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Drug resistance is the main cause of chemotherapy failure in ovarian cancer (OC), and
identifying potential druggable targets of autophagy is a novel and promising approach to
overcoming drug resistance. In this study, 131 genes associated with autophagy were
identified from three autophagy-related databases, and of these, 14 were differentially
expressed in 90 drug-resistant OC tissues versus 197 sensitive tissues according to the
Cancer Genome Atlas ovarian cancer cohort. Among these 14 genes, SLC7A11 was
significantly decreased in two paclitaxel-resistant OC cells (HeyA8-R and SKOV3-R) and
in 90 drug-resistant tissues compared with their controls. In vitro overexpression of
SLC7A11 significantly increased the sensitivity of HeyA8-R cells to paclitaxel, inhibited
colony formation, induced apoptosis, and arrested cell cycle. Further, low SLC7A11
expression was correlated with poor overall survival (OS), progression-free survival (PFS),
and post-progression survival (PPS) in 1815 OC patients. Mechanistically, SLC7A11
strongly regulated cell autophagy as a competing endogenous RNA (ceRNA) based on
pan-cancer analyses of 32 tumor types. Specifically, as a ceRNA for autophagy genes
STX17, RAB33B, and UVRAG, SLC7A11 was strongly and positively co-expressed with
these three genes in 20, 12, and 12 different tumors, respectively, in 379 OC tissues and in
90 drug-resistant OC tissues, and the former two were significantly upregulated in
SLC7A11-overexpressed HeyA8-R cells. Further, SLC7A11 induced the protein
expression of other autophagy genes, such as LC3, Atg16L1, and Atg7, and the
expression of the respective proteins was further increased when the cells were treated
with paclitaxel. The results strongly suggest that SLC7A11 regulates autophagy via
ceRNA interactions with the three abovementioned genes in pan-cancer and in drug-
resistant OC. Moreover, low expression of STX17 and UVRAG also significantly predicted
low OS, PFS, and PPS. The combination of SLC7A11 with STX17 was more predictive of
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OS and PFS than either individually, and the combination of SLC7A11 with UVRAG was
highly predictive of OS and PPS. The above results indicated that decreased SLC7A11
resulted in drug resistance and effected low rates of survival in OC patients, probably via
ceRNA interactions with autophagy genes, and thus the gene could serve as a therapeutic
target and potential biomarker in OC.
Keywords: SLC7A11, ovarian cancer, drug resistance, ceRNA, autophagy, prognosis
INTRODUCTION

Ovarian cancer (OC) is a common gynecological malignancy of
the female reproductive system, with the third highest incidence
following cervical and uterine cancer (1, 2). Reduction surgery
combined with platinum and paclitaxel-centered chemotherapy is
a first-line treatment for OC (3), but the frequent occurrence of
drug resistance is the main cause of chemotherapy failure (4).
Therefore, it is urgent to find an approach to overcome multidrug
resistance to improve the survival and prognosis of patients with
OC. Among all the approaches, therapeutic treatment targeting
cell autophagy is a promising direction. Increasing studies have
revealed that changes in cell autophagy are related to drug
resistance and, thus, multiple attempts have been made to
identify potential ways to overcome cancer cells resistance (5).

SLC7A11 belongs to the human cystine/glutamate transporter
gene family (6), and some studies have revealed that the gene is
associated with cancer progression and development (7–11). For
example, the gene plays an important role in the tumor progression
of breast cancer (12), lung adenocarcinoma (13), gastric cancer (14),
and other diseases (15–18). Mechanistically, the gene is involved in
the regulation of the cell cycle (19), cell apoptosis (20), ferroptosis
(21), and autophagy (22) in different cancers. Among the
mechanisms mentioned above, autophagy is the process of
metabolism and decomposition of intracellular substances, in
which damaged proteins or organelles are enveloped by
autophagosomes with a double membrane structure and then
enter lysosomes for degradation and recycling (23). Studies have
shown that autophagy significantly mediates cancer progression
(24), and in ovarian cancer, autophagy has been shown to be
associated with tumor metastasis (25), invasion (26), and mediation
of drug resistance (27).

Competing endogenous RNAs (ceRNAs) are RNA transcripts
that compete with microRNAs (miRNA) at miRNA response
elements (MREs) binding sites (28). Thus, RNA molecules that
share MREs can regulate each other by competing for miRNA
binding (29, 30). ceRNAs include long non-coding RNA (lncRNA),
circRNA pseudogenes, and mRNA. While greater emphasis has
been placed on non-coding RNAs (31), only a few studies have
focused on mRNAs. For example, the tumor suppressor PTEN is
regulated by the coding-independent ceRNAs VAPA and CNOT6L
(28). Further, our previous study also indicated that NCALD could
potentially regulate OC drug resistance by acting as a ceRNA for
CX3CL1 (32). However, as described above, the role of SLC7A11 in
the modulation of OC is unclear, and its relationship with drug
resistance was rare. In this study, based on experimental
explorations, big data studies, and comprehensive bioinformatics
2

analyses, we demonstrate the role and mechanism of SLC7A11 in
the regulation of OC drug resistance through cell autophagy. This
study provides a theoretical basis for the application of SLC7A11 in
molecular targeted therapy and in the prediction of treatment
outcomes of OC patients.
METHODS

Cell Lines and Cell Culture
Human OC cell lines were cultured in our laboratory. Cell lines
HeyA8 and SKOV3 were kind gifts from Prof. Fengxia Xue of
Tianjin Medical University (33). The paclitaxel-resistant OC cells
(HeyA8-R and SKOV3-R) were established from parental cell
lines (HeyA8 and SKOV3) by gradual exposure to increasing
concentrations of paclitaxel. All four OC cell lines were cultured
in RPMI-1640 medium (Wisent corporation, Nanjing, China)
with 10% fetal bovine serum (FBS) (10099141, Thermo Fisher
Scientific, Thornton, NSW, Australia) at 37°C. The resistance
index [RI = IC50 (paclitaxel-resistant cells)/IC50 (parental cells)]
of paclitaxel was 5.42 ± 0.55 for HeyA8-R cells and 34.47 ± 4.84
for SKOV3-R cells. The present study was approved by the Ethics
Committee of Guangxi Medical University.

Real-Time Quantitative Polymerase
Chain Reaction
TRIzol (Thermo Fisher Scientific, Waltham, Mass, USA) and the
NanoDrop 2000 spectrophotometer (Thermo Scientific) were
used to isolate and quantify the total RNA. A Primer Script RT
reagent kit with gDNA Eraser (RR047A, Takara Biomedical
Technology, Beijing, China) was used to synthesize the
complementary DNA. The gene expression was measured by
the real-time quantitative polymerase chain reaction (RT-qPCR)
method using the PowerUp SYBR Green Master Mix (A25742,
Thermo Fisher Scientific) and the ABI 7300 System (Thermo
Fisher Scientific). The internal reference gene GAPDH was used
as a control. The 2–DDCT method (34, 35) was used to calculate
the expression of the target gene. The primer sequences
for SLC7A11 were 5’-TGCCCAGATATGCATCGTCC-3’ and
5’-TCTTCTTCTGGTACAACTTCCAGT-3’. The primer
sequences for GAPDH were 5’- CAGCCTCAAGATCAT
CAGCAAT- 3’ and 5’ -AGTCCTTCCACGATACCAAAGT -3’.

Western Blotting
According to the results of the CCK-8 and colony formation
assays, we found that the sensitivity of SLC7A11 overexpressed
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cells to paclitaxel was significantly enhanced when the
concentration of paclitaxel reached 15.625 nmol/L. Therefore,
the cells were treated with 0, 15.625, or 31.25 nmol/L paclitaxel
for 72 hours to analyze the effect of paclitaxel on the expression
levels of related proteins by western blotting. RIPA protein lysis
buffer (Beyotime Inst Biotech, Shanghai, China) and a Pierce™

BCA Protein Assay Kit (Thermo Fisher Scientific) were used to
extract and quantify the proteins. The antibodies were used as
follows: SLC7A11 (ab37185, Abcam, Cambridge, UK), p21
Waf1/Cip1 (CST #2947, Cell Signaling Technology, Boston,
Mass, USA), p27 Kip1 (CST #3686), CDK2 (CST #2546),
CDK7 (CST #2916), Cyclin A2 (CST #4656), Cyclin B1 (CST
#12231), Cyclin D3 (CST #2936), LC3 A/B (CST #12741), STX17
(YN4187, Immunoway, Plano, TX, USA), RAB33B (YN1177,
Immunoway), UVRAG (CST #13115), Atg 7 (CST#8558),
Atg16L1 (CST #8089), Akt (CST #4691), b-Tubulin (CST
#2128), GAPDH (CST #5174), and anti-rabbit IgG, and an
HRP-linked secondary antibody (CST #7074). Finally, the blots
were visualized using the chemiluminescent substrate (ECL)
(34580, Thermo Fisher Scientific) and the MiniChemi™

Chemiluminescence imager (Sage Creation, Beijing, China).

Lentivirus Transfection
The SLC7A11-overexpressed lentiviral particles LV-EF1a >
hSLC7A11-CMV > eGFP/T2A/Puro and the control lentiviral
particles LV-CMV > eGFP/T2A/Puro were purchased from
Cyagen Biosciences (Guangzhou, China). The HeyA8-R cells
were seeded into a 96-well culture plate with 2.0 × 103 cells per
well at 37°C for 24 hours. Once cells reached a confluence of
30%–50%, they were infected with lentivirus for 24 hours. After
72 hours, RPMI-1640 medium containing 1 µg/mL puromycin
was used for selecting cells for 2 weeks. RT-qPCR and western
blotting studies were performed to analyze the transfection
efficiency of HeyA8-R-eGFP (H-R-eGFP) and HeyA8-R-
SLC7A11 (H-R-SLC7A11) cells.

CCK-8 Assays
The effects of paclitaxel on the cell viability of H-R-eGFP and H-
R-SLC7A11 expression were analyzed using the CCK-8 assay
(Solarbio, Beijing, China) in four replicate wells. H-R-eGFP and
H-R-SLC7A11 cells were both seeded into 96-well culture plates
with 600 cells per well at 37°C with 5% CO2 in a humidified
incubator. After 16 hours of incubation, the cells were treated
with varying concentrations of paclitaxel (250, 125, 62.5, 31.25,
15.625, 7.8125, and 3.90625 nmol/L) for 72 hours. The RPMI-
1640 medium with treated cells was used as a negative control,
and the RPMI-1640 medium without cells was used as a blank
control. A total of 10 µL/well of CCK-8 (Solarbio) was added and
the 96-well plates were incubated for 2 hours at 37°C. The
absorbance (at 450 nm) was calculated by Multiskan GO
Microplate Spectrophotometer (Thermo Fisher Scientific). Cell
viability (%) = (ODtreated-ODblank)/(ODcontrol-ODblank) ×100%.

Colony Formation Assay
H-R-eGFP and H-R-SLC7A11 cells were seeded into 6-well plates
with 200 cells per well. After 16 hours of incubation at 37°C, the cells
Frontiers in Oncology | www.frontiersin.org 3
were treated with varying concentrations of paclitaxel (31.25,
15.625, 7.8125, 3.90625, and 1.953125 nmol/L) and RPMI-1640
medium for 8 days, during which the medium was changed every 2
days. The cells were fixed with 4% paraformaldehyde fix solution
(Solarbio) for 30 min and dyed with 0.02% crystal violet (Solarbio).
The results were scanned by CanonScan 9000F (Canon, Tokyo,
Japan), and the colony area was calculated using ImageJ software
(National Institutes of Health, Bethesda, MD USA).

Flow Cytometry
For cell apoptosis analysis, H-R-eGFP andH-R-SLC7A11 cells in the
logarithmic growth phase were seeded into 6-cm cell culture dishes.
The next day, the cells were treated with varying concentrations of
paclitaxel (62.5, 31.25, and 15.625 nmol/L) or RPMI-1640 medium
at 37°C for 72 hours. The cells were washed twice with cold PBS
(Solarbio) and then resuspend in 1X Binding Buffer at a
concentration of 1 x 106 cells/mL. A 5-µL volume of PE Annexin
V and 5 µL 7-AAD (Becton, Dickinson and Company, Franklin, NJ,
USA) was added. Cells were gently vortexed and then incubated for
15 min at room temperature (25°C) in the dark. Then 400 µL of 1X
Binding Buffer was added into each tube. The samples were analyzed
by flow cytometry (CytoFLEX, Beckman, California, USA) within 1
hour. Cells that stained positive for PEAnnexinVandnegative for 7-
AADwere undergoing apoptosis. Cells that stained positive for both
PE Annexin V and 7-AADwere either in the end-stage of apoptosis
and are undergoing necrosis, or were already dead. Cells that stained
negative for both PE Annexin V and 7-AAD were viable cells and
were not undergoing measurable apoptosis.

