:1 ratio. Following this, we
performed univariate Cox regression of DERRIncRNAs in
the training group to identify prognosis-related DERRIncR-
NAs with the filter criterion set at a significance of p < 0.05.
Also, to avoid overfitting, we applied LASSO regression to
screen appropriate variables from the prognosis-related
DERRIncRNAs. Finally, a survival-predicting model was con-
structed by a multivariate Cox proportional hazard model.
Importantly, a risk score formula was created based on the sig-
nature: Risk score = ¥ (Exp(i)ecoe(i)). N is the number of
redox-related IncRNA in the multivariate COX regression,
Exp(i) is the expression value of IncRNA, and Coe(i) is the
estimated regression coefficient of IncRNA in the multivariate
Cox regression analysis. Then, the samples in both the training
group and test group obtained a risk score calculated by the
formula, and we set the medium value of the risk score in
the training group as filter criteria that the higher risk score
is high risk and the lower risk score is low risk.

2.4. Validation of the Survival-Predicting Model. According
to the risk level judged by the risk score, we performed the
Kaplan-Meier method survival analysis to test the survival-
predicting availability of the signature and plot the survival
curve for the samples in the training group, test group, and
all group. Then, we merged the clinical data which contained
age, gender, stage, and grade with the risk score of patients
and rechecked to delete samples lacking accurate clinical
data. Following this, we plotted the multivariate ROC curves
to verify and compare the efficacy of the developed signature
with the other clinical prognostic factors; the area under the
curve (AUC) for multiple factors which contained age,
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TaBLE 1: Clinical characteristics of the KIRC patients.
Overall Test Train P
n 530 264 266
Age (mean (SD)) 60.56 (12.14) 60.48 (11.76) 60.65 (12.52) 0.875
Gender = female/male (%) 186/344 (35.1/64.9) 82/182 (31.1/68.9) 104/162 (39.1/60.9) 0.065
Grade (%) 0.432
Gl 14 (2.6) 5(1.9) 9 (3.4)
G2 227 (42.8) 108 (40.9) 119 (44.7)
G3 206 (38.9) 110 (41.7) 96 (36.1)
G4 75 (14.2) 36 (13.6) 39 (14.7)
GX 5(0.9) 4 (1.5) 1(0.4)
Unknown 3 (0.6) 1(0.4) 2 (0.8)
Stage (%) 0.169
Stage I 265 (50.0) 125 (47.3) 140 (52.6)
Stage 11 57 (10.8) 26 (9.8) 31 (11.7)
Stage III 123 (23.2) 68 (25.8) 55 (20.7)
Stage IV 82 (15.5) 45 (17.0) 37 (13.9)
Unknown 3 (0.6) 0 (0.0) 3(1.1)
T (%) 0.414
T1 21 (4.0) 10 (3.8) 11 (4.1)
Tla 140 (26.4) 68 (25.8) 72 (27.1)
T1b 110 (20.8) 49 (18.6) 61 (22.9)
T2 55 (10.4) 27 (10.2) 28 (10.5)
T2a 10 (1.9) 3(L.1) 7 (2.6)
T2b 4(0.8) 1(0.4) 3(1.1)
T3 5(0.9) 2(0.8) 3(1.1)
T3a 120 (22.6) 69 (26.1) 51 (19.2)
T3b 52 (9.8) 30 (11.4) 22 (8.3)
T3c 2(0.4) 0 (0.0) 2 (0.8)
T4 11 (2.1) 5(1.9) 6 (2.3)
M (%) 0.283
MO 420 (79.2) 209 (79.2) 211 (79.3)
M1 78 (14.7) 43 (16.3) 35 (13.2)
MX 30 (5.7) 12 (4.5) 18 (6.8)
Unknown 2 (0.4) 0 (0.0 2(0.8)
N (%) 0.68
NO 239 (45.1) 124 (47.0) 115 (43.2)
N1 16 (3.0) 8 (3.0) 8 (3.0)
NX 275 (51.9) 132 (50.0) 143 (53.8)
Risk = high/low (%) 271/259 (51.1/48.9) 138/126 (52.3/47.7) 133/133 (50.0/50.0) 0.663

gender, stage, grade, and risk scores was calculated and com-
pared with each other in the training group, test group, and
all samples.

2.5. Construction and Validation of the Risk Score-Based
Nomogram. To provide clinicians with a quantitative rather
than qualitative approach for predicting survival, we assem-
bled a nomogram according to the risk score and clinicopath-
ologic characteristics from the samples in the training group,
then performed internal cross-validation, and input test
group and all samples as two external validation set to per-

form an external validation. All the calibration curve for 1
year, 3 years, and 5 years were plotted.

2.6. Gene Set Enrichment Analysis (GSEA) and Clinical
Correlation. Though we had tested the survival-predicting
availability of the signature, how the redox-related functions
worked was still unknown; thus, we divided the tran-
scriptome file for all samples into the high-risk group and
low-risk group according to the medium value of risk score
in the training group and then exported the data as “cls”
and “gct” format files, which were then imported into GSEA
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FIGURE 1: Development of the nine redox-related IncRNAs signature. (a) Screening of differentially expressed redox-related IncRNAs. (b)
Variables going to zero as we increase the penalty (lambda) in the objective function of the LASSO. (c) 10-fold cross-validation for tuning
parameter selection in the LASSO model, —4 < lambda.min < -3.5, and there were 20 variables (IncRNAs) left. (d) Results of the
multivariate Cox proportional hazard model based on the 20 variables; nine IncRNA genes were screened to construct the signature.

TasLE 2: The detailed information of the nine redox-related IncRNAs used to construct the prognostic signature.

Gene symbol Ensemble ID Gene_biotype Coef

AC025580.3 ENSG00000275672 Antisense (IncRNA) -0.56136127
COLCA1 ENSG00000196167 Antisense (IncRNA) -0.326969031
AC027601.2 ENSG00000262115 Antisense (IncRNA) -0.873174537
DLEU2 ENSG00000231607 Antisense (IncRNA) 1.228067267
AC004918.3 ENSG00000270157 Sense intronic -0.539291321
AP006621.2 ENSG00000255142 lincRNA 0.207380745
AL031670.1 ENSG00000275582 Antisense (IncRNA) 0.889174399
SPINT1-AS1 ENSG00000261183 Antisense (IncRNA) -0.10982088
LAMAS5-AS1 ENSG00000228812 Antisense (IncRNA) 0.264867342

Notes: Antisense: transcripts that overlap the genomic span (i.e., exon or introns) of a protein-coding locus on the opposite strand. Sense intronic: a long
noncoding transcript in introns of a coding gene that does not overlap any exons. lincRNA (long intergenic ncRNA): transcripts that are long intergenic
noncoding RNA locus with a length > 200 bp. Requires lack of coding potential and may not be conserved between species.

(version 4.0.3), and conducted the analysis to explore
whether the redox-related functions were significantly differ-
entially enriched between the two groups. In addition, the
correlation between risk level and clinicopathologic charac-
teristics were tested, and the differential expression of the
nine redox-related IncRNAs between the high-risk and low-
risk group was analyzed.

2.7. Coexpression Network, Correlation Plot, and Differential
Expression Status. Having validated the efficacy of the nine
redox-related IncRNA survival-predicting signature, we
extracted the coexpression status of the redox genes and
redox-related IncRNA from the primary PEARSON Correla-
tion Test then used Cytoscape (version 3.8.0) to visualize the
coexpression network. Also, the Sankey plot and correlation
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FIGURE 3: Time-dependent multivariate ROC curve. (a) One-year multivariate ROC curve in the training group. (b) Three-year multivariate
ROC curve in the training group. (c) Five-year multivariate ROC curve in the training group. (d) One-year multivariate ROC curve in the test
group. (e) Three-year multivariate ROC curve in the test group. (f) Five-year multivariate ROC curve in the test group. (g) One-year
multivariate ROC curve in all samples. (h) Three-year multivariate ROC curve in all samples. (i) Five-year multivariate ROC curve in all

samples.

circle plot were used to visualize the correlation between
redox genes and nine redox-related IncRNAs. In addition,
the differential expression of these nine redox-related
IncRNAs between normal and tumor tissue, and between dif-
ferent clinicopathologic characteristics were analyzed and
plotted.

2.8. Subgroup Analysis. To further explore the correlation
between risk score and clinicopathological characteristics
and verify the effectiveness of the prognostic signature in dif-
ferent clinicopathological subgroups, all samples were
divided into subgroups according to age (>65 or <65), gender
(male or female), stage (stage I-II or stage III-IV), and grade
(G1-2 or G3-4). Then, we compared the mean risk score
between the different groups and performed survival analysis
to validate the effectiveness of our prognostic signature in dif-
ferent subgroups.

2.9. Statistical Analysis. The data was processed using the
Strawberry PERL programming language (version 5.30.2.1).
All statistical analyses were performed using the R software
(version 4.0.2). p<0.05 was regarded as statistically
significant.

3. Results

3.1. Patients and Samples. There were 611 transcriptome pro-
files that contained 72 normal tissues and 539 tumor tissues
from 530 KIRC patients, and we took the average of the
tumor samples sequenced multiple times. Also, all samples
were randomly split into the training and test group at a

1:1 ratio, and the characteristic of the samples in the training
group, test group, and all samples are shown in Table 1. Fish-
er’s exact test was performed to compare the differences
between groups. It seemed that there was no significant dif-
ference between these groups.

3.2. Differentially Expressed Redox-Related IncRNAs
(DERRIncRNAs). As shown in Figure 1(a), there are a total
of 4492 differentially expressed IncRNAs with|logFC| > 1
andFDR < 0.05. And a total of 431 redox-related IncRNAs
were screened with Pearson correlation coefficient |cor| >
0.5 and p.adjust < 0.001. Then, we took an intersection of
them and acquired 214 differentially expressed redox-
related IncRNAs (DERRIncRNAs).

3.3. Construction of the Redox-Related IncRNA Survival-
Predicting Signature. In the training group, we performed
univariate Cox regression and got 88 significant prognostic
DERRIncRNAs. Then, the LASSO regression was used to
avoid overfitting and screened 20 appropriate DERRIncR-
NAs as variates to do the following multivariate cox regression
(Figures 1(b) and 1(c)). Finally, we performed multivariate
Cox regression and developed a nine-redox-related IncRNA
signature containing AC025580.3, COLCA1, AC027601.2,
DLEU2, AC004918.3, AP006621.2, AL031670.1, SPINT1-AS]1,
and LAMAS5-ASI to predict the survival of KIRC patients
(Figure 1(d)), and their detailed information is shown in
Table 2. The risk score for each sample was then calculated
based on the expression levels of these nine redox-related
IncRNAs.  Risk score =1.23«DLEU2 + 0.21.AP006621.2 +
0.89¢AL031670.1 + 0.26eLAMAS5 — AS1 — 0.56.AC025580.3
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F1GURE 4: Nomogram and calibration curves. (a) Prognostic nomogram assembled from the training group to predict survival for ccRCC
patients. (b, ¢, d) Calibration curves for the nomogram at 1-year, 3-year, and 5-year periods in the training group. (e, f, g) Calibration
curves for the nomogram at 1-year, 3-year, and 5-year periods in the test group. (h, i, j) Calibration curves for the nomogram at 1-year, 3-

year, and 5-year periods in all samples.

—0.332COLCA1 - 0.872AC027601.2 — 0.54¢AC004918.3 —
0.11«SPINT1 — AS1.

3.4. Validation of the Survival-Predicting Signature. Having
developed the nine redox-related IncRNA signature, all
the samples both in the training group and test group
acquired a risk score, and we set the medium value of the
risk score in the training group as the cutoff to judge the
risk level of patients as high risk or low risk (Figures 2(a),

2(c), 2(e)). Following this, survival analysis was performed
to verify the survival-predicting availability of the signature
(Figures 2(b), 2(d), 2(f)). Time-dependent ROC curve for 1
year, 3 years, and 5 years in the training group (Figures 3(a)-
3(c)), test group (Figures 3(d)-3(f)), and all samples
(Figures 3(g)-3(i)) were drawn, and the AUC for the risk
score in these three groups showed that risk score could act
as an efficient prognostic factor even compared with other
commonly used clinical prognostic factor.
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FIGURE 5: Gene set enrichment analysis (GSEA) of high-risk and low-risk ccRCC patients based on the redox-related IncRNA prognostic
signature and expression heat map between high/low-risk patients. (a, b) The GSEA results show a significant enhancement of redox-
related functions in the high-risk ccRCC patients. (c) Expression heat map for the nine redox-related IncRNAs in all samples.

3.5. Construction and Validation of the Risk Score-Based
Nomogram. Having verified the efficacy of the signature, we
would like to develop a more quantitative rather than quali-
tative approach for clinicians to predict the survival of the
KIRC patients. Thus, we assembled a nomogram according
to the risk score and clinicopathologic characteristics that
contained age, gender, stage, and grade from the samples in
the training group to predict the survival rate for 1 year, 3
years, and 5 years (Figure 4(a)). Also, the calibration curve
for 1-year, 3-year, and 5-year survival rate in the training
group (Figure 4(b)-4(d)), test group (Figure 4(e)-4(g)), and
all KIRC samples (Figure 4(h)-4(j)) were plotted. Also, C-
index was calculated to assess the performance of the nomo-
gram assembled according to the training group, and that
was 0.782, 0.766, and 0.774 in the training group, test group,
and all samples, which showed the perfect performance of the
nomogram.

3.6. GSEA and Clinical Correlation. To explore the different
redox-related functions in the high/low-risk group, we
performed the enrichment analysis by using GSEA version
4.0.3 as shown in Figures 5(a) and 5(b). It showed that both
two redox-related functions were enhanced in the high-risk
group, of which the GO term response to the redox state
was significantly enhanced in the high-risk group (NOM
p value = 0.024, FDR g-value = 0.024), while the other

GO term cell redox homeostasis was not significant (NOM
p value = 0.065, FDR g value = 0.065). In addition, the corre-
lation between risk level and clinical characteristics and the
differential expression of the nine redox-related IncRNAs in
high/low risk were analyzed as shown Figure 5(c). It seemed
age, grade, and stage were all significantly related to the risk
level, which was also consistent with the outcome that high
risk resulted in high mortality.

3.7. Coexpression Network, Correlation Plot, and Differential
Expression Status. Finally, we focused on these nine redox-
related IncRNAs about their coexpression and differential
expression. The redox gene-redox-related IncRNA coexpres-
sion network was constructed (Figure 6(a)), and the Sankey
plot (Figure 6(b)) showed that 4 of them were protective
and the other 5 were risky. In addition, the correlation
between the redox gene and redox-related IncRNA was plot-
ted as the correlation network (Figure 7(a)) and correlation
circle plot (Figure 7(b)). The differential expression status
of the nine redox-related IncRNAs between normal/tumor
tissue as in Figure 7(c) showed that 7 of 9 redox-related
IncRNAs were significantly high expression in the tumor tis-
sue while the 2 left were significantly low expression in the
tumor tissue. Besides, the correlation between the expression
of these nine redox-related IncRNAs and the clinicopatho-
logical staging was explored and shown in Figure 7(d). As
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FIGURE 6: Redox gene-redox-related IncRNA interaction network and Sankey plot. (a) The interaction network between the redox-related
IncRNA genes and redox-related protein-coding genes: red circle for redox-related mRNAs and green V-shape for redox-related IncRNAs.
(b) In the Sankey plot for the interaction network, four of these redox-related IncRNAs were protective while the other five were indicative

of risk.
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F1Gure 7: Correlation plot and the differential expression between normal/tumor tissue. (a) Correlation network for the redox gene and
redox-related IncRNAs. (b) Circle plot for the correlation between redox gene and redox-related IncRNAs. (c) Differential expression for
the nine redox-related IncRNAs between normal/tumor tissue. (d) Differential expression for the nine redox-related IncRNAs between
stage I/II/III/IV patients.
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Ficure 8: Difference in risk score between subgroups and further subgroup survival analysis. (a) Difference of risk score in patients with
age < 65 or >65. (b) Risk score-based survival analysis in patients with age < 65. (c) Risk score-based survival analysis in patients with age
> 65. (d) Difference of risk score in female or male patients. (e) Risk score-based survival analysis in female patients. (f) Risk score-based
survival analysis in male patients. (g) Difference of risk score in patients with different stage. (h) Risk score-based survival analysis in
patients with stage I-II. (i) Risk score-based survival analysis in patients with stage III-IV. (j) Difference of risk score in patients with
different grade. (k) Risk score-based survival analysis in patients with G1-2. (1) Risk score-based survival analysis in patients with G3-4.

for the differential expression status of the nine redox-related ~ 3.8. Subgroup Analysis. In age subgroups, risk score in
IncRNAs in different age, gender, and grade, the boxplot is  patients with age > 65 was significantly higher than patients
shown in the supplementary file (available here). with age <65 (Figure 8(a)), and the prognostic signature
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was verified effective in both age <5 (Figure 8(b)) and age
> 65 (Figure 8(c)) subgroups. In the gender subgroup, there
was no significant difference in the risk score between female
and male patients (Figure 8(d)). And the prognostic signa-
ture was also effective in both female (Figure 8(e)) and male
(Figure 8(f)) subgroups. As for the stage subgroups
(Figure 8(g)), the risk score in stage III was significantly
higher than that in stage II, and stage IV was significantly
higher than stage III. However, stage II was higher than stage
I with no significant difference. And the prognostic signature
was effective in both the stage I-II (Figure 8(h)) and stage III-
IV (Figure 8(i)) subgroups. In the grade subgroups, the risk
score was significantly increased between G1 and G2 and
G3 and G4 (Figure 8(j)), and the prognostic signature was
still effective in both the GI1-2 (Figure 8(k)) and G3-4
(Figure 8(1)) subgroups.

4. Discussion

ccRCC is the most common type of RCC in humans. With
the development of clinical management of ccRCC, several
prognostic factors, such as tumor grade and stage, tumor size,
and tumor number, are well characterized. However, ccRCC
has complex genetic and molecular alterations [24], which
could affect the biological processes, and some of the biolog-
ical processes are closely associated with the prognosis of
ccRCC patients, such as autophagy [25], ferroptosis [15],
and redox [26]. Most of these commonly used prognostic fac-
tors do not consider either genetic and molecular alterations
or dysregulated biological processes, and it made these com-
monly used prognostic factors not perfect for accurate prog-
nostic prediction of ccRCC patients [27]. As an emerging
genetic and molecular biomarker, IncRNA is a new class of
noncoding RNA molecules that regulate cancer cell growth,
progression, and survival [28]. Therefore, it is necessary to
establish a IncRNA signature to predict the prognosis of
ccRCC patients.

In this study, we focused on the redox process and
constructed a nine redox-related IncRNA prognostic signa-
ture (Risk score = 1.23¢DLEU2 + 0.21« AP006621.2 + 0.89+A
L031670.1 + 0.26eLAMAS5 — AS1 — 0.560AC025580.3 — 0.33e
COLCA1 -0.872AC027601.2 — 0.54eAC004918.3 — 0.11SPI
NT1 - AS1.) in the training group by the LASSO regression
and COX regression, which considered both molecular alter-
ation and dysregulated biological process. Meanwhile, y?-test
or Fisher’s exact test found the nine redox-related IncRNA
signature was significantly related to tumor grade, stage,
patients’ age, and survival status of ccRCC patients. In
addition, risk analysis, survival analysis, and 1-year, 3-year,
5-year multivariate ROC in both the training group and test
group well verified the efficacy of the survival-predicting
signature. Then, a concise nomogram consisted of the nine
redox-related IncRNA signature, age, gender, grade, and
stage was developed from the data in the training group
for prognostic prediction of ccRCC patients; both internal
cross-validation and external set validation showed great
effectiveness, and the calibration curve showed great con-
vergency to the standard curve. Further subgroup analysis
verified the effectiveness of our prognostic signature and
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indicated the universality of this prognostic signature. Finally,
having verified the effectiveness of our nine-redox-related
IncRNA signature, we focused on the interaction between
the redox genes and these nine redox-related IncRNAs,
constructed a redox gene-IncRNA interaction network, and
performed a GSEA analysis to explore the differences in redox
functions between high/low risk. Interestingly, we found both
GO CELL REDOX HOMEOSTASIS and GO RESPONSE TO
REDOX STATE were enhanced in the high-risk group, which
was consistent with the previous study that high redox level in
cancer could influence the survival of tumor patients by
initiating/stimulating tumorigenesis and supporting transfor-
mation/proliferation of cancer cells or causing cell death [29].

In this signature which consisted of nine prognostic
IncRNAs related to redox genes, COLCA1 has been reported
and identified as a key IncRNA in colorectal cancer [30-32],
and DLEU2 has been reported related to the development of
multiple cancers [33-36]. Chen et al. reported that IncRNA
DLEU2 could regulate miR-30a-5p and related to the aggres-
siveness of ccRCC [37]. SPINT1-ASI has been reported as a
prognostic factor in esophageal squamous cell carcinoma
and colorectal cancer [38, 39]. Xiang et al. also reported
SPINT1-ASI as a crucial factor for pan-cancer cell sensitivity
to lapatinib [40]. LAMAS5-ASI has been reported as a signif-
icant factor in the pathogenesis of multiple myeloma [41]. As
for the other 5 IncRNAs, there were few reports about them.

Redox plays an essential role in the pathogeneses and
progression of tumors. Regulation of reactive oxygen species
(ROS) production is crucial in highly proliferative cancer
cells, owing to the presence of oncogenic mutations that pro-
mote aberrant metabolism and gene expression [42]. Cancer
cells can produce ROS, which diffuses into the tumor micro-
environment, then initiates stromal oxidative stress and
autophagy, and leads to angiogenesis. Sosa et al. [43] revealed
that cancer cells develop resistance to ROS by inducing a new
redox balance, which further results in cellular adaptation
and proliferation under increased oxidative pressure. Indeed,
the imbalance of the redox homeostasis system is closely
related to the RCC occurrence and progression. In RCC
patients, cytosolic antioxidant enzyme activities are shown
to be decreased [44]. In recent years, redox balance has been
reported regulated by long noncoding RNAs [45]; more and
more researchers developed to identify the significant
IncRNA-redox regulation network. Chen et al. reported that
IncRNA GAS5 regulated the redox balance and dysregulates
the cell cycle and apoptosis in malignant melanoma cells
[46]. He et al. reported IncRNA MACCI-AS] promoted
stemness and chemoresistance through fatty acid oxidation
in gastric cancer [47]. Here, our works contributed to further
the comprehension of these nine redox-related IncRNAs and
their interaction with redox balance, which might provide
potential targets for the treatment in the future.

However, our study still has some limitations. First, the
training group and test group are both obtained from TCGA,
and it would be better if there is an independent cohort as an
external validation set. In addition, we did not define the
mechanisms behind the IncRNA-based signature’s mediation
of redox in the initiation and progression of ccRCC. Despite
these limitations, this is the first redox-related IncRNA-based
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survival-predicting signature, and our nomogram provides a
quantitative approach for clinicians to predict survival, which
can easily separate patients with poor prognosis from all the
ccRCC patients by performing PCR. Then, clinicians can
perform more individualized treatment regimens for patients
with different prognosis, which will contribute to individual
treatment and save more public health resources. Meanwhile,
this nomogram consisted of objective indicators, which can
reduce the interobservers’ differences and more accurately
predict survival.

5. Conclusions

In summary, we successfully developed and verified a nine-
redox-related IncRNA signature that could predict the overall
survival of ccRCC patients. The prognostic signature proved
superior compared to the other common prognostic factors.
We further assembled a nomogram connecting this signature
with clinicopathologic characteristics for 1-, 3-, and 5-year OS,
which can provide clinicians with a quantitative rather than
qualitative approach in predicting ccRCC survival. This will
help clinicians make treatment decisions more easily and
accurately in the future. It is, however, necessary to carry out
a large-scale, multicenter prospective research to confirm our
results.
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Background. Lung adenocarcinoma (LUAD), a major and fatal subtype of lung cancer, caused lots of mortalities and showed
different outcomes in prognosis. This study was to assess key genes and to develop a prognostic signature for the patient therapy
with LUAD. Method. RNA expression profile and clinical data from 522 LUAD patients were accessed and downloaded from
the Cancer Genome Atlas (TCGA) database. Differentially expressed genes (DEGs) were extracted and analyzed between
normal tissues and LUAD samples. Then, a 14-DEG signature was developed and identified for the survival prediction in LUAD
patients by means of univariate and multivariate Cox regression analyses. The gene ontology (GO) and Kyoto Encyclopedia of
Genes and Genomes (KEGG) pathway enrichment analysis were performed to predict the potential biological functions and
pathways of these DEGs. Results. Twenty-two out of 5924 DEGs in the TCGA dataset were screened and associated with the
overall survival (OS) of LUAD patients. 14CID="C008" value=""DEGs were finally selected and included in our development
and validation model by risk score analysis. The ROC analysis indicated that the specificity and sensitivity of this profile
signature were high. Further functional enrichment analyses indicated that these DEGs might regulate genes that affect the
function of release of sequestered calcium ion into cytosol and pathways that associated with vibrio cholerae infection.
Conclusion. Our study developed a novel 14-DEG signature providing more efficient and persuasive prognostic information
beyond conventional clinicopathological factors for survival prediction of LUAD patients.

1. Introduction

Lung cancer continues to be the leading cause of cancer-
related mortality around the world [1], in which non-
small-cell lung cancer (NSCLC) is the most often type,
being mainly subdivided into adenocarcinoma (LUAD),
squamous cell carcinomas (LUSC), and large cell carci-
noma (LCC) [2, 3]. In the past decades, LUAD represents
the major lung cancer population, increasingly accounting
for approximately 40% of all lung cancers [4]. LUAD were
characterized by distinct epidemiological, clinicopathologi-
cal, and molecular properties [5]. Despite the improve-
ments in diagnosis and therapy made during the past 30

years, the biomarkers for early detecting, prediction of
high rate of relapse and mortality populations and the
identification of target or immunological therapies for lung
cancer patients are still unsatisfactory. Thus, identification
of effective biomarkers for the prognosis of LUAD is crit-
ical for the diagnosis and treatment of LUAD patients.
Differentially expressed genes (DEGs) that regulated by
gene transcription are implicated in diverse biological processes.
Gene-expression profiling analysis made some progresses in
predicting overall survival (OS) in NSCLC [1, 6, 7]. Mascaux
et al. showed that immune activation and immune escape in
tumor microenvironment (TME) occurred before lung cancer
invasion [7]. With the importance of DEGs involved in cancer
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research, the roles of DEGs as biomarkers and drivers of tumor
oncogenesis and suppression have been identified. However,
there are no definite and effective biomarkers in predicting
the 5-year survival rate of LUAD patients, which bring great dif-
ficulty to clinical prognosis. Therefore, investigation in DEGs
may be the solution to noninvasive biomarkers for LUAD.

Although several genes or long noncoding RNA expres-
sion signatures, including programmed death-ligand 1(PD-
L1), have been recently proposed for predicting the OS in
NSCLC [6, 8-10], the prognostic value of an effective and
new biomarker of gene profile is still limited. DEG signa-
tures identification related to patient OS in standard clinical
samples may promote the development of molecular drug
subtypes and potential therapy targets. LUAD and LUSC
exhibit distinction in the epidemiology, molecular charac-
teristics, and prognosis [5]. Although several prognostic
DEG signatures have been discovered for NSCLC [11, 12],
few of these research identify and pinpoint the prognostic
value of DEGs biomarkers for LUAD patients in a large
cohort. Therefore, we focused on the DEG signature of
LUAD not previously published.

