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Abstract. Ovarian cancer (OC) lacks effective biomarkers 
for diagnosis at an early stage and often develops chemo‑
resistance after the initial treatment at an advanced stage. 
RNA‑binding motif protein 15 (RBM15) is an RNA m6A 
methylation mediator that serves an oncogenic role in some 
cancers. However, the function and molecular mechanisms 
of RBM15 in ovarian tumorigenesis and chemoresistance 
remain to be elucidated. The present study identified the 
overexpression of RBM15 in OC tissues and paclitaxel 
(PTX)‑resistant cells using reverse transcription‑quantitative 
(q)PCR, western blotting and immunohistochemistry. 
Clinical data analyses showed that high expression of 
RBM15 was associated with poor prognosis in patients 
with OC. Overexpression of RBM15 led to an increase in 
cell viability and colony formation and a decrease in cell 
sensitivity to PTX and apoptosis, whereas the knockdown 
of RBM15 resulted in the inhibition of cell viability and 

colony formation in vitro and tumor formation in vivo and 
increased cell apoptosis and sensitivity to PTX in a time‑ and 
dose‑dependent manner. Furthermore, RBM15 knockdown 
reduced the spheroid formation of PTX‑resistant OC cells. 
Silencing of RBM15 decreased multidrug resistance 1 
(MDR1) mRNA m6A methylation detected by the methylated 
RNA immunoprecipitation‑qPCR assay and downregulated 
the expression of a chemo‑drug efflux pump MDR1 at the 
mRNA and protein levels. Finally, RBM15 expression was 
suppressed by the activation of the TGF‑β signaling pathway. 
Thus, the findings revealed a TGF‑β/RBM15/MDR1 regu‑
latory mechanism. Targeting RBM15 may provide a novel 
therapeutic strategy for the treatment of PTX‑resistant OC.

Introduction

Ovarian cancer (OC) is the second leading cause of gynecolog‑
ical cancer‑related deaths in women worldwide (1). The current 
therapy for patients with advanced‑stage OC is cytoreductive 
surgery combined with platinum‑taxane chemotherapy (2). 
Most patients with OC are sensitive to initial chemotherapy, 
but some eventually develop chemoresistance and relapse (3). 
Therefore, the treatment of recurrent OC remains a key chal‑
lenge.

The occurrence and formation of chemoresistance consist 
of a diverse range of determinants, including inherent genetic 
mutations in tumors, cancer stem cells (CSCs), activation of 
intrinsic signaling pathways and pharmacological factors (4). 
The multidrug resistance 1 (MDR1) gene, also termed 
ATP‑binding cassette sub‑family B member 1 (ABCB1), 
encodes a protein called P‑glycoprotein (P‑gp) and is aber‑
rantly expressed in most cancers, which promotes the efflux 
of intracellular chemotherapy drugs and facilitates the devel‑
opment of chemoresistance (5). A number of types of cancer, 
including OC, contain CSCs, which are considered cells that 
are resistant to chemotherapy (6). Our previous study showed 
that the paclitaxel (PTX)‑resistant cells act as stem cell‑like 
cells that expressed stem cell biomarkers such as CD44 (7). 
CD44 is a cell surface glycoprotein that correlates with 
chemoresistance in OC (8,9) and can upregulate MDR1 in 
doxorubicin‑resistant cells (10).
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N6‑methyladenosine (m6A) modification is the richest and 
reversible mRNA modification dynamically regulated by 
methyltransferase complexes (also called ‘Writer’), demethyl‑
ases (‘Eraser’) and m6A‑binding proteins (‘Reader’) (11). RNA 
methylation is a post‑transcriptional regulation process that 
affects the transcription, splicing, translation and stability of 
mRNAs. A previous study indicated that m6A modification 
is closely correlated with tumorigenesis, cell proliferation, 
metastasis and chemoresistance in malignant tumors (12). 
RNA‑binding motif protein 15 (RBM15; also termed OTT1) is 
a member of the split‑end (SPEN) protein family, comprising 
three N‑terminal RNA recognition motifs, also known as 
the RNA binding domain or ribonucleoprotein domain (13). 
RBM15 is an essential regulator of RNA m6A methylation 
modification and a critical component of the methyltransferase 
complex that binds and recruits the Wilms' tumor 1‑associating 
protein‑methyltransferase like 3 complex to specific RNA 
sites (14). A number of studies have shown that RBM15 facili‑
tates tumor progression as an m6A mediator in several types 
of cancer (15‑18). Evidence has emerged that cell signaling 
pathways, such as the TGF‑β signaling pathway, regulate 
downstream gene expression through m6A processing (19). 
However, the role and molecular mechanisms of RBM15 in OC 
and chemoresistance have not yet been completely explored.

The present study evaluated the expression, function and 
regulation of RBM15 in OC in vivo and in vitro and explored 
for the first time, to the best of the authors' knowledge, that 
RBM15 mediated MDR1 expression through mRNA m6A 
methylation. Moreover, the association of RBM15 with PTX 
resistance and the prognosis of patients with OC was assessed. 
Finally, regulation of the RBM15/MDR1 axis by the TGF‑β 
signaling pathway was examined.

Materials and methods

Cell lines and culture. The human immortal ovarian surface 
epithelial cell line IOSE‑80 (originating from normal 
ovarian epithelium; OriGene Technologies, Inc.) and the 
human OC cell line OVCAR‑3 (originating from ovarian 
adenocarcinoma derived from ascites; ATCC) were cultured 
in RPMI‑1640 medium (Gibco; Thermo Fisher Scientific, 
Inc.) with 10 and 20% fetal bovine serum (FBS; Invitrogen; 
Thermo Fisher Scientific, Inc.), respectively. Human OC 
cell lines ES2 [originating from ovarian clear cell carci‑
noma but the genetic profile closely related to serous 
carcinoma (20); ATCC], A2780 (originating from ovarian 
endometrioid adenocarcinoma) and its PTX‑resistant coun‑
terpart A2780‑PTX (Nanjing KeyGen Biotech Co., Ltd.) 
were cultured in DMEM (Gibco; Thermo Fisher Scientific, 
Inc.) supplemented with 10% FBS. The human OC cell line 
SK‑OV‑3 (originating from ovarian endometrioid adenocar‑
cinoma derived from ascites; ATCC) and its PTX‑resistant 
counterpart SK3R‑PTX [established in our laboratory) (21) 
were cultured in 10% FBS McCoy's 5A medium (Biological 
Industries]. Cell line 293T (Shanghai Fuheng Biotechnology 
Co., Ltd.) was cultured in DMEM supplemented with 10% 
FBS. All the cells were cultured in a humidified incubator 
at 37˚C and 5% CO2. All cell lines were authenticated by 
short tandem repeat analysis with routine detection of 
pathogen‑free and mycoplasma‑negative.

Overexpressing plasmid and small interfering (si)RNA 
transfection and short hairpin (sh)RNA infection. The 
RBM15‑overexpressing plasmid was generated by inserting 
a coding sequence of the RBM15 gene at positions 30‑2963 
(GenBank Accession no. NM_022768.5) into the multiple 
cloning site of the pcDNA3.1 vector (Invitrogen; Thermo 
Fisher Scientific, Inc.). siRNA and shRNA targeting RBM15 
were synthesized by Shanghai GenePharma Co., Ltd. The 
sequences are listed in Supplementary Table SI. X‑tremeGENE 
siRNA Transfection Reagent (Roche Applied Science) was 
used for the transfection of siRNAs and overexpressing 
plasmids according to the manufacturer's instructions. After 
the incubation of transfection mixture at room temperature 
for 15 min, cells were transfected with either 2 µg/well of 
siRNAs or 2.5 µg/well overexpressing plasmids in a 6‑well 
plate for 24 h at 37˚C, followed by subsequent experimenta‑
tion. RBM15‑shRNAs and negative control shRNA (sh‑NC) 
were synthesized by Genewiz, Inc. and cloned into lentiviral 
shRNA‑overexpressing plasmids (Hanbio Biotechnology Co., 
Ltd.). Cells were seeded in 12‑well plates and were infected at 
20‑30% confluence by adding the lentiviral RBM15‑shRNA 
overexpressing plasmid or the control lentiviral supernatant 
for 48 h at 37˚C, followed by subsequent experimentation.

RNA extraction and reverse transcription‑quantitative (RT‑q) 
PCR. Total RNA was extracted when cell density reached 
at 90% confluence using the RNA‑Quick Purification Kit 
(Shanghai Yishan Biotechnology Co., Ltd.; cat. no. ES‑RN001). 
RT of RNA to complementary DNA was performed using a 
qPCR RT kit (Roche Diagnostics). PCR was performed using 
BeyoFast SYBR Green qPCR Mix (2X; High ROX; Beyotime 
Institute of Biotechnology). RNA extraction, cDNA synthesis, 
and qPCR were performed according to the manufacturer's 
protocols and cycling conditions were: Initial denaturation at 
95˚C for 1 min followed by 40 cycles of denaturation at 95˚C 
for 10 sec and annealing/extension at 60˚C for 30 sec. The 
threshold cycle (Cq) was determined using the 7300 real‑time 
PCR system (version 1.4, Applied Biosystems; Thermo Fisher 
Scientific, Inc.). Actin was used as an internal control for gene 
expression. According to the obtained Cq values, the expres‑
sion of target genes was quantitatively analyzed by 2‑(∆∆Cq) (22). 
Experiments were repeated at least three times. The PCR 
primer sequences are listed in Table SI.

Protein extraction and western blot analysis. The cells were 
lysed with sodium dodecyl sulfate lysate (Beyotime Institute 
of Biotechnology) containing 1% phenylmethanesulfonyl 
fluoride (Beyotime Institute of Biotechnology) and 1% phos‑
phatase inhibitor. After the total protein was extracted, the 
protein concentration was measured using a BCA protein 
assay kit (Beyotime Institute of Biotechnology) by microplate 
spectrophotometer (Epoch, BioTek Instruments, Inc.). Protein 
samples (25 µg/lane) were subjected to 10% sodium dodecyl 
sulfate‑polyacrylamide gel electrophoresis and transferred to 
PVDF membranes. After the membranes were blocked with 
5% non‑fat milk for 1 h at room temperature, they were incu‑
bated with primary antibodies at 4˚C overnight. The following 
antibodies were used: Anti‑RBM15 antibody (1:1,000 dilu‑
tion; cat. no. 10587‑1‑AP) and anti‑β‑actin (1:5,000 dilution; 
cat. no. 66009‑1‑Ig) from Proteintech Group, Inc. anti‑MDR1 
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(1:5,000 dilution; cat. no. 13342S), anti‑cyclin D1 (1:2,000 
dilution; cat. no. 2978S), anti‑phosphorylated (p)‑Smad2 
(1:1,000 dilution; cat. no. 3101S) and anti‑Smad2 (1:1,000 
dilution; cat. no. 3103S) from Cell Signaling Technology, Inc. 
The secondary antibody anti‑mouse IgG (1:5,000 dilution; 
Proteintech Group, Inc.; cat. no. SA00001‑1) or anti‑rabbit IgG 
(1:5,000 dilution; Proteintech Group, Inc.; cat. no. SA00001‑2) 
was then used at room temperature for 1 h. Protein bands 
were photographed and quantified using a chemiluminescence 
imaging system (Tanon‑4500, software v4.1.5; Tanon Science 
and Technology Co., Ltd.).

Human ovarian tissue preparation and immunohistochem‑
istry (IHC) staining. A total of nine non‑tumor ovarian tissues 
and 18 OC tissues, including 1 clear cell carcinoma (CCC), 
2 endometrioid carcinomas (EC), 11 high‑grade serous carci‑
nomas (HGSC) and four low‑grade serous carcinomas (LGSC), 
were obtained from the Jinshan Hospital of Fudan University 
for the initial IHC study. None of the patients had received 
chemotherapy or radