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Abstract

Background: Accumulating evidence has revealed that aberrant microRNA (miRNA) expression can affect the
development of chemotherapy drug resistance by modulating the expression of relevant target proteins. Emerging
evidence has demonstrated that miR-133a participates in the tumorigenesis of various cancers. However, whether
miR-133a is associated with cisplatin resistance in ovarian cancer remains unclear.

Objective: To investigate the role of miR-133a in the development of cisplatin resistance in ovarian cancer.

Methods: MiR-133a expression in cisplatin-resistant ovarian cancer cell lines was assessed by reverse-transcription
quantitative PCR (RT-gPCR). A cell counting kit-8 (CCK-8) assay was used to evaluate the viability of tumour cells
treated with cisplatin in the presence or absence of miR-133a. A luciferase reporter assay was used to analyse the
binding of miR-133a with the 3’ untranslated region (3’UTR) of YES proto-oncogene 1 (YES1). The YEST expression
level was analysed using a dataset from the International Cancer Genome Consortium (ICGC) and assessed by RT-
gPCR and western blotting in vitro. The roles and mechanisms of YES1 in cell functions were further probed via gain-
and loss-of-function analysis.

Results: The expression of miR-133a was significantly decreased in cisplatin-resistant ovarian cancer cell lines (A2780-
DDP and SKOV3-DDP), and the overexpression of the miR-133a mimic reduced cisplatin resistance in A2780-DDP and
SKOV3-DDP cells. Treatment with the miR-133a inhibitor increased cisplatin sensitivity in normal A2780 and SKOV3
cells. MiR-133a binds the 3'UTR of YES1 and downregulates its expression. Bioinformatics analysis revealed that YES1
expression was upregulated in recurrent cisplatin-resistant ovarian cancer tissue, and in vitro experiments also veri-
fied its upregulation in cisplatin-resistant cell lines. Furthermore, we discovered that miR-133a downregulated the
expression of YEST and thus inhibited cell autophagy to reduce cisplatin resistance. Yes1 knockdown significantly sup-
pressed the cisplatin resistance of ovarian cancer cells by inhibiting autophagy in vitro. Xenograft tumour implanta-
tion further demonstrated that Yes1 overexpression promoted ovarian tumour development and cisplatin resistance.

Conclusions: Our results suggest that the miR-133a/YEST axis plays a critical role in cisplatin resistance in human
ovarian cancer by regulating cell autophagy, which might serve as a promising therapeutic target for ovarian cancer
chemotherapy treatment in the future.
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followed by platinum-based chemotherapy has remained
the main treatment, but the overall prognosis of ovarian
cancer has not improved significantly, and the 5-year sur-
vival rate of patients with advanced (FIGO 3-4) ovarian
cancer is less than 30% [2]. Tumour relapse and acquired
drug resistance are treatment bottlenecks for improving
the overall survival of ovarian cancer patients [3], and the
molecular mechanism of drug resistance in ovarian can-
cer remains unknown. Thus, further understanding of the
pathogenesis and mechanisms of ovarian cancer chemo-
therapy resistance is crucial to improve overall survival,
identify therapeutic markers, and develop new efficient
treatment strategies.

Aberrant microRNA (miRNA) expression plays criti-
cal roles in various types of cancers, and some of them
are considered ideal targets for tumour treatment [4].
Emerging evidence has demonstrated that miR-133a par-
ticipates in the tumorigenesis of various cancers [5]. For
example, Wang reported that miR-133a expression was
downregulated in pancreatic cancer tissues and serum
specimens of patients, and its expression was nega-
tively correlated with the stage and prognosis of pancre-
atic cancer patients, which may be an ideal marker for
the early diagnosis of pancreatic cancer [6]. Yuan et al.
reported that the nuclear paraspeckle assembly tran-
script 1 (NEAT1)/miR133a axis promoted cervical cancer
progression by regulating SRY-box transcription factor 4
(SOX4) [7]. In addition, miR-133a was expressed at low
levels in gastric cancer tissues and cells, and it inhibited
tumour cell proliferation and metastasis by regulating the
autophagy of gastric cancer tumour cells [8]. Our previ-
ous research found that the miR-133a/glycogen phos-
phorylase B (PYGB) axis can inhibit the occurrence and
development of ovarian cancer both in vitro and in vivo
[9]. Moreover, miR-133a also plays a key role in tumour
drug resistance. Overexpression of miR-133a decreased
oxorubicin resistance in the MCF-7/Dox breast cancer
cell line [10]. MiR-133a could reduce cisplatin resistance
in non-small-cell lung cancer cells and Hep-2v cells [11,
12]. However, the function of miR-133a in ovarian cancer
chemotherapy resistance has not been researched. YES1
functions as a tumour oncogene and may be a poten-
tial therapeutic target in different types of cancers [13].
Knockdown of YES1 led to the suppression of prolifera-
tion and cell cycle arrest in ovarian cancer cells [14]. A
clinical retrospective study showed that overexpression
of Yesl indicated favourable prognosis and increased
platinum sensitivity in primary epithelial ovarian can-
cer patients [15]. Moreover, the expression of YES1 was
higher in recurrent postchemotherapy high-grade serous
ovarian cancer. Overexpression of Yesl decreased the
rate of apoptotic cells in OVCARS cells with Taxol treat-
ment, suggesting a potential association between YES1
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and Taxol chemoresistance [16]. However, how YESI1
regulates chemoresistance in recurrent ovarian cancer is
not fully understood.

In this study, we aimed to explore the expression pat-
tern and functional role of miR-133a in cisplatin-resistant
ovarian cancer and its potential mechanism in regulat-
ing cisplatin resistance in ovarian cancer. We found that
miR-133a is downregulated in cisplatin-resistant ovar-
ian cancer and that overexpression of miR-133a could
reduce cisplatin resistance in ovarian cancer cell lines.
Mechanistically, miR-133a downregulates YES1 by bind-
ing to the 3'UTR of YES1. Knockdown of Yesl inhibits
cisplatin resistance in a cisplatin-resistant cell line, and
overexpression of Yes1 induces cisplatin resistance in cis-
platin-sensitive cells. Furthermore, we demonstrated that
YESI affects cisplatin resistance by regulating autophagy
in both ovarian cancer cells and a xenograft model. Taken
together, our findings suggest that miR-133a targets the
3'UTR of YES1 and reversely regulates the expression of
YES1, which ultimately regulates cell autophagy in ovar-
ian cancer with cisplatin resistance.

Materials and methods

Cell culture and treatment

Human ovarian cancer cells (SKOV3 and A2780) were
obtained from the Cell Bank, Shanghai Institute of Biochem-
istry and Cell Biology (Shanghai, China). Cisplatin-resistant
cell lines (SKOV3-DDP and A2780-DDP) were established
in our lab. All cell lines were cultured in RPMI 1640 medium
(Gibco) supplemented with 10% (v/v) foetal bovine serum
(EBS, Gibco), 100 pg/ml streptomycin, and 100 U/ml peni-
cillin in a humidified atmosphere at 37 °C with 5% CO,. For
cisplatin treatment, ovarian cancer cells were cultured with
10-80 uM cisplatin (selleck) for 48 h. For autophagic promo-
tion and inhibition, cells were treated with the autophagic
antagonist chloroquine (50 uM, Sigma) and the autophagic
agonist rapamycin (100 nM, Sigma), respectively.

qRT-PCR

Total RNA from tissues and cultured cells was extracted
using TRIzol reagent (Sigma). RNA concentration was
measured and equal amount of mRNA was reverse
transcribed to cDNA using reverse transcription kits
(Takara), meanwhile miRNA was reverse transcribed
to cDNA using reverse transcription kits (TransGen).
Quantitative real-time PCR (qPCR) was performed on
an ABI 7500 real-time PCR system using the following
specific primers: YES1 forwards primer: 5-CTCAGG
GGTAACGCCTTTTGG-3'; reverse primer: 5-CAC
CACCTGTTAAACCAGCAG-3; GAPDH forwards
primer: 5'-GGAGCGAGATCCCTCCAAAAT-3'; reverse
primer: 5-GGCTGTTGTCATGCTTCTCATGG-3';
miR-133a forwards primer: 5'-CAGCTGGTTGAAGGG



Zhou et al. Cancer Cell International (2022) 22:15

GACCAAA-3; U6 forwards primer: 5-CTCGCTTCG
GCAGCACA-3’; reverse primer: 5'-AACGCTTCACGA
ATTTGCGT-3'. GAPDH was used as an internal con-
trol for mRNA, and U6 was used as an internal control
for miRNA. Relative YES1 expression was normalized to
GAPDH levels, and relative miR-133a was normalized to
U6 levels using the 2722t quantification method.

YES1 and miR-133a transfection

YES1-overexpression (YES1-OE) vectors and a negative
control and miR-133a mimics, miR-133a inhibitor and
relative controls were purchased from Yazai Biotech-
nology Co Ltd. (Shanghai, China). SiYES1 and relative
controls were purchased from Gene Pharma (Shanghai,
China). Transfection was conducted using Lipofectamine
3000 according to the manufacturer’s manual. Lentivirus-
YES1-OE for stable overexpression of YES1 or the nega-
tive control construct was designed and constructed by
Hanbio Biotechnology Co., Ltd. (Shanghai, China).

Western blot analysis

Tissue samples or cultured cells were lysed in RIPA buffer
(CWBIO, CW2333S), and the protein concentration was
measured by the BCA protein assay. Equal amounts of pro-
tein were resolved by 10% or 15% SDS-PAGE and trans-
ferred onto a polyvinylidene fluoride (PVDF) membrane.
The membranes were blocked at room temperature with 5%
skimmed milk and then incubated with primary antibodies
overnight at 4 °C. Primary antibodies against YES1 (1:1000,
ABclonal, A0628), LC3b (1:1000, Abcam, AB192890), and
Gapdh (1:5000, Proteintech, 51067-2-AP) were used. After
washing with TBST (Tris-buffered saline with Tween), the
membranes were further incubated with fluorescent sec-
ondary antibodies (1:5000, ABclonal, AS014) at room tem-
perature in the dark for 1-2 h. Then, the membranes were
detected by an enhanced chemiluminescence detection kit
(Epizyme, SQ202). GAPDH was used as internal control.
The signals were detected using an Odyssey detection sys-
tem (Odyssey CLx, LI-COR biosciences, NE, USA). Quan-
tification analysis of western blots was performed using
Image]J software (Bethesda, USA).

Cell proliferation

Cell proliferation was determined by Cell Counting
Kit-8 assay (CCK-8) (Dojindo Laboratories, Kumamoto)
according to the manufacturer’s protocol. SKOV3 and
SKOV3-DDP cells were seeded at a density of 3 x 10
cells/well, and A2780 and A2780-DDP cells were seeded
at a density of 8 x 10° cells/well into a 96-well plate. Ten
microlitres of CCK-8 working solution was added, and
the cells were incubated for 2 h before the absorbance
was measured at 450 nm.
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Luciferase reporter assays

WT or mutated 3'-UTR of YESI sequences were cloned
and constructed into the pGL3-Luc reporter vector.
A2780 cells were transfected with WT or mutated lucif-
erase reporter vectors together with miR-133a mimics or
negative control. Relative luciferase activity was analysed
using a Dual-Luciferase Reporter Assay Kit 48 h later.

GFP-RFP-LC3 assay

To monitor autophagy, the tandem GFP-RFP-LC3 ade-
novirus construct obtained from Hanbio Inc. (Shnaghali,
China), which capitalizes on the pH difference between
the acidic autolysosome and the neutral autophago-
some and the pH sensitivity differences exhibited by GFP
(green fluorescent protein) and RFP (red fluorescent pro-
tein) to monitor progression from the autophagosome to
autolysosome, was used. In brief, A2780 and A2780-DDP
cells were infected with tandem GFP-RFP-LC3 adeno-
virus for 2 h and then cultured with normal medium
and 10 pM cisplatin for 48 h. Finally, cells were treated
and imaged for GFP and RFP by using fluorescence
microscopy.

International Cancer Genome Consortium (ICGC) dataset
analysis

The RNA sequencing data of ICGC OV-AU used for gene
expression analysis. Genes with low read abundance were
filtered, followed by rlog transformation based on the R
package DESeq2 (version 1.28.1). Then, principal compo-
nent analysis (PCA) of the normalized expression matrix,
relied on the FactoMineR package (version 2.3), was per-
formed to detect the outlying samples. The remaining
samples were randomly divided into primary sensitive
(n = 12) and relapse resistant (n = 24) groups from 24
high-grade serous ovarian cancer (HGSOC) patients [17].

In vivo tumorigenicity

All mouse experiments were approved by the Experimen-
tal Animal Ethics Committee of the Tenth People’s Hos-
pital Affiliated with Tongji University. Female BALB/c
nude mice (4-5 weeks old, 18-20 g) were purchased
from Vital River Laboratory (Beijing, China). For the xen-
ograft model, 5 x 10° A2780 ovarian cancer cells trans-
fected with lentivirus-YES1-OE or the negative control
were subcutaneously implanted into nude mice. Intra-
peritoneal injection with a density of 5 mg/kg cisplatin
was conducted every 3 Days a week after all the tumour
nodules in the same group appeared. Tumour volume
was calculated based on tumour sizes determined by
a Vernier caliper every week (length x width?/2). The
mice were sacrificed by cervical dislocation 14 days later.
Tumour samples were collected, and tumour weights
were determined.
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Fig. 1 MiR-133a can reduce cisplatin resistance in cisplatin-resistant ovarian cancer cell lines. A MiR-133a is downregulated in SKOV3-DDP and
A2780-DDP cell lines compared with SKOV3 and A2780 cells, respectively. B MiR-133a knockdown induced cisplatin resistance in A2780 and SKOV3
cells. € MiR-133a mimic increased cisplatin sensitivity in A2780-DDP and SKOV3-DDP cell lines. For comparisons, Student’s t test was performed; *p

Statistical analysis

All statistical analyses were conducted using SPSS soft-
ware (version 23.0) and GraphPad Prism 6. Experimental
results are presented as the mean + standard deviation
of the mean (SD) based on the results from three inde-
pendent experiments. Unpaired two-tailed Student’s t
test and one-way analysis of variance (ANOVA) were
used where necessary for calculation of p values. Differ-
ences in clinicopathological factors between the YES1

high- or low-expression groups were analysed via the
Chi-square test. P values < 0.05 were considered statisti-
cally significant.

Results
MiR-133a can reduce cisplatin resistance in ovarian cancer
cell lines
To determine the expression of miR-133a in cispl-
atin-resistant ovarian cancer cells, we examined the
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expression level of miR-133a in A2780-DDP and SKOV3-
DDP cells compared with SKOV3 and A2780 cells by
RT-qPCR, and the results showed that the miR-133a
expression level was remarkably lower in cisplatin-resist-
ant ovarian cancer cell lines (A2780-DDP, SKOV3-DDP)

than in parental cisplatin-sensitive ovarian cancer cells
(A2780, SKOV3) (Fig. 1A). To further verify the function
of miR-133a in cisplatin sensitivity, we disturbed the miR-
133a function in ovarian cancer cell lines, and the results
showed that treatment with the miR-133a inhibitor

(See figure on next page.)

Fig.3 YES1 depletion decreases cisplatin sensitivity in ovarian cancer cell lines. A and B YEST was significantly upregulated at both the mRNA level
(A) and protein level (B) in A2780-DDP and SKOV3-DDP cell lines compared with A2780 and SKOV3 cells, respectively. Cand D YEST mRNA levels
(€) and protein expression (D) were reduced significantly after siRNA targeting YES1 transfection. E Yes1 knockdown increases cisplatin sensitivity
in A2780-DDP and SKOV3-DDP cell lines. F and G YEST mRNA levels (F) and protein expression (G) were increased significantly after YES1-OE vector
transfection. H Yes1 overexpression increases cisplatin resistance in A2780 and SKOV3 cells. For comparisons, Student’s t test was performed; *p <

0.05, **p < 001
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increased cisplatin resistance in A2780 and SKOV3 cells
(Fig. 1B), and miR-133a mimic treatment increased cis-
platin sensitivity in A2780-DDP and SKOV3-DDP cells
(Fig. 1C). These findings suggested that miR-133a was
downregulated in cisplatin-resistant ovarian cancer cells
and may reduce cisplatin resistance.

MiR-133a regulated YES-1 by binding to the 3’-UTR of YES1
To understand how miR-133a regulates cisplatin resist-
ance in ovarian cancer, we performed bioinformatics
analysis using a miRBase online tool to predict the poten-
tial genes regulated by miR-133a (Fig. 2A). Five potential
genes had putative 3’-UTR binding sites that matched
the miR-133a sequences by intersection analysis from 3
databases (miRDB, TargetScan, and microRNA). To fur-
ther understand which target gene among the 5 potential
genes affects the chemotherapy resistance of ovarian can-
cer cells, we analysed the gene expression level between
the primary ovarian cancer and recurrent ovarian cancer
groups, and the results demonstrated that only the YES1
expression level was dramatically increased in recurrent
ovarian cancer tissues compared with that in primary
tissues (Fig. 2B and Additional file 1: Fig. S1). We next
investigated the association between miR-133a and YES1
through luciferase activity analysis in A2780 cells trans-
fected with a luciferase vector containing the predicted
miR-133a binding sites (Fig. 2C). Our data demonstrated
that the luciferase activity of the reporter including the
WT YES1 3'UTR sequence was significantly reduced
by miR-133a mimic treatment, and mutation of this
sequence abolished the negative effects (Fig. 2D).

Yes1 knockdown reduced cisplatin resistance in vitro

To further understand how YES1 plays a role in cispl-
atin resistance in ovarian cancer, we first demonstrated
that YES1 was significantly highly expressed in both
A2780-DDP and SKOV3-DDP cells by RT-qPCR and
WB (Fig. 3A and B), which is consistent with the results
of bioinformatics analysis (Fig. 2B). To further explore
the function of YES1 affecting cisplatin sensitivity in
ovarian cancer, we screened for a highly efficient Yesl
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knockdown siRNA by measuring the silencing efficiency
of three YES1 siRNAs with different targeting sequences
in SKOV3-DDP or A2780-DDP cells (Additional file 1:
Fig. S2), si-YES1#2 (referred to as siYESI in the sub-
sequent experiments) transfection in A2780-DDP and
SKOV3-DDP ovarian cancer cells significantly downreg-
ulated YES1 expression at both the mRNA and protein
levels (Fig. 3C and D). We found that knockdown of Yes1
significantly reduced cisplatin resistance in SKOV3-DDP
and A2780-DDP cells (Fig. 3E). Meanwhile, Yesl1-OE
enhanced cisplatin resistance in SKOV3 and A2780 cell
lines (Fig. 3F-H).

MiR-133a inhibit the expression of YES1

To further evaluate the molecular mechanism, miR-133a
was overexpressed by treatment with miR-133a mimics,
which significantly inhibited YES1 expression in SKOV3-
DDP or A2780-DDP cells at both the mRNA and protein
levels (Fig. 4A and B). Similarly, miR-133a inhibitor treat-
ment increased YES1 expression in SKOV3 and A2780
cells at both the mRNA and protein levels (Fig. 4C and
D). Furthermore, cotransfection of the miR-133a mimic
and YES1-OE vector decreased YES1 expression com-
pared with that in the miR-133a NC + YES-OE group,
but the miR-133a inhibitor did not affect YES1 expres-
sion (Fig. 4E). Functionally, we demonstrated that over-
expression of YES1 together with miR-133a mimic
transfection antagonized YES-OE-induced cisplatin
resistance (Fig. 4F). Taken together, these findings sug-
gested that miR-133a targets YES1 and downregulates its
expression, thereby reducing cisplatin resistance in ovar-
ian cancer cells.

YES1 regulates autophagy in cisplatin-resistant ovarian
cancer

To further understand how YES1 functions in cisplatin
resistance in ovarian cancer, the top 500 genes whose
mRNA expression correlated with YES1 were identified
from the RNA-seq data of the Cancer Genome Atlas
(TCGA) ovarian cancer cohort (Pearson correlation p
value < 0.05). Kyoto Encyclopedia of Genes and Genomes
(KEGG) pathway analysis was used to identify pathways

(See figure on next page.)

Fig. 5 YEST regulates autophagy in cisplatin-resistant ovarian cancer cells. A KEGG pathway enrichment analysis of the top 500 genes with high
YES1 expression in the ovarian cancer cohort from TCGA database. B LC3B expression was increased in both A2780-DDP and SKOV3-DDP cells
compared with A2780 and SKOV3 cells. C Inhibiting miR-133a significantly enhanced LC3B expression in SKOV3 and A2780 cells. D Transfection
with the miR-133a mimic reduced LC3B expression in A2780-DDP and SKOV3-DDP cells. E YES1 knockdown reduces LC3B expression in SKOV3-DDP
and A2780-DDP cells. F YES1-OE increases LC3B expression in SKOV3 and A2780 cells. G Autophagic flux was enhanced after transfection with
mRFP-GFP-LC3 adenovirus in YES1-OE A2780 cells. H Autophagic flux was decreased after transfection with mRFP-GFP-LC3 adenovirus in siYES1
A2780-DDP cells. I Autophagic antagonist-chloroquine reverses cisplatin resistance caused by YES1-OE in A2780 cells. J The autophagy agonist
rapamycin weakens cisplatin sensitivity caused by siYES1 in A2780-DDP cells. For comparisons, Student’s t test was performed; *p < 0.05, **p < 0.01
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for these correlated genes. Among all of the significantly
enriched pathways, the autophagy signalling pathway was
the focus of the present study due to its close associa-
tion with cancer (Fig. 5A). The results indicated that the
autophagy signalling pathway was markedly enhanced in
ovarian cancer patients with high YES1 expression. To
verify these results, we first confirmed that autophagy
was enhanced in both A2780-DDP and SKOV3-DDP
cells compared with A2780 and SKOV3 cells (Fig. 5B).
In addition, inhibiting miR-133a in SKOV3 and A2780
cells significantly enhanced autophagy (Fig. 5C), and
transfecting the miR-133a mimic into A2780-DDP and
SKOV3-DDP cells reduced autophagy (Fig. 5D). We fur-
ther validated the relationship between Yesl expression
and autophagy. As shown in Fig. 5E, Yesl knockdown
remarkably reduced LC3B expression in A2780-DDP and
SKOV3-DDP cells, and Yes1-OE remarkably increased
LC3B expression in A2780 and SKOV3 cells (Fig. 5F).
Autophagic flux determination also verified that Yesl
overexpression could enhance autophagic flux in A2780
cells (Fig. 5G), and Yesl knockdown could decrease
autophagic flux in A2780-DDP cells (Fig. 5H). Fur-
thermore, the Yesl overexpression-induced cisplatin
resistance effect could be reversed by an autophagic
antagonist-chloroquine (Fig. 5I). Conversely, Yes1 knock-
down increased cisplatin sensitivity, and this effect was
reversed by the autophagic agonist rapamycin (Fig. 5]).
Taken together, these findings suggest that YES1 might
affect cisplatin resistance by regulating cell autophagy.

YES1 overexpression induces cisplatin resistance

by regulating autophagy in vivo

To further investigate the function of YESI in cisplatin
resistance of ovarian cancer in vivo, a xenograft tumour
model was established by implanting A2780 ovarian
cancer cells transfected with YES1-OE or YES1-NC into
nude mice. As shown in Fig. 6A, Yesl overexpression sig-
nificantly enhanced ovarian tumour growth and induced
cisplatin resistance, with a slower tumour growth curve
and slower tumour growth volume after cisplatin injec-
tion intraperitoneally in the YES1-NC group than in the
YES1-OE group (Fig. 6B). Furthermore, we examined
miR-133a, YES1 and LC3B expression in mouse ovar-
jan tumour tissues, and the results showed no differ-
ence in miR-133a expression between the YES1-NC and
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YES1-OE groups by qPCR (Fig. 6C) but increased expres-
sion of YES1 and LC3B in the YES1-OE group after
cisplatin injection (Fig. 6D and E). In summary, we dem-
onstrated that YES1 overexpression enhanced cisplatin
resistance by activating cell autophagy in vivo.

Discussion

Currently, chemotherapy resistance in both primary
and recurrent ovarian cancer contributes to poor prog-
nosis and high mortality. Recently, research on tumour-
associated miRNAs has received increasing attention.
Emerging evidence has suggested that miR-133a plays a
critical role in different kinds of cancers [5]. Some stud-
ies have proven that miR-133a promotes tumour devel-
opment in multiple cancers by regulating autophagy. For
example, miR-133a could target GABA type A recep-
tor associated protein like 1 (GABARAPLI1) to inhibit
autophagy-mediated glutaminolysis, repressing gastric
cancer growth and metastasis [8]. MiR-133a could also
regulate cell autophagy by binding to the 3’UTR of fork
head Box P3 (FOXP3) in gastric cancer [18]. Moreover,
miR-133a also plays a key role in tumour drug resistance.
MiR-133a negatively regulated ATPase copper transport-
ing beta (ATP7B) expression, reducing cisplatin resist-
ance in Hep-2v cells [11]. Overexpression of miR-133a
could decrease doxorubicin resistance in the MCEF-7/
Dox breast cancer cell line by decreasing the expression
of mitochondrial uncoupling protein 2 (UCP-2) [10].
Recently, Li et al. reported that miR-133a played a role
in reducing cisplatin resistance in non-small-cell lung
cancer through endogenous competition with IncRNA
SNHG14 [12]. However, the function of miR-133a in
ovarian cancer chemotherapy resistance has not been
researched. Here, we first demonstrated that miR-133a
reduced cisplatin resistance in ovarian cancer cells. We
revealed that miR-133a expression was significantly
decreased in cisplatin-resistant ovarian cancer cell lines.
MiR-133a inhibitor increased cisplatin resistance, and
miR-133a mimic treatment increased cisplatin sensitivity
in vitro. Furthermore, we identified miR-133a as a poten-
tial YES1 posttranscriptional regulator that directly binds
the 3'UTR of YESI and downregulates its expression in
ovarian cancer. Multiple studies have demonstrated that
YES1 functions as an oncogene and is dysregulated in
various carcinomas [13]. Previous research has reported

(See figure on next page.)

Fig. 6 YEST overexpression induces cisplatin resistance by regulating autophagy in vivo. A Nude mice and ovarian tumour tissues from the
YES1-NC and YES1-OE groups at Day 14 after cisplatin injection intraperitoneally. B Growth curves of tumours were determined based on tumour
size, which was measured every 3 Days (n = 5), and it showed significant differences in tumour volume at Days 7, 11 and 14. CThe miR-133a
expression showed no difference between the YEST-NC and the YES1-OE groups. D and E The YES1 expression increased at both the mRNA (D) and
protein levels (E) in the YES1-OE group compared with the YES1-NC group. F LC3B expression level of xenograft tumours in the YEST-NC group and
YES1-OF group after cisplatin treatment. For comparisons, Student’s t test was performed; *p < 0.05, **p < 0.01, ***p < 0.001
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that miR-133a inhibits cell proliferation in non-small-
cell lung cancer by targeting YES1 [19]. In this study, we
further investigated the roles of YESI, a protein highly
expressed in cisplatin-resistant tissue and cell lines, in
cisplatin-resistant ovarian cancer. Our results also dem-
onstrate that YES1 knockdown suppresses cisplatin
resistance in ovarian cancer in vitro and that YES1 over-
expression induces cisplatin resistance both in vitro and
in vivo.

Previous studies have also confirmed that inhibition
of autophagy could increase the sensitivity to cisplatin
of ovarian cancer [20, 21]. Overexpression of miR-133a
inhibits autophagy by downregulating ras-related C3
botulinum toxin substrate 1 (RAC1) in Parkinson’s dis-
ease in vitro [22]. Moreover, inhibition of IncRNA XIST
could improve myocardial I/R injury by targeting miR-
133a through inhibition of autophagy [23]. In this study,
we analysed the Cancer Genome Atlas (TCGA) ovarian
cancer cohort to identify the YES]1 signature as the top
500 YES1-correlated genes (Pearson correlation P value
<0.05). The signature genes were extracted for Kyoto
Encyclopedia of Genes and Genomes (KEGG) pathway
enrichment and found to be enriched in the autophagy
signalling pathway (Fig. 2A). Furthermore, we first veri-
fied that knockdown of Yes1 inhibited the expression of
LC3B and decreased autophagic flux, and overexpres-
sion of Yesl activated LC3B expression and increased
autophagic flux in vitro. Moreover, rapamycin, an
autophagic agonist, reversed siYesl-induced cisplatin
resistance, and chloroquine, an autophagy antagonist,
reversed Yes1-OE-induced cisplatin resistance (Fig. 51,
), which further demonstrated that YES1 affects cis-
platin resistance in ovarian cancer by regulating cell
autophagy. Overexpression of Yesl also increased LC3B
expression and led to cisplatin resistance in a xenograft
tumour model (Fig. 6).

Additionally, this study has some limitations. For
example, qRT-PCR, CCK-8 and other experiments in
this study proved that miR-133a plays an important
role in drug-resistant ovarian cancer, but whether miR-
133a is the only miRNA responsible for the chemo-
resistance in ovarian cancer was still not fully verified.
Moreover, we studied whether YES1 regulates cisplatin
resistance in ovarian cancer. Previous studies proved
that some of the most important pathways, such as the
AMPK, Hippo and mTOR pathways, may participate
in the regulatory roles of autophagy [24-26], but our
study did not definitively verify whether YES1 plays a
role by influencing these important pathways, which
is also worth studying. Additionally, in our study, we
only demonstrated that YES1 was upregulated in recur-
rent tissues resistant to platinum chemotherapy by
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bioinformatics analysis and did not prove the results by
our own clinical specimens.

Taken together, our research suggested that miR-133a
directly targets YES1 by binding its 3'UTR area and
that the miR-133a/YES1 axis might regulate cisplatin
sensitivity via autophagy in ovarian cancer. Our find-
ings provide insight into the miR-133a/YES1/autophagy
axis as a novel diagnostic biomarker and potential gene
therapeutic target for ovarian cancer chemotherapy.
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