In this study, we identified a 14-DEG signature as a pre-
dictor of survival risk of LUAD patients using a cohort of 522
cases from The Cancer Genome Atlas (TCGA) database. We
employed a survival-associated risk score formula to identify
anovel 14-DEG prognostic signature from the TCGA dataset
of 522 LUAD patient samples. To show the conscientious-
ness of this signature, the specificity and sensitivity of our
model were examined by the area under ROC curve
(AUROC) analysis. A 14-DEG signature which could distin-
guish patients between good and poor survival was developed
by means of Cox regression analysis and risk score model
method. A higher area under curve (AUC) of the receiver
operating characteristic (ROC) curve confirmed good sensi-
tivity and specificity of the prognostic model, while multivar-
iate Cox regression analysis and stratified analysis indicated
the independence of predictive capacity of the 14-DEG prog-
nostic signature. Besides, the functional enrichment analysis
demonstrated that the 14-DEG may be probably involved
in the progression of LUAD through exerting their roles in
LUAD-related function of release of sequestered calcium
ion into cytosol and pathways that associated with vibrio
cholerae infection. Therefore, our finding may provide
insights into the predictive capacity of DEG signature elabo-
rating LUAD.

2. Materials and Methods

2.1. The LUAD Patient Dataset. The RNA-Seq data set of
patients with LUAD was downloaded from the TCGA data-
base (https://cancergenome.nih.gov/), including clinical fea-
tures. The patients with the following criteria were filtered:
patients with complete information of RNA expression pro-
files and clinical factors (including age, gender, TNM stage,
survival status, and survival time).

2.2. Differentially Expressed Gene Screening in LUAD. Raw
gene-level counts were utilized in our analysis. All the data
processing and normalization were performed and com-
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pleted by using the Perl and R version 4.0.0. The gene expres-
sion profiling data of the 522 LUAD samples and 59 normal
samples were downloaded from the TCGA database. The
DEGs between normal and LUAD group were identified
through the “edgeR” package from Bioconductor in R lan-
guage [13]. |log 2FC| >2 and adjusted p value < 0.01 were
set as the threshold for screening the expression difference
of DEGs.

2.3. Cox Regression Analysis. The RNA-seq expression
values were transformed in log2 format to normalize the
data. Univariate Cox regression analysis using the “Sur-
vival” R package was performed to clarify the association
between DEG expression and patient survival. The DEGs
(p value < 1.0e-06) from the univariate analysis were con-
sidered as potential candidate DEGs associated with OS.
To determine the independent predictive capacity of the
14-DEG signature for LUAD patients, a stepwise multivar-
iate Cox regression analysis was executed to identify the
predictive model with the best explanatory and informative
efficacy.

2.4. Risk Score and ROC Curve. A mathematical formula
(Riskscore = YN (Exp(i) - coe(i)) ) was developed to predict
the risk score for each patient based on the multivariate Cox
regression analysis. In accordance with our risk scoring sys-
tem, patients were classified into high-risk and low-risk
groups according to the median risk score. A Kaplan-Meier
overall survival curve of the different stages was plotted,
and the hazard ratio was calculated. Subsequently, the log-
rank test was utilized to determine the survival differences
between high-risk and low-risk groups. The sensitivity and
specificity of the DEG prognostic model to predict clinical
outcome were evaluated by calculating the area under curve
(AUC) of the receiver operating characteristic (ROC) curve
in the R package of “survival ROC” [14].

2.5. Differential Analysis of Scores and DEG Expression with
Clinicopathological Stages. The clinicopathological character-
istics data corresponding to the LUAD samples were down-
loaded from TCGA. The independence of the RiskScore
from the clinical parameters, such as age, gender, and tumor
stage, was determined, and the statistical analysis was per-
formed by Kruskal-Wallis rank sum test or log-rank test as
the significance test. In addition, the differential expression
of the DEGs between distinct clinicopathologic stages was
analyzed and plotted.

2.6. Function Enrichment Analysis. Gene ontology (GO) and
Kyoto Encyclopedia of Genes and Genomes (KEGG) path-
way enrichment analysis was carried out for DEGs with the
aid of clusterProfiler R package. Only terms with p value <
0.05 were considered as significantly enriched in functions
of prognostic DEGs and KEGG pathway analysis.

3. Results

3.1. Patient Characteristics. The whole construction process
in our research was showed in Figure 1. On basis of the
defined criteria, a total of 522 LUAD patients with both
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Risk score = 0.16848*C1QTNF6-+0.15360*ERO1A+0.16691 *“MELTF-0.17626 *ITGB1-DT+0.08354*RGS20+0.12733*FETUB
+0.05565*NTSR1-0.11380*LINC02178-0.14829*AC034223.2+0.22684*LINC01312+0.18560* AL353746.1+0.27908*AC034223.1+
0.38905*DRAXINP1+0.21420*LINC02310).
N r —
0
Survival Clinical correlation Functional enrichment
FiGUre 1: Workflow chart of the gene model construction.
RNA-seq expression profiles and clinical data were down- TaBLE 1: Summary of LUAD patient clinical characteristics.
loaded from the TCGA. The clinical covariates of the patients ' Patients (N = 522)
in normal or LUAD group were showed in Table 1. 47.89 Covariates Group n %
percent of 522 LUAD patients was no more than and 52.11 Survival time 902.51 £ 89215
percent was more than 65 years old. The female accounted .
for 53.64% and the male 46.36% in these patients. Of the  v;jial status Alive 334 63.98
522 patients, 280 were classified as stage I, 130 as stage II, Dead 188 36.02
while 86 were labeled with stage III and 26 with stage IV dis- I 280 53.64
ease. The survival time of 522 LUAD patients was 902.51 + s I 130 24.90
tage
892.15 days. °® I 86 16.48
v 26 4.98
3.2. Differentially Expressed Genes in LUAD Patients. Accord- 1 17 32,95
ing to the defined criteria, a total of 5924 DEGs (including )
5147 upregulated and 777 downregulated) were extracted T stage T2 281 53.83
between LUAD and normal samples (Figure 2(a)). The results T3 47 9.00
of unsupervised hierarchical cluster analysis in Figure 2(b) T4 22 421
showed that the LUAD samples could be clearly distinguished NO 342 65.52
from the normal controls with the expression of DEGs. N1 99 18.97
A total of 5924 DEGs were screened to be differentially N stage
. N2 75 14.37
expressed between LUAD and normal tissues and were N3 p L1s
used for survival analysis. To identify the DEGs which )
were related to patient survival in LUAD, univariate Cox M stage Mo 496 95.02
regression analysis for all DEG expression data was Ml 26 4.98
assessed. With the significance level threshold of 1.0E-06, A <65 250 47.89
a set of 22 DEGs was selected. These DEGs were utilized &€ >65 272 52.11
in stepwise multivariate Cox regression analysis, and finally, Female 280 53.64
14 DEGs (CIQTNF6, ERO1A, MELTF, ITGB1-DT, RGS20,  Gender Male o 1636

FETUB, NTSR1, LINC02178, AC034223.2, LINCO01312,
AL353746.1, AC034223.1, DRAXINP1, and LINC02310) were
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FIGURE 2: Prognostic evaluation of the 14-DEG signature in LUAD. (a) Volcano plots of DEGs in TCGA dataset. (b) Unsupervised
hierarchical clustering analysis of the differentially expressed genes between LUAD and normal tissues. (c) The expression heat map of the

14 DEGs.

identified (Figure 2(c)). The risk score analysis of the 14
DEGs was conducted to calculate the risk score for each
patient. The risk score formula for our model was
presented in Table 2 (Risk score=0.16848 x C1IQTNF6 +
0.15360 * ERO1A + 0.16691 * MELTF — 0.17626 * ITGBI1 —
DT + 0.08354 * RGS20 + 0.12733 * FETUB + 0.05565
NTSR1 —-0.11380 = LINC02178 — 0.14829 = AC034223.2 +
0.22684 * LINCO01312 + 0.18560 * AL353746.1 + 0.27908 *
AC034223.1 + 0.38905 * DRAXINP1 + 0.21420 * LINC
02310). Of these 14 genes, all were associated with high risk

(Figure 2(c)).

3.3. The Development of the 14-Gene Prognostic Model. We
divided the patients into high-risk and low-risk groups
according to the median risk score (value = 0.89) by calculat-
ing the expression levels of the 14 DEGs in each patient. The
log-rank test was used to determine the survival differences.
As depicted in Figure 3(a), Kaplan Meier curves showed that
the high-risk group was correlated with poor prognosis
(p=7e~-16). ROC curves indicated that the AUC of the
14-gene signature was 0.769 (Figure 3(b)), which proved that
the 14-gene signature had a high specificity and sensitivity in
predicting the OS of LUAD patients.

3.4. The 14-DEG Signature Independence from Conventional
Clinical Factors. According to multivariate Cox regression
analysis, we demonstrated that the 14-DEG signature risk
score exhibited an independent predictive ability from other
clinical factors (p=7e— 16, shown in Figure 3(a)). Mean-
while, we found that TNM stage was an independent factor
for predicting the OS of LUAD patients (p<0.001)
(Figure 4(a)). Therefore, stratification analysis was further
performed to examine whether the 14-gene signature could
provide predicted value for patients within the same TNM
stage. Because the sample numbers in stage IV were too small
to draw any reliable conclusions (1 = 26), stratification anal-
ysis was carried out only in stage I, II, and III patients. Log-
rank test for patients in stage I demonstrated that the 14-
DEG signature could distinguish patients with significantly

different survival time (p = 0.00018, Figure 4(b)). Similar pre-
dictive outcome of the 14-DEG signature was achieved in
stage II (p=1e—-05) and III (p=9e-05) patients
(Figures 4(c) and 4(d)). Besides, distinct expression of DEGs
between different clinicopathological stage samples in
Figure 4(e) showed that the DEG expression was positively
related to clinicopathological stage. Altogether, these results
manifested that the prognostic capability of the 14-DEG sig-
nature was independent from conventional clinical factors
for predicting survival of LUAD patients.

3.5. Functional Enrichment Analysis of Biological Processes
and Pathways Correlated with the Prognostic DEGs in
LUAD. The biological functions and pathway analyses were
conducted using R package clusterProfiler. The results
showed that DEGs were enriched in 181 GO biological pro-
cess (BP), 10 cellular component (CC), and 14 molecular
function (MF) terms. The GO categories of GO:
0051209~release of sequestered calcium ion into cytosol
(BP), GO: 0005788~endoplasmic reticulum lumen (CC)
and GO: 0008191~metalloendopeptidase inhibitor activity
(MF) were mainly clustered, respectively (Figure 5(a)). The
top 10 GO terms were shown in Table 3. The DEGs were
enriched in three KEGG pathways which mainly focused
on tumor metabolism, including hsa05110: vibrio cholerae
infection, hsa04141: protein processing in endoplasmic retic-
ulum, and hsa04020: calcium signaling pathway (Table 4,
Figure 5(b)).

4. Discussion

NSCLC is a global health threat with high morbidity and
mortality, up to 0.6 and 0.1 percent, respectively [11]. LUAD
accounts for more than 40% of the lung cancer patients,
showing its predominance among NSCLC. On account of
the heterogeneity, conventional prognostic systems such as
TNM stage sometimes exhibited predicting deficiency for
risk stratification and clinical outcome estimations. There-
fore, considerable outcomes are in urgent need in recent
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TaABLE 2: 14-DEG risk score model.
DEGs Coef Exp (coef) Se (coef) z Univariate p value Multivariate p value
C1QTNF6 0.168 1.18351 0.0848 1.987 3.230E-08 4.694E-02
EROIA 0.154 1.16603 0.10023 1.532 2.970E-08 1.254E-01
MELTF 0.167 1.18164 0.05823 2.867 6.080E-07 4.150E-03
ITGB1-DT -0.176 0.8384 0.06004 -2.936 2.230E-07 3.325E-03
RGS20 0.084 1.08713 0.0497 1.681 2.030E-07 9.280E-02
FETUB 0.127 1.13579 0.04674 2.724 5.180E-07 6.448E-03
NTSR1 0.056 1.05723 0.03601 1.545 9.590E-07 1.223E-01
LINC02178 -0.114 0.89244 0.06063 -1.877 3.630E-09 6.052E-02
AC034223.2 -0.148 0.86218 0.09964 -1.488 4.450E-07 1.367E-01
LINCO01312 0.227 1.25463 0.06224 3.645 8.990E-09 2.680E-04
AL353746.1 0.186 1.20394 0.04763 3.896 1.750E-09 9.760E-05
AC034223.1 0.279 1.32191 0.11378 2.453 2.580E-09 1.417E-02
DRAXINP1 0.389 1.47558 0.09525 4.085 1.600E-08 4.410E-05
LINCO02310 0.214 1.23888 0.08501 2.52 1.110E-09 1.174E-02
Coef: coeflicient.
Survival curve (p = 7e-16) ROC curve (AUC = 0.769)
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FiGure 3: Kaplan-Meier and ROC curves for the 14-DEG signature. (a) Differences between the high-risk (n = 252) and low-risk (n = 252)
groups were determined by the log-rank test (p = 7e — 16). Five-year overall survival was 21.1% (95% CI: 14.19%-31.4%) and 60.1% (95%
CI:50.7%-71.2%) for the high-risk and low-risk groups, respectively. (b) ROC curves indicated that the area under receiver operating

characteristic of 14-DEG model was 0.769.

decades to develop eflicient prognostic signatures to promote
the prediction of LUAD patient survival.

Increasing evidences suggest that DEGs play indispens-
able and important roles in the tumorigenesis, TNM staging,
and progression of lung cancer. Although several researches
have identified a number of DEGs with prognostic value in
NSCLC, especially in LUSC [10, 11], few studies have con-
centrated on and analyzed the DEG expression specifically
in LUAD. Moreover, because LUAD and LUSC are vastly
distinct diseases at the molecular, pathological classification

and clinical level, such as distinct driver genetic changes,
response to chemotherapy, or targeted therapy [4, 5],
single-gene expression models are insufficient for accurate
prediction of LUAD outcomes. Therefore, we focused on
the molecular prognostic DEG signature patterns in LUAD.

In this study, 14-DEG signature related to overall sur-
vival of LUAD patients was identified. By means of univari-
ate Cox regression analysis and stepwise multivariate Cox
regression analysis, a novel 14-gene (C1QTNF6, ERO1A,
MELTF, ITGB1-DT, RGS20, FETUB, NTSR1, LINC02178,
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F1GURE 4: Correlation of RiskScore and survival rate (Kaplan-Meier curves) with clinicopathological staging characteristics. (a) Distribution
of RiskScore in TNM stage. The p < 0.001 by Kruskal-Wallis rank sum test. (b) Differences between the high-risk (n=116) and low-risk
(n=155) groups in stage I patients were determined by the log-rank test (p = 2e — 4). Five-year overall survival was 35.6% (95% CI: 23.5%-
53.8%) and 66.9% (95% CI: 55.8%-80.3%) for the high-risk and low-risk groups, respectively. (c) Differences between the high-risk (1 =67
) and low-risk (n = 57) groups in stage II patients were determined by the log-rank test (p = 5e — 6). Five-year overall survival was 16.95%
(95% CI: 7.09%-40.6%) and 53.1% (95% CI: 33.5%-84.2%) for the high-risk and low-risk groups, respectively. (d) Differences between the
high-risk (n=53) and low-risk (n=30) groups in stage III patients were determined by the log-rank test (p = 9e —5). Five-year overall
survival was 6.31% (95% CI: 1.09%-36.5%) and 42.3% (95% CI: 20.2%-88.6%) for the high-risk and low-risk groups, respectively. (e)
Distinct expression of each DEG between different clinicopathological stage samples.

AC034223.2, LINC01312, AL353746.1, AC034223.1, DRAX-
INP1, and LINC02310) prognostic signature was established
and validated to demonstrate high specificity and sensitivity
in predicting the overall survival time of LUAD patients. We
calculated the RiskScore of each patient through the for-
mula and the expression of selected DEGs. The patients
were divided into high- and low-risk group by the median
RiskScore (value =0.89); then, we obtained the survival
curve according to the survival rate of all LUAD patients.
To our knowledge, CIQTNF6 has been recently identified
as a novel biomarker exacerbating the outcome of lung
adenocarcinoma patients [15]. Combined expression of
protein disulfide isomerase and endoplasmic reticulum
oxidoreductin 1-o (ERO1A) is a poor prognostic marker
for non-small-cell lung cancer [16]. Level of melanotrans-
ferrin (MELTF) in tissue and sera serves as a prognostic
marker of gastric cancer. Patients with high serum MELTF
levels had poor prognosis [17]. It was demonstrated that
ITGAS5 and ITGBI are prognostic in non-small-cell lung
cancer by integrin and gene network analysis [18]. Regula-
tor of G protein signaling 20 (RGS20) was identified as
molecular marker for LUAD for its effect in enhancing
cancer cell aggregation, migration, invasion, and adhesion
[19, 20]. Fetuin-B (FETUB) was reported as a plasma bio-
marker candidate related to the severity of lung function
in COPD [21]. Neurotensin (NTS) and its receptor
(NTSR1) promote EGFR, HER2, and HER3 overexpression
and their autocrine/paracrine activation in LUAD. Their
expression is increased in 60% of lung cancer patients.

In a previous clinical study, NTSR1 overexpression was
applied to predict a poor prognosis for 5-year OS in a
stage I lung adenocarcinomas population treated by sur-
gery alone [22]. Besides, LINC02178, LINCO01312,
AL353746.1, DRAXINP1, and LINC02310 were identified
as the prognostic markers and prediction of the survival
of LUAD by genome-scale analysis [23]. Among the iden-
tified 14 genes in this study, all were associated with high
risk, indicating that the expression of these genes was pos-
itively related. Moreover, gene MELTF, AC034223.2, and
AC034223.1 were firstly identified related to LUAD in
our study.

The carcinogenesis of LUAD is a multistep process
hallmarked by a series of genetic alterations. In order to
gain a further insight into the functional roles of the 14
DEGs, the correlation between their expression levels and
the coexpressed protein-coding genes were analyzed. In
the present study, we performed GO and KEGG enrich-
ment analysis to explore the functions of the predictive
DEGs. The results indicated that the prognostic 14-DEGs
were involved in significant functional process, such as
release of sequestered calcium ion into cytosol (BP), endo-
plasmic reticulum lumen (CC), and metalloendopeptidase
inhibitor activity (MF) and enriched in KEGG pathways
including vibrio cholerae infection, protein processing in
endoplasmic reticulum, and calcium signaling pathway.
Therefore, it is convincing to infer that the fourteen prog-
nostic DEGs participate in the progression of LUAD in
these LUAD-related biological pathways. However, further
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TaBLE 3: Enrichment analysis of top 10 GO BP, CC, and MF terms.
ONTOLOGY 1D Description p value Count
BP GO0:0051209 Release of sequestered calcium ion into cytosol 0.000383 2
BP GO:0051283 Negative regulation of sequestering of calcium ion 0.00039 2
BP GO:0051282 Regulation of sequestering of calcium ion 0.000403 2
BP GO:0051208 Sequestering of calcium ion 0.000423 2
BP GO:0097553 Calcium ion transmembrane import into cytosol 0.000539 2
BP GO0:0060402 Calcium ion transport into cytosol 0.000686 2
BP GO:0060401 Cytosolic calcium ion transport 0.000869 2
BP GO:0051651 Maintenance of location in cell 0.001275 2
BP GO:0009266 Response to temperature stimulus 0.001482 2
BP GO:0051604 Protein maturation 0.002331 2
CcC GO:0005788 Endoplasmic reticulum lumen 0.003556 2
CC GO0:0032280 Symmetric synapse 0.003676 1
CC GO:0043198 Dendritic shaft 0.011602 1
CC GO:0043195 Terminal Bouton 0.017058 1
CcC G0:0046658 Anchored component of plasma membrane 0.018268 1
CcC GO:0005581 Collagen trimer 0.026397 1
CC GO:0043679 Axon terminus 0.039227 1
CC GO:0044306 Neuron projection terminus 0.044852 1
CcC GO:0043204 Perikaryon 0.046917 1
CC GO:0009898 Cytoplasmic side of plasma membrane 0.049273 1
MF GO:0008191 Metalloendopeptidase inhibitor activity 0.00522 1
MF GO0:0003756 Protein disulfide isomerase activity 0.006197 1
MF GO:0016864 Intramolecular oxidoreductase activity, transposing S-S bonds 0.006197 1
MF GO:0015035 Protein disulfide oxidoreductase activity 0.007172 1
MF GO0:0015036 Disulfide oxidoreductase activity 0.013332 1
MF GO:0008188 Neuropeptide receptor activity 0.014624 1
MF GO:0016860 Intramolecular oxidoreductase activity 0.016238 1
MF GO:0004869 Cysteine-type endopeptidase inhibitor activity 0.019138 1
MF GO:0016667 Oxidoreductase activity, acting on a sulfur group of donors 0.019138 1
MF GO:0047485 Protein N-terminus binding 0.034481 1
TaBLE 4: DEG-related KEGG pathways.
ID Description p value Count
hsa05110 Vibrio cholerae infection 0.012345 1
hsa04141 Protein processing in endoplasmic reticulum 0.041902 1
hsa04020 Calcium signaling pathway 0.049161 1

experimental studies are needed to confirm the functions
of these DEGs. Our findings provide insights into
prognosis-related genes of LUAD and may have a positive
clinical capacity for prognosis prediction and target ther-
apy in LUAD management.

5. Conclusions

In summary, this study identified a novel 14-DEG prognostic
signature which could predict the survival risk of LUAD
patients. The signature exhibited independent prognostic

capacity of clinicopathological factors and could predict sur-
vival outcomes of LUAD patients within the same TNM
stage. This signature could be utilized to identify patients
with high-risk scores who may be further desperate for more
effective and individualized therapy. It could not only serve
as a novel potential biomarker for the survival risk stratifica-
tion of LUAD patient but also provide us a better under-
standing of molecular mechanisms involved in the
development of LUAD. However, further molecular investi-
gations, such as exploring the underlying mechanisms of
these DEGs in LUAD development and performing
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independent cohorts of large sample sizes from institutions
across the country or world, are necessary to confirm accu-
racy and stability for the prediction signature.
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Colorectal cancer (CRC) is the fourth leading cause of cancer-related deaths worldwide and a major global public health problem.
With the rapid development of the economy, the incidence of CRC has increased linearly. Accumulating evidence indicates that
changes in the gut microenvironment, such as undesirable changes in the microbiota composition, provide favorable conditions
for intestinal inflammation and shaping the tumor growth environment, whereas administration of certain probiotics can
reverse this situation to a certain extent. This review summarizes the roles of probiotics in the regulation of CRC, such as
enhancing the immune barrier, regulating the intestinal immune state, inhibiting pathogenic enzyme activity, regulating CRC
cell proliferation and apoptosis, regulating redox homeostasis, and reprograming intestinal microbial composition. Abundant
studies have provided a theoretical foundation for the roles of probiotics in CRC prevention and treatment, but their
mechanisms of action remain to be investigated, and further clinical trials are warranted for the application of probiotics in the

target population.

1. Introduction

The global incidence of CRC is very high and continues to
increase every year. Data show that CRC accounts for
approximately 9% of all cancer-related deaths and is the third
leading cause of death in women after breast cancer and the
second leading cause of death in men after lung and prostate
cancers [1, 2]. Despite advances in screening and early diag-
nosis of CRC, CRC remains the second leading cause of
cancer-related deaths. Therefore, more research attention to
CRC prevention, treatment, and prognosis is crucial.

Recent evidence has demonstrated that probiotics may
contribute to the treatment of CRC [3]. According to the def-
inition established in 2002 by the Food and Agriculture
Organization of the United Nations (FAO) and the World
Health Organization (WHO), probiotics are “live microor-
ganisms which when administered in adequate amounts con-
fer a health benefit on the host” [4]. Several studies have
highlighted the critical role of probiotics in regulating intesti-
nal disorders, such as diarrhea [5], inflammatory bowel dis-
ease [6], irritable bowel syndrome [7], Helicobacter pylori
infection [8], and lactose intolerance [9]. Probiotics can also
inhibit the development of CRC by modifying the intestinal

microbial composition, intestinal epithelial system, and
intestinal immune responses. Akkermansia muciniphila
(AKK), an intestinal symbiotic bacterium living in the muco-
sal layer, has been shown to exhibit a high antitumor efficacy
with favorable clinical outcomes [10, 11]. One study demon-
strated that AKK initiates an antitumor immune response by
activating the Toll-like receptor signaling pathway through
its outer membrane protein Amuc. Meanwhile, it is found
that the administration of AKK together with interleukin-
(IL-) 2 protects the intestinal barrier function, suggesting a
new therapeutic strategy for CRC [12].

2. Interaction between Probiotics and the Host

Probiotics used in foods are safe for human consumption,
with most being certified as Generally Regarded as Safe
(GRAS) by the U.S. FDA or as Qualified Presumption of
Safety (QPS) by the E.U. EFSA [13]. Recent studies based
on animal models and clinical interventions have demon-
strated the critical role of probiotics in the prevention and
treatment of several human diseases [14]. The interplay
between probiotics and the human gastrointestinal tract
(GIT), comprising the mucus layer, epithelial layer, and
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gut-associated lymphoid tissue, influences the disease pro-
cess in the human host [15]. The mucosal layer of the intes-
tinal tract comprises a loose outer sublayer of gel-forming
mucins and a dense inner sublayer of mucins. The outer sub-
layer is relatively abundant with bacteria, antimicrobial pep-
tides, and immunoglobulin, whereas the inner sublayer has
few or no microbes [16, 17]. The secondary interaction
between probiotics and the intestinal tract occurs in the
intestinal epithelial layer containing different cell subgroups
and spanning across the entire intestinal cavity. The main
functions of this layer are absorption of nutrients, secretion
of mucin, and release of antimicrobial molecules such as
defensin and lysozyme [18]. Bacteria affect the intestinal epi-
thelial barrier function through pattern recognition receptors
[19]. Probiotics interact with host intestinal epithelial cells
(IECs) by adhering to the intestinal wall and stimulating
the production of mucus, thereby enhancing the intestinal
barrier [20]. Through such interaction, probiotics compete
with pathogenic bacteria for niche occupancy [21], prevent
pathogenic bacteria from growing and proliferating in the
intestine by competing with them for nutrition and energy
[22, 23], and reduce intestinal pH by fermenting dietary fiber
to produce short-chain fatty acids (SCFAs) [24].

3. Colorectal Cancer

CRC causes nearly 700,000 deaths every year, making it the
most fatal cancer in the world after lung cancer, liver cancer,
and gastric cancer [25]. Unhealthy eating habits, especially
frequent consumption of low-fiber and high-fat foods char-
acteristic of the Western diet, are crucial factors in the devel-
opment of intestinal disorders [26], which suggests that the
prevalence of the Western diet and lifestyle also increases
the incidence of CRC. CRC is a slow-developing disease,
and survival rates have improved in recent decades owing
to the improvements in preventive cancer screening, which
allows early detection. Screening thus remains the mainstay
for CRC prevention [27]. CRC is believed to be associated
with aging, and the majority of people who undergo regular
screening for CRC are older than 50 years; this underesti-
mates the likelihood of CRC in younger patients, even when
they present with abdominal pain and bloody stools [28].
Further advancements in the prevention and treatment
of CRC warrant a complete understanding of the normal
biology of the colon and the pathogenesis of CRC. The basic
unit of the colon includes crypts and luminal surfaces. When
the intestine is in a state of homeostasis, each colon crypt
contains 14-16 pluripotent stem cells marked with the trans-
membrane protein leucine-rich repeat-containing G protein-
coupled receptor 5 (LGR5). These stem cells can produce all
differentiated cell types in the colon cavity [29, 30]. LGR5"
stem cells can produce rapidly proliferating transit-
amplifying (TA) cells, which account for approximately
two-thirds of the crypts. TA cells mainly differentiate into
four cell types, namely, absorbable IECs, goblet cells, cluster
cells, and intestinal endocrine cells, which are renewed
approximately once a week [31]. The main transcription tar-
get of the Wnt pathway in intestinal crypt stem cells is the
serpentine transmembrane receptor LGR5, which inhibits
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the expression of the oncogene Myc and of the basic helix-
loop-helix (bHLH) transcription factor achaete-scute like 2
(ASCL2), which is associated with stem cell self-renewal
[32]. Mutations in the adenomatous polyposis coli (APC)
gene are the potential cause of familial adenomatous polypo-
sis, known as hereditary colon cancer syndrome [33, 34].
APC loss is also the major driver of Wnt signaling in CRC
[35]. Evidence indicates that different APC mutations result
in different levels of Wnt signaling pathway activity, which
is related to the typical tumor location in the large intestine
[36, 37].