For the cell cycle analysis, H-R-eGFP and H-R-SLC7A11 cells
were treated with varying concentrations of paclitaxel (62.5, 31.25,
15.625, and 7.8125 nmol/L) or RPMI-1640 medium at 37°C for 72
hours. Harvested cells were washed with pre-cooled Dulbecco’s
phosphate-buffered saline (DPBS) and centrifuged to remove
supernatant. Then 500 µL DNA staining solution and 5 µL
Permeabilization solution (MultiSciences, Hangzhou, China)
were added to each sample, and the samples were incubated for
30 min at room temperature (25°C) in the dark. The samples were
evaluated by flow cytometry (CytoFLEX, Beckman, CA, USA) and
the results were analyzed with ModFit LT software (Verity
Software House, Topsham, ME, USA).

Data Acquisition
The Autophagy Database (http://autophagy.info/) (36) and
Thanatos database (http://thanatos.biocuckoo.org/) (37) were
used to retrieve autophagy-related genes and proteins. Coremine
Medical (http://www.coremine.com/medical/) (38) was utilized for
text-mining of autophagy and OC drug resistance-related genes
and proteins, using the keywords “autophagy” [‘Autophagy’
(biological process) (40666 connections)], “ovarian cancer”
[ ‘Ovarian Neoplasms ’ (mesh) (44253 connections) ,
‘Malignant neoplasm of ovary’ (disease) (39953 connections)],
“drug resistance” [‘Drug Resistance’ (mesh) (54595 connections),
‘Drug Resistance, Multiple’ (mesh) (32082 connections), and ‘Drug
Resistance, Neoplasm’ (mesh) (35787 connections)] (P<0.05).
The database was also used to text-mine drug resistant-related
genes and proteins in OC, using the keywords “drug resistance”
and “ovarian cancer” (P<0.001). The gene expression in 90 drug-
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resistant OC tissues and 197 drug-sensitive tissues of TCGA
ovarian cohort (39) was obtained from cBioPortal (http://www.
cbioportal.org) (40, 41). The mRNA expression data and survival
information of 1815 OC patients, which included 1656 samples
with OS data, 1435 samples with PFS data, and 782 samples with
PPS data, were retrieved from Kaplan–Meier Plotter (http://
kmplot.com/analysis/index.php?p=service&cancer=ovar) (42),
which integrated from 14 microarrays of GEO profiles and
TCGA ovarian cancer cohorts.

Bioinformatics Analyses
The GeneMANIA online tool (http://www.genemania.org/) (43),
which collects hundreds of datasets from GEO, BioGRID, Pathway
Commons, 12D, and organism-specific functional genomics
databases, was used to build protein interaction network. The gene
expressiondata fromStarBase (http://starbase.sysu.edu.cn/starbase2/
index.php) (44) was used to investigate ceRNA interactions based on
geneexpressiondataof32 typesof cancersderived from10,882RNA-
seq and 10,546 miRNA-seq datasets. The ceRNA pairs were
identified as described according to StarBase (44). HITSCLIP,
PAR-CLIP, iCLIP, and CLASH data retrieved from the Gene
Expression Omnibus were used to determine Ago biding sites; the
conservedmiRNA target siteswere predicted byfivemiRNA-mRNA
interaction tools (TargetScan, RNA22, PITA, Pictar2, andmiRanda);
then the intersection of Ago biding sites and predictedmiRNA target
sites were calculated to obtain the CLIP-supported sites, and finally
the CLIP-supported miRNA-mRNA interactions were combined
(44). The hypergeometric test (45) was used to predict ceRNA pairs
amongmRNAs, and all ceRNA pairs with FDR<0.05 were included.
The ceRNA network was constructed using Cytoscape (National
Institutes of Health, Bethesda, MDUSA) (46). KEGG (https://www.
kegg.jp/) (47) was used to retrieve autophagy genes from the
“autophagy-animal” pathway (map04140).

Statistical Analysis
The data were analyzed using SPSS v23.0 software (IBM, Armonk,
NK, USA). All data are represented as the mean values ± SD. The
homogeneity of variance was calculated by t-test. The bivariate
correlations method was used to analyze the correlation between
mRNA expressions. The Kaplan–Meier method was utilized for
survival analysis, and the auto-selected best cutoff was used to
dichotomize gene expression into high and low. Statistically
significant difference was indicated by P<0.05 (*, P<0.05;
**, P<0.01; ***, P<0.001).
RESULTS

SLC7A11 Was Decreased in Drug-
Resistant Tissues and Predicted Poor
Prognosis in OC
Fourteen Autophagy-Related Genes Were
Deferentially Expressed in Drug-Resistant
OC Tissues
A total of 786 genes potentially associated with autophagy from
the Autophagy Database (36) and 1086 genes from the Thanatos
Frontiers in Oncology | www.frontiersin.org 4
database (37) were acquired; and 868 genes related to autophagy
and OC drug resistance were obtained from Coremine Medical
(38). The intersection of the above three gene sets was
performed, and 131 overlapping genes potentially associated
with autophagy and drug resistance were finally obtained
(Figure 1A). The mRNA level of the 131 genes in 197
chemotherapy-sensitive and 90 resistant OC tissues in the
TCGA ovarian cohort was further measured. As shown in
Figure 1B, 14 of the 131 genes were differentially expressed in
the 90 resistant tissues in comparison with the 197 sensitive
tissues. Among these, MAP2K7 was significantly upregulated in
drug-resistant OC tissues and the remaining genes including
AKT1, BAG3, CTSL, EIF2AK3, HSPA5, MAPK1, OPA1,
PIK3CA, PRKDC, RALB, RB1CC1, SLC7A11, and VCP were
significantly downregulated.

Low Levels of Three Genes, SLC7A11, VCP, and
OPA1, Predicted Short Survival of OC Patients
The associations of the 14 genes identified in OC were further
determined by prognostic analyses in a large sample of 1815 OC
patients, which including 1656 samples with OS data, 1435
samples with PFS data, and 782 samples with PPS data, using
Kaplan–Meier Plotter (42). Among the 14 genes, several genes
such as HSPA5 and PRKDC presented abnormal expression
associated with poor OS. Specifically, three genes SLC7A11,
VCP, and OPA1 were down-regulated in drug-resistant tissues
(Figure 1B), and their low expression was significantly
associated with poor prognosis. As shown in Figure 2A, low
expression of SLC7A11 and VCP was significantly related to
poor OS, PFS, and PPS, and OPA1 predicted poor OS and
short PFS.

SLC7A11 Contributed to Drug
Resistance in OC
Up-Regulation of SLC7A11 Enhanced Sensitivity of
OC Cells to Paclitaxel
The mRNA expression of the three genes SLC7A11, VCP, and
OPA1 in paclitaxel-resistant OC cells was further measured.
As determined by RT-qPCR and western blotting, SLC7A11
mRNA was significantly down-regulated in paclitaxel-resistant
HeyA8-R (H-R) and SKOV3-R (S-R) cells in comparison to the
HeyA8 (H) and SKOV3 (S) parental cells (Figures 3A, B). Thus,
further investigations were performed to explore the
relationships between SLC7A11 with paclitaxel resistance. The
HeyA8-R-SLC7A11 cells were engineered to stably overexpress
SLC7A11 (Figures 3C, D). The CCK-8 assay showed that
SLC7A11-overexpressing HeyA8-R-SLC7A11 cells were more
sensitive to paclitaxel compared with the control HeyA8-R-
eGFP cells (Figure 4A). The IC50 value of paclitaxel in
H-R-eGFP and H-R-SLC7A11 cells are shown in Figure 4B,
and the IC50 for paclitaxel in H-R-SLC7A11 cells was 1.78 ± 0.22
times less than the control H-R-eGFP cells. Furthermore, the
colony formation assay demonstrated that under the same
concentration of paclitaxel treatments, the relative colony
formation rate of SLC7A11 overexpressed HeyA8-R-SLC7A11
cells was significantly lower than that of HeyA8-R-eGFP cells
November 2021 | Volume 11 | Article 744940
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(Figures 4C, D). These results suggested that SLC7A11
overexpression increased the paclitaxel sensitivity of paclitaxel-
resistant OC cells.

Up-Regulation SLC7A11 Further Induced Cell
Apoptosis of H-R Cells After Paclitaxel Treatments
Cell apoptosis was analyzed by flow cytometry following H-R-
SLC7A11 and H-R-eGFP treatment with paclitaxel for 72 hours.
With the increasing paclitaxel concentration, the percentage of
living cells in H-R-SLC7A11 cells decreased more significantly
compared to that of H-R-eGFP cells. Following paclitaxel
treatment, the percentage of early apoptotic cells in H-R-
SLC7A11 was higher than that in H-R-eGFP cells, and the
percentage of total apoptotic and dead cells in H-R-SLC7A11
was also significantly higher than that in H-R-eGFP cells
(Figure 5). Our results indicated that SLC7A11 overexpression
could further increase the apoptosis and mortality rate of OC
cells by paclitaxel treatments.

Up-Regulation of SLC7A11 Further Blocked the Cell
Cycle of H-R Cells After the Addition of Paclitaxel
The cell cycle was analyzed by flow cytometry following the
treatment of H-R-SLC7A11 and H-R-eGFP with paclitaxel for 72
hours. With the increasing concentrations of paclitaxel (0,
7.8125, 15.625, 31.25, and 62.5 nmol/L), the proportion of G0/
G1 phase cells in H-R-SLC7A11 was significantly decreased
compared with H-R-eGFP, while the proportion of cells in the
S phase was significantly increased (Figure 6). The cell cycle
arrest of H-R-SLC7A11 was more obvious than that of H-R-
eGFP, indicating that the cell cycle of H-R-SLC7A11 with
overexpression of SLC7A11 was more easily blocked by
paclitaxel than that of H-R-eGFP. These findings suggested
that SLC7A11 overexpression could reduce paclitaxel resistance
of ovarian cancer drug-resistant cells H-R by regulating the cell
cycle. Due to the above changes in the cell cycle, the expression of
cell cycle proteins in H-R-eGFP and H-R-SLC7A11 cells were
analyzed by western blotting. As shown in Figure 7A, after 72
Frontiers in Oncology | www.frontiersin.org 5
hours of paclitaxel treatment, the expression of the cell-cycle
inhibitors p21 Waf1/Cip1 and p27 Kip1 were significantly higher
compared to control cells under various concentrations of
paclitaxel. Furthermore, paclitaxel significantly inhibited the
expression of the cell cycle promoting proteins CDK2, CDK7,
Cyclin A2, Cyclin B1, and Cyclin D3 in H-R-SLC7A11 cells
compared with H-R-eGFP cells. The results showed that the cell
cycle of H-R-SLC7A11 cells was more easily blocked by
paclitaxel than H-R-eGFP cells at cellular and protein levels.
These results were consistent with the results of cell viability
assay, colony formation, and cell apoptosis analyses, showing
that the up regulation of SLC7A11 enhanced the sensitivity of
OC cells to paclitaxel.

SLC7A11 Significantly Interacted With Drug
Resistance Regulatory Proteins in OC
Protein-protein interaction (PPI) analysis was conducted to
evaluate the association between SLC7A11 expression with
drug resistance. Thirty-one proteins contributing to drug
resistance in OC were retrieved using the Coremine Medical
tool (P<0.001), and the PPI network of SLC7A11 with the 31
proteins was generated. As shown in Figure 8, the PPI network
indicated that SLC7A11 directly interacted with 16 proteins, and
indirectly interacted with the remaining 15 proteins. All the 16
proteins have been reported to be implicated in the modulation
of drug resistance in OC, namely ABCC1 (48), ABCC2 (49),
ABCB1 (50), CD44 (51), ALDH1A1 (52), ABCG2 (53), PROM1 (54),
CDKN1A (55), CDH1 (56), EGFR (57), BRCA1 (58), BRCA2 (58),
BCL2L1 (59), MDM4 (60), MTOR (61), and BRAF (62);
and among the 15 proteins, nine of them were reported to
be implicated in drug resistance, which were ERCC1 (63),
MVP (64), ERBB2 (65) TP53 (66), PARP1 (58), MSH3 (67),
BCL2 (68), CASP3 (69), and PTEN (70). The results above
indicated that among the 31 proteins, SLC7A11 interacted with
25 OC drug resistance-related proteins, providing strong PPI
network evidence to support the relationship between SLC7A11
and drug resistance in OC.
A B

FIGURE 1 | Identification of genes potentially related to autophagy and drug resistance in ovarian cancer (OC). (A) The 131 overlapping genes involved in autophagy
and drug resistance were retrieved from three independent databases. A total of 786 and 1086 autophagy-related genes were retrieved from database Autophagy
DB and Thanatos, respectively. 868 genes related to OC drug resistance and autophagy were selected through text mining conducted by Coremine (P < 0.05);
(B) Fourteen of the above 131 genes were significantly dysregulated in chemoresistant OC tissues (Resistant, n=90) compared with the sensitive tissues (Sensitive,
n=197) according to the TCGA ovarian cohort (*P < 0.05; **P < 0.01).
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A

B

C

FIGURE 2 | Kaplan–Meier analysis of gene expression with OC survival in a large sample of 1815 OC patients using the Kaplan–Meier Plotter tool. The auto-
selected best cutoff value was used to dichotomize gene expression into high (H) and low (L). (A) Low expression of OPA1, VCP and SLC7A11 predicted
poor OS, PFS and PPS; (B) As ceRNA target of SLC7A11, STX17 and UVRAG suppression predicted poor OS, PFS and/or PPS; (C) The combination of
SLC7A11 expression with STX17 or UVRAG was associated with poor OS, PFS and/or PPS. OS, overall survival; PFS, progression-free survival; PPS, post-
progression survival.
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SLC7A11 Positively Regulated Autophagy
in OC Drug Resistance as a ceRNA
SLC7A11 to Exert Its Biological Roles in
Cancer via ceRNA
The above results suggested that SLC7A11 was potentially an
autophagy-related gene that was implicated in the regulation of
drug resistance and affected prognosis in OC. Thus, further
analyses were performed to define the relationship between
SLC7A11 with autophagy in OC progression. Based on the
pan-cancer analyses using the StarBase tool (44) that includes
32 tumors types, the ceRNA analyses of SLC7A11 with 109 genes
in the “autophagy-animal” pathway (map04140) was
systematically analyzed. ceRNA networks from large-scale
interactions of miRNA-targets which were identified based on
CLIP-seq data of pan-cancer analysis were performed. The
results indicated that SLC7A11 could potentially regulate 4595
genes acting as a ceRNA in 32 types of cancers.

SLC7A11 Strongly Regulated Autophagy in OC and
in 31 Other Cancer Types as a ceRNA
An intersection of the 4595 genes and the 109 genes active in the
autophagy pathway (map04140) was performed, and 42
overlapping genes were obtained, which accounted for 38.5%
of the genes in the autophagy pathway. As shown in Table 1,
SLC7A11 strongly interacted with 42 autophagy genes as a
ceRNA by sponging miRNAs in 32 tumor types. Specifically,
SLC7A11 functioned as a ceRNA for eight autophagy genes in
Frontiers in Oncology | www.frontiersin.org 7
OC, which included STX17, UVRAG, RAB33B, EIF2AK4,
RB1CC1, LAMP2, HIF1A, and ATG2B (Table 1). In line with
the proposed mechanism of ceRNA, SLC7A11 was significantly
and positively co-expressed with the eight autophagy genes in
OC (Figure 9), and thus SLC7A11 would positively regulate
autophagy (Figure 10).

SLC7A11 Acted as ceRNA for Three Autophagy
Genes STX17, UVRAG, and RAB33B, and Induced
Autophagy in Drug-Resistant OC Cells
The relationships between SLC7A11 and the 8 genes in 90 drug-
resistant tissues were evaluated, and we found that SLC7A11 was
consistently and positively co-expressed with STX17, UVRAG,
and RAB33B in resistant tissues (Figure 11). Taken together,
SLC7A11 acted as a ceRNA for STX17, UVRAG, and RAB33B in
20, 12, and 12 different tumor types, respectively (Table 1 and
Figure 12), and acted as a ceRNA for the three genes in 379 OC
tissues (Table 1 and Figure 9) and in 90 drug-resistant tissues
(Figure 11). Thus, a ceRNA network for SLC7A11 with the three
target genes (STX17, RAB33B, and UVRAG) was constructed,
and detailed information about the MREs of SLC7A11 with the
three genes was obtained. As shown in Figure 13, SLC7A11
shared MREs with STX17 covering a total of 117 miRNAs from
71 miRNA families, with UVRAG covering a total of 147
miRNAs from 77 miRNA families, and with RAB33B covering
a total of 127 miRNAs from 85 miRNA families. Of these,
SLC7A11 shared common MREs with STX17 and UVRAG
A

B D

C

FIGURE 3 | Expression of SLC7A11 in ovarian cancer cell lines. (A) RT-qPCR analysis of SLC7A11 mRNA levels in paclitaxel resistant cells HeyA8-R (H-R),
SKOV3-R (S-R) and their parental cells HeyA8 (H), SKOV3 (S); (B) Western blotting analysis of SLC7A11 expression levels in H-R, H, S-R and S cells;
(C) Analysis of SLC7A11 mRNA expression in SLC7A11-overexpressed HeyA8-R-SLC7A11 (H-R-SLC7A11) cells and the control HeyA8-R-eGFP (H-R-
eGFP) cells by RT-qPCR; (D) Western blotting analysis of SLC7A11 expression levels in HeyA8-R-SLC7A11 (H-R-SLC7A11) cells and the control HeyA8-R-
eGFP (H-R-eGFP) cells. Values represent the mean ± SD (**P < 0.01; ***P < 0.001).
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covering a total of 22 common miRNAs, with UVRAG and
RAB33B covering a total of 49 common miRNAs, and with
STX17 and RAB33B covering a total of 22 common miRNAs.
Most importantly, SLC7A11 shared MREs with all three genes
which covered a total of eight common miRNAs.

The role of SLC7A11 as a ceRNA for STX17, UVRAG, and
RAB33B in OC drug resistance was further confirmed in H-R-
eGFP and H-R-SLC7A11 cells, and the effect of SLC7A11 and
paclitaxel on cell autophagy proteins was investigated (Figure 7B).
Compared with the expression in control H-R-eGFP cells, the
expression of STX17 and RAB33B was significantly increased as a
result of SLC7A11 overexpression in H-R-SLC7A11 cells, which
was consistent with the big data results that SLC7A11 acted as a
ceRNA for these genes and was positively co-expressed in up to 20
different tumors, 379 OC tissues, and 90 drug-resistant tissues
(Figures 9, 11, 12). In addition, we revealed that the
overexpression of SLC7A11 increased the ratio of LC3-II/I
expression. When we treated cells with paclitaxel, we found that
the expression levels of SLC7A11 were increased in H-R-SLC7A11
cells but not in H-R-eGFP cells, and autophagy-related proteins,
such as LC3-II/I, Atg7, Atg16L1, RAB33B, UVRAG, all were up-
regulated in H-R-SLC7A11 cells compared with non-SLC7A11
overexpressing H-R-eGFP cells. In addition, the autophagy-related
upstream protein Akt was decreased in H-R-SLC7A11 cells
compared to H-R-eGFP cells, and further decreased after
paclitaxel treatments.
Frontiers in Oncology | www.frontiersin.org 8
The Combination of ceRNA SLC7A11 With the
Target STX17, UVRAG, and RAB33B Showed a
Better Prognostic Outcome
Given the ceRNA relationship of SLC7A11 with the three genes
(STX17, UVRAG, RAB33B) and the predictive role of SLC7A11
on OC survival, we further analyzed the associations of the three
genes with prognosis. As expected, a low expression of STX17
and UVRAG significantly predicted shorter OS, PFS, and PPS in
1815 patients with OC (Figure 2B), since SLC7A11 positively co-
expressed with these genes, and a low SLC7A11 expression also
predicted shorter OS, PFS, and PPS (Figure 2A). Moreover, the
combination of SLC7A11 with STX17 was more predictive of OS
and PFS than any of the genes used individually, and the
combination of SLC7A11 with UVRAG was highly predictive
of OS and PPS (Figure 2C). These results also supported the
conclusion that SLC7A11 acts as ceRNA for STX17
and UVRAG.
DISCUSSION

Drug resistance and postoperative recurrence are the main
causes of chemotherapy failure in OC (4), and relieving
multidrug resistance can improve the survival and prognosis of
patients. Therefore, the identification of potential targets able to
overcome drug resistance is the key to reducing patient
A B

D
C

FIGURE 4 | SLC7A11-overexpressed HeyA8-R-SLC7A11 (H-R-SLC7A11) cells were more sensitive to paclitaxel than H-R-eGFP cells. (A, B) H-R-SLC7A11 and
H-R-eGFP cells were treated with various doses of paclitaxel for 72 hours. The CCK-8 assay was used to reveal the cell viability and the IC50 of paclitaxel. Values
represented the mean ± SD of four independent experiments (**P < 0.01; ***P < 0.001); (C) Representative scan images of the colony formation assay. H-R-
SLC7A11 and H-R-eGFP cells were treated with gradient of paclitaxel for 8 days. Scale bar: 4 mm; (D) The relative colony formation rates of H-R-SLC7A11 and
H-R-eGFP were analyzed by Image J. Values represented the mean ± SD of three independent experiments (*P < 0.05; **P < 0.01).
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mortality. SLC7A11 has been reported to be involved in tumor
progression, but its correlation with drug resistance in OC was
poorly understood. In this study, we verified a role for SLC7A11
in modulation drug resistance and in predicting survival in OC,
via regulation of cell autophagy as a ceRNA.

SLC7A11 belongs to the glutamate/cystine antiporter solute
carrier family, also known as xCT, and plays a variety of roles in
the regulation of tumor growth (15), invasion (71), metastasis (71),
and unfavorable prognosis (72). For example, SLC7A11 is
associated with carcinogenesis, cancer stem cells (CSCs), and
poor prognosis in breast cancer (12, 72, 73), and plays a role in
recurrence, lymph node metastasis, and venous invasion in
colorectal cancer (74). However, the association of SLC7A11
with cancer drug resistance remains poor. Studies have reported
that elastin, a ferroptosis inducer, could irreversibly inhibit
Frontiers in Oncology | www.frontiersin.org 9
SLC7A11 and synergize with cisplatin to increase the drug’s
cytotoxicity (75), and that the blocking of SLC7A11 effectively
increased the intracellular level and cytotoxicity of cisplatin in
colorectal cancer (76). In the present study, we revealed that
SLC7A11 was significantly decreased in two paclitaxel-resistant
OC cell lines and in 90 drug-resistant tissue samples when
compared with their respective controls (Figures 1B, and
3A, B). The overexpression of SLC7A11 increased the paclitaxel
sensitivity of paclitaxel-resistant ovarian cancer cells HeyA8-R,
induced cell apoptosis, and arrested the cell cycle (Figures 4–7A).
Furthermore, shorter OS, PFS, and PPS in a large sample of 1815
patients was predicted by low SLC7A11 expression (Figure 2A).
These results suggested that a low expression of the gene could
lead to shorter survival of OC patients via its influence on drug
resistance. The SLC7A11 expression on OC drug resistance was
A

B

FIGURE 5 | Effects of paclitaxel on the apoptosis of H-R-eGFP and H-R-SLC7A11 cells by PE Annexin V/7-AAD-double staining flow cytometry analysis.
(A) Representative cell-culture images and flow cytometric findings of H-R-eGFP and H-R-SLC7A11 cells treated with gradient concentrations of paclitaxel for 72
hours. The lower left quadrant shows living cells, the lower right quadrant early apoptotic cells, the upper left quadrant non-apoptotic dead cells, and the upper right
quadrant shows late apoptotic cells and dead cells; (B) The histogram of apoptosis experiments. Statistical analysis was performed to compare the living cell rate of
H-R-eGFP to H-R-SLC7A11 (lower left quadrant), early apoptotic cell rate (lower right quadrant), late apoptotic cell rate, and dead cell rate (upper right quadrant),
and total apoptosis and death cell rates (upper left + upper right + lower right quadrant). The statistical analysis in the figure was a pair-wise comparison between H-
R-eGFP and H-R-SLC7A11 cells treated with the same paclitaxel concentration and the same state of cells (*P < 0.05, **P < 0.01, ***P < 0.001).
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further supported by the protein interaction network. The results
of PPI analysis indicated that SLC7A11 might play a role in drug
resistance by interacting with groups of drug resistance-related
proteins, as an interaction of SLC7A11 with 25 OC drug
resistance-related proteins was detected (Figure 8).

The potential mechanisms involving SLC7A11 in drug
resistance in OC were investigated, and a potential role of the
gene as a ceRNA on cell autophagy genes was revealed. A pan-
cancer analysis of 32 cancer types revealed that SLC7A11 could
potentially regulate 4595 genes as a ceRNA, providing strong
support for SLC7A11 activity as a ceRNA in tumor regulation.
Further, three independent databases determined that SLC7A11
expression was closely related to autophagy (Figure 1A), and
SLC7A11 was predicted to act as ceRNA for 42 autophagy genes
in 32 cancer types (Table 1), which account for 38.5% (42/109) of
the genes in the autophagy pathway (map04140). The above
results provide strong evidence that SLC7A11 regulates cell
autophagy in cancer by acting as a ceRNA for autophagy
Frontiers in Oncology | www.frontiersin.org 10
genes. In particular, SLC7A11 was associated as a ceRNA for 8
autophagy genes and was positively co-expressed with those
genes in OC (Table 1 and Figure 9). Consistently, SLC7A11
acted as ceRNA for 3 (STX17, UVRAG, and RAB33B) of the 8
genes, and positively co-expressed with these 3 genes in 90 drug-
resistant tissues (Figure 11). The ceRNA relationship of
SLC7A11 with the 3 genes was further confirmed by ceRNA
network analysis (Figure 13), and was experimentally supported
by the measurement of protein expression in H-R-eGFP and H-
R-SLC7A11 cells. The results indicated that the expression level
of STX17 and RAB33B was significantly increased when
SLC7A11 was overexpressed (Figure 7B). All these results
primarily supported the conclusion that SLC7A11 acted as a
ceRNA for autophagy genes, specifically for STX17, UVRAG,
and RAB33B in drug-resistant OC.

The positive relationship between SLC7A11 and autophagy was
further investigated, and we revealed that the ratio of LC3-II/I
expression was increased inH-R-SLC7A11 overexpressing cells, and
A

B

FIGURE 6 | Effects of paclitaxel on the cell cycle distribution of H-R-eGFP and H-R-SLC7A11 by PI staining and the flow cytometry analysis. (A) Representative cell-
culture photos and cell-cycle images for H-R-eGFP and H-R-SLC7A11 cells treated with gradient paclitaxel for 72 h; (B) The percentage of cells in G0/G1 phase,
S phase and G2/M phase of H-R-eGFP and H-R-SLC7A11 cells treated with gradient concentrations of paclitaxel for 72 hours. The statistical analysis in the figure
was a pair-wise comparison between H-R-eGFP and H-R-SLC7A11 cells data with the same paclitaxel concentration and the same cell-cycle stage (**P < 0.01,
***P < 0.001).
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A B

FIGURE 7 | Effects of SLC7A11 and paclitaxel on the expression of related proteins analyzed by western blotting. The H-R-eGFP and H-R-SLC7A11 cells were
treated with gradient concentration of paclitaxel for 72 hours. (A) Proteins were extracted and detected by western blotting to analyze the expression of p21 Waf1/
Cip1, p27 Kip1, CDK2, CDK7, Cyclin A2, Cyclin B1 and Cyclin D3; (B) Expression of LC3 -II, LC3 -I, STX17, RAB33B, UVRAG, Atg7, Atg16L1 and Akt proteins
were analyzed by western blotting. Representative blots were shown with GAPDH and b-Tubulin as loading control.
FIGURE 8 | Protein interaction network of SLC7A11 created by the GeneMANIA online tool. The 31 drug resistance-related proteins were text-mined by Coremine
Medical (P < 0.001). The blue circles indicate the 16 proteins which interacted with SLC7A11 directly; the grey circles indicate the proteins which interacted with
SLC7A11 indirectly. The interaction types between proteins indicated as networks legend.
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further increased after paclitaxel treatment (Figure 7B). Similarly,
other autophagy proteins such as Atg7, Atg16L1, RAB33B, and
UVRAG were also upregulated in H-R-SLC7A11 cells following
paclitaxel treatment. Collectively, we concluded that as a ceRNA for
the autophagy genes STX17, UVRAG, and RAB33B, SLC7A11
might decrease drug resistance in OC by promoting autophagy.
The role of SLC7A11 on autophagy has been previously reported,
whereby dysregulated SLC7A11 expression inhibited cell growth
through the ROS/autophagy pathway in liver cancer (77), but there
is no prior evidence of the gene acting as a ceRNA.

Biomarkers are crucial for the prediction of progression, risk
stratification, and overall therapeutic benefits, and the accurate
survival prediction for OC patients can help guide treatment
decisions, and may greatly improve the OS rate and recurrence/
recurrence-free survival rate of OC patients (78, 79). Hence, the
Frontiers in Oncology | www.frontiersin.org 12
identification of new genes able to predict prognosis is very
important for the treatment of OC. Drug resistance is a major
obstacle in the treatment of OC patients and is often linked to
relapse and short survival (80). Thus, genes contributing to drug
resistance are often associated with poor prognosis. We previously
reported that low expression of PDIA4 was implicated in drug
resistance and could predict short OS and DFS in OC (81). In this
study, we found that autophagy-related genes SLC7A11, OPA1, and
VCP were down-regulated in 90 drug-resistant OC tissues versus
197 sensitive tissues (Figure 1B), and down-regulation of the 3
genes predicted short OS, PFS, and PPS in large samples including
1815 OC patients (Figure 2A). Interestingly, SLC7A11 may
represent a potential treatment target as a ceRNA. As potential
targets of ceRNA SLC7A11, the low expression of STX17 and
UVRAG significantly predicted short OS, PFS, and PPS, and the
TABLE 1 | SLC7A11 regulate 42 autophagy genes functioned as a ceRNA in 32 types tumors.

ceRNA No. of microRNA* P value FDR No. of tumors # Ovarian cancer

RAB33B 85 7.14E-08 2.63E-07 14 √

STX17 71 1.33E-05 2.24E-05 20 √

HIF1A 72 1.91E-08 8.50E-08 27 √

ATG2B 109 1.57E-07 5.02E-07 15 √

UVRAG 77 5.09E-06 9.77E-06 12 √

EIF2AK4 69 8.30E-08 2.95E-07 18 √

RB1CC1 76 5.41E-08 2.08E-07 21 √

LAMP2 114 1.64E-08 7.45E-08 23 √

PIK3R3 133 9.34E-08 3.25E-07 16
ITPR1 82 2.00E-08 8.84E-08 17
KRAS 135 1.38E-07 4.53E-07 26
NRAS 109 1.73E-08 7.83E-08 24
VMP1 84 7.54E-09 3.90E-08 23
EIF2S1 108 3.26E-06 6.63E-06 23
EIF2AK3 54 2.62E-04 3.10E-04 23
PDPK1 135 8.58E-07 2.14E-06 20
SH3GLB1 121 4.13E-14 2.00E-12 20
MTOR 49 8.11E-04 8.54E-04 20
PIK3CA 78 1.32E-07 4.40E-07 19
ATG5 97 1.28E-09 8.87E-09 17
PIK3R1 157 1.32E-16 2.32E-14 17
MAP3K7 92 2.45E-09 1.51E-08 17
ATG12 90 1.81E-06 4.03E-06 17
IRS1 78 6.96E-06 1.29E-05 17
WIPI2 81 1.03E-04 1.35E-04 17
PIK3R4 30 1.86E-04 2.28E-04 17
BCL2 149 3.71E-08 1.51E-07 15
MTMR3 120 7.81E-08 2.84E-07 15
PIK3CB 65 6.70E-05 9.25E-05 15
RRAS2 67 7.10E-06 1.31E-05 15
DDIT4 63 3.55E-05 5.30E-05 14
MTMR4 112 2.28E-06 4.87E-06 13
RUBCN 119 6.96E-05 9.60E-05 13
TSC1 143 9.82E-07 2.40E-06 13
PTEN 145 5.52E-11 6.73E-10 12
IGF1R 184 1.85E-08 8.24E-08 12
IRS2 105 5.71E-06 1.08E-05 12
TP53INP2 106 1.05E-04 1.38E-04 12
ULK2 67 3.18E-06 6.48E-06 12
RRAGD 62 1.04E-04 1.37E-04 11
RAB7A 78 8.87E-10 6.50E-09 9
SNAP29 93 2.20E-08 9.57E-08 8
November 2021 | Volume 11
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combination of SLC7A11 with STX17 and UVRAG had better
predictive potential for OS than each gene individually
(Figures 2B, C). Given the large sample size in this study, the
above-mentioned 5 genes could be potentially used as prognostic
markers in the treatment of OC, particularly the combination of
SLC7A11 with STX17 and UVRAG. Indeed, we have been
previously reported that the low expression of SLC7A11 predicted
Frontiers in Oncology | www.frontiersin.org 13
short OS as well as DFS in a smaller cohort of 489 OC patients (81);
and low levels of VCP in HPV-negative patients was related to
worse 5-year DFS in oropharyngeal squamous cell carcinoma (82).
These results are essentially consistent with those of the present
study and support our findings.

Autophagy is a conserved cellular self-digestive mechanism that is
crucial for development and to alleviate multiple environmental
FIGURE 9 | The relationship between SLC7A11 and eight autophagy related genes. SLC7A11 act as a ceRNA for eight autophagy genes and positively co-
expressed with these genes in 379 ovarian cancer tissues of TCGA cohort according to StarBase (P<0.05). The gene expression values from RNA-seq data were
presented as log2 (FPKM + 0.01).
FIGURE 10 | The distribution of the eight genes in autophagy pathway (map04140). The eight genes (indicated as orange oval) were the potential targets of
SLC7A11 as a ceRNA in 379 ovarian cancers which significantly and positive co-expressed with the SLC7A11, and the three genes (indicated in red) were those co-
expressed in 90 drug resistant ovarian cancer tissues.
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stresses (5), and substantial research has suggested that autophagy is
involved in the modulation of cancer drug resistance (83).
Interestingly, autophagy is a double-edged sword in the regulation
of cancer drug resistance. In some contexts, it exerts a cytoprotective
effect that leads to treatment resistance, while in others, it has a
cytotoxic effect that induces cell death, while the inhibition of
autophagy confers drug resistance (84). Thus, novel therapeutic
Frontiers in Oncology | www.frontiersin.org 14
approaches that target autophagy are a promising direction for
cancer treatment that may help to overcome drug resistance (85).
In OC and other cancers such as lung carcinomas and osteosarcoma,
defects in autophagy often play a role in drug resistance to cisplatin,
paclitaxel, gemcitabine, and doxorubicin (85). In this study, decreased
expression of SLC7A11 in drug-resistant OC tissues likely blocked
autophagy via inhibition of STX17, UVRAG, and RAB33B
FIGURE 11 | SLC7A11 is positively correlated with the expression of STX17, UVRAG, and RAB33B in 90 drug resistant ovarian cancer tissues based on TCGA
cohort. The correlation of genes was analyzed by bivariate correlation (P < 0.05).
A B

C

FIGURE 12 | As ceRNA targets of SLC7A11, (A) STX17, (B) UVRAG, and (C) RAB33B were positively co-expressed in 12, 20 and 12 kinds of cancers according
to pan-cancer analyses. The other 2 cancers that SLC7A11 negatively co-expressed with RAB33B was excluded. The gene expression values from RNA-seq data
were presented as log2 (FPKM + 0.01) (P<0.05). BRCA, Breast Invasive Carcinoma; THCA, Thyroid Carcinoma; COAD, Colon Adenocarcinoma; PRAD, Prostate
Adenocarcinoma; UCEC, Uterine Corpus Endometrial Carcinoma; READ, Rectum Adenocarcinoma; HNSC, Head and Neck Squamous Cell Carcinoma; LGG, Brain
Lower Grade Glioma; ACC, Adrenocortical Carcinoma; UVM, Uveal Melanoma; KICH, Kidney Chromophobe; KIRC, Kidney Renal Clear Cell Carcinoma; SKCM, Skin
Cutaneous Melanoma; LUSC, Lung Squamous Cell Carcinoma; TGCT, Testicular Germ Cell Tumors; BLCA, Bladder Urothelial Carcinoma; LUAD, Lung
Adenocarcinoma; LAML, Acute Myeloid Leukemia; CESC, Cervical Squamous Cell Carcinoma and Endocervical Adenocarcinoma; KIRP, Kidney Renal Papillary Cell
Carcinoma; UCS, Uterine Carcinosarcoma; THYM, Thymoma; LIHC, Liver Hepatocellular Carcinoma.
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expression, which finally resulted in drug resistance and shorter
survival (Figures 2, 4, 10, 11). Furthermore, 13 other genes—
MAP2K7, AKT1, BAG3, CTSL, EIF2AK3, HSPA5, MAPK1,
OPA1, PIK3CA, PRKDC, RALB, RB1CC1, and VCP—were
dysregulated in 90 drug-resistant OC tissues when compared to
197 sensitive tissues, and were significantly related to autophagy as
determined by 3 independent autophagy-related databases,
suggesting that those genes may be potentially involved in
modulating drug resistance via autophagy (Figure 1). In fact, some
of the above 14 genes have been shown to be involved in the
modulation of drug resistance in OC. For instance, decreased
BAG3 expression enhances the cisplatin sensitivity of OC cells via
the inhibition of autophagy (86), and increased AKT1 expression
suppresses autophagy (87). The results above suggest that the 14
Frontiers in Oncology | www.frontiersin.org 15
genes identified in this study may represent potential targets for the
treatment of drug-resistant OC through autophagy-dependent
techniques, although further studies should be performed to clearly
explain the mechanisms involved.

In conclusion, SLC7A11 acts as a ceRNA to regulate the
development of tumors by mediating cell autophagy. The
overexpression of SLC7A11 improved the sensitivity of OC cells to
chemotherapeutic agents, and conversely, the downregulation of
SLC7A11 led to drug resistance, probably by inhibiting the
expression of autophagy genes STX17, UVRAG, and RAB33B
through a ceRNA mechanism which inhibited autophagy and
resulted in shorter survival of patients with OC. Moreover, the low
expressionofSTX17,UVRAG,OPA1,andVCPsignificantlypredicts
shorter survival outcomes, while the combination of SLC7A11 with
FIGURE 13 | ceRNA network of SLC7A11 with STX17, UVRAG and RAB33B. The ceRNA pairs were determined by StarBase and the network was constructed by
Cytoscape. Acting as a ceRNA, SLC7A11 shared miRNAs with the target genes as indicated in the network. The light green oval indicate the miRNAs for SLC7A11
with RAB33B, the purple oval indicates the miRNAs for SLC7A11 with STX17, the rose-colored oval indicates the miRNAs for SLC7A11 with UVRAG, the green oval
indicate the common miRNAs for SLC7A11 with RAB33B and STX17, the mauve oval indicates the common miRNAs for SLC7A11 with STX17 and UVRAG, the
deep yellow oval indicates the common miRNAs for SLC7A11 with UVRAG and RAB33B, the sky-blue oval indicates the common miRNAs for SLC7A11 with
STX17, UVRAG and RAB33B.
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STX17 and UVRAG showed better predictive potential. These five
genes, and in particular SLC7A11, may represent promising
therapeutic targets and potential biomarkers in OC.
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