4. Gut Microbiota

The human gut microbiota is a rich, diverse, and complex
microbial community composed of fungi, bacteria, archaea,
viruses, bacteriophages, and protozoa living in a symbiotic
relationship with the human host [38]. The composition
and activity of the gut microbiota is a hot topic in the
cross-research field of human microbiology and health, and
it is directly related to the study of probiotics [15]. The com-
mensal bacteria form a tight and complex interaction net-
work with their hosts and are involved in protecting the gut
from harmful substances [39]. Metagenomic evidence sug-
gests that the gene set of different gut microbial species pools
and the functional prediction of the community are the same
and similar, respectively, among individuals. However, the
composition and function of the gut microbiota vary with
diet, location, sex, age, and race [40, 41]. Diet is the main reg-
ulator of the intestinal microbial function. In general, the
ratio of the phyla Firmicutes/Bacteroidetes is higher in indi-
viduals following a Western-style diet, whereas the abun-
dance of the genus Prevotella, belonging to the
Bacteroidetes phylum, is higher in individuals following a
subsistence diet [42-45]. In healthy individuals, more than
90% of the ingested diet is absorbed by the small intestine,
whereas the complex carbohydrates that pass undigested
from the small intestine, such as fiber, protein residues, and
primary bile acids secreted by the body in response to fat
intake, are digested in the colon [46]. These components of
the diet influence the composition and function of the gut
microbiota. Saccharolytic fermentation of complex carbohy-
drates by the colonic bacteria produces SCFAs, with acetic,
propionic, and butyric acids (in a molar ratio of 3:1:1)
accounting for approximately 90%-95% of colonic SCFAs
[47, 48]. Butyrate regulates mucosal inflammation and anti-
tumor activity by participating in intestinal microbial bal-
ance, proliferation inhibition, immune regulation, and
epigenetic regulation [49].

The gut microbiota is composed of more than 1,000 bac-
terial species, including beneficial and pathogenic microbes,
and is dominated by Firmicutes and Bacteroidetes. In healthy
individuals, the beneficial microbes surpass the pathogenic
microbes and inhibit their excessive growth [50]. The gut
microbiota can thus be considered as an “organ” that per-
forms significant roles, including the utilization of complex
dietary constituents, anabolism of various important com-
pounds, regulation of immune function, and maintenance
of intestinal barrier integrity [51]. Hence, the role of the gut
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microbiota in the pathogenesis of intestinal disorders cannot
be underestimated, and its role in the pathogenesis of CRC
has received much attention in recent years [52]. Whether
microbiota dysbiosis is the cause or result of CRC is still
unknown, which remains a foundational issue in under-
standing CRC [25]. The occurrence of CRC is usually closely
related to the mucosal microbes near the site of tumorigene-
sis [53-55]. The main bacterial species that influence the
development of CRC are not yet completely clear, but the
available evidence suggests that the abundances of Fusobac-
terium nucleatum (Fn), Escherichia coli, Helicobacter pylori,
and Bacteroides fragilis are closely associated with CRC
[56]. It is also suggested that a decrease in bacterial diversity
is related to the occurrence of tumors, but its role in tumori-
genesis remains to be confirmed in further studies [57].

5. Mechanism Underlying the Role of
Probiotics in the Regulation of CRC

Research on bioactive components and gut microbes has
revealed that probiotics may play an important role in cancer
prevention and treatment in addition to regulating the
homeostasis and immune state of the intestinal epithelial sys-
tem [58]. Multiple mechanisms have been hypothesized for
the CRC-preventive and therapeutic effects of probiotics.
For example, at the level of intestinal ecology, probiotics
may reduce the number of pathogenic bacteria in the gut by
competing with the pathogenic bacteria for intestinal niche
occupancy or reduce the level of carcinogens [59]. In addi-
tion, SCFAs produced by microbial metabolism could stimu-
late the proliferation and differentiation of intestinal cells in
the large and small intestines [60]. For instance, intestinal
acetic acid produced by Propionibacterium can trigger the
release of cathepsin D into the cytosol of cancer cells by
increasing the permeability of their lysosomal membrane,
thereby protecting the cells from apoptosis [61]. In this sec-
tion, we focus on the various roles of probiotics, including
enhancing the intestinal mucosal barrier, reducing intestinal
inflammation, inhibiting the activity of pathogenic bacteria,
regulating redox homeostasis, and reprogramming the com-
position of microorganisms, in the regulation of CRC
(Figure 1).

5.1. Enhancing the Intestinal Mucosal Barrier. The complete
intestinal mucosal barrier includes physical, chemical, bio-
logical, and immune barriers. In a healthy state, the intestinal
barrier can protect the gut from toxins and pathogens [62].
Probiotics stimulate mucus secretion by IECs, which func-
tions as a barrier between the mucosa and microorganisms
that prevents the translocation of bacteria and toxins and also
inhibits the adhesion and invasion of pathogenic bacteria in
IECs [63]. Probiotics enhance the intestinal barrier by regu-
lating the expression of tight junction proteins, such as
claudin-1 and occludin, and stimulating intestinal cells to
suppress inflammation and accelerate epithelial cell remodel-
ing by promoting mucin secretion [64-66]. Occludin is a
transmembrane tight junction protein that forms the
mechanical barrier of epithelial cells, and the level of occludin
is a functional indicator of the intestinal mechanical barrier

[67]. Bifidobacterium infantis and Lactobacillus acidophilus
were found to protect intestinal permeability by regulating
the expression of occludin and claudin-1 proteins and pro-
tecting the activation of nuclear factor kappa-B (NF-«B)
induced by IL-1f in Caco-2 cells [68]. Lactobacillus plan-
tarum ZLP0O01 reversed the decrease in claudin-1 and occlu-
din protein levels induced by enterotoxigenic E. coli and
decreased the levels of the inflammatory cytokines IL-6, IL-
8, and tumor necrosis factor alpha (TNF-a) [69]. Mucin-2
glycoprotein (MUC2) formed by goblet cells in the form of
a disulfide cross-linked network is the main component of
colonic mucus [70]. Muc2 gene inactivation in mice has been
shown to increase close contact between bacteria and IECs,
leading to inflammation and eventually colon cancer [71].
SCFAs produced by microbes through fermentation of com-
plex carbohydrates can enhance barrier function by G
protein-coupled receptor-mediated sensitization of the IEC
inflammasome and reducing the oxygen concentration of
IECs to induce hypoxia-inducible factors [56].

5.2. Reducing Intestinal Inflammation. Immunotherapy
involves the stimulation of innate immunity and the subse-
quent activation of antitumor immune responses [72]. Evi-
dence suggests that the mechanism of inflammation is a
driver of tumor maturation and that inflammation is closely
associated with the risk of CRC [73]. The gut microbiota
plays an important role in the formation of an inflammatory
microenvironment, and the occurrence of inflammation in
turn affects the composition of the gut microbiota. Intestinal
tumorigenesis is driven by inflammation, microbes, and
immunity [74]. Probiotics contribute to the normal function-
ing of the immune system and affect the host immune status
by participating in the differentiation of immune cells and
stimulating the production of anti-inflammatory substances,
antioxidants, and antitumor components [66, 75, 76]. The
colonic immune system contains many types of immune
cells, with macrophage being one of the most abundant
immune cell types [77-79]. A possible mechanism by which
probiotics improve the stability of the colonic environment is
by acting on the colonic macrophages [80]. Macrophages
perform probiotic phagocytosis in a strain-dependent man-
ner and prevent deep tissue destruction after infection by
secreting anti-inflammatory mediators [60]. Evidence has
revealed that the interaction between probiotics and Toll-
like receptors expressed on IECs leads to the production of
TNF in the cells, which inhibits NF-xB in macrophages and
stimulates the production of IL-8 required for neutrophil
production [81]. A study showed that heat-killed Enterococ-
cus faecalis could reduce caspase-1 activity and IL-1 matu-
rity, thereby achieving consistent activation of the NLRP3
inflammasome in macrophages [82]. Furthermore, SCFAs
produced by dietary fiber fermentation are not only the main
energy source for IECs but also the regulator of the intestinal
immune response [83]. Mechanistically, the induction of a
tumor phenotype may be due to the proliferation of colon
epithelial cells induced by butyrate. However, butyric acid
and its receptor GPR109A can also inhibit colitis and
tumorigenesis, indicating that butyrate has anticancer
potential [84].
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FiGURe 1: The various roles of probiotics in colorectal cancer prevention and treatment.

5.3. Regulating the Generation of Reactive Oxygen Species.
Oxidative stress plays a vital role in the occurrence of CRC
[85]. Reactive oxygen species (ROS) are by-products of nor-
mal cell metabolism in the GIT. The control of redox homeo-
stasis by the intestinal epithelium, that is, the balance
between antioxidation and oxidative stress, is a vital factor
affecting intestinal functions such as digestion and absorp-
tion of nutrients, immune response, stem cell proliferation,
and apoptosis of apical enterocyte [86-88]. ROS and its oxi-
dation products may damage the antioxidant system of intes-
tinal tissues and destroy the normal function of the intestine,
potentially leading to intestinal mucosal hyperplasia [89-91].
DNA mutations caused by ROS are thought to be involved in
the early inflammatory process of CRC development [92, 93].
Nicotinamide adenine dinucleotide phosphate oxidase
(NOX), expressed on the surface of inflammatory phagocytes
such as neutrophils and phagocytes, participates in ROS gen-
eration. It is also involved in the proliferation and invasion of
epithelial tumor cells. ROS produced by NOX1 can in turn
trigger angiogenesis in the epithelial tumor cells by inducing
angiogenic factors, thus promoting their vascularization and
proliferation [94, 95]. Gut microbial dysbiosis caused by the
mucosa-associated immune system may promote
leukocyte-induced inflammation and oxidative overreaction,
consequently aggravating intestinal mucosal injury [96]. Of
the colonic commensal bacteria considered to play a crucial
role in CRC development, enterotoxigenic Bacteroides fragilis
(ETBF) is suggested to cause inflaimmatory diarrhea by
secreting toxins [97]. B. fragilis toxin promotes the produc-
tion of ROS in IECs and dendritic cells [98, 99]. A study
showed that commensal bacterial rapidly produced ROS on
IECs both in vitro and in vivo and caused oxidative inactiva-
tion of the catalytic cysteine residue of Ubc12, resulting in the

suppression of the cullin-1 ubiquitination and the conse-
quent inhibition of NF-«B and f3-catenin signaling pathways
[100].

Research on the role of the gut microbiota in regulating
gastrointestinal redox homeostasis is still in its infancy. How-
ever, some preliminary data have uncovered the relationship
between the microbiota and redox status, which plays an
important role in the regulation of gastrointestinal health.
Evidence suggests that the hosts’ ROS is associated with the
balance of the gut microbial composition; for instance, the
oxidation state of the host is negatively correlated with the
abundance of Lactobacillus and Bifidobacterium and posi-
tively correlated with that of E. coli [101]. Findings from
mouse models have indicated that a high abundance of Bac-
teroidetes in the colon controls pathogen loads by inducing
proinflammatory and prooxidative reactions, which play a
key role in preventing intestinal infections [102]. The results
of a study in a mouse model of CRC induced by azoxy-
methane showed that the structure of the intestinal microbi-
ota was regulated by Clostridium butyricum administered by
gavage, which involved a reduction of the ratio of Firmicu-
tes/Bacteroidetes, an increase in the relative abundance of
probiotics, an increase in tumor cell apoptosis, inhibition of
the NF-«B pathway and IL-6 levels, and a reduction in CRC
incidence [103]. In one study, the supernatants of Musa
paradisiaca inflorescence fermented with Lactobacillus casei
and Bifidobacterium bifidum were found to induce DNA
damage, promote ROS generation, and initiate the apoptosis
signaling pathway in HT-29 colon cancer cells [104].
Another study showed that Lactobacillus paracasei subsp.
paracasei M5L suppressed HT-29 cell proliferation and could
promote HT-29 cell apoptosis through ROS production and
calreticulin translocation [105]. Moreover, Lactobacillus can
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exert anticancer effects by producing antioxidants such as
glutathione, superoxide dismutase, and catalase, suppressing
inflammation and tumor size, and inhibiting the expression
of tumor-specific proteins and polyamine components.
However, the mechanism of the anticancer effect of Lactoba-
cillus in relation to CRC needs to be investigated further
[106-108].

5.4. Inhibiting the Enzyme Activity of Pathogenic Bacteria.
Endogenous toxic compounds, such as N-nitroso, cresol,
aglycones, and phenols, promote the development of CRC
by participating in antiapoptotic pathways in the intestine.
The carcinogenic effects of endogenous toxic and genotoxic
compounds in the intestinal microenvironment may be fur-
ther influenced by pathogenic bacterial enzymes such as 7-
B-dehydroxylase, nitroreductase, -glucuronidase, f3-gluco-
sidase, and azoreductase [109, 110]. For example, pathogenic
bacteria such as Staphylococcus aureus, Enterococcus, and
Salmonella synthesize azoreductase, which metabolizes dyes
and drugs to generate toxic aromatic amines [111]. Polyke-
tide synthase (pks) islands present in some strains of E. coli
encode the genotoxin colicin, which can induce single-
stranded DNA breaks [112]. Furthermore, the DNA damage
response signaling pathway activated in infected cells tends
to increase the mutation rate [113]. Enterotoxigenic B. fragi-
lis has been reported to participate in CRC initiation by pro-
ducing a toxin [114]. Nevertheless, studies have shown that
probiotic supplementation may suppress the activity of bac-
terial enzymes [115, 116]. For example, Lactobacillus could
suppress the dehydrogenation of L. rhamnosus GG (LGG)
and reduce the level of primary bile acid by reducing the
activity of S-glucuronidase [117]. Animal model studies have
shown that yogurt starter bacteria could reduce the activity of
bacterial enzymes, which may be the mechanism underlying
the CRC-preventive effects of probiotics [118]. However, in
healthy subjects, L. acidophilus A1, L. plantarum 299V, and
L. rhamnosus DR20 could not decrease glucuronidase activ-
ity [119, 120].

5.5. Regulating the Proliferation and Apoptotic Responses of
CRC Cells. Apoptosis plays a key role in regulating the num-
ber of cells by balancing cell renewal and eliminating mutant
cells, which is one of the main mechanisms of tumor cell
death in CRC. The decrease in apoptosis is an important dis-
ease event and is accompanied by disruption of cell prolifer-
ation regulation [121]. Therefore, apoptotic pathways are a
promising target for disease prevention and treatment to
manage cell survival and death through apoptosis regulation.
Accumulating evidence has highlighted the critical role of
probiotics in the regulation of cell proliferation and apopto-
sis, which may thus be a vital therapeutic and preventive
measure against CRC [122]. In rat models, LGG decreased
the incidence and size of dimethylhydrazine-induced tumors
while inhibiting the expression of inflammatory proteins,
namely, TNF-a, COX-2, and NF-xB-p6, reducing the
expression of the antiapoptotic protein Bcl-2, and increasing
the expression of the proapoptotic proteins Bax, Casp3, and
p53, suggesting that LGG has the potential to prevent colon
cancer [123]. In another study, L. plantarum DY-1 showed

a strong antiproliferative activity in an HT-29 cell model that
involved retarding the development of the cell cycle from GO-
G1 phase to G2-M phase and induction of cell apoptosis pos-
sibly via caspase-3, indicating that L. plantarum DY-1 has
antitumor potential [124]. In addition, SCFAs reduce cancer
risk by reducing tumor growth and activating apoptosis cas-
cades via hyperacetylation of histones [125]. Propionibacter-
ium freudenreichii, a probiotic in the human gut microbiota,
has been found to suppress colorectal adenocarcinoma cells
via SCFA-mediated apoptosis [126]. Butyric acid was found
to prevent CRC by regulating the cell cycle, differentiation,
and apoptosis of colon cancer cell lines [127-129].

5.6. Reprogramming the Composition of Gut Microbes. The
ultimate goal of probiotic intervention is to exert regulatory
effects, including immune regulation, immune barrier
strengthening, and regulation of the gut microbial composi-
tion, against certain disorders [15]. Changes in the gut micro-
bial composition are inextricably linked to the development
of CRC. Substantial evidence from animal model studies sug-
gests that probiotics, such as Lactobacillus and Bifidobacter-
ium, have significant effects on intestinal microbial
composition [130, 131]. The colon is teeming with microbes,
and this large population is mostly benign, but some are
pathogenic bacteria, and the increase in the abundance of
these pathogens in the colon is associated with acute or
chronic conditions, such as obesity, inflammatory bowel dis-
ease, and CRC [132]. E. coli is an intestinal symbiotic bacte-
rium, and certain strains of it can promote intestinal
inflammation leading to the production of colicin, a potential
carcinogen [133]. Pathogenic E. coli exists in CRC tissues and
is thus used as a marker in tumor staging and prognosis
[134]. Furthermore, as noted earlier, E. coli containing pks
islands, which encode colibactin, can induce single-
stranded DNA breaks, and thus, changes in the E. coli gene
set influence the phenotype of the disease [112, 135]. Com-
pared with mice injected with E. coli, those injected with
Bacillus polyfermenticus showed reduced tumor size, while
HT-29 cells injected with B. polyfermenticus showed reduced
expression of ErbB2 and ErbB3 at the protein and mRNA
levels [136, 137]. Intestinal pathogenic microbes such as Bac-
teroides and Clostridium are associated with the pathogenesis
of CRC [138]. A double-blind test of synbiotics (LGG, Bifido-
bacterium lactis Bb12, and oligofructose) in 37 patients with
CRC and 43 colonic polypectomy patients demonstrated that
the abundance of Lactobacillus and Bifidobacterium
increased, whereas that of Clostridium perfringens decreased
in CRC patients, and synbiotic intervention inhibited the
colorectal cell proliferation ability and colon cell necrosis
ability and improved epithelial cell barrier function in
colonic polypectomy patients [139].

6. Perspectives

Although certain bacterial species are classified as probiotics
due to their benefits to the host health, changes in host health
status require the regulation of specific probiotic bacteria
rather than the probiotic community in the gut. Substantial
research has explored the role of probiotics in the prevention,



treatment, and prognosis of CRC. Such dedicated research
has revealed a variety of regulatory roles of probiotics, such
as enhancing the immune barrier, regulating the intestinal
immune state, inhibiting pathogenic enzyme activity, regu-
lating CRC cell proliferation and apoptosis, and regulating
the intestinal microbial composition. Although the evidence
from clinical or animal model experiments has provided a
theoretical foundation for the application of probiotics, evi-
dence from clinical trials on the benefits of probiotics in the
prevention and treatment of CRC is lacking. Therefore, fur-
ther clinical trials are warranted to explore the mechanisms
of probiotics in the regulation of CRC. In addition, it remains
unknown whether gut microbial dysbiosis is the cause or
result of CRC. To address this knowledge gap, further studies
on the interactions between probiotics and intestinal micro-
organisms in CRC development are warranted. Meanwhile,
although the gut microbiota contains fungi and viruses in
addition to bacteria, there is little evidence supporting the
role of fungi and viruses in the gut microbial dysbiosis lead-
ing to CRC development.
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Drug resistance remains a barrier in the clinical treatment of ovarian cancer. Proteasomal and antioxidant activities play important
roles in tumor drug resistance, and increasing evidence suggests the existence of an interaction between antioxidant and
proteasomal activities. However, the mechanism of the synergistic effects of proteasomal activity and antioxidation on tumor
drug resistance is not completely clear. In this study, we compared two ovarian cancer cells, A2780 and SKOV3 cells. Among
them, SKOV3 cell is a human clear cell carcinoma cell line that is resistant to platinum. We found that compared with the
findings in A2780 cells, SKOV3 cells were less sensitive to both proteasomal inhibitor and cisplatin. Proteasomal inhibition
enhanced the sensitivity of A2780 cells, but not SKOV3 cells, to cisplatin. Notably, the Nrf2-mediated antioxidant pathway was
identified as a resistance mechanism in proteasome inhibitor-resistant cells, but this was not the only factor identified in our
research. In SKOV3 cells, PGCla regulated the antioxidant activity of Nrf2 by increasing the phosphorylation of GSK3, and in
turn, Nrf2 regulated the transcriptional activity of PGCla. Thus, Nrf2 and PGCla synergistically participate in the regulation of
proteasomal activity. Furthermore, the Nrf2/PGCla pathway participated in the regulation of mitochondrial function and
homeostasis, further regulating proteasomal activity in SKOV3 cells. Therefore, exploring the roles of PGCla and Nrf2 in the
regulation of proteasomal activity by antioxidant and mitochondrial functions may provide new avenues for reversing drug

resistance in ovarian cancer.

1. Introduction

Ovarian cancer is the most deadly gynecological malignancy,
and drug resistance has become a major challenge in its treat-
ment in recent years. Resistance to chemotherapy in tumor
cells is related to multiple factors, including the repair of
DNA damage, blockade of drug-induced apoptosis, reactive
oxygen species- (ROS-) mediated redox state, and protein
degradation [1-3]. Current research suggests that exploring
the mechanisms of the interaction between different signals
can shed light on the mechanisms of tumor drug resistance.
Proteasomal activity plays important roles in tumorigenesis
and chemotherapy resistance, and abnormally elevated pro-
teasome levels are found in a variety of cancers [4-6]. The
proteasome can eliminate oxidative and damaged proteins
to reduce oxidative stress damage, and enhanced antioxidant

capacity can promote the expression of 20S and 19S protea-
some subunits [7, 8]. These findings suggest the existence of
an interaction between proteasomal activity and redox
function, and exploring this relationship will be more
helpful in solving the problem of chemotherapy resistance
in ovarian cancer.

The ubiquitin-proteasome system (UPS) maintains cell
homeostasis by regulating proteins involved in signal trans-
duction and cell cycle pathways [9]. Inhibition of the protea-
some can cause the accumulation of proapoptotic proteins
and induce tumor cell apoptosis. However, recent clinical
studies found that some tumors are not sensitive to protea-
some inhibitors. Proteasome inhibitor-resistant tumors gen-
erally have higher expression levels of antioxidant genes [10].
The nuclear factor E2-related factor 2 (Nrf2, gene name
NFE212)-mediated antioxidant stress pathway was identified
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as a resistance mechanism in the proteasome inhibitor-
resistant phenotype. Nrf2 can regulate the transcriptional
activity of proteasome mature protein, which can promote
resistance to proteasome inhibitors [11]. This suggests that
Nrf2-mediated antioxidant activity may be related to
proteasome-mediated tumor resistance.

Nrf2 is an important element of the antioxidant response
element (ARE) transcription complex, and it can regulate
the expression of various protective genes. Nrf2- and
antioxidant-related gene expression is elevated in drug-
resistant tumor cells, and its activity is regulated by a variety
of factors, including transcription and posttranscription
modification. The dissociation of Nrf2 and Kelch-like ECH-
associated protein 1 (Keapl) enables Nrf2 to enter the
nuclear and regulate the transcription of the oxidase gene
[12, 13]. What’s more, glycogen synthase kinase 33 (GSK3f3)
can inhibit Nrf2 by preventing nuclear accumulation of the
CNC-bZIP factor, and evidence has provided that GSK3p
interferes with Nrf2 transactivating activity and nuclear
exclusion of the Nrf2 [14, 15]. Peroxisome proliferator-
activated receptor-y coactivator la (PGCla, gene name
PPARGCIA) can also coordinate the expression of multiple
antioxidant genes to protect cells against oxidative stress
damage. PGCla is involved in the regulation of Nrf2 expres-
sion and activity, and studies have confirmed the protein-
protein interaction between them [16, 17], but the specific
mechanism is not completely clear. Therefore, the mecha-
nism by which PGCla and Nrf2 interact may play a synergis-
tic role in antioxidation, but it is unclear whether their
interaction is related to drug resistance.

In addition, the maintenance of mitochondrial redox
homeostasis plays an important role in proteasome activity.
Mitochondria are the main sources of ROS, and excessive
ROS production can increase the burden on the UPS and
decrease the proteasomal activity induced by increased oxi-
dation and damaged proteasome subunits [18]. Nrf2 can
inhibit mitochondrial ROS production by upregulating heme
oxidase (HO-1) and the primary mitochondrial antioxidant
enzyme superoxide dismutase 2 (SOD2), thereby inhibiting
mitochondrial oxidative stress damage [19, 20]. Mitochon-
drial protein stability and structural integrity are regulated
through interactions with a variety of mitochondrial pro-
teins, including PGCla and PGC1p [21-23]. These results
suggest that the antioxidation mediated by Nrf2 and PGCla«
also regulates the homeostasis of mitochondrial function and
thus maintains proteasome activity.

In this study, the “UPS-Antioxidation Axis” was taken as
the entry point to explore the roles of PGCla and Nrf2 in the
regulation of antioxidant and mitochondrial functions in
maintaining proteasome activity. The findings provide new
ideas for reversing drug resistance in ovarian cancer.

2. Methods and Materials

2.1. Reagents and Antibodies. The human ovarian cancer
cell lines A2780 and SKOV3 were obtained from the Shang-
hai Cell Bank of Chinese Academy of Sciences (Shanghai,
China). Both cell lines were cultured in RPMI-1640 medium
(Gibco, Carlsbad, CA, USA). Cisplatin (CDDP) and 3-(4,
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5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium  bromide
(MTT) were purchased from Sigma-Aldrich (St. Louis, MO,
USA). Epoxomicin (Epox), GSK3p inhibitor (CHIR99021),
and the PGCla activator ZLN005 were purchased from
MedChemExpress (Monmouth Junction, NJ, USA). Trans-
fections were performed using Lipofectamine 2000 (Invitro-
gen, Carlsbad, CA, USA). Anti-Keapl and anti-lamin B
antibodies were obtained from Santa Cruz Biotechnology
(Santa Cruz, CA, USA). Anti-p38, anti-GSK3p, anti-phos-
pho-p38, anti-phospho-GSK3f, and anti-AKT antibodies
were acquired from Cell Signaling Technology (Danvers,
MA, USA). Anti-Nrf2, anti-Bcl-2, anti-Bax, anti-cleaved
caspase 3, and anti-f-actin antibodies were procured from
Proteintech (Chicago, IL, USA). Total OXPHOS Human
WB Antibody Cocktail and anti-PGCla antibodies were
purchased from Abcam (Cambridge, MA, USA).

2.2. Cell Viability Assay. Cells (10,000 cells/well) were seeded
in 96-well plates, incubated overnight, and treated with vari-
ous reagents for the indicated times. Cells were then incu-
bated with MTT reagent for 4-6h. Absorbance values were
recorded at 570 nm using an enzyme-linked immunosorbent
assay reader.

2.3. Plasmids and Cell Transfections. The pcDNA3.1 vector
(NC) and a full-length human Nrf2 expression vector
(pcDNA3.1-Nrf2) were purchased from Genepharma
(Shanghai, China). PGCla shRNA and a nontarget sequence
(Scr shRNA) were constructed by Genechem (Shanghai,
China). The shRNA sequences were as follows: PGCla-
shRNA 1,5'-GTT-ATA-CCT-GTG-ATG-CTT-T-3'; PGCla-
shRNA 2, 5'-CAG-CGA-AGA-TGA-AAG-TGA-T-3'; and
Scr-shRNA, 5'-TTC-TCC-GAA-CGT-GTC-ACG-T-3'. Cells
were transfected using Lipofectamine 2000 according to the
manufacturer’s instructions.

2.4. Luciferase Assay. The PPARGCIA promoter region span-
ning from —2000 to +1 bp was cloned into a pGL4 basic vec-
tor. The reporter gene construct and Renilla luciferase
reporter (pRL-TK) plasmid were transfected into SKOV3
cells alone or together with pcDNA3.1-Nrf2 (Nrf2) or
pcDNA3.1 vector (NC) using Lipofectamine 2000. Luciferase
activity was determined using a dual-luciferase reporter assay
kit (Promega, Madison, W1, USA).

2.5. Flow Cytometry. Apoptotic cells were counted using
Annexin V-FITC and propidium iodide (PI) (Annexin V
Apoptosis Detection Kit, BD Pharmingen, San Jose, CA,
USA) according to the manufacturer’s protocol. Mitochon-
drial membrane potential (MMP) and ROS production
were determined using JC-1 or DCFH-DA staining (Beyo-
time Biotechnology, Shanghai, China). Mitotracker™ Red
(Sigma-Aldrich) staining was used to evaluate the alter-
ation of mitochondrial mass. The analysis was performed
using a BD Accuri C6 flow cytometer (BD Biosciences,
New Jersey, USA).

2.6. Western Blotting. Whole cells were lysed in RIPA lysis
buffer containing protease inhibitors. Lysates diluted with
5x SDS-PAGE loading buffer were boiled at 95°C for
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10 min, separated by SDS-PAGE, and then transferred to
PVDF membranes. The membranes were blocked with 5%
milk followed by incubation with primary antibodies over-
night at 4°C. The next day, the membranes were incubated
with HRP-conjugated secondary antibodies. The bands were
incubated in ECL reagent (Thermo Fisher Scientific,
Waltham, MA, USA) for chemiluminescence and visualized
using Syngene Bio Imaging (Synoptics, Cambridge, UK).

2.7. Immunoprecipitation. Cell lysates were solubilized in
NP40 buffer containing a protease inhibitor mixture for 1-
2h at 4°C. After adding monoclonal antibodies, supernatants
were rotated at 4°C overnight. The next day, the protein
lysates were incubated with 30ul of protein A/G Plus-
agarose beads (Santa Cruz Biotechnology, Inc., Santa Cruz,
CA, USA) overnight at 4°C. The agarose beads were washed
three times, SDS-PAGE loading buffer was added, and then,
samples were analyzed via Western blotting.

2.8. Nuclear and Mitochondrial Isolation. Cells were har-
vested after treatment with various reagents. Nuclear and
mitochondrial fractions were extracted using a nuclear frac-
tionation kit and mitochondrial fractionation kit, respec-
tively (Invent Biotechnologies, MN, USA).

2.9. ATP Production. Cells were treated with 100 nM Epox for
12h or transfected with Nrf2 or pcDNA3.1 (vector plasmid
was used in the NC group). ATP production was determined
using an ATP Bioluminescence Assay Kit (Beyotime Tech-
nology). An Omega luminometer was used to measure the
values (BMG Labtech, Ortenberg, Germany).

2.10. Oxygen Consumption Rates (OCRs). Cells were seeded
in 96-well plates overnight. The next day, cells were incu-
bated with a mixture of reagents and the oxygen-sensitive
probe Mito-Xpress (Luxcel Bioscience, Cork, Ireland) and
examined using an Omega luminometer for 6 h.

2.11. Real-Time Quantitative PCR (RT-qPCR). Total RNA
was extracted using TRIzol reagent (Sigma-Aldrich). The
reverse transcription reaction was performed using a Super-
Script RT-PCR kit (Promega), and RT-qPCR was performed
using the MX3000P instrument (Agilent, USA). mRNA
levels were normalized to those of B-actin. The primer

sequences are ACTB: 5 -ATATCGCGTCGCTGGTCGTC-
3" (forward) and 5 -AGGATGGCGTGAGGGAGAGC-3'
(reverse); PPARGCIA: 5'-CAGAGAGTATGAGAAGCGA
GAG-3' (forward) and 5'-AGCATCACAGGTATAACGG
TAG-3' (reverse); NFE2I2: 5 -ATCAGCAACAGCATGC
CCTC-3" (forward) and 5'-ATGCCACACTGGGACT
TGTG-3' (reverse); NQO-I: 5'-AGTATCCTGCCGAGTC
TGTTCTGG-3" (forward) and 5 -AATATCACAAGGTC
TGCGGCTTCC-3' (reverse); GCLC: 5 -TGTCCGAGTTC
AATACAGTTGA-3' (forward) and 5'-ACAGCCTAATC
TGGGAAATGAA-3' (reverse); G6PDH: 5'-TCACCAAGA
ACATTCACGAGTC-3" (forward) and 5 -GAAGATCCT
GTTGGCAAATCTC-3" (reverse); HMOX-1: 5'-CCTCCC
TGTACCACATCTATGT-3" (forward) and 5'-GCTCTT

!

CTGGGAAGTAGACAG-3" (reverse); and SOD2: 5
-AACCTCACATCAACGCGCAGATC-3' (forward) and 5'
-CTCCTGGTACTTCTCCTCGGTGAC-3' (reverse).

2.12. Determination of the Relative mtDNA Copy Number.
Total DNA was extracted using a TIANamp Genomic
DNA kit (Tiangen Biotech Co., Ltd., Beijing, China). qPCR
was used to measure the mitochondrial-encoded nicotin-
amide adenine dinucleotide dehydrogenase 1 (ND1) level
relative to that of nuclear-encoded gene 18S rRNA (18S), as
described previously [24]. Each sample was analyzed in trip-
licate using the MX3000P instrument. The relative mtDNA
copy number was calculated as the ratio of ND1 to 18S and
was normalized to the respective control group. The primer
sequences are 18s rRNA: 5 -TAGAGGGACAAGTGGC
GTTC-3' (forward) and 5'-CGCTGAGCCAGTCAGTGT-
3 (reverse) and NDI: 5'-CACCCAAGAACAGGGTTTGT-
3" (forward) and 5'-TGGCCATGGATTGTTGTTAA-3'
(reverse).

2.13. Immunofluorescence Staining and Microscopy. Cells
were washed with PBS, fixed with 4% paraformaldehyde for
20min, and permeabilized with 0.1% Triton X-100 for
8 min. After blocking with 5% bovine serum albumin for
30 min, cells were incubated with primary antibody over-
night at 4°C. After PBS washing, the cells were incubated at
room temperature for 1h in the dark with FITC/Texas
Red-conjugated secondary antibodies (Proteintech). The
images were observed on an Echo-lab Revolve microscope
(CA, USA).

2.14. Statistical Analysis. Data are expressed as the mean +
SD. *P < 0.05 was considered statistically significant. Statisti-
cal analysis was performed with GraphPad Prism 5 (La Jolla,
CA, USA). All experiments were repeated at least three times.

3. Results

3.1. Proteasome Inhibition Can Enhance the Sensitivity of
A2780 Cells to Cisplatin, but Not SKOV3 Cells. Drug resis-
tance remains an important obstacle that limits the efficacy
of platinum-based treatment in ovarian cancer [25], and tar-
geting the ubiquitin-proteasome pathway can overcome can-
cer chemoresistance [26]. The MTT assay illustrated that
compared with the findings in SKOV3 cells, the proteasome
inhibitor Epox (a new-generation proteasome inhibitor that
can noncovalently bind to the subunits of the proteasome
in an irreversible manner [27]) decreased the viability of
A2780 «cells in a concentration-dependent manner
(Figure 1(a)). As shown in Figure 1(b), the IC,, values of cis-
platin in A2780 and SKOV3 cells were 5.5+ 0.18 and 17.89
+4.02 pg/ml, respectively. This demonstrated that SKOV3
cells were less sensitive to both cisplatin and proteasome
inhibition. To further determine the effect of proteasomes
on the sensitivity of ovarian cancer cells to cisplatin, we
treated A2780 and SKOV3 cells with 100 nM Epox and dif-
ferent concentrations of cisplatin for 24h and detected sur-
vival using MTT assays. The results demonstrated that
Epox increased the sensitivity of A2780 cells, but not SKOV3
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FIGURE 1: Proteasome inhibition can enhance the sensitivity of A2780 cells to cisplatin compared with SKOV3 cells. (a) A2780 and SKOV3
cells were treated with different concentrations of Epox for 24 h, and cell viability was determined using the MTT assay. Data are presented as
the mean + SD, n =3, *P <0.05, **P < 0.01 compared with the respective controls. (b) A2780 and SKOV3 cells were treated with 100 nM
Epox and different concentrations of cisplatin for 24 h, and cell viability was determined using the MTT assay. Data are presented as the
mean + SD (n=3), **P < 0.01, ***P < 0.001 compared with the respective control, “P < 0.05 compared with the cisplatin-treated groups.

cells, to cisplatin. These results suggested that the proteasome
plays an important role in cisplatin resistance in SKOV3
cells.

3.2. Proteasome Inhibition Promotes Nrf2 Localization to the
Nucleus through the Keapl/Nrf2 Pathway. Although inhibi-
tion of the proteasome pathway has emerged as an important
strategy for anticancer therapy [28], not all cancer cells are
sensitive to proteasome inhibitors. Studies have identified
the Nrf2 pathway as one of the mechanisms of resistance to
proteasome inhibitors [29]. To investigate whether Nrf2 is
involved in resistance to proteasome inhibitors, the expres-
sion of Nrf2 in the nucleus was examined. After treatment
with Epox for 12h, an increased expression of Nrf2 in the
nucleus was observed in both A2780 and SKOV3 cells
(Figures 2(a) and 2(b)). The immunofluorescence assay also
revealed that the localization of Nrf2 in the nucleus was
enhanced by Epox treatment (Figure 2(c)). As the
Keap1/Nrf2 pathway plays an important role in the stabiliza-
tion of Nrf2, we further detected the colocalization of Keap1
and Nrf2. The immunoprecipitation and immunofluores-
cence results revealed that Keapl and Nrf2 colocalization

was decreased by Epox treatment (Figures 2(d) and 2(e)).
These results suggested that proteasome inhibition promotes
Nrf2 localization to the nucleus through the Keapl/Nrf2
pathway.

3.3. Proteasome Inhibition Enhances Antioxidant and
Antiapoptosis Activity in SKOV3 Cells Compared with
A2780 Cells. Nrf2 translocates to the nucleus to activate the
transcription of ARE-containing genes [30], and thus, we
determined the expression of genes in the Nrf2 pathway.
To our surprise, the expression of NQO-1, GCLC, HO-1,
SOD2, and G6PDH genes was all reduced after treatment
with Epox for 12h in A2780 cells, whereas the opposite
results were obtained in SKOV3 cells (Figure 3(a)). To fur-
ther determine the effect of proteasome inhibition on redox
levels, we detected ROS levels via flow cytometry. The results
revealed that Epox increased ROS levels in A2780 cells,
whereas no significant changes were noted in SKOV3 cells
(Figure 3(b)). In addition, Annexin V/PI staining revealed
that the rate of apoptosis after exposure to Epox for 24h
was higher in A2780 cells than in SKOV3 cells
(Figure 3(c)). This suggested that the increased expression
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of Nrf2 in the nucleus did not necessarily exert antioxidant
activity after proteasome inhibition; there may be regulatory
factors regulating its transcriptional activity. It has been
reported that PGCla is also associated with the expression
of mitochondrial ROS-detoxifying enzymes [31], and the
activity of Nrf2 dose depends on PGCla upon redox imbal-
ance [17]. Therefore, we examined the gene expression of
PGCla and found that Epox can reduce its level in A2780
cells but increase its level in SKOV3 cells (Figure 3(d)). Nota-
bly, the expression of PGCla was higher in SKOV3 cells than

in A2780 cells (Figure 3(e)). These results indicated that
compared with A2780 cells, proteasome inhibition enhances
antioxidant and antiapoptosis activity in SKOV3 cells, and
this may have resulted from the synergistic roles of Nrf2
and PGCla.

34. PGCla Regulates the Antioxidant Activity of Nrf2
through GSK3[3 after Proteasome Inhibition in SKOV3 Cells.
There is protein-protein interaction between PGCla and
Nrf2. In our experiment, proteasome inhibition increased
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FIGURE 3: Proteasome inhibition enhances the antioxidant and antiapoptosis activity in SKOV3 cells but not A2780 cells. A2780 and SKOV3
cells were both treated with 100 nM Epox for 12 h. (a) RT-qPCR was used to detect the mRNA expression of GCLC, NQO-1, SOD2, HMOX-1,
and G6PDH. Data are presented as the mean + SD, n = 3, *P < 0.05, **P < 0.01 compared with the respective controls. (b) DCFH-DA staining
was used to evaluate reactive oxygen species (ROS) levels. (c) Annexin V/PI staining was used to evaluate apoptosis levels after exposure to
Epox for 24 h. (d) Relative PPARGCIA mRNA expression was measured by RT-qPCR after exposure to Epox for 12 h. Data are presented as
the mean + SD, n =3, **P<0.01 compared with the respective controls. (e) Western blot analysis of peroxisome proliferator-activated
receptor-y coactivator la (PGCla) expression in A2780 and SKOV3 cells. Data are presented as the mean+SD, n=3, **P <0.01

compared with A2780 cells.

the colocalization of Nrf2 and PGCla in the nucleus
(Figure 4(a)). PGCla could coactivate Nrf2 and assist the
induction of antioxidant genes. So, we investigated whether
PGCla was involved in the regulation of Nrf2 antioxidant
activity after proteasome inhibition in SKOV3 cells. RT-
qPCR analyzed the expression of genes in the Nrf2 pathway,
and the result illustrated that the increased levels of Nrf2 and
antioxidant genes after Epox treatment were reversed by
PGCla silencing (Figures 4(b) and 4(c)). GSK3p interferes
with Nrf2 transactivating activity, so we further investigated
whether PGCla regulated Nrf2 activity through GSK3p.
Results from our Western blot analysis demonstrated that
PGClue silencing reduced the level of Ser9 phosphorylated
GSK3p, whereas ZLN005 (a PGCla transcription activator)

enhanced its level (Figures 4(d) and 4(e)). When combined
with GSK3p inhibitor (CHIR99021) in the presence of
PGCla silencing, the decreased levels of Nrf2 and antioxi-
dant genes were reversed (Figure 4(f)). These results indi-
cated that in SKOV3 cells, PGCla regulates Nrf2 activity
via GSK3pf inactivation after proteasome inhibition. But
whether GSK3f regulates Nrf2 directly or indirectly after
Epox treatment and the specific mechanism of regulation
needs to be further explored in future research.

3.5. Nrf2 Regulates PGCla at the Transcriptional Level in
SKOV3 Cells. The PGCla promoter contains a conserved
ARE sequence that can be bound by Nrf2, so we also deter-
mined whether Nrf2 directly binds to the PGCla promoter
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after proteasome inhibition in SKOV3 cells. We analyzed the
PGCla promoter sequence using the JASPAR database
(http://jaspardev.genereg.net/) and predicted three potential
Nrf2-binding fragments (Figure 5(a)). To further confirm
that Nrf2 regulates PGCla promoter activity, we performed
a dual-luciferase reporter assay. The PGCla promoter frag-
ment —2000/+1bp was cloned in to the pGL4-basic vector
and then cotransfected with a Renilla luciferase reporter plas-
mid into SKOV3 cells. We observed that both overexpression
of Nrf2 or treatment with Epox markedly upregulated the
transcriptional activity of PGCla (Figures 5(b) and 5(c)).
These data provide evidence that Nrf2 regulates PGCla
expression at the transcriptional level in SKOV3 cells.

3.6. Nrf2 Activation Enhances Mitochondrial Function in
SKOV3 Cells. In addition to antioxidant properties, Nrf2
has an emerging role in mitochondrial function, and this
may be through activating the transcription of PGCla. To
confirm this, we treated SKOV3 cells with Epox for 12h or
overexpressed Nrf2. JC-1 fluorescent staining was used to
measure mitochondrial membrane potential (MMP, A¥m)
(Figure 6(a)), and MitoTracker Red staining was used to
measure mitochondrial mass (Figure 6(b)). The results indi-
cated that Epox treatment or Nrf2 overexpression increased
MMP and mitochondrial mass. ATP levels and mitochon-
drial DNA (mtDNA) copy numbers were both enhanced
after treatment with Epox or Nrf2 overexpression
(Figures 6(c) and 6(d)). Furthermore, we analyzed the effect
of Nrf2 on the oxygen consumption rates (OCR) and found

that exposure to Epox or overexpression of Nrf2 increased
the OCR in SKOV3 cells (Figure 6(e)). To detect the effect
of Nrf2 activation on the mitochondrial chain, we extracted
mitochondria and used Western blotting to measure protein
expression. As shown in Figure 6(f), Epox treatment or Nrf2
overexpression significantly increased the expression of com-
plex I (NDUFBS), complex II (SDHB), complex III
(UQCRC2), complex IV (COXII), and complex V (ATP5A).
However, mitochondrial-related functions were downregu-
lated in A2780 cells (Supplementary Figure 1), further
indicating that the increased nucleus expression of Nrf2
after treatment with Epox did not have activity in A2780
cells. In summary, we conclude that the activation of Nrf2
through Epox treatment or Nrf2 overexpression enhanced
mitochondrial function in SKOV3 cells.

3.7. PGCla Silencing Combined with Epox Treatment
Promotes Apoptosis by Reducing Mitochondrial Function.
To further verify whether Nrf2/PGCla signaling-mediated
antioxidation and mitochondrial function play important
roles in Epox resistance in SKOV?3 cells, PGCla was silenced
via transient shRNA transfection. Decreased MMP is an early
event of apoptosis. Flow cytometry was used to determine the
effect of PGCla silencing on MMP. The results demon-
strated that PGCla silencing reduced MMP, and the effect
was further exacerbated by combined treatment with Epox
(Figure 7(a)). Furthermore, Annexin V/PI staining revealed
that PGClue silencing increased the rate of apoptosis, which
was further increased in cells treated with PGCla shRNA
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and Epox (Figure 7(b)). In addition, we examined the expres-
sion of Bcl2 family members in SKOV3 cells after treatment
with Epox and transfection with PGCla shRNA. The
Bcl2/Bax ratio was reduced by PGCla silencing, and further
decreases were observed in cells treated with both Epox and
PGCla shRNA. The expression of cleaved caspase 3 was also
intensified in the combination treatment group (Figure 7(c)).
What is more, the MTT assay demonstrated that PGCla«
silencing increased the sensitivity of SKOV3 cells to Epox
compared with the Scr-shRNA group (Figure 7(d)). These
results suggested that PGCla silencing combined with Epox
treatment promotes apoptosis by reducing mitochondrial
function.

4. Discussion

Chemotherapy resistance remains a barrier in the clinical
treatment of ovarian cancer. When considering chemother-
apy resistance, different aspects of drug resistance must be
considered comprehensively [32]. Protein degradation and
antioxidation are considered two factors of resistance to che-
motherapy. Abnormally increased proteasomal activity has
been observed in a variety of cancers, including breast cancer,

colon cancer, and leukemia [6, 7, 33]. Kwak et al. demon-
strated that antioxidants can induce the expression of multi-
ple proteasome subunits in mouse fibroblasts [8]. Therefore,
antioxidants are involved in the regulation of proteasomal
activity, and they play important roles in tumorigenesis and
development. In this study, we compared two ovarian cancer
cells, A2780 and SKOV3. SKOV3 cell was chosen because it
is platinum-resistant and possesses several key oncogenic
characteristics, like epidermal growth factor receptor (EGFR)
overexpression and p53 mutation [34, 35]. In our study,
compared with the findings in A2780 cells, SKOV3 cells were
less sensitive to both proteasome inhibitors and cisplatin.
When the proteasome was inhibited, the antioxidant capacity
was decreased, and the sensitivity of A2780 cells to cisplatin
was increased. The opposite results were observed in SKOV3
cells. This suggests that proteasomes and antioxidants may
be involved in the differing sensitivity of A2780 and SKOV3
cells to cisplatin.

Proteasomes are closely involved in the regulation of
multiple pathways within cells, and increased proteasomal
activity is essential for tumor cell survival based on their abil-
ity to regulate tumor cell drug resistance through multiple
pathways [7, 36, 37]. Inhibition of the proteasome can further
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Oxidative
stress

GCLC
S0 b
HMOX-1)

FIGURE 7: Proliferator-activated receptor-y coactivator la (PGCl«) silencing combined with Epox treatment promotes apoptosis by reducing
mitochondrial function. (a) SKOV3 cells were transfected with Scr-shRNA or PGCla-shRNA plasmids for 24 h and/or treated with 100 nM
Epox for 12 h. JC-1 staining was used to evaluate MMP. SKOV3 cells were transfected with Scr-shRNA or PGCla-shRNA plasmids for 24h
and/or treated with 100 nM Epox for 24 h. (b) Annexin V/PI staining was used to evaluate the apoptotic fraction, and (c) apoptosis protein
expression was analyzed via Western blotting. Data are presented as the mean + SD, n =3, *P < 0.05, **P < 0.01, ***P < 0.001 compared with
the control, *P < 0.05 compared with treatment with Epox+Scr-shRNA and PGCla-shRNA. (d) SKOV3 cells were transfected with Scr-
shRNA or PGCla-shRNA plasmids and/or treated with 100nM Epox for 24 h, and cell viability was determined using the MTT assay.
Data are presented as the mean + SD, n =3, *P <0.05, **P < 0.01 compared with the control, *P<0.05 compared with Epox+Scr-shRNA.
(e) Proposed model of the antioxidant activity regulated by Nrf2 and PGClw after Epox treatment.

increase oxidative stress in tumor cells, thereby promoting
tumor cell apoptosis. However, recent studies have found
that not all tumor cells are sensitive to proteasome inhibitors.
A study in multiple myeloma demonstrated that the Nrf2 sig-
naling pathway may be involved in proteasome-mediated
tumor resistance [38]. Nrf2 has seven Neh domains, and of
these, Neh1 can combine with Maf protein to form a hetero-
dimer and bind to AREs and regulate the expression of anti-
oxidant genes such as HO-1 and NQO-1 after Nrf2
translocates to the nucleus [39, 40]. In our study, although
proteasome inhibition increased the nuclear expression of
Nrf2 in both A2780 and SKOV3 cells, inhibiting the protea-
some significantly reduced antioxidant levels and enhanced
ROS production in A2780 cells. Conversely, the opposite
results were obtained in SKOV3 cells. This suggested that
the increased nuclear expression of Nrf2 did not necessarily
exert antioxidant activity after proteasome inhibition; there
may be regulatory factors regulating its transcriptional activ-
ity. Notably, PGCla can regulate the expression of various
antioxidant genes and play an important regulatory role in
redox homeostasis [41]. Bruns et al. reported that PGCla«
plays an important role in the clearance of ROS by regulating
SOD1 and SOD2 in GBM glioblastoma cells [42]. In addi-
tion, a study using an aging disease model found that PGCla
can regulate Nrf2 expression and play a synergistic role in
antioxidation [17]. Our study compared the expression of
PGCla in two cell lines and found that PGCla expression
was significantly higher in SKOV3 cells than in A2780 cells.
After inhibiting proteasomes, PPARGCIA gene expression
was increased in SKOV3 cells but decreased in A2780 cells,
suggesting that PGCla is also involved in proteasome
inhibition-mediated antioxidant regulation. Thus, PGCla
and Nrf2 may jointly mediate the antioxidant regulation of
proteasome inhibitor resistance in SKOV3 cells.

Recent studies revealed that PGClw coactivate Nrf2, and
there is a protein-protein interaction between PGCla and

Nrf2. Here, we deeply investigated the mutual regulation
between PGCla and Nrf2 in SKOV3 cells. First, we found
that proteasome inhibition in SKOV3 cells can increase the
colocalization of Nrf2 and PGCla in the nucleus. Cherry
et al. demonstrated that PGCla was important for the activa-
tion of gene downstream of Nrf2 during sepsis [43]. In our
study, the increased Nrf2 and antioxidant gene mRNA levels
after Epox treatment were reversed by PGCla silencing,
which suggested that PGCla was involved in the antioxidant
regulation by Nrf2 during proteasome inhibition. Further-
more, Nrf2 activity is mediated by GSK3p-TrCP-dependent
Cull-based ubiquitin ligase. Choi et al. demonstrated that
PGCla can upregulate Nrf2 through the p38/GSK3f path-
way to protect HK-2 cells against hydrogen peroxide-
induced oxidative stress injury [44]. This is consistent with
our findings that PGCla can mediate Nrf2 activity through
the inactivation of GSK3 in SKOV3 cells. Therefore, PGCla
can regulate the antioxidant activity of Nrf2 via GSK3 after
proteasome inhibition. But whether GSK3f regulates Nrf2
directly or indirectly after Epox treatment and the specific
mechanism of regulation needs to be further explored in
future research.

Although Clark and Simon previously proposed that the
PGCla promoter region contains a conserved ARE sequence
that can be bound by Nrf2, it is unclear whether a transcrip-
tion factor and PGCla can form a complex to regulate Nrf2
expression or whether Nrf2 can directly bind to the PGCla
promoter region [41, 45]. After analyzing the PGCla pro-
moter sequence, three potential Nrf2-binding fragments
were found. The dual-luciferase reporter assay found that
Nrf2 upregulated the transcriptional activity of PGClea after
proteasome inhibition. The aforementioned data provided
evidence that Nrf2 regulates PGCla expression at the tran-
scriptional level in SKOV3 cells. However, the specific molec-
ular mechanism and promoter elements responsible for Nrf2
regulation need to be further explored. So far, we have
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revealed a feedback loop between PGCla and Nrf2, which
enables them to play synergistic roles in the antioxidant
function that maintains proteasomal activity.

Ross proposed that efficient UPS activity is essential for
maintaining mitochondrial health, which is also necessary
for maintaining UPS efficiency [18]. Inhibition of OXPHOS
in mouse cortical neurons can inhibit proteasomal activity
and protein ubiquitin [46]. Inhibition of ATP production via
complex I inhibition can also inhibit proteasomal activity in
primary mesencephalic cells [47]. Interestingly, Nrf2 also
plays an inestimable role in regulating mitochondrial function.
Nrf2 can regulate mitochondrial function through interactions
with various mitochondrial proteins such as PGCla. In
SKOV3 cells, proteasome inhibition can enhance MMP, mito-
chondrial number, and mitochondrial complex protein
expression, which in turn increase ATP and oxygen consump-
tion. Overexpression of Nrf2 produced the same results,
further proving that inhibiting proteasomes can enhance
mitochondrial function through Nrf2. This is consistent with
the findings of Shen et al., who reported that Nrf2 agonists
can induce related mitochondrial functions such as mitochon-
drial proliferation in mouse 3T3-L1 adipocytes [48]. In addi-
tion, mitochondrial redox homeostasis is also important for
maintaining proteasome activity. Gao et al. revealed that
Nrf2 can upregulate mitochondrial antioxidant enzymes such
as Sirt3 and SOD2 to maintain mitochondrial ROS homeosta-
sis to protect neurons from oxidative stress [20]. In SKOV3
cells, we also observed that increased nuclear Nrf2 expression
can upregulate the gene expression of SOD2. This indicated
that the Nrf2/PGCla pathway also participated in the regula-
tion of proteasomal activity through the regulation of
mitochondrial function and homeostasis in SKOV3 cells.

Finally, to further verify that the Nrf2/PGCla pathway
plays a role in resistance to proteasome inhibitors, we trans-
fected shRNA-PGCla plasmids into SKOV3 cells. The
results illustrated that silencing of PGCla could significantly
promote apoptosis and decrease mitochondrial membrane
potential of SKOV3 cells. When combined with Epox, apo-
ptosis activity was further increased, and mitochondrial
membrane potential was further decreased. This demon-
strated that the Nrf2/PGCla pathway is involved in the
resistance of SKOV?3 cells to proteasome inhibitors.

In summary, Nrf2 cooperates with PGCla to mediate
antioxidant function and mitochondrial function, thereby
regulating the maintenance of proteasome activity and
influencing differences in cisplatin sensitivity in ovarian
cancer cells (Figure 7(e)).
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Nuclear factor erythroid 2-related factor 2 (NRF2) is a crucial transcription factor for cell adaptation and defense against oxidative
stress. NRF2 activation confers Kras/Lkbl/Keapl (KLK) mutant tumor cells with greater resistance to oxidative insults. We
previously reported that SUMOylation at lysine residue 110 is important for the ability of NRF2 to promote reactive oxygen
species (ROS) clearance in hepatocellular carcinoma. In this study, we investigated whether SUMOylation is necessary for the
ability of NRF2 to inhibit KLK lung adenocarcinoma (LUAD) cell migration and invasion. Our experiments showed that mild
oxidative stress reduced NRF2 SUMOylation, which promoted KLK LUAD cell migration and invasion. Mechanistically, NRF2
SUMOylation increased the antioxidant ability of NRF2 and reduced cellular ROS levels, mainly by transcriptionally activating
Cat in KLK LUAD cells. With reduced NRF2 SUMOylation, increased ROS acted as signaling molecules to activate the JNK/c-
Jun axis, which enhanced cell mobility and cell adhesion, to promote LUAD cell migration and invasion. Taken together, the
results of this study reveal a novel signaling process in which reduced NRF2 SUMOylation permits increased KLK LUAD cell

migration and invasion under mild oxidative stress.

1. Introduction

The role of reactive oxygen species (ROS) in cancer has
remained controversial for decades, in part, because different
levels of ROS confer different outcomes in cancer cells. High
ROS levels are harmful to cell, but mild oxidative stress at
sublethal levels activates signaling pathways to promote
tumor growth and progression [1, 2]. Cancer cell migration
and invasion are the initial steps of tumor metastasis. During
cell migration and invasion, members of the mitogen-
activated protein kinase (MAPK) family of proteins are acti-
vated by ROS [3-5]. In lung adenocarcinoma cells (LUAD),
H,O, activates epidermal growth factor (EGF) receptors
[6]; hence, oxidization of receptor tyrosine kinases (RTKs)
facilitates MAPK signaling activation and promotes migra-
tion and invasion [7].

In Kras-mutant LUAD, LkbI is frequently inactivated
[8-11]. LKBI1 loss leads to increased oxidative stress in
tumors [12, 13], which is tolerated at least partially through
concurrent mutation of KEAP1 [11, 14]. KEAP1 mutation
stabilizes nuclear factor erythroid 2-related factor 2 (NRF2)
and increases its activity in LUAD [15, 16]. NRF2 is an
important transcription factor in the defense of cancer cells
against oxidative insults, through upregulation of antioxi-
dant enzymes and detoxification proteins [17]. Thus, NRF2
activity is critical for reducing cellular ROS levels and main-
taining redox homeostasis.

Previous research showed that drugs used in type 2 diabe-
tes mellitus activate nuclear factor erythroid 2-related factor
2 (NRF2) and accelerate metastasis [18]. Recently, concur-
rent studies by two research groups demonstrated that acti-
vation of NRF2 caused by KEAP1 inactivation promotes
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LUAD cell migration and metastasis by stabilizing the tran-
scription factor BACHI, in Kras™SY™, Trp53ﬂ ox/flox’ (K P) mice
[19, 20]. However, the role of NRF2 activation in Kras/Lkb1/-
Keapl (KLK) mutant LUAD cell migration and metastasis
remains unknown.

Multiple studies have reported that NRF2 is a SUMOy-
lated protein [21-23]. Our previous research revealed that
SUMOylation of lysine residue 110 (K110) of NRF2 reduces
ROS levels, promotes de novo serine synthesis, and maintains
hepatocellular carcinoma tumorigenesis [23]. In the present
study, we investigated the effects of NRF2 on KLK LUAD cell
migration and invasion, and whether SUMOylation is critical
for these effects. We studied the effect of mild oxidative stress
on NRF2 SUMOylation and then investigated the underlying
mechanism by which NFR2 influences KLK LUAD cell
migration and invasion.

2. Materials and Methods

2.1. Antibodies, Plasmids, and Reagents. The sources for anti-
bodies were as follows: NRF2 (Abcam; ab62352), BACHI1
(R&D Systems; AF5776-SP), Catalase (Abcam; ab76024),
GPX2 (GeneTex; GTX100292), SAPK/INK (Cell Signaling
Technology; 9252), phospho-SAPK/JNK (Thr183/Tyr185)
(Cell Signaling Technology; 4668), ERKI+ERK2 (Abcam;
ab36991), ERK1 (pT202/pY204)+ERK2 (pT185/pY187)
(Abcam; ab50011), c-Jun (Cell Signaling Technology;
9165), Phospho-c-Jun (Ser73) (Cell Signaling Technology;
3270), p38 MAPK (Cell Signaling Technology; 9212),
phospho-p38 MAPK (Thr180/Tyr182) (Cell Signaling
Technology; 4511), His (Qiagen; 1007598), and p-actin
(Abcam; ab8226). Plasmids PCDH-Vector, PCDH-NRF2,
and PCDH-NRF2 K110R were constructed as previously
reported [23]; PCDH-His-SUMO1 was cloned into PCDH-
vector using standard PCR-based cloning strategies and the
primers listed in Table S1. The shNRF2 lentivirus was
designed and packaged by Genomeditech as previously
reported [23]. The SimpleChIP® Plus Sonication Chromatin
IP Kit was purchased from Cell Signaling Technology; the
Amplite™ Colorimetric Hydrogen Peroxide Assay Kit was
purchased from AAT Bioquest; the eBioscience™ Annexin
V Apoptosis Detection Kit was purchased from Invitrogen;
the GSH and GSSG Assay Kit was purchased from
Beyotime Biotechnology; and the CellROX® Deep Red Flow
Cytometry Assay Kit was purchased from Invitrogen.

2.2. Cell Culture and Construction of Stable Cell Lines. The
human LUAD cell line A549 was cultured in F12K medium
(Gibco), while H2122 and H23 cells were cultured in RPMI
medium (HyClone). Each medium contained 10% fetal
bovine serum (Gibco) and 1% penicillin/streptomycin. These
cells were cultured in a humidified 37°C incubator with 5%
CO,. Cells were infected by shNRF2 and/or PCDH-
NRF2/NRF2 K110R lentivirus and then selected by Blastici-
din S or Puromycin for 1 week.

2.3. Western Blotting. Cells were washed with phosphate-
buffered saline (PBS), lysed in radio immunoprecipitation
assay (RIPA) buffer (150 mM NaClI, 50 mM Tris base, 0.1%
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SDS, 1% Triton-X-100, pH 7.4) on ice for 20 min, and then
ultrasonicated until the solution became clear. Protease and
phosphatase inhibitors were added to the RIPA buffer in
advance. The cell lysates were centrifuged at 12,000 rpm for
15 min at 4°C, and the supernatant was collected for Western
blotting. Total protein was resolved in 10% SDS/PAGE gels,
followed by electrophoretic transfer to PVDF membranes in
a Tris-glycine buffer. The membranes were blocked at room
temperature for 1h in 5% nonfat milk with TBS-Tween
(TBS-T) on a shaker and then incubated with the primary
antibodies overnight at 4°C. The membranes were washed
in TBST at least 5 times (5min each) and then incubated
with HRP conjugated anti-rabbit or anti-mouse IgG at room
temperature for 1h with gentle shaking. The ECL substrate
was added, and the results were visualized using Image-
Quant LAS 4000 (GE). 3-Actin was used as loading control.

2.4. Quantitative Real-Time PCR. Total RNA was isolated
using TRIzol universal reagent (TianGen). Then, 1 ug RNA
was reverse transcribed into complementary DNA (cDNA)
using the Fast King gDNA Dispelling RT SuperMix kit (Tian-
Gen). Quantitative real-time PCR was performed on Light-
Cycler 480 (Roche) using TB Green Premix (Takara). 18S
rRNA was used as a control for normalization. The primers
used in this study are listed in Supplementary Table S1.

2.5. Migration and Invasion Assay. For the migration assay,
cells were resuspended in serum-free medium and plated in
the upper chamber of Transwells (Corning) in a 24-well
plate. The cell numbers were 1 x 10* to 1 x 10° per well. For
the invasion assay, Transwells were coated with Matrigel
matrix (Corning). Medium with 10% fetal bovine serum
(FBS) was added in the bottom chamber of the Transwells.
The cells on the upper surface of the chamber were removed
using a cotton swab, and the cells on the bottom of the cham-
ber were fixed with 4% paraformaldehyde and stained with
crystal violet 12-16h later. For H,0, treatment, 0.5, 50, or
500uM H,O, was added into the upper chamber. The
migrating and invading cells were counted in micrographs
taken of 5 random fields using Photoshop, and the data were
analyzed using Graphpad Prism.

2.6. NRE2 SUMOylation by Ni**-NTA Pull-down Assay. Cells
were infected with PCDH-His-SUMOI1 lentivirus and
selected by puromycin for 1 week. Once the cells reached
70% confluency, they were treated with H,0, (0.5, 50, or
500 uM) for 12h. For NAC (N-acety-L-cysteine) treatment,
cells were pretreated with 1mM NAC for 1h, and then,
H,0, was added for further incubation for 12h. Ni**-NTA
pull-down assay was performed as previously reported [23].

2.7. Measurement of Intracellular ROS. Cells were digested by
trypsin and incubated with CellROX (final concentration of
100 nM; Invitrogen) in complete medium for 20 min at 37°C.
Cells were then washed and resuspended in fluorescence-
activated cell sorting (FACS) buffer. Intracellular ROS levels
were measured by flow cytometry (Becton Dickinson).

2.8. Measurement of H,0,. Cells were resuspended in a 96-
well plate, and the H,0O, concentration in each well was
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FiGure 1: SUMOylation of NRF2 is critical for its inhibition of KLK LUAD cell migration and invasion. (a) Establishment of KLK LUAD
A549 and H2122 cells, which have endogenous NRF2 knockdown, stably expressing NRF2 wild-type, and NRF2 K110R. (b) The
migration of four stable cell lines derived from A549 and H2122 cells, as detected by Transwell assays (3 replicates per group). (c) The
invasion of four stable cell lines derived from A549 and H2122 cell as detected by Transwell assay (3 replicates per group). KLK: Kras-
activated mutation, LkbI-inactivated mutation, and KeapI-inactivated mutation; LUAD: lung adenocarcinoma. *P < 0.05, **P < 0.01, and

xxx P <0.001.

measured using the Amplite Colorimetric Hydrogen Perox-
ide Assay Kit (AAT Bioquest) the next day. Briefly, 50 ul
of H,0, cell working solution was added to each well of
cells and H,O, standards to make the total H,O, assay
volume of 100 ul/well. The reaction was incubated at room
temperature for 10-60 min and protected from light. Then,
the absorbance at 650nm was measured by an absorbance
plate reader.

2.9. RNA-Seq. RNA-Seq was performed by KangChen Bio-
tech, Shanghai, China. Briefly, the RNA-seq library was pre-
pared using Illumina kits. The sequencing was performed
using Illumina Hiseq 4000. Sequencing was carried out by
running 150 cycles. Principal component analysis (PCA),
hierarchical clustering, correlation analysis, pathway analy-
sis, and gene ontology (GO) were performed, and volcano
plots and scatter plots were generated to identify the differen-
tially expressed genes using R or Python environment for sta-
tistical computing and graphics.

2.10. Measurement of GSH and GSSG. Total glutathione
(GSH+GSSG) and oxidized glutathione disulfide (GSSG) were
measured using a GSH and GSSG Assay Kit (Beyotime)
according to the manufacturer’s instructions. The GSH/GSSG
ratio was then calculated.

2.11. Chromatin Immunoprecipitation Assay. The chromatin
immunoprecipitation (ChIP) assay was performed using
the Simple ChIP Plus Sonication Chromatin IP Kit (Cell
Signaling Technology) according to the manufacturer’s
protocol. Briefly, cells were fixed with formaldehyde, and
the chromatin was sheared with sonication into 200-
1000 bp DNA-protein fragments. Then, the NRF2 antibody
(or IgG antibody as a control) was added. The complex was
coprecipitated and captured by Protein G beads. The
protein-DNA cross-links were reversed, and the DNA was
purified. Then, the enrichment of the Cat promoter was
detected by RT-PCR. The primers used in this assay are listed
in Supplementary Table S2.

2.12. Statistical Analysis. All results were obtained from at
least three independent experimental replicates and are pre-
sented as mean + standard error of the mean (S.E.M.). Signif-
icance was determined by Student’s t test. P <0.05 was
considered significant.

3. Results

3.1. SUMOylation of NRF2 Is Critical for Its Inhibition of KLK
LUAD Cell Migration and Invasion. As expected, NRF2
expression was significantly lower in Kras/Lkb1 (KL) mutant
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Ficure 2: Mild oxidative stress reduces NRF2 SUMOylation to induce KLK LUAD cell migration and invasion. (a) The migration and
invasion of A549 cells treated with 0.5, 50, or 500 uM H,O, individually for 12h (3 replicates per group). (b) NRF2 expression in A549
cells treated with 0.5, 50, or 500 uM H,O, for 12 h. Blots were quantified and normalized to -actin expression. (c) NRF2 SUMOylation in
A549-His-SUMOL cells treated with 0.5 uM H,O, for 12h. SUMOylated proteins with His tag were purified from cell lysates using Ni**-
NTA agarose bead pull-down, and SUMOylated NRF2 was detected by immunoblotting with anti-NRF2 antibody. Blots were quantified
and normalized to f-actin expression. (d) NRF2 SUMOylation in A549-His-SUMOL cells treated with 50 or 500 uM H,O, for 12h. (e)
The migration and invasion of A549-shNRF2+WT and A549-shNRF2+K110R cells treated with 0.5 uM H,O, for 12h (3 replicates per
group). H,0,: hydrogen peroxide. #P < 0.05, %P < 0.01, and #*** P <0.001.

LUAD H23 cells than in KLK LUAD A549 and H2122 cells
(Figure S1A). Correspondingly, H23 cells showed a higher
intracellular ROS level than A549 and H2122 cells did
(Figure S1B). Upon knockdown of NRF2, the ROS levels in
A549 and H2122 cells were elevated, whereas the ROS level
in H23 cells was not altered (Figure S1C and S1D).
Additionally, KLK LUAD cell migration and invasion were
increased with NRF2 knockdown (Figure S1E), revealing

that NRF2 inhibits KLK LUAD cell migration and invasion.
In contrast, NRF2 knockdown in H23 cells delayed cell
migration and invasion (Figure S1E), which is consistent
with previous studies showing that downregulation of
BACHLI inhibits lung cancer metastasis [19, 20]. However,
in the KLK LUAD cell lines, BACHI1 expression was not
affected (Figure S1F), indicating that NRF2 regulates KLK
LUAD migration and invasion independent of BACHI.
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F1Gure 3: SUMOylation of NRF2 is critical for its antioxidant ability in KLK LUAD via transcriptional activation of Cat. (a) The intracellular
ROS and H,0, levels and GSH/GSSG ratio in four stable cell lines constructed from A549 cells (3 replicates per group). (b) Heat map and
trend graph comparing the patterns of antioxidant gene expression in four stable cell lines constructed from A549 cells. (c) Validation of
gene expression involved in antioxidant pathways by quantitative real-time PCR in four stable cell lines constructed from A549 cells (3
replicates per group). Cat: catalase; Sirt3: Sirtuin 3; Ngol: NAD(P)H quinone dehydrogenase 1; HmoxI: heme oxygenase 1; Gclc:
glutamate-cysteine ligase catalytic subunit; Gclm: glutamate-cysteine ligase modifier subunit; Gpx2: glutathione peroxidase 2; Gpx4:
glutathione peroxidase 4. (d) Catalase protein expression analyzed by Western blotting in four stable cell lines constructed from A549
cells. Blots were quantified and normalized to f-actin expression. (e) ChIP assay of NRF2 occupancy in the locus of Cat promoter in
A549-shNRF2+WT and A549-shNRF2+K110R cells. (f) A549-shNRF2+WT and A549-shNRF2+K110R cells were treated with 100 uM
TBHP or 200 uM H,O, for 12h. The intracellular ROS level was then measured by flow cytometry. TBHP: tert-butyl hydroperoxide;
H,0,: hydrogen peroxide. #P < 0.05, #*P < 0.01, and ##* P < 0.001.

To investigate the role of NRF2 and its SUMOylation
in KLK cell migration and invasion, we restored NRF2
wild-type and NRF2 with SUMOylation site mutation
(K110R) expression individually in A549 and H2122 cells
(Figure 1(a)). Expression of NRF2 wild-type inhibited cell
migration and invasion, which had been enhanced by
NRF2 knockdown, but NRF2 K110R did not exhibit this
inhibitory capability (Figures 1(b) and 1(c)). Although
NRF2 SUMOylation promoted KLK LUAD tumorigenesis
and did not affect KLK LUAD cell apoptosis (Figure S2), as
reported in HCC previously [23], the results in Figure 1
suggest that SUMOylation is critical for the inhibitory effect
of NRF2 on KLK cell migration and invasion.

3.2. Mild Oxidative Stress Reduces NRF2 SUMOylation to
Induce KLK LUAD Cell Migration and Invasion. Hydrogen
peroxide acts as a signaling molecule to induce cancer cell
migration and invasion. In A549 cells, we found that mild
oxidative stress generated by treatment with 0.5uM H,O,
induced cell migration and invasion, whereas moderate/se-
vere oxidative stress (50 uM/500 uM H,0,) did not induce
and even reduced cell migration and invasion (Figure 2(a)).
Consistent with previous reports, moderate/severe oxida-
tive stress induced NRF2 expression as a cellular defense
response, whereas mild oxidative stress had no impact
on NRF2 expression (Figure 2(b)). Because endogenous
NRF2 SUMOylation is difficult to detect experimentally,
we constructed a His-SUMO1 overexpressing stable cell
line named A549-His-SUMOL1 and pulled down SUMO1-

modified proteins with Ni**-NTA. Surprisingly, we detected
that mild oxidative stress (0.5uM H,0,) reduced NRF2
SUMOylation in A549-His-SUMOI1 cells (Figure 2(c)),
whereas SUMOylation of NRF2 was increased after treat-
ment with 50 uM or 500 uM H,O, given that NRF2 expres-
sion was increased (Figure 2(d)). More importantly, the
decrease in NRF2 SUMOylation caused by mild H,O,
(0.5 uM) was reversed when antioxidant NAC (N-acety-L-
cysteine) was added (Figure 2(c)). With a deficiency in
NRF2 SUMOylation, as shown in shNRF2+K110R A549
cells, mild oxidative stress no longer induced cell migration
and invasion (Figure 2(e)), indicating that mild oxidative
stress in KLK LUAD cells induces cell migration and inva-
sion by reducing NRF2 SUMOylation.

3.3. SUMOylation Is Critical for the Antioxidant Ability of
NRF2 via Transcriptional Activation of Cat in KLK LUAD
Cells. We previously reported that NRF2 SUMOylation
reduces the intracellular ROS level in HCC cells [23]. In
A549 cells, NRF2 SUMOylation reduced both the total ROS
and H,O, levels (Figure 3(a)). In addition, the reduced gluta-
thione (GSH) to oxidized glutathione disulfide (GSSG)
(GSH/GSSG) ratio was relatively higher in A549 cells in which
NRF2 wild-type expression was rescued (Figure 3(a)). To
explore the underlying mechanism, we performed RNA
sequencing (RNA-Seq) analysis to compare the gene expres-
sion levels in A549 cells before (normal control, NC group)
and after NRF2 knockdown (KD group), as well as in A549
cells expressing NRF2 wild-type (WT group) and NREF2
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MAPK: mitogen-activated protein kinase; ERK: extracellular signal-regulated kinase; JNK: c-Jun NH-2 terminal kinase. Blots were quantified
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adhesion in four stable cell lines constructed from A549 cells. (c) Trend graph comparing patterns of gene expression related to cell and cell
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and cell adhesion as well as focal adhesion by quantitative real-time PCR in four stable cell lines constructed from A549 cells (3 replicates per
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FIGURE 5: Model depicting how mild oxidative stress reduces NRF2 SUMOylation to promote KLK LUAD migration and invasion.

K110R (KR group). Volcano plots showed that 1299 genes
were significantly upregulated, and 687 genes were downreg-
ulated in the KD group versus NC group (Figure S3A),
and 99 genes were significantly upregulated, and 255 genes
were downregulated in the KR group versus WT group
(Figure S3C). Gene ontology (GO) analyses showed that
upon NRF2 knockdown, pathways involved in the response to
oxidative stress and the response to hydrogen peroxide were
downregulated (Figure S3B). The heat map and trend graph
revealed that in A549 cells, NRF2 SUMOylation promotes
H,0, removal mainly by activating Cat transcription, which
was validated by our quantitative real-time polymerase chain
reaction (PCR) and Western blot results (Figures 3(b)-3(d)).
Different from our previous report [23], NRF2 SUMOylation
did not alter the protein expression of GPX2 in KLK cells
(Figure S3E). ChIP assay showed that NRF2 K110R had a
significantly decreased ability to bind with the Cat gene
promoter (Figure 3(e)). Moreover, upon challenge of A549
cells with oxidants (tert-butyl hydroperoxide [TBHP] and
H,0,), the antioxidant ability of NRF2 was reduced
when its SUMOylation site was mutated (Figure 3(f)).
These results collectively reveal that SUMOylation is critical
for the antioxidant ability of NRF2, mainly via the
transcriptional activation of Cat in KLK LUAD cells.

3.4. Increased ROS Level due to NRF2 SUMOylation
Deficiency Promotes KLK LUAD Cell Migration and
Invasion via JNK/c-Jun Axis. Based on our finding that ROS
and H,O, levels were increased with deficient NREF2
SUMOylation (Figure 3(a)), we then asked whether increased
intracellular ROS act as signaling molecules to activate path-
ways that promote KLK LUAD cell migration and invasion.
As shown in Figure 4(a), when NRF2 expression was inhib-
ited and the intracellular ROS level was increased, the
JNK/c-Jun axis was activated in KLK LUAD cells. Expression
of NRF2 wild-type inhibited the activation of the JNK/c-
Jun axis, whereas expression of NRF2 KI110R did not
(Figure 4(a)). Furthermore, the results of RNA-Seq and
quantitative real-time PCR analyses revealed that through

increasing the gene expression related with cell motility and
cell adhesion, JNK/c-Jun axis activation promoted the migra-
tion and invasion in KLK LUAD cells (Figure S3D and
Figures 4(b)-4(d)). In addition, we demonstrated NRF2
SUMOylation inhibited cell migration and invasion by
activating Cat transcription and inactivating the JNK/c-Jun
axis by reducing the cellular ROS level, in KLK LUAD
H2122 cells (Figure S4).

4. Discussion

In KLK LUAD, KEAP1 mutation leads to NRF2 activation,
which influences many of the hallmarks of cancer and con-
fers “NRF2 addition” [24]. High NRF2 activity renders KLK
LUAD more resistant to ROS accumulation compared with
KL LUAD [14]. In contrast, to promote tumorigenesis,
NRF2 SUMOylation inhibits the migration and invasion of
KLK LUAD cells (Figure 1), further complicating the anti-
versus protumorigenic roles of ROS in cancer cells. The
extent of ROS increase often determines the adaptive conse-
quences of the cellular response to the oxidative insult. We
revealed in the present study that, in comparison to severe
oxidative stress, which inhibited cell migration and invasion,
mild oxidative stress promoted the migration and invasion of
KLK LUAD cells (Figure 2(a)). SUMOylation of vimentin
(VIM), a type III intermediate filament protein involved in
cytoskeleton organization and cell motility, favors cell motil-
ity and migration [25]. However, whether protein SUMOyla-
tion is involved in ROS-triggered cancer cell migration and
invasion has remained largely unknown. The results of the
present study demonstrate that the SUMOylation of NRF2,
an essential antioxidant factor, plays a role in the inhibition
of KLK LUAD migration and invasion.

NRF2 is stabilized upon hyperoxidation of cysteines on
KEAP1 which disrupts the binding of the two proteins [15,
17]. Here, we revealed that mild oxidative stress reduced
NRF2 SUMOylation (Figure 2(c)), rather than increasing
NRF2 expression as seen with moderate/severe oxidative
stress (Figure 2(b)), suggesting a mechanism by which
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NRF2 activity is regulated independently of KEAPI. It has
been reported that SUMO-specific protease 3 (SENP3) is a
redox sensor that is stabilized under mild oxidative stress
and consequently de-SUMOyltates p300 and hypoxia induc-
ible factor (HIF)-1a [26, 27]. Recently, Zhou et al. reported
that NRF2 activity is regulated by SENP3 in laryngeal carci-
noma after cisplatin-induced ROS stress [28]. Because
SENPI is also reported de-SUMOylate NRF2 [22], whether
mild oxidative stress decreases NRF2 SUMOylation by
increasing SENP3 expression or by increasing the expression
and/or activities of other SENPs, in KLK LUAD cells, needs
to be explored in future experiments.

In the present study, we showed that NRF2 SUMOylation
reduced the intracellular ROS level mainly via the transcrip-
tional activation of Cat to promote H,O, removal (Figure 3).
We also found that NRF2 SUMOylation reduced the intracel-
lular ROS level by enhancing GPX2 protein expression in KLK
LUAD cells (Figure S3C). We found that the increase in the
H,O, level caused by NRF2 SUMOylation deficiency in
A549 cells was in the nanomolar range. Hence, at mildly
increased level, H,0, acts as a signaling molecule to activate
the JNK/c-Jun pathway, which enhances cell-cell adhesion as
well as focal adhesion, to promote cell migration and
invasion (Figure 4). However, how the level of increased
ROS brought about by NRF2 SUMOylation deficiency
specifically regulates JNK/c-Jun axis activation in KLK
LUAD cells remains to be determined in future research.

A recent report showed that ROS restriction by TIGAR
supports premalignant tumor initiation while restricting
metastasis in pancreatic ductal adenocarcinoma, indicating
that the complexity of ROS regulation underpins full malig-
nant progression [29]. The present study demonstrated that
by reducing the ROS level, NRF2 SUMOylation can regulate
KLK LUAD progression in a stage-specific manner. Thus, we
conclude that NRF2 SUMOylation promotes KLK LUAD
tumorigenesis. However, during the initiation stage of tumor
metastasis, mildly increased oxidative stress resulting from
detachment may reduce NRF2 SUMOylation to induce cell
migration and invasion, a potential mechanism that should
be investigated in vivo in future studies. Our findings herein
are helpful in understanding the Kras-dependent pathways
that promote LUAD progression and provide insights for
the identification of potential therapeutic targets and the
development of new treatments for KRAS mutant LUAD.

5. Conclusions

On the basis of our current findings, we depict a model that
mild oxidative stress reduces NRF2 SUMOylation to pro-
mote KLK LUAD migration and invasion (Figure 5). Mild
oxidative stress reduces NRF2 SUMOylation, which pro-
motes KLK LUAD cell migration and invasion. Mechanisti-
cally, NRF2 SUMOylation increases the antioxidant ability
of NRF2 and reduces cellular ROS levels, mainly by tran-
scriptionally activating Cat in KLK LUAD cells. With
reduced NRF2 SUMOylation, increased ROS act as signaling
molecules to activate the JNK/c-Jun axis, which enhances cell
mobility and cell adhesion, to promote LUAD cell migration
and invasion.
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Numerous biological processes are regulated by the intercellular communications arising from extracellular vesicles (EVs) released
from cells. However, the mechanisms that regulate the quantity of EV discharged have yet to be understood. While it is known that
ATPIA, a P4-ATPase, is involved in endosomal recycling, it is not clear whether it also contributes to the release of EVs and the
makeup of exosomal lipids. This study is aimed at exploring the role of human ATP9A in the process of EV release and, further,
to analyze the profiles of EV lipids regulated by ATP9A. Our results demonstrate that ATP9A is located in both the intracellular
compartments and the plasma membrane. The percentage of ceramides and sphingosine was found to be significantly greater in
the control cells than in the ATP9A overexpression and ATP9A knockout groups. However, EV release was greater in ATP9A
knockout cells, indicating that ATP9A inhibits the release of EVs. This study revealed the effects of ATP9A on the release of

EVs and the lipid composition of exosomes.

1. Introduction

As extracellular vesicles (EVs) released from cells are media-
tors of intercellular communications, they can transmit
information between cells and are involved in tissue develop-
ment and disease progression [1, 2]. EVs are categorized
according to diameter, which ranges from 50 to 1000 nm.
Based on the formation of EVs, they are categorized as either
ectosomes or exosomes [3]. Ectosomes are created directly by
the plasma membrane forming outward buds. Exosomes,
however, are combination products of multivesicular endo-
somes (MVEs) fusing with the plasma membrane which are
then discharged into extracellular space [4, 5].

One distinctive characteristic of eukaryotic cells is the
composition of phospholipids in the plasma membrane,
which are not distributed symmetrically. This has long been
recognized as a potential influence on the release of vesicles.
The distribution of phospholipid species differs in the two
leaflets of biological membranes. The leaflet exposed to cyto-
sol consists of phosphatidylserine (PS) and phosphatidyleth-
anolamine (PE), whereas the exoplasmic leaflet contains
mostly phosphatidylcholine (PC) and sphingomyelin [6].
This asymmetric phospholipid distribution is an important
aspect in numerous diseases, such as cancer, cardiovascular
disease, hepatic steatosis, and metabolic disorders. The asym-
metric distribution is also involved in many physiological
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processes, including apoptosis, blood coagulation, apoptosis,
cell signaling, cell and organelle morphology, host-virus
interactions, intracellular vesicle trafficking, membrane
permeability and stability, and regulation of membrane
proteins [7, 8].

Usually, ATP-dependent lipid transporters are responsi-
ble for maintaining homeostasis of the phospholipid distri-
bution; however, PS can be redistributed to the exoplasmic
leaflet in response to pathophysiological conditions. This
has been observed in platelet activation, in exosome release
from tumor tissues, and in the majority of immune cell types,
such as activated B cells, bone marrow-derived monocytes,
dendritic cells, and macrophages [9].

The asymmetry of lipids is maintained actively by a vari-
ety of transporter families [10, 11]. One particular family is
the P-type ATPase family, and the members of its largest sub-
family, P4-ATPase, are known as flippases [7, 12]. These
ATP-dependent enzymes relocate certain phospholipids
away from the membrane’s outer leaflet and toward the inner
leaflet. This maintains the membrane’s lipid asymmetry,
which has been highlighted previously to be critical to several
cellular processes. Mounting evidence indicates that in
eukaryotic cells, P4-ATPases play a key role in the biogenesis
of the transport vesicles involved in the biosynthetic and
endocytic pathways [11].

Models characterizing the role of P4-ATPases in lipid
translocation pathways have been informed by site-directed
mutagenesis and structural modeling studies [13, 14]; how-
ever, the fundamental features of the transport pathway, the
electrogenic properties of the flippases, and the mechanisms
by which flipping occurs remain unclear. Using TAT-5, the
P4-ATPase of Caenorhabditis elegans, Wehman et al. showed
that the enzyme was involved in the release of EVs and main-
tenance of PE asymmetry [15]. Whereas, human ATP9A and
ATP9B, which are orthologous to TAT-5, are primarily
found inside intracellular compartments [16]. ATP9A is rec-
ognized as a regulator for endosomal recycling [17]; whether
it contributes to EV release and the lipid profiles of exosomes
has not yet been determined. It is well-known that during cell
division, fusion, and death, cells regulate PE asymmetry and
EV release [18]. Therefore, we hypothesized that ATP9 is
involved in plasma membrane biosynthesis, cell outward
budding, and EV release. This study examines the effects of
ATP9A on the composition of exosomal lipids and the
release of EVs in a human embryonic kidney 293
(HEK293) cell line.

2. Materials and Methods

2.1. Cell Culture. DMEM medium (DMEM,; Life Technolo-
gies) plus 10% fetal bovine serum (FBS, Gibco) supplement
was used to sustain the HEK293 cell line at 37°C and 5%
CO,. Synovial fluid-derived human mesenchymal stem cells
(SF-MSCs) were cultured in MesenGro Chemically Defined
Medium.

2.2. Overexpression of ATP9A. Control for this study was
provided by the lentivirus empty vector, pLenti-C-RFP,
which does not contain any human genes. The 293T cells
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were variously transfected with pLenti-C-RFP, pMD2.G,
and psPAX2. After 48 h, lentivirus was harvested and used
to infect MSCs, followed by puromycin selection (used as
plv-NC group). The whole length of the ATP9A gene was
subcloned into the destination pLenti-C-RFP plasmids.
pLenti ATP9A-RFP plasmids were then cotransfected into
HEK293T cells along with psPAX2 and pMD2.G packaging
vectors. Lentivirus particles released from HEK293T cells
were harvested and filtered and then used to infect MSCs.
Puromycin was used to select cells expressing ATPIA-OV.

2.3. ATP9A Knockout. The lentiCRISPRv2 plasmid was used,
as this vector expresses Cas9 nuclease and inserts ATP9A-
specific single-guide RNA (sgRNA) simultaneously [19].
The online tool CRISPR DESIGN (https://CRISPR.mit.edu)
was used to design sgRNA. The oligo sequence 5'-AGGA
GATCCGATGCTACGTG-3' was created and then annealed
before subcloning into lentiCRISPRv2. To produce the lenti-
virus, cloned lenti-CRISPRv2 sgATP9A plasmids were trans-
ferred into HEK293T cells with packaging plasmids pMD2.G
and psPAX2 using Lipofectamine 3000 (Invitrogen, Carls-
bad, CA, USA). MSCs were infected with purified lentivirus,
and a monoclonal cell line was selected using puromycin.

2.4. Confocal Microscopy. Cells were stably infected with len-
tivirus ATP9A-RFP on a 35 mm confocal dish at 37°C. After
48, cells were washed twice with PBS. To fix the cells, 4%
paraformaldehyde was used. DAPI-containing mounting
medium was used to mount the cells. Using a 60x oil objec-
tive, an LSM 800 confocal laser scanning microscope (Carl
Zeiss) was used to collect images. The device was equipped
with DAPI (405 nm) and red (568 nm) lasers.

2.5. Quantification of EVs in Culture Medium. To detect and
analyze the concentrations and sizes of exosomes, NanoSight
N3000 (Malvern, Ltd., Malvern, UK) nanoparticle tracking
analysis (NTA) was used. The measuring duration was 60s,
and parameters were applied according to the manufacturer’s
instructions. The EVs were diluted to 1 ml with PBS; the
NTA 3.2 software (version 3.2.16) calculated exosome
distribution and size [20].

2.6. Purification of Exosomes. To remove apoptotic cell bod-
ies and cellular debris, the medium (20 ml) was centrifuged
at 200G for 10min, and then again at 2,000 G for 20 min.
To remove macrovesicles, the supernatant was ultracentri-
fuged at 10,000 G for 25 min. Ultracentrifugation was used
at 100,000 G for 60 min to retrieve exosomes. Exosome pel-
lets were washed once with PBS, then centrifuged again at
100,000 G for 60 min. The resultant pellets were resuspended
in 500 yl PBS. A Bradford assay was conducted to determine
the concentration of protein. Western blotting was per-
formed to detect exosome marker CD9, tumor susceptibility
gene 101 (TSG101), Alix, and endoplasmic reticulum (ER)
marker calnexin.

2.7. Metabolite Extraction and Lipidomics. A solution of exo-
some pellets in chloroform/methanol/water (2/1/1, v/v/v) was
vortexed for 1 min then centrifuged for 10 min at 3000 G. The
organic phage was harvested and transferred to a fresh tube,
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FIGURE 1: ATP9A localizes to intracellular vesicles and the plasma membrane. (a) To investigate ATP9A localization, HEK293 cells

overexpressing ATPOA-RFP were detected using confocal microscopy. (b) HEK293 cells overexpressing ATP9A-RFP were labeled with
general cell membrane dye PKH67-green.
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FIGURE 2: The total number of EVs is significantly greater in ATP9A knockdown cells. (a) EV secretion was evaluated in ATP9A knockdown
(ATP9A-KO), ATP9A overexpression (ATP9A-OV), and plv-NC cells. (b) Exosome preparation was positive for exosome markers CD9,
TSG101, and Alix and negative for ER marker calnexin. Tests were repeated in triplicate. *P < 0.05.
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F1GURE 3: The PCA analysis of lipids in the plv-NC, ATP9A-OV, and ATP9A-KO groups. The PCA score plots obtained by comparing the
three groups showed that three clusters were separated in the positive mode by the first two components. (a) PCA score between the plv-NC
and ATP9A-KO groups. (b) PCA score between the plv-NC and ATP9A-OV groups. (c) PCA score between the ATP9A-KO and ATPIA-OV

groups.

and nitrogen was used to lyophilize the phage. Isopropanol/-
methanol (1/1, v/v) solution (400 ul) was used to reconstitute
dried metabolites. These were then vortexed and centrifuged
at 10,000 G for 5min at 4°C. LC-MS and a Kinetex C18 col-
umn (100 x 2.1 mm, 1.9 ym) were used to analyze superna-
tant. The flow rate was set at 0.4 ml/min. Lipidomic assays in
positive mode and negative mode were conducted following
the protocol described in a previous report [21].

Lipid Search v 4.0.20 software (Thermo Fisher Scientific,
USA) was used to process the raw data obtained from the LC-
S analysis. Each sample’s data was normalized to total area.

The sample number, normalized peak intensities, and all var-
iate data (including retention time (rt) and charge-to-mass
ratio (m/z)) were uploaded to SIMCA-P+ 12.0 software
(Umetrics, Umea, Sweden). Multivariate analyses were per-
formed to categorize the lipid samples; this included orthog-
onal partial least squares discriminant analysis (OPLS-DA)
and principal component analysis (PCA). A permutation test
with the permutation number of 200 was used to validate the
OPLS-DA models [22].

Using Lipid Search software (Thermo Fisher Scientific,
USA), a qualitative analysis of the lipid metabolites was
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FIGURE 4: The OPLS-DA score plots of the plv-NC, ATP9A-OV, and ATP9A-KO groups. (a) OPLS-DA score between the plv-NC and
ATP9A-KO groups. (b) OPLS-DA score between the plv-NC and ATP9A-OV groups. (c) OPLS-DA score between the ATP9A-KO and

ATP9A-OV groups.

performed. The information collected included the type of
lipids, chain length, and number of saturated bonds. The
screening conditions for the potential lipid biomarkers were
determined by the lipid metabolites in the OPLS-DA model
having variable importance in the projection (VIP) scores > 1
and P values obtained from the t — test < 0.05.

2.8. Statistical Analysis. GraphPad Prism 7.0 was used to
determine whether differences between groups were signifi-
cantly different. For differences between two groups, an
unpaired, two-sided Student’s ¢-test was conducted, whereas,
for three or more groups, a one-way ANOVA was used.
Statistical significance is set as P < 0.05.

3. Results

To explore ATP9A’s role in EV release in HEK293 cells, the
location of ATPIA in the cells was examined. Using red fluo-
rescent protein- (RFP-) tagged ATP9A (ATP9A-OV), it was
noted that the location of ATP9A in the cells was accumu-
lated primarily in intracellular vesicles (Figure 1).

As ATP9A was detected at the plasma membrane and
intracellular vesicles, reduced expression of ATP9A could
affect ectosome or exosome release. Figure 2 demonstrates
that the number of EVs emitted in ATP9A-KO (ATP9A
knockout cells) was significantly greater than the number of
EVs released by the ATP9A-OV and plv-NC groups. The
ATP9A-OV group released the fewest EVs. These findings
suggest that the observed increase in the number of EVs from
ATP9A knockout cells is mainly caused by elevated secretion
of exosomes.

Lipidomics were performed for plv-NC, ATP9A-OV, and
ATP9A-KO cells to better characterize the effects of ATP9A
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FIGURE 5: Percentage of all classes of lipids detected in the plv-NC,
ATP9A-OV, and ATP9A-KO groups. Ceramides,
lysophosphatidylcholine, ~phosphatidylglycerol, = sphingomyelin,
and triglycerides were the most common types of lipids. The

percentage  of  ceramides (Cer), diacylglycerol (DG),
lysophosphatidylcholine (LPC), lysophosphatidylmethanol
(LPMe), monoglyceride (MG), phosphatidylcholine (PC),
phosphatidylethanolamine  (PE), phosphatidylglycerol  (PG),

sphingomyelin (SM), sphingoshine (So), and triglyceride (TG) are
shown.
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TaBLE 1: The different lipid metabolites between the plv-NC, ATP9A-KO, and ATP9A-OV groups.

ATP9A-KO and plv-NC

ATP9A-OV and plv-NC ATP9A-KO and ATP9A-OV

Lipid class Positive Negative Total Positive Negative Total Positive Negative Total
mode mode mode mode mode mode
Phosphatidylcholine (PC) 6 — 6 16 4 20 — — 0
Phosphatidylethanolamine (PE) 2 — 2 3 — 3 2 — 2
Phosphatidylglycerol (PG) 1 — 1 — — — — 0
Lysophosphatidylcholine (LPC) 8 — 8 12 1 13 4 — 4
Phosphatidylinositol (P1) — — 0 — — 0 2 — 2
Triglyceride (TG) 21 — 21 87 — 87 — — 0
Diacylglycerol (DG) — — 0 1 — 1 1 — 1
Monogalactosylmonoacylglycerol . . 0 . 1 1 . . 0
(MGDG)
Sphingoshine (So) 1 — 1 2 — 2 — — 0
Ceramides (Cer) 10 — 10 10 — 10 1 — 1
Total 49 — 49 131 6 137 10 — 10

on exosome biosynthesis. Principal component analysis
(PCA) showed that in the positive mode, the R*?X and Q?
between the ATP9A-KO and plv-NC groups were 0.659
and -0.00879, respectively. Between the ATP9A-OV and
plv-NC groups, the R*X and Q* were 0.79 and 0.477, respec-
tively. Finally, between the ATP9A-KO and ATP9A-OV
groups, the R>X and Q? values were 0.689 and 0.0479, respec-
tively (Figure 3). As the R’X values all exceeded 0.4, the
models were considered reliable. The PCA score plots
obtained by comparing the three groups revealed that three
clusters were separated in the positive mode by the first two
components.

Figure 4 presents the PLS-DA score plots for the compar-
ison of the three groups. This clearly shows separation in pos-
itive mode. The respective R*X, R*Y, and Q* between the
ATP9A-KO and plv-NC groups were 0.615, 0.983, and
0.851. Similarly, the respective R*X, R?Y, and Q* values
between the ATP9A-OV and plv-NC groups were 0.783,
0.99, and 0.951. Finally, the same respective values between
the ATP9A-KO and ATP9A-OV groups were 0.539, 0.98,
and 0.676.

Figure 5 presents the amount of different lipids as a per-
centage of the total. The percentage of Cer was significantly
greater in the plv-NC group than in the ATP9A-OV and
ATP9A-KO groups (P <0.05). The level of sphingosine
(So) was greatest in the plv-NC group (P < 0.05).

In total, there was a difference of 7 lipid classes, compris-
ing 49 significantly different lipid metabolites, between the
ATPI9A-KO and plv-NC groups. This difference increased
to 8 lipid classes and 137 significantly different lipid metabo-
lites between the ATP9A-OV and plv-NC groups. The
ATP9A-KO and ATP9A-OV groups differed by 5 lipid clas-
ses and 10 significantly different lipid metabolites (Table 1).
The detailed differences in lipid metabolites between the
plv-NC, ATP9A-KO, and ATP9A-OV groups in the positive
mode are shown in Tables 2, 3, and 4. Table 5 shows the
detailed differences in lipid metabolites between the
ATP9A-OV and plv-NC groups in negative mode.

4. Discussion

ATPIA, a trafficking protein, plays a key role in the initiation
of vesicle biogenesis [7, 23]. In this study, we found that the
release of EVs from HEK293 cells was modulated by P4-
ATPase ATP9A. The percentage of ceramides and sphingo-
sine was significantly greater in the normal control cells than
in the ATP9A overexpression and ATP9A knockout cells.
The subcellular localization of mammalian P4-ATPases was
observed using fluorescently labeled phospholipids to visual-
ize the transport of phospholipids into cells. ATP9A was
detected in the plasma membrane and intracellular compart-
ments. This suggests that the presence of ATP9A in the
plasma membrane is important for the purpose of assisting
in the recycling of plasma membrane proteins through
endocytosis [23]. EV release was increased in cell lines when
ATPI9A was knocked out; this implies that ATP9A plays an
inhibitory role in EV release.

Many biological processes, such as angiogenesis, blood
clotting, and immune response, are modulated by proteins,
DNA, miRNA, and mRNAs, which could be controlled via
EV-instigated intercellular communication. In this study,
we demonstrated that exosome secretion was inhibited by
ATPYA and this could be achieved through glucose trans-
porter 1 (GLUT1) and transferrin receptor, as they are
recycled to the plasma membrane through ATP9A endocytic
recycling [17]. The knockdown expression of ATP9A in
human hepatoma cells shows that the elevated release of
EVs is independent of the activation of caspase-3 [23]. The
quantity of EVs was significantly reduced in ATP9A knock-
down cells in which exosome release had been pharmacolog-
ically blocked [23].

It is also possible that the elevated secretion of EVs is sec-
ondary to disrupting other key processes. ATP9A deficiency
may be associated with cell death, proliferation, and survival
pathways. Indeed, in HepG2 cells in which ATP9A was min-
imal, the cells underwent massive cell death approximately
two weeks after ATP9A had been exhausted. As mentioned
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TaBLE 2: Detailed differences in lipid metabolites between the ATP9A-KO and plv-NC groups in positive mode.

No. Lipid ion Lipid group  Class Fatty acid Ion formula ~ VIP T-test LOIg(_OI:/CplEII}I:IFCP?a_
1 Cer(d20:0/18:0)+H Cer(d38:0)+H Cer (d20:0/18:0) €38 EZS 03 1.2604 0.030618969  -3.831098851
2 Cer(d22:0/18:0)+H Cer(d40:0)+H  Cer (d22:0/18:0) 40 I;?Z 03 1.24235 0.025143001  -4.328152705
3 Cer(d28:0)+H Cer(d28:0)+H Cer (d28:0) 28 I;I?S 03 1.28102  0.0294742 -4.24959194
4 Cer(d30:0)+H Cer(d30:0)+H Cer (d30:0) €30 I;?Z 03 1.275 0.025176996  -3.979850415
5 Cer(d32:0)+H Cer(d32:0)+H Cer (d32:0) €32 §?6 03 1.26661 0.023622931  -4.490550701
6 Cer(d34:0)+H Cer(d34:0)+H Cer (d34:0) €34 II:IIZO 03 1.25672 0.029461839  -4.056379416
7 Cer(d34:0)+H Cer(d34:0)+H Cer (d34:0) €34 I;IZO 03 123012 0.04426622 -3.117818449
8 Cer(d36:0)+H Cer(d36:0)+H Cer (d36:0) €36 II:TIZ4 03 1.34994 0.008080528  -4.472595341
9 Cer(d36:3)+H Cer(d36:3)+H Cer (d36:3) €36 I;T?S O3 129906 0.015827678  -4.504241793
10 Cer(d38:1)+H Cer(d38:1)+H Cer (d38:1) €38 1;56 O3 13665 0004044369  -4.339760529
11 LPC(16:0) + H LPC(16:0)+H LPC (16:0) CZ%II{EI'}I O7 119626 0044904373  -3.965795361
12 LPC(16:0) + Na LPC(16:0)+Na LPC (16:0) Cl\?f ;510\137 12719 0.019244897  -4.12685101
13 LPC(16:1)+H LPC(16:1)+H LPC (16:1) Cz‘ﬁf‘g O7 137999 0002239195  -4.666120577
14 LPC(18:1)+H LPC(18:1)+H LPC (18:1) Cz?\]ﬁi O7 127108 0019255048  -3.993299768
15 LPC(18:1)+H LPC(18:1)+H LPC (18:1) CZ?\II?EEI 07 1.27193 0.022622097  -5.420039555
16 LPC(18:3)+H LPC(18:3)+H LPC (18:3) Cz%ﬁli?l 07 1.21783 0.033842529  -3.871958979
17 LPC(20:4)+H LPC(20:4)+H LPC (20:4) CZE;\IIf%ll 07 1.3028 0.013961964  -5.206227559
18 LPC(22:6)+H LPC(22:6)+H LPC (22:6) C3%P115Pll 07 1.26602 0.021855354  -4.887480292
19 PC(31:0)+H PC(31:00)+H PC (31:0) C3?\IP11;91 08 1.25034 0.043489185  -2.736580322
20 PC(33:0e) +H PC(33:0e)+H PC (33:0¢) C4;1118I)51 07 1.24296 0.034649083  -4.296299639
21 PC(36:3) + H PC(36:3)+H PC (36:3) C4ﬁ1§,31 O8 125828 0.026138449  -2.824548745
22 PC(36:3)+H PC(36:3)+H PC (36:3) C4‘;}11§,31 O8 122197 0043015998  -2.834383398
23 PC(38:5)+H PC(38:5)+H PC (38:5) C4?\IPII§,31 O8 126417 0032636589  -2.865997476
24 PC(38:6) + H PC(38:6)+H PC (38:6) C4?\1}11?311 O8 12539 0034802661  -2.826696561
25 PE(34: 1e) + Na PE(34:1e)+Na PE (34:1¢) (ﬁf ;7;37 124296 0.034649083  -4.296299639
26 PE(38:6) +H PE(38:6)+H  PE (38:6) CA3HT5 O8 ) 51751 0016479104  -4.448539426




Oxidative Medicine and Cellular Longevity

TaBLE 2: Continued.

Log_FC (ATP9a-

No. Lipid ion Lipid group  Class Fatty acid Ion formula ~ VIP T-test KO/plv-NC)
27 PG(45:6) + NH, PG(45:6)+NH, PG (45:6) CSIN}?SIOIO 124296 0.034649083  -4.296299639
28 So(d16:0)+ H So(d16:0)+H  So (d16:0) C16§?602 125709 0.02502734  -2.937662223
29 TG(15:0/14:0/14:1)+NH, TG(43:1)+NH, TG (15:0/14:0/14:1) C46I§?006 128754 0.026596333  -0.398603466
30 TG(15:0/17:0/17:0)+NH, TG(49:0)+NH, TG (15:0/17:0/17:0) CSN&O“% 13776  0.0031683  -2.264427759
C51 H98 06
31 TG(16:0/16:1/16:1)+NH, TG(48:2)+NH, TG (16:0/16:1/16:1) .t 124966 0.034179356  -4.494068391
32 TG(16:0/18:1/18:1)+NH, TG(52:2)+NH, TG (16:0/18:1/18:1) <> 1;1106 O6 127119 0024617268  -2.876897982
33 TG(16:0/18:1/18:1)+NH, TG(52:2)+NH, TG (16:0/18:1/18:1) <> 1;1106 O6 1 24273 0029055366  -5.502551812
C51 H96 06
34 TG(16:1/16:1/16:1)+NH, TG(48:3)+NH, TG (16:1/16:1/16:1) .t 125074 0.037153469  -2.820151763
35  TG(16:1/16:1/18:1)+Na TG(50:3)+Na TG (16:1/16:1/18:1) C53§:1606 138231 0.001565792  -4.888822805
36 TG(16:1/16:1/18:1)+NH, TG(50:3)+NH, TG (16:1/16:1/18:1) < e O6 120488 0.013430777  -4.189332374
37 TG(16:1/18:1/18:1)+Na TG(52:3)+Na TG (16:1/18:1/18:1) CSSE;?O% 131766 0.013435952  -3.30410743
38 TG(16:1/18:1/18:1)+NH, TG(52:3)+NH, TG (16:1/18:1/18:1) > 1;1104 O6 130996 0.013226079  -3.528809232
39 TG(18:0/17:0/18:1)+NH, TG(53:1)+NH, TG (18:0/17:0/18:1) <0 1;1110 O6 129598 0.022872573  0.90918934
40 TG(18:1/18:1/18:2)+NH, TG(54:4)+NH, TG (18:1/18:1/18:2) C57}I£1110606 12432 0044586752  -5.336667642
41 TG(18:1/18:2/18:2)+NH, TG(54:5)+NH, TG (18:1/18:2/18:2) C57}I£11104O6 12438 0043561191  -2.874871415
42 TG(18:2/18:2/18:2)+Na TG(54:6)+Na TG (18:2/18:2/18:2) C57§a91806 128903 0.026337165  -4.660675027
43 TG(18:2/18:2/18:2)+ NH, TG(54:6)+NH, TG (18:2/18:2/18:2) </ 1;1102 O6 122084 0039362783  -4.36954712
4 TG(18:4/18:1/18:1)+H  TG(54:6)+H TG (18:4/18:1/18:1) C57H99 06 121603 0.04656314  -3.727194618
45 TG(20:5/18:2/18:2)+H  TG(56:9)+H TG (20:5/18:2/18:2) C59 H97 06 1.34412 0.00940743  -5.064000583
46 TG(4:0/16:0/18:0)+NH, TG(38:0)+NH, TG (4:0/16:0/18:0) 1! 1;?2 O6 130211 0.020072444  -0.008648167
47 TG(4:0/18:0/18:0)+NH, TG(40:0)+NH, TG (4:0/18:0/18:0) % Ei‘é% 139232 0.001247294  -1.058028038
48 TG(6:0/16:0/20:4)+H  TG@2:4)+H TG (6:0/16:0/20:4) C45H79 06 136281 0.005419013  4.422086595
49 TG(6:0/18:1/18:1)+NH, TG(42:2)+NH, TG (6:0/18:1/18:1) C45§?606 124028 0.047259192  18.15651265

previously, ATP9A is a member of subclass 2 in P4-ATPases
[11]; Neol (Saccharomyces cerevisiae) and TAT-5 (C. ele-
gans) are orthologs of ATP9A. While it is recognized that
P4-ATPase deficiency can result in lethal consequences, it is
not yet known what molecular mechanisms are responsible
for this phenomenon [24]. Hela cells containing CRISPR-
mediated knockout of ATP9A did not die; however, it is
noted that data for long-term culture were omitted [17]. This

suggests that some cell types can withstand ATP9A deple-
tion; the pathway in which the protein is involved may deter-
mine the outcome.

P4-ATPases are important to many plasma and intracel-
lular membrane-associated processes. One of these enzymes’
primary functions is to institute and maintain a state of phos-
pholipid asymmetry of cell membranes [7]. Increased expo-
sure of PS in the exoplasmic leaflet of ATP9A-depleted
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TaBLE 3: Detailed differences in lipid metabolites between the ATP9A-KO and plv-NC groups in positive mode.

No. Lipid ion Lipid group  Class Fatty acid Ion formula ~ VIP T-test FC(I:"I%I_’%—
OV/plv-NC)
1 Cer(d20:0/18:0)+H Cer(d38:0)+H  Cer (d20:0/18:0) €38 E’is 03 1.18056 0.011353875 -0.412362667
2 Cer(d22:0/18:0)+H Cer(d40:0)+H  Cer (d22:0/18:0) 40 E?Z 03 1.15478 0.017086722  -0.595999589
3 Cer(d22:1/2:0)+H Cer(d24:1)+H  Cer (d22:1/2:0) c24 E?S 03 1.11826 0.043499783  -0.570814243
4 Cer(d30:0)+H Cer(d30:0)+H  Cer (d30:0) €30 E?Z 03 1.15035 0.025673707  -0.586615549
5 Cer(d32:0)+H Cer(d32:0)+H  Cer (d32:0) 32 E?G O3 110775 0043725597  -0.631568883
6 Cer(d32:0)+H Cer(d32:0)+H  Cer (d32:0) €32 E‘? O3 111214 0048398875 -0.841046781
7 Cer(d32:0)+H Cer(d32:0)+H  Cer (d32:0) c32 E?‘S O3 113423 0041166313 -0.537395468
8 Cer(d34:0) + H Cer(d34:0)+H  Cer (d34:0) C34 EZO O3 115175 0021192786 -0.739156196
9 Cer(d36:0) + H Cer(d36:0)+H  Cer (d36:0) C36 %4 O3 11546 0028080187 -0.343491384
10 Cer(d38:1)+H Cer(d38:1)+H  Cer (d38:1) C38 E? O3 | 25148 0.000869044  -0.708510594
11 DG(18:1/18:1) + NH, DG(36:2)+NH, DG (18:1/18:1) €39 II:IIZ6 05 1.14775 0.032034195  -1.170941291
12 LPC(14:0) + H LPC(14:0)+H LPC (14:0) Cz%}fgm 1.17492 0.011401697  -2.037925913
13 LPC(16:0)+H LPC(16:0)+H LPC (16:0) CZ;Iilill 07 1.18361 0.015200139  -1.185399006
14 LPC(16:0)+H LPC(16:0)+H LPC (16:0) CZ;PII%II 07 1.16722 0.016014207 -1.586333123
15 LPC(16:0) + Na LPC(16:0)+Na LPC (16:0) (I:\?f ;51(11?17 1.2007 0.006996003  -1.69267157
16 LPC(16:1)+H LPC(16:1)+H LPC (16:1) szi\flfi’gl 07 1.25501 0.000734215 -1.973182318
17 LPC(18:0)+H LPC(18:0)+H LPC (18:0) CZ?\II;ISPSI o7 1.17629 0.009004989  -1.955935386
18 LPC(18:1)+H LPC(18:1)+H LPC (18:1) CZ?\;I??I 07 1.19239 0.008904148 -1.722036886
19 LPC(18:1)+H LPC(18:1)+H LPC (18:1) Cz%}llflm 1.17863 0.013931838  -1.295055719
20 LPC(18:2)+H LPC(18:2)+H LPC (18:2) CZ%IEII O7 109975 0033368835 -1.836675727
21 LPC(18:3)+H LPC(18:3)+H LPC (18:3) CZ?\#‘; O7 117536 0011863232 -1.692803017
22 LPC(20:4)+ H LPC(20:4)+H LPC (20:4) Cz?\fll%ll O7 120989 0.006643335 -1.601519506
23 LPC(22:6)+H LPC(22:6)+H LPC (22:6) €3 (;1}11%11 O7 118109 0012416167 -1.660861569
24 PC(16:0/20:4) + Na PC(36:4)+Na PC (16:0/20:4) (I:\AI};} II;IISONB%S 1.18728 0.009695918  -1.197287937
25 PC(18:0/20:4) + Na PC(38:4)+Na PC (18:0/20:4) (IL:ILf II;1184NaOlS 1.19373 0.01387346  -1.252308071
26 PC(34:2)+H PC(34:2)+H PC (34:2) 42 H81 08 1.13145 0.021697615  -1.645003452

N1 P1
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TasLE 3: Continued.
Log

No. Lipid ion Lipid group  Class Fatty acid Ion formula  VIP T-test FC(ATPYa-

OV/plv-NC)
27 PC(34:2) +Na PC(34:2)+Na PC (34:2) (Ijjf Elsl(zlaols 1.14273 0.022076089  -2.192884674
28 PC(36:2)+H PC(36:2)+H PC (36:2) C4§P1H;51 08 1.18637 0.009290191  -1.520413569
29 PC(36:3)+H PC(36:3)+H PC (36:3) C44;Ii12;31 08 1.2034 0.00592586  -1.534810921
30 PC(36:3)+H PC(36:3)+H PC (36:3) C4Z§\I1118P31 o8 1.091 0.063303852  -0.584433881
31 PC(36:3)+H PC(36:3)+H PC (36:3) C4‘;IP11§)31 O8 117719 0013773598  -1.530770278
32 PC(36:4) +H PC(36:4)+H PC (36:4) C4i£1§,11 O8 115201 0019974882 -1.409087872
33 PC(36:4)+H PC(36:4)+H PC (16:0/20:4) C41;11[8P11 08 1.15056 0.024222573  -1.151908928
34 PC(36:4p) + H PC(36:4p)+H PC (36:4p) C4;}11§311 O7 109667 0056620135 -1.032394903
35 PC(38:4)+H PC(38:4)+H PC (18:0/20:4) C4?\111H;51 08 1.01835 0.138748412  -0.52148975
36 PC(38:5)+H PC(38:5+H PC (38:5) C4?\IPII§331 O8 | 10915 0.058086289  -0.647388207
37 PC(38:6)+H PC(38:6)+H PC (38:6) C4?\111H;11 08 1.22093 0.004912756  -1.089933633
38 PC(38:6) + Na PC(38:6)+Na PC (38:6) (I:\Allf IEIISONSIS 1.16989 0.018637803  -1.222573329
39 PC(40:7)+H PC(40:7)+H PC (40:7) C4?\11i1?331 08 1.11113 0.053579975  -0.945260739
40 PE(16:0p/18:1)+H PE(34:1p)+H PE (16:0p/18:1) C3?\IPII;71 07 1.11038 0.055327279  0.456373702
41 PE(38:6)+H PE(38:6)+H PE (38:6) C4:;\111{;51 08 1.22639 0.004954273  -2.282070421
42 PE(39:5)+H PE(39:5)+H PE (39:5) C44;11111)91 08 1.1443 0.017276536  -1.751279845
43 So(d14:1)+H So(d14:1)+H So (d14:1) Cl4 Eio 02 1.17166 0.01993559  -2.081806693
44 So(d16:0) + H So(d16:0)+H  So (d16:0) Cl16 ETS 02 109733 0046617899  -1.916789565
45 TG(12:0/12:0/18:3)+H TG(42:3)+H TG (12:0/12:0/18:3) C45HS81 06 1.2558 0.000676947  1.943382457
46 TG(15:0/14:0/14:1)+NH, TG(43:1)+NH, TG (15:0/14:0/14:1) 46 II:II?O 06 1.19099 0.014229158  1.640598605
47  TG(15:0/16:0/16:0)+Na TG(47:0)+Na TG (15:0/16:0/16:0) C5OI§I:16 06 11358 002142449  1.159764763
48 TG(15:0/16:0/16:1)+NH, TG(47:1)+NH, TG (15:0/16:0/16:1) €30 E?S 06 1.03827 0.099079456  -0.913642961
49 TG(15:0/16:0/18:1)+NH, TG(49:1)+NH, TG (15:0/16:0/18:1) €52 1_1511102 06 1.17672 0.017013743  0.731184335
50 TG(15:0/17:0/17:0)+NH, TG(49:0)+NH, TG (15:0/17:0/17:0) €52 1_11\11104 06 1.16807 0.022219937  1.500799668
51 TG(15:1/14:0/16:1)+NH, TG(45:2)+NH, TG (15:1/14:0/16:1) a8 II:II?Z 06 1.12638 0.046410662  1.228411695
52 TG(16:0/10:0/18:1)+NH, TG(44:1)+NH, TG (16:0/10:0/18:1) 47 H92 06 1.21473 0.006570563  1.270938382

N1
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TaBLE 3: Continued.
Log

No. Lipid ion Lipid group  Class Fatty acid Ion formula  VIP T-test FC(ATPYa-

OV/plv-NC)
53 TG(16:0/12:0/13:0)+NH, TG(41:0)+NH, TG (16:0/12:0/13:0) Cad E?S 06 1.21837 0.006165409  1.937202801
54 TG(16:0/12:0/14:0)+Na TG(42:0)+Na TG (16:0/12:0/14:0) 45 Sff 06 1.20558 0.00933199 1.253529015

C45 H90 O6

55 TG(16:0/12:0/14:0)+NH, TG(42:0)+NH, TG (16:0/12:0/14:0) N1 1.12469 0.041448684  0.995570056
56 TG(16:0/12:0/18:1)+NH, TG(46:1)+NH, TG (16:0/12:0/18:1) €49 E?é 06 1.21927 0.006268795  0.851464834
57 TG(16:0/13:0/14:0)+NH, TG(43:0)+NH, TG (16:0/13:0/14:0) 46 E?Z 06 1.11757 0.045489213  1.347749132
58 TG(16:0/14:0/14:0)+Na TG(44:0)+Na TG (16:0/14:0/14:0) 47 IE_IIaglO 06 1.24805 0.001498992  1.376050197
59 TG(16:0/14:0/14:0)+NH, TG(44:0)+NH, TG (16:0/14:0/14:0) 47 §?4 06 1.26237 0.000353143  0.962131291
60 TG(16:0/14:0/16:0)+Na TG(46:0)+Na TG (16:0/14:0/16:0) C49§Ij;1 06 1.26857 8.80516E-05  1.565797115
61 TG(16:0/14:0/16:0)+NH, TG(46:0)+NH, TG (16:0/14:0/16:0) €49 E?S 06 1.21901 0.00635889 1.450016601
62 TG(16:0/14:0/20:4) +H TG(50:4) +H TG (16:0/14:0/20:4) C53 H95 06 1.26854 9.83824E-05  1.326744372
63 TG(16:0/16:0/16:0)+Na TG(48:0)+Na TG (16:0/16:0/16:0) C511§Ia918 06 1.26708 0.000130539  1.471325066
64 TG(16:0/16:0/16:0)+NH, TG(48:0)+NH, TG (16:0/16:0/16:0) 51 1_11\11102 06 1.25972 0.000420793  1.491554693
65 TG(16:0/16:0/16:1)+Na TG(48:1)+Na TG (16:0/16:0/16:1) C511£I-Ia916 06 1.26997 6.14983E-05 1.144805299
66 TG(16:0/16:0/16:1)+NH, TG(48:1)+NH, TG (16:0/16:0/16:1) 51 I_II\IIIOO 06 1.25463 0.000897787  1.053045297
67 TG(16:0/16:0/18:1)+Na  TG(50:1)+Na TG (16:0/16:0/18:1) €53 g;(l)o 06 1.25028 0.00106583 1.831200518
68 TG(16:0/16:0/18:1)+NH, TG(50:1)+NH, TG (16:0/16:0/18:1) €53 };11104 06 1.25192 0.000771575  1.773752236
69 TG(16:0/16:0/20:3)+H TG(52:3)+H TG (16:0/16:0/20:3) C55H101 O6 1.26734 0.000120746  2.280590338
70 TG(16:0/16:0/20:4) + H TG(52:4)+H TG (16:0/16:0/20:4) C55H99 O6 1.25001 0.001163477  1.849719348
71  TG(16:0/16:1/18:1)+Na  TG(50:2)+Na TG (16:0/16:1/18:1) C53I£I{:18 06 1.03902 0.051199679  -0.248516244
72 TG(16:0/17:0/18:1)+NH, TG(51:1)+NH, TG (16:0/17:0/18:1) €54 1_11\11106 06 1.12884 0.042802734  2.648612904
73 TG(16:0/18:1/18:1)+NH, TG(52:2)+NH, TG (16:0/18:1/18:1) €55 I_I{IIIO6 06 1.04551 0.102202776  -1.220332232
74 TG(16:018:2/18:2)+Na  TG(2:4)+Na TG (16:018:2/18:2) [0 9% 101276 0072197269 0233717192
75 TG(16:0/18:2/18:2)+NH, TG(52:4)+NH, TG (16:0/18:2/18:2) €55 P;]ll()Z 06 1.1579 0.015560565 -0.777716804
76  TG(16:0/8:0/18:1)+NH, TG(42:1)+NH, TG (16:0/8:0/18:1) 45 E?S 06 1.27372 5.23657E-06 2.89136082
77  TG(16:1/16:1/18:1)+Na  TG(50:3)+Na TG (16:1/16:1/18:1) C53I§Ia916 06 1.24888 0.000976709  -0.791307191
78 TG(16:1/16:1/18:1)+NH, TG(50:3)+NH, TG (16:1/16:1/18:1) €53 I—;IIIOO 06 1.16996 0.013073421 -0.641262818
79 TG(16:1/18:1/18:1)+Na  TG(52:3)+Na TG (16:1/18:1/18:1) 55 H100 06 1.22748 0.002533394  -0.763755159

Nal
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TaBLE 3: Continued.
Log

No. Lipid ion Lipid group  Class Fatty acid Ion formula  VIP T-test FC(ATPYa-

OV/plv-NC)
80 TG(16:1/18:1/18:1)+NH, TG(52:3)+NH, TG (16:1/18:1/18:1) €55 1_11\11104 06 1.20162 0.005474227  -0.786386257
81 TG(18:0/16:0/16:0)+Na  TG(50:0)+Na TG (18:0/16:0/16:0) €53 g;?z 06 1.26614 0.000158837  2.275169817
82 TG(18:0/16:0/16:0)+NH, TG(50:0)+NH, TG (18:0/16:0/16:0) €53 };11106 06 1.26293 0.000281314  2.032336625
83 TG(18:0/16:0/18:0)+Na  TG(52:0)+Na TG (18:0/16:0/18:0) €55 E:Sé 06 1.25922 0.000520621 2.41337606
84 TG(18:0/16:0/18:0)+NH, TG(52:0)+NH, TG (18:0/16:0/18:0) €55 PI{IIIIO 06 1.26597 0.000180915  2.667777604
85  TG(18:016:0/18:1)+Na  TG(2:1)+Na TG (18:016:0018:1) <> 1% O® 156724 0.000138532  2.887231449
86 TG(18:0/16:0/18:1)+NH, TG(52:1)+NH, TG (18:0/16:0/18:1) €55 I‘IEIIIOS 06 1.26045 0.000462091  3.231733656
87 TG(18:0/16:0/20:4) + H TG(54:4)+H TG (18:0/16:0/20:4) C57 H103 O6 1.26769 0.000124179  3.110340992
88 TG(18:0/16:0/22:0)+NH, TG(56:0)+NH, TG (18:0/16:0/22:0) €59 I_I{IIIIS 06 1.22968 0.004316666  2.187805394
89 TG(18:0/17:0/18:0)+NH, TG(53:0)+NH, TG (18:0/17:0/18:0) €56 1;1112 06 1.26138 0.000396904  2.424298519
90 TG(18:0/17:0/18:1)+NH, TG(53:1)+NH, TG (18:0/17:0/18:1) €56 I_;Illlo 06 1.18602 0.016664437  2.713496047
91 TG(18:0/18:0/18:0)+Na TG(54:0)+Na TG (18:0/18:0/18:0) €57 ESO 06 1.26827 0.000105223  5.230250311
92 TG(18:0/18:0/18:0)+NH, TG(54:0)+NH, TG (18:0/18:0/18:0) €57 1_11\11114 06 1.26949 5.7205E-05 2.285459979
93  TG(18:0/18:0/18:1)+Na  TG(54:1)+Na TG (18:0/18:0/18:1) €57 II:II;(I)S 06 1.26278 0.000305486  4.481228399
94 TG(18:0/18:0/18:1)+NH, TG(54:1)+NH, TG (18:0/18:0/18:1) €57 1_11\11112 06 1.27143 3.13706E-05  4.649314869
95 TG(18:0/18:0/18:3)+H TG(54:3)+H TG (18:0/18:0/18:3) C57 H10506 1.26198 0.000356975  2.416341259
96 TG(18:0/18:0/20:4) +H TG(56:4)+H TG (18:0/18:0/20:4) C59 H107 O6 1.26273 0.000307805  4.483895814
97 TG(18:0/18:1/18:1)+Na  TG(54:2)+Na TG (18:0/18:1/18:1) €57 E;(lm 06 1.22634 0.002728095 1.662501
98 TG(18:0/18:1/18:1)+NH, TG(54:2)+NH, TG (18:0/18:1/18:1) €57 I_II\IIIIO 06 1.19634 0.010041025  1.513228258
99 TG(18:1/18:1/18:2)+NH, TG(54:4)+NH, TG (18:1/18:1/18:2) €57 1_11\11106 06 1.15588 0.023234959  -0.351349117
100 TG(18:1/18:1/20:4)+H TG(56:6) +H TG (18:1/18:1/20:4) C59 H103 06 1.04017 0.05964527  -0.182813869
101 TG(18:1/18:2/18:2)+NH, TG(54:5)+NH, TG (18:1/18:2/18:2) €57 1_11\11104 06 1.22517 0.004865563  -0.471280945
102 TG(18:2/18:2/18:2)+Na  TG(54:6)+Na TG (18:2/18:2/18:2) C57I£I{:18 06 1.01999 0.138715238  -0.381333699
103 TG(18:2/18:2/18:2)+NH, TG(54:6)+NH, TG (18:2/18:2/18:2) €57 I_II\IIIOZ 06 1.14238 0.030646745 -0.792226116
104 TG(18:3/18:2/18:2)+H TG(54:7)+H TG (18:3/18:2/18:2) C57H97 O6 1.0853 0.053095571 -0.233717192
105 TG(18:3/18:2/18:2)+NH, TG(54:7)+NH, TG (18:3/18:2/18:2) €57 1_11\11100 06 1.04634 0.083166907  -0.934006022
106 TG(18:4/18:1/18:1)+H TG(54:6)+H TG (18:4/18:1/18:1) C57 H99 O6 1.17609 0.009589781 -0.65252347
107 TG(20:0e/18:2/18:3)+H TG(56:5¢)+H TG (20:0e/18:2/18:3) C59 H107 O5 1.20462 0.010060286  3.325380766
108 TG(20:5/18:2/18:2)+H TG(56:9)+H TG (20:5/18:2/18:2) (C59 H97 O6 1.01499 0.144587695 -0.440537678
109 TG(4:0/12:0/18:1)+NH, TG(34:1)+NH, TG (4:0/12:0/18:1) 1.20296 0.01036702 4.04828539
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TaBLE 3: Continued.
Log

No Lipid ion Lipid group  Class Fatty acid Ion formula  VIP T-test FC(ATPYa-

OV/plv-NC)

C37 H72 O6
N1
110 TG(4:0/12:0/18:3)+H TG(34:3)+H TG (4:0/12:0/18:3) C37 H65 O6 1.06475 0.062064921 0.316304726
111 TG(4:0/14:0/18:1)+NH, TG(36:1)+NH, TG (4:0/14:0/18:1) €39 §Z6 06 1.24976 0.001350972 23.88325332
112 TG(4:0/14:0/18:3)+H TG(36:3)+H TG (4:0/14:0/18:3) C39 H69 O6 1.14385 0.035066923 2.573454618
113 TG(4:0/15:0/16:0)+NH, TG(35:0)+NH, TG (4:0/15:0/16:0) 38 §Z6 06 1.26752 0.000121981 5.017537183
114 TG(4:0/15:0/18:1)+NH, TG(37:1)+NH, TG (4:0/15:0/18:1) C40 E’is 06 1.2024 0.010822476  3.978439339
115 TG(4:0/16:0/17:0)+NH, TG(37:0)+NH, TG (4:0/16:0/17:0) C40 I;I?O 06 1.26052 0.000457105 3.907668532
116 TG(4:0/16:0/18:0) + Na TG(38:0)+Na TG (4:0/16:0/18:0) Cal ;_12718 06 1.22345 0.005085456 2.38625847
C41 H82 06

117 TG(4:0/16:0/18:0)+NH, TG(38:0)+NH, TG (4:0/16:0/18:0) N1 1.10835 0.058570888 1.040201462
118 TG(4:0/16:0/18:1) + Na TG(38:1)+Na TG (4:0/16:0/18:1) C41§Ia716 06 1.25375 0.000949516  6.971333525
119 TG(4:0/16:0/18:1)+NH, TG(38:1)+NH, TG (4:0/16:0/18:1) Cal E?O 06 1.25057 0.001235431 6.528128518
120 TG(4:0/16:0/20:3)+H TG(40:3)+H TG (4:0/16:0/20:3) C43 H77 O6 1.23489 0.003249599  3.288156904
121 TG(4:0/17:0/18:1)+NH, TG(39:1)+NH, TG (4:0/17:0/18:1) C42 E?z 06 1.2527 0.001062263  4.151115681
122 TG(4:0/18:0/18:0)+NH, TG(40:0)+NH, TG (4:0/18:0/18:0) C43 §?6 06 1.13529 0.036323412 1.926228297
123 TG(4:0/18:1/18:1) + Na TG(40:2)+Na TG (4:0/18:1/18:1) C43I§Ia718 06 1.22707 0.004439594 1.831811125
124 TG(4:0/18:1/18:1)+NH, TG(40:2)+NH, TG (4:0/18:1/18:1) C43 II:II?Z 06 1.22764 0.004258607 1.648333529
125 TG(4:0/18:1/18:3)+H TG(40:4)+H TG (4:0/18:1/18:3) C43 H75 O6 1.25375 0.000949516  6.971333525
126 TG(46:1) + Na TG46:1)+Na TG (16:0/12:0/18:1) C49§I:12 06 123901 0002745257 0902280507
127 TG(6:0/16:0/17:0)+NH, TG(39:0)+NH, TG (6:0/16:0/17:0) ca2 §?4 06 1.25624 0.000728265  2.333598845
128 TG(6:0/16:0/18:1)+NH, TG(40:1)+NH, TG (6:0/16:0/18:1) C43 E%L 06 1.26874 8.63677E-05 4581376753
129 TG(6:0/16:0/20:4)+H TG(42:4)+H TG (6:0/16:0/20:4) C45 H79 O6 1.26166 0.000379843 7.405154525
130 TG(6:0/18:1/18:1)+NH, TG(42:2)+NH, TG (6:0/18:1/18:1) C45 §?6 06 1.24437 0.001939902 19.65297904
131 TG(8:0/12:0/18:3)+H TG(38:3)+H TG (8:0/12:0/18:3) C41 H73 O6 1.19976 0.011885245  2.272770506

HepG2 cells resulted in partial loss of plasma membrane
asymmetry [23]. In S. cerevisiae, the asymmetry of the plasma
membrane is lost as PE and PS become exposed as a conse-
quence of NEOI deficiency [24]. Similarly, the exposure of
PE in the exoplasmic leaflet of C. elegans increases with
TAT-5 deficiency; however, no external PS was detected
[16]. In this study, ATP9A-depleted HEK293 cells did not
exhibit an increase in PS, but ceramides (Cer) and sphingo-
sine were decreased in cells in which ATP9A was overex-

pressed or knocked out. A number of pathologies are
associated with dysregulated sphingolipid metabolism; these
include cancer, cardiovascular disease, hepatic steatosis, met-
abolic disorders, neurological disease, and type 2 diabetes
[25, 26]. Exosomes were exchanged between the tumor cells
and other tissues; however, few studies have examined the
functional roles of these exosomal lipids [27]. Cer is enriched
in the exosomes, and it is also an important lipid in exosomal
formation. As the center in the sphingolipid metabolism, Cer
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TaBLE 4: Detailed differences in lipid metabolites between the ATP9A-OV and ATP9A-KO groups in positive mode.

No. Lipid ion Lipid group  Class Fatty acid forIr(;I:lla VIP T-test é%g/_[fglggiigoai
C32 H66

1 Cer(d32:0)+H Cer(d32:0)+H  Cer (d32:0) O3N1 153407 0.046202984  -1221196739
C39 H76

2 DG(18:1/18:1) +NH, DG(36:2)+NH, DG (18:1/18:1) 05 N1 1.57489 0.033527384 -0.844934869
C24 H51

3 LPC(16:0)+H LPC(16:0)+H LPC (16:0) 07 N1 P1 1.55693 0.038858829 -0.646114065
C24 H49

4 LPC(16:1)+H LPC(16:1)+H LPC (16:1) 07 N1 P1 1.67884 0.010297907 -0.870328703
C26 H55

5 LPC(18:0)+H LPC(18:0)+H LPC (18:0) 07 N1 Pl 1.57303 0.034060664 -1.147680261
C28 H51

6 LPC(20:4)+H LPC(20:4)+H LPC (20:4) 07 N1 P1 1.61395 0.023265476 -0.549852755
C39 H77

7 PE(16:0p/18:1)+H PE(34:1p)+H PE (16:0p/18:1) 07 N1 Pl 1.64662 0.016093919 1.531453663
C43 H75

8 PE(38:6)+H PE(38:6)+H PE (38:6) 08 N1 P1 1.65057 0.015315495 -0.898920166
C50 H96

9 TG(15:0/16:0/16:0)+Na  TG(47:0)+Na TG (15:0/16:0/16:0) 06 Nal 1.59647 0.027631258 0.747616493
C44 H88

10 TG(16:0/12:0/13:0)+NH, TG(41:0)+NH, TG (16:0/12:0/13:0) 06 N1 1.56416 0.036667833 1.376598918

TaBLE 5: Detailed differences in lipid metabolites between the ATP9A-OV and plv-NC groups in negative mode.

o . . Log_FC(ATP9A-

No. Lipid ion Lipid group Class  Fatty acid Ion formula  VIP T-test OV/plv-NC)

1 LPC(16:0) + HCOO LPC(16:0) + HCOO LPC (16:0) CZ?\II;ISPII 09 1.42619 0.02839175 -0.956682794
C43 H81

2 PC(16:0/18:2) + HCOO PC(34:2) + HCOO PC  (16:0/18:2) 010 N1 P1 1.40826 0.033403463  -0.777315557
C45 H81

3 PC(16:0/20:4) + HCOO PC(36:4) + HCOO PC  (16:0/20:4) 010 N1 P1 1.45251 0.020556433 -0.64073783
C45 H85

4  PC(18:0/18:2) + HCOO PC(36:2) + HCOO PC  (18:0/18:2) 010 N1 P1 1.4845 0.011801161  -0.732314818
C47 H81

5 PC(16:0/22:6) + HCOO PC(38:6) + HCOO PC  (16:0/22:6) 010 N1 P1 1.38346 0.030681364  -0.753866237
C57 H85

6 MGDG(47:12) + HCOO MGDG(47:12)+HCOO MGDG  (47:12) 012 1.52892 0.004986124  -0.722153703

is predominantly produced via acid sphingomyelinase-  Data Availability

mediated hydrolysis of sphingomyelin and then metabolized

to sphingosine by acid ceramidase [28]. Cosker and Segal
suggested that the exosomal lipids can transmit “mobile
rafts” that can activate cell signaling pathways in oncogenesis
and metastasis [29]. Cer can modulate the roles of these
mobile rafts and their effects on the signaling pathways
[29]. Sphingosine may increase the activation of the TRPMLI
channel in the presence of ML-SA1. ATP9A may regulate
sphingosine production and, thus, decrease TRPML1 chan-
nel activity [30]. It was previously postulated that the translo-
cation undertaken by P4-ATPases was selective, favoring
glycerophospholipids and excluding sphingolipids. Thus,
the molecular relationship between ATP9A and ceramides
and sphingosine are mysterious [31].

The datasets generated and analyzed during the current
study are available from the corresponding authors on rea-
sonable request.
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Nuclear factor, erythroid 2 like 2 (NFE2L2, NRF2) is a transcription factor that regulates various antioxidant enzymes. It plays a
vital physiological role in regulating oxidative stress and inflammatory response. However, the roles of NFE2L2 in human
cancers are still unclear. Our study is aimed at analyzing the prognostic value of NFE2L2 in pan-cancer and at revealing the
relationship between NFE2L2 expression and tumor immunity. The present study revealed that NFE2L2 was abnormally
expressed and significantly correlated with mismatch repair (MMR) gene mutation levels and DNA methyltransferase
expression in human pan-cancer. In particular, pan-cancer survival analysis indicated that NFE2L2 expression was associated
with adverse outcomes—overall survival (OS), disease-specific survival (DSS), and progression-free interval (PFI)—in
adrenocortical carcinoma (ACC), brain lower grade glioma (LGG), and pancreatic adenocarcinoma (PAAD) patients. A positive
relationship was also found between NFE2L2 expression and immune infiltration, including B cells, CD4+ T cells, CD8+ T cells,
neutrophils, macrophages, and dendritic cells, especially in breast invasive carcinoma (BRCA), colon adenocarcinoma (COAD),
kidney renal clear cell carcinoma (KIRC), LGG, liver hepatocellular carcinoma (LIHC), and prostate adenocarcinoma (PRAD).
Additionally, NFE2L2 expression was positively correlated with the immune score and the expression of immune checkpoint
markers in LGG. In conclusion, these results indicate that transcription factor NFE2L2 is a potential prognostic biomarker and
is correlated with immune infiltration in LGG.

cervical cancer and LUSC have been studied, many research
gaps remain across the cancer spectrum.
The tumor microenvironment (TME) is very complex

Nuclear factor, erythroid 2 like 2 (NFE2L2) is a redox-
sensitive transcription factor localized mainly in the cyto-
plasm. It is ubiquitously expressed in the esophagus, thyroid,
and other tissues [1, 2]. NFE2L2-mediated oxidative stress is
a prominent feature of cervical cancer [3], promoting the
proliferation, inhibiting the apoptosis, and enhancing the
migration and invasion of cervical cancer cells [4, 5], as well
as increasing the tumor chemoresistance [6, 7], suggesting
that NFE2L2 may be a marker of poor prognosis in cervical
cancer patients [8]. In addition, the redox subtype of lung
squamous cell carcinoma (LUSC) is driven by genomic
mutations in the NFE2L2/KEAP1 complex [9]. Although

and contains both the cellular and noncellular components.
On the one hand, inflammatory cells, including neutrophils
and myeloid-derived suppressor cells (MDSCs), suppress
beneficial immune functions in the TME, preventing normal
immune cells from attacking tumor cells and promoting
tumor growth [10, 11]. On the other hand, immune cell infil-
tration of the TME constitutes a strategy used by tumor cells
to evade immune-mediated killing [12-14]. Tumor-
associated macrophages (TAMs) mediate immune escape
and then play important roles in tumorigenesis and develop-
ment [15-18]. Currently, immunotherapy is a trending topic
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in tumor therapy. For example, programmed death-1 (PD-1)
and programmed death-ligand-1 (PD-L1) inhibitors have
been found to induce tumor cell apoptosis by blocking the
PD-1/PD-L1 signaling pathway, thus playing an effective
antitumor role in lung cancer and melanoma [13, 19-21].
However, the role and underlying mechanisms of NFE2L2
in tumor immunity are unknown.

In the current study, we comprehensively analyzed the
association between NFE2L2 expression and patients’ prog-
nosis in 33 cancer types. In addition, we explored the corre-
lation between NFE2L2 expression and tumor immunity.
Our findings revealed the possible role of NFE2L2 across
cancers, suggesting that NFE2L2 is a potential prognostic
biomarker and is correlated with immune infiltration in
many cancers, especially in LGG.

2. Materials and Methods

2.1. Sample Information and NFE2L2 Expression Analysis in
Human Pan-Cancer. NFE2L2 gene expression data in 31
normal tissues and 21 tumor cell lines were obtained from
the Genotype-Tissue Expression (GTEx) portal (https://
gtexport.org/home/) and Cancer Cell Line Encyclopedia
(CCLE) database (https://portals.broadinstitute.org/ccle/
about). The difference in NFE2L2 expression between cancer
and normal tissues was analyzed by combining the data for
normal tissues from the GTEx database with the data from
The Cancer Genome Atlas (TCGA). Level 3 RNA sequencing
data and clinical follow-up information for patients with 33
types of cancers (ACC: adrenocortical carcinoma; BLCA:
bladder urothelial carcinoma; BRCA: breast invasive carci-
noma; CESC: cervical squamous cell carcinoma; CHOL:
cholangiocarcinoma; COAD: colon adenocarcinoma; DLBC:
lymphoid neoplasm diffuse large B cell lymphoma; ESCA:
esophageal carcinoma; GBM: glioblastoma multiforme;
LGG: brain lower grade glioma; HNSC: head and neck squa-
mous cell carcinoma; KICH: kidney chromophobe; KIRC:
kidney renal clear cell carcinoma; KIRP: kidney renal papil-
lary cell carcinoma; LAML: acute myeloid leukemia; LIHC:
liver hepatocellular carcinoma; LUAD: lung adenocarci-
noma; LUSC: lung squamous cell carcinoma; MESO: meso-
thelioma; OV: ovarian serous cystadenocarcinoma; PAAD:
pancreatic adenocarcinoma; PCPG: pheochromocytoma
and paraganglioma; PRAD: prostate adenocarcinoma;
READ: rectum adenocarcinoma; SARC: sarcoma; SKCM:
skin cutaneous melanoma; STAD: stomach adenocarcinoma;
TGCT: testicular germ cell tumors; THCA: thyroid carci-
noma; THYM: thymoma; UCEC: uterine corpus endometrial
carcinoma; UCS: uterine carcinosarcoma; and UVM: uveal
melanoma) were obtained from TCGA database. All expres-
sion data were normalized through log2 conversion.

2.2. MMR Gene Mutation and DNA Methyltransferase
Analysis. Abnormalities in the DNA mismatch repair system
(MMRs) can lead to tumorigenesis [22]. The mutation levels
of 5 MMR genes (MLH1, MSH2, MSH6, PMS2, and
EPCAM) were obtained from TCGA database. Pearson cor-
relation analysis was used to evaluate the relationship
between NFE2L2 expression and MMR gene mutation levels.
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In addition, DNA methyltransferases play an important role
in altering chromatin structure and gene expression [23]. The
relationship between the expression level of NFE2L2 and that
of 4 methyltransferases (DNMT1, DNMT2, DNMT3A, and
DNMT3B) was evaluated by Pearson correlation analysis.

2.3. Survival and Prognosis Analysis. The relationship
between NFE2L2 gene expression and patients’ prognosis
(OS: overall survival; DSS: disease-specific survival; DFI:
disease-free interval; and PFI: progression-free interval) in
33 cancers was visualized with forest plots and Kaplan-
Meier curves. The hazard ratio (HR) and 95% confidence
intervals were calculated via univariate survival analysis.

2.4. Correlations between NFE2L2 Expression and Immune
Characteristics in the TIMER Database. The Tumor Immune
Estimation Resource (TIMER) database contains 10,897
samples from TCGA (https://cistrome.shinyapps.io/timer/).
RNA-seq expression profile data were used to evaluate the
infiltration of 6 immune cells (B cells, CD4+ T cells, CD8+
T cells, neutrophils, macrophages, and dendritic cells) in
tumor tissues. The scores of these 6 infiltrating immune cells
in 33 cancers were downloaded from the TIMER database.
Spearman correlation analysis was used to evaluate the
correlation between NFE2L2 expression and immune infil-
tration. In addition, we evaluated the relationship between
NFE2L2 expression and the immune/stromal scores
(ImmuneScore and StromalScore) and immune checkpoint
marker expression levels by Spearman and Pearson corre-
lation analyses, respectively. Gene expression levels are
shown as log2 RSEM values.

2.5. Statistical Analysis. The Kruskal-Wallis test was adopted
to analyze NFE2L2 expression levels in different tissues
and cancer cell lines. Differences in NFE2L2 expression
levels in tumor tissues and normal tissues were evaluated
by a t-test. In survival analysis, the HRs and P value were
calculated by univariate Cox regression analysis. Kaplan-
Meier curves were used to compare the survival of patients
stratified according to different levels of NFE2L2 expres-
sion. P <0.05 was set as the significance threshold for all
statistical analyses.

3. Results

3.1. The mRNA Expression Level of NFE2L2 in Human Pan-
Cancer. First, we analyzed NFE2L2 expression in 31 types
of tissues using the GTEx dataset. As shown in Figure 1(a),
NFE2L2 was generally highly expressed in the bladder, ovary,
vagina, and thyroid tissues. Furthermore, we downloaded the
data of tumor cell lines from the CCLE database and analyzed
NFE2L2 expression in these tumor cell lines. Results showed
that NFE2L2 was expressed in all 21 kinds of tumor cell lines
(Figure 1(b)). To further determine the differences in
NFE2L2 expression between the tumor and normal tissues,
we obtained NFE2L2 expression data from TCGA database.
As shown in Figure 1(c), NFE2L2 expression was signifi-
cantly higher in CHOL and LUSC tissues than in normal tis-
sues. However, it was significantly lower in BLCA, BRCA,
COAD, KICH, KIRC, KIRP, LIHC, LUAD, PRAD, READ,
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F1GURE 1: NFE2L2 is abnormally expressed in pan-cancer. (a) NFE2L2 expression in 31 normal tissues from the GTEx database. (b) NFE2L2

expression in 21 tumor cells from the CCLE database. (c) Differential expression of NFE2L2 in cancers and normal tissues from TCGA
database. (d) NFE2L2 expression in 27 cancer types from the GTEx database and TCGA database (*P < 0.05, **P < 0.01, and ***P < 0.001).
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THCA, and UCEC compared with normal tissues. Due to the
small number of normal tissue samples in TCGA database,
we further integrated the normal tissue data from the GTEx
database and the tumor tissue data from TCGA database to
analyze the differences in NFE2L2 expression in 27 cancer
types. Results revealed that NFE2L2 was abnormally
expressed in 22 of these cancers. Specifically, NFE2L2 expres-

sion was higher in tissues from 7 cancers (CHOL, ESCA,
GBM, LGG, LUSC, PAAD, and STAD) and lower in tissues
from 15 cancers (ACC, BLCA, BRCA, KIRC, KIRP, LAML,
LUAD, OV, PRAD, READ, SKCM, TGCT, THCA, UCEC,
and UCS) than in the normal tissues (Figure 1(d)). Taken
together, these results reveal that NFE2L2 is abnormally
expressed in different cancers.
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3.2. NFE2L2 Is Correlated with MMR Gene Mutation Levels
and DNA Methyltransferase Gene Expression in Human
Pan-Cancer. MMRs is a DNA damage repair mechanism.
Functional loss of key genes in this mechanism leads to
DNA replication errors [24], higher somatic mutations, and
tumorigenesis [22, 25]. To evaluate the role of NFE2L2 in
tumorigenesis, we analyzed the correlation between NFE2L2
expression and MMR gene mutation levels. Results showed
that NFE2L2 expression was positively related to the muta-
tion levels of 5 MMR genes (MLH1, MSH2, MSH6, PMS2,
and EPCAM) in human cancers (Figure 2(a)).

DNA methylation is an epigenetic modification that can
alter gene expression [26]. Alteration of the DNA methylation
status is an important factor in tumorigenesis [27]. Next, we
turther evaluated the correlation between NFE2L2 expression
and that of 4 DNA methyltransferases. Evidently, NFE2L2
expression is closely related to the expression of DNMT1,
DNMT2, DNMT3A, and DNMT3B across human cancers,
especially in COAD, KIRP, LGG, and UVM (Figure 2(b)). In
summary, these results indicate that NFE2L2 may mediate
tumorigenesis by regulating DNA damage or methylation.

3.3. Prognostic Value of NFE2L2 in Human Pan-Cancer. Next,
we investigated the relationship between NFE2L2 expression
and the prognosis of patients in pan-cancer. Notably, NFE2L2

expression was significantly correlated with patients’ OS in 7
types of cancer (ACC, KIRC, LGG, MESO, PAAD, SARC,
and UCS) (Figure 3(a)). Specifically, NFE2L2 appeared to be
a risk factor in 4 cancer types: ACC (P =0.0016, HR =1.03),
LGG (P<0.0001, HR=1.03), PAAD (P=0.0076, HR =
1.01), and UCS (P=0.00019, HR=1.02). In addition,
NFE2L2 was a protective factor in 3 other types of cancer:
KIRC (P <0.0001, HR=0.99), MESO (P=0.0022, HR =
0.99), and SARC (P =0.0033, HR=0.99) (Figures 3(b)-
3(h)). Since non-tumor-related factors may cause death dur-
ing follow-up, we then analyzed the relationship between
NFE2L2 expression and DSS in 33 cancers. Results showed
NFE2L2 expression impacted patients’ DSS in 6 cancer types
(ACC, KIRC, LGG, PAAD, SARC, and UCS) (Figure 4(a)).
Specifically, Kaplan-Meier curves showed that high expression
of NFE21.2 was significantly correlated with poor prognosis of
patients in ACC (P =0.015, HR=1.02), LGG (P < 0.0001,
HR=1.03), PAAD (P=0.033, HR=1.01), and UCS
(P =0.00038, HR =1.01) and reversely in KIRC (P < 0.0001,
HR = 0.99) and SARC (P =0.014, HR = 0.99) (Figures 4(b)-
4(g)). Subsequently, we investigated the relationship between
NFE2L2 expression and DFI and found that increased
NFE2L2 expression was correlated with poor prognosis in
ACC (P=0.0021, HR = 1.05) and PAAD (P = 0.026, HR =
1.03) but with favorable prognosis in OV (P =0.0099, HR =
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FIGURE 5: Relationship of NFE2L2 expression with patients’ DFI. (a) Forest plots showing the HRs related to NFE2L2 expression in 33 cancer
types. (b—e) Kaplan-Meier DFI curves for patients stratified by different expression levels of NFE2L2 in ACC, OV, PAAD, and PRAD.

0.99) and PRAD (P =0.00044, HR = 0.98) (Figure 5). More-
over, we assessed the relationship between NFE2L2 expression
and PFL The results showed that high expression of NFE2L2
affected PFI unfavorably in ACC (P <0.0001, HR =1.03),
LGG (P <0.0001, HR = 1.02), PAAD (P =0.013, HR = 1.01),
and UVM (P =0.0062, HR =1.03) but favorably in KIRC
(P <0.0001, HR = 0.99) and MESO (P = 8e — 04, HR =0.99)
(Figure 6). In conclusion, these results suggest that NFE2L2
expression is significantly correlated with the prognosis of
patients, especially those with ACC, LGG, and PAAD.

3.4. NFE2L2 Expression Is Correlated with Immune Infiltration
Levels and Immune Checkpoint Marker Expression across
Cancers. Immune cells in the TME affect patients’ survival
[28]. Therefore, the correlation between NFE2L2 expression
and immune infiltration in human pan-cancer was further
studied. First, we downloaded the scores of 6 types of infil-
trating immune cells in 33 types of cancer from the TIMER
database and then analyzed the correlation between the
NFE2L2 expression level and immune infiltration levels.
Results showed that NFE2L2 expression was appreciably
positively correlated with the infiltration levels of 6 immune
cells, including B cells, CD4+ T cells, CD8+ T cells, neutro-
phils, macrophages, and dendritic cells in LGG, PRAD,
KIRC, COAD, and BRCA (Figure 7).

The immune score (i.e.,, ImmuneScore) and matrix score
(ie, StromalScore) were used to quantify the immune and
matrix components in pan-cancer. NFE2L2 expression was pos-
itively correlated with the ImmuneScore in DLBC, LGG, PAAD,
PRAD, LAML, and negatively correlated with the Immune-
Score in ESCA, LUSC, THYM, THCA, and MESO
(Figure 8(a)). In addition, NFE2L2 expression was positively
correlated with the StromalScore in LAML, LGG, BRCA,
TGCT, DLBC, PAAD, PCPG, PRAD, and THYM and nega-
tively correlated with the StromalScore in LUSC (Figure 8(b)).

Immune checkpoint inhibitors (ICIs), as novel tumor
immunotherapy agents, play an important role in tumor
immunotherapy [29]. Subsequently, we analyzed the correla-
tion between NFE2L2 expression and that of 40 common
immune checkpoint genes. Interestingly, in LGG and PRAD,
NFE2L2 expression was correlated with more than 30
immune checkpoint markers, such as TNFSF4, CD48, and
CD28 (Figure 9). Collectively, these results strongly suggest
that NFE2L2 plays a vital role in tumor immunity.

4. Discussion

Pan-cancer analysis can reveal similarities and differences in
tumors, providing insights into cancer prevention and the
design of therapeutic targets [30]. Recently, many studies



Oxidative Medicine and Cellular Longevity

ACC
BLCA
BRCA
CESC
CHOL
COAD
DLBC
ESCA
GBM
HNSC
KICH
KIRC
KIRP
LAML
LGG
LIHC
LUAD
LUSC
MESO
ov
PAAD
PCPG
PRAD
READ
SARC
SKCM
STAD
TGCT
THCA
THYM
UCEC
UCs
UVM

HR P value
1.03(1.02 ~ 1.05) 5.2e-05 —.—
1(1~1)  9.le-01 .
10099 ~1)  4.1e-01 —e
10099 ~1)  2.1e-01 —e
0.99(0.97 ~ 1.01) 3.4e-01 ——e——
1(0.99 ~1.01)  8.3e-01 —e-
1(0.97 ~1.03)  9.7e-01 S S
1(1~1)  7.2e-01 .
1(1~1.01)  3.9e-01 .-
1(1~1)  82e-01 .
1(0.98 ~1.02)  6.9e-01 ——e——
0.99(0.99 ~ 1) 1.9e-03 -t
1.01(1~1.01)  6.le-02 —e
NA(NA ~ NA)
1.02(1.01 ~ 1.02) 3.1e-08 —e
1.01(1 ~ 1.01) 1.9e-01 —e
1(1~1)  5.9e-01 .
1(1~1)  6.1e-01 .
0.99(0.98 ~ 1) 1.5e-02 e
10099 ~1)  5.4e—02 —e
1.01(1 ~ 1.02) 1.9e-02 -
1(0.98 ~1.03)  8.le-01 ——e———
0.99(0.98 ~ 1) 1.8e-01 —e-
0.99(0.98 ~ 1.01) 4.1e-01 e
10099 ~1)  7.1e-02 —e
10099 ~1)  22e-01 —e
1(0.99 ~1.01)  6.2e-01 —e-
1(0.98 ~1.02)  7.le-01 e
10099 ~1)  2.9e-01 —e
1(0.98 ~1.01)  4.0e-01 ——e—
1(1~1.01)  2.5e-01 - -
1.01(1 ~ 1.02) 1.2e-01 fe-
1.03(1.01 ~ 1.05) 6.3e-03 ——e——
T 1
0.71 1.0
HR(95%CI)
()
LOO o+ p e s ] NFE2L2 in ACC Exp
0.75 -
I
o
=)
5,
= 050
£
Z
g _
L e L e [
0.25 -
1 .
1 Tho
1
: 1 : : | o - - - - - =
1
g« 0.00 + - - HR=1.03, 95%CI(1.02, 1:05)
23}
< High - 50 - 11 7 2 0 0
S Lowq-9- 17 9 4 2 0
Z 0 1000 2000 3000 4000 5000
Time
—+ High
— Low

(b)

FiGure 6: Continued.

17



18

Survival probability

NFE2L2 in KIRC Exp

Survival probability

NFE2L2 in LGG Exp

Oxidative Medicine and Cellular Longevity

1.00 A

0.75 1

0.50 1

0.25 1

0.00 A

- NFE2I.2 in KIRC Exp

P <0.0001

HR=0.99, 95%CL(0.99, 1)

High

Low A

1.00 A

0.50 1

High

Low A

423" e T 222 IR 81 oo 26 . L 1
105° I <3 U 14 T 2z "0
T T T T T
0 1000 2000 3000 4000
Time
—+ High
—+ Low
(c)
- -NFE2L2 in L.GG Exp
T
- LL‘ L
T
' .
H _

L

1
-

I
I
I
I
I
I
I
I
1
I
I
I

P<0.00d1 [ (-
; ; S oo — : -
i ‘—u-_ s :
I
‘ S ‘: L
HR=1.02, 95%CI(1.01, 1:02)
g 2003 : 0 R
39500 9927 : 1003 PR
0 1000 2000 3000 4000 5000
Time
—+ High
—+ Low

(d)

FiGUre 6: Continued.



Oxidative Medicine and Cellular Longevity

Survival probability

NFE2L2 in MESO Exp

Survival probability

NFE2L2 in PAAD Exp

1.00 - NFE2L2-in MESO Exp
0.75
I |
0.50
1
1
1
1
: + -+
- I .
0.25 : : b ==
I !
1 .
l - - - — =
: B
1
; e ‘ ‘ ‘ ‘ ‘ ‘
1 1= t
0.00 1 - - HR=0.99,95%CH0.98,1) - — =+~ — 77 T s
High - 37 - 17 6 2 0 0
Low o - 46 10 T 1 1 0
0 500 1000 1500 2000 2500
Time
1.00 -
0.75
0.50
0.25
| [ U
0.00 1 - -HR=1.01, 93%CK1,1:02) -~ : :
High 4 -160- 12 1 0
Low 117 - 7 2 "0
0 1000 2000 3000
Time
—+— High
—+— Low
()

FiGure 6: Continued.

19



20 Oxidative Medicine and Cellular Longevity
1.00 + - Ay NFE2L2 in UVM Exp
0.75 -

z
-
0
= L P
o
= 0.50
2
2
=3
w
0.25 -
P =0.0062 1|
1

: : : : : |
& 000~ HR=103,95%CI(1.01,1.05)
E T T
5 Highq g9 3821 3 . 0
= : : : : : :
5 Low+- 10+ 10 " 5 1 1 0
=z 0 500 1000 1500 2000 2500

Time
—+ High
Low

(g)

FIGURE 6: Relationship of NFE2L2 expression with patients’ PFI. (a) Forest plots showing the HRs related to NFE2L2 expression in 33 cancer
types. (b-g) Kaplan-Meier PFI curves for patients stratified by different expression levels of NFE2L2 in 6 cancer types.

have focused on pan-cancer analysis of the whole genome,
revealing mutations, RNA alterations, and driver genes that
are related to the occurrence and development of cancer,
which is of importance for early diagnosis of cancer and
development of biomarkers [31-35]. NFE2L2 is a transcrip-
tion factor with alkaline lysine zipper structure, which plays
arole in resisting oxidative stress and maintaining the body’s
redox homeostasis [36]. However, the roles of NFE2L2 in
human pan-cancer have not been identified, and whether it
can be used as a biomarker is still unknown. In the current
study, we found that NFE2L2 is abnormally expressed in 22
cancer types and is significantly correlated with MMR gene
mutation levels and DNA methylation. In addition, NFE2L2
expression was associated with poor prognosis (OS, DSS, and
PFI) of patients, especially those with ACC, LGG, and PAAD.
Furthermore, we observed that NFE2L2 expression was pos-
itively correlated with immune infiltration levels and the
expression of immune checkpoint markers, especially in
LGG. The above results strongly suggested that NFE2L2
may be used as a potential biomarker of LGG and play an
indispensable role in tumor immunity.

Studies have shown that NFE2L2 could bind to KEAPI,
which acts as a redox sensor to dissociate NFE2L2 from its
cytoplasmic complex for translocation into the nucleus [37,
38]. In the nucleus, NFE2L2 binds to the antioxidant

response element (ARE) to activate the expression of detoxi-
fication, antioxidant, and anti-inflammatory genes, establish-
ing the NFE2L2/KEAP1/ARE signaling pathway [37].
Disrupting the balance of this pathway can lead to aging,
inflammation, and tumor chemoresistance [39, 40]. In addi-
tion, several studies have indicated that NFE2L2 is upregu-
lated in different types of cancers and correlates with tumor
progression, aggressiveness, and poor prognosis [41].
Another study showed that cytoplasmic NFE2L2 expression
was associated with patients’ poor prognosis, while the
nuclear NFE2L2 expression was associated with a more
favorable prognosis [42]. Moreover, NFE2L2 is abnormally
overexpressed in lung cancer cell line A549 [43]. These previ-
ous findings indicate NFE2L2 may be abnormally expressed
in various cancers and play important roles in cancer pro-
gression and patients’ prognosis. In this study, we found for
the first time that abnormal expression of NFE2L2 exists in
human pan-cancer including ACC, LGG, and PAAD. Sur-
vival analysis showed NFE2L2 expression was associated
with poor prognosis in multiple cancers, especially in ACC,
LGG, and PAAD. These results strongly indicate NFE2L2 is
a potential prognostic biomarker in ACC, LGG, and PAAD.

Under normal conditions, MMRs ensures the stability
of DNA replication. MMRs consists of multiple heterodi-
mers, including MLH1/PMS2, MSH2/MSHS6, and EPCAM,
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FiGure 7: Correlation of NFE2L2 expression with immune infiltration levels of B cells, CD4+ T cells, CD8+ T cells, neutrophil cells,

macrophage cells, and dendritic cells.
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F1GUure 8: Correlation analysis between NFE2L2 expression and ImmuneScore/Stromal Score in cancers. (a) Correlation between NFE2L2
expression and ImmuneScore in DLBC, ESCA, LGG, LUSC, THYM, THCA, MESO, PAAD, PRAD, and LAML. (b) Correlation between
NFE2L2 expression and StromalScore in LAML, LGG, BRCA, TGCT, DLBC, PAAD, PCPG, PRAD, THYM, and LUSC.

which can identify and correct gene mutations including
base substitutions, insertions, deletions, or mismatches
during DNA replication [44]. Mutations or defects in the
MMR gene can lead to the accumulation of genetic errors,
resulting in genomic or microsatellite instability, which
contribute to the occurrence of tumors [45]. These indi-
cate MMR gene mutation is a predictor of tumorigenesis.
In this study, through correlation analysis, we found
NFE2L2 expression was closely associated with the muta-
tion levels of 5 MMR genes (MLH1, MSH2, MSHS,
PMS2, and EPCAM) in human pan-cancer. In addition,
alterations in DNA methylation status contribute to the
development of cancer [46]. Recent research has shown
that hypermethylation of the gene promoter is a common
epigenetic feature of cancer [47, 48]. In our study, we also
found that NFE2L2 expression was closely correlated with
that of 4 DNA methyltransferases (DNMT1, DNMT?2,
DNMT3A, and DNMT3B) in human cancers, especially in

COAD, KIRP, LGG, and UVM. These results strongly sup-
port our conclusion that abnormal expression of NFE2L2
may play an important role in tumorigenesis by regulating
MMR gene mutation levels and DNA methylation.

The TME has been a recent focus of tumor research. The
immune microenvironment composed of tumor-infiltrating
lymphocytes (TILs; B cells and T cells) and other immune
cells (dendritic cells, neutrophils, and macrophages) is an
important part of the TME [49, 50]. Studies have shown that
immune cells play an indispensable role as a double-edged
sword in tumors to promote or inhibit tumor progression
[51-53]. Under normal conditions, immune cells play an
antitumor role by monitoring and destroying cancer cells
[54]. On the other hand, studies have shown that cancer cells
can evade the surveillance of immune cells through a variety
of mechanisms [55-58]. TILs have been shown to be an
independent predictor of patients’ prognosis in cancers
[59]. CD4+ and CD8+ T cells are crucial members of the
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FIGURE 9: Correlation analysis of NFE2L2 expression levels with 40 common immune checkpoint gene levels in pan-cancer.

TME that participate in specific antitumor immune
responses [60]. Neutrophils secrete MMP9 into the TME,
which contributes to angiogenesis, tumor progression, and
metastasis in mouse transplantation models [61]. Macro-
phages are the first line of defense against tumor immunity.
Instead of killing tumor cells, TAMs mediate tumor devel-
opment [62]. These observations indicate that TILs play a
crucial part in tumor progression. However, there are few
studies about the roles of NFE2L2 in the immune microen-
vironment. In this study, we found that NFE2L2 expression
was significantly correlated with the levels of 6 types of
infiltrating immune cells (B cells, CD4+ T cells, CD8+ T
cells, dendritic cells, macrophages, and neutrophils) in
BRCA, COAD, KIRC, LGG, and PRAD. These results indi-
cate that NFE2L2 may lead to tumorigenesis or inhibit
tumor progression by changing the TIL status. These novel
findings constitute substantial progress in identifying the
important role of NFE2L2 in immune infiltration.

Immune scoring is an approach to evaluate the infiltrat-
ing CD3+/CD45RO+, CD3+/CD8+, or CD8+/CD45RO+
lymphocyte population at the center and edges of a tumor
[63]. In the TME, a higher ImmuneScore or StromalScore
indicates a larger number of immune or matrix components
[64]. Our results revealed that NFE2L2 expression was posi-
tively correlated with the ImmuneScore in DLBC, LGG,
LAML, PAAD, and PRAD and negatively correlated with
the ImmuneScore in ESCA, LUSC, THYM, THCA, and
MESO. In addition, NFE2L2 expression was positively corre-
lated with the StromalScore in BRCA, DLBC, LAML, LGG,
PAAD, PCPG, PRAD, TGCT, and THYM and negatively
correlated with the StromalScore in LUSC. Moreover, the
correlation between NFE2L2 expression and immune check-
point markers implies the role of NFE2L2 in regulating
tumor immunology in cancers, especially in LGG. These
results further strongly indicate NFE2L2’s important roles
in tumor immunity.
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5. Conclusions

In conclusion, the results of the present study indicated that
NFE2L2 overexpression correlates with poor prognosis of
patients and increases the infiltration levels of B cells,
CD8+ T cells, CD4+ T cells, macrophages, neutrophils,
and dendritic cells in many cancers, especially in LGG. In
addition, NFE2L2 expression was found to be significantly
correlated with the expression of immune checkpoint markers
in LGG. Therefore, NFE2L2 may play a vital role in immune
infiltration and be a potential prognostic biomarker for LGG.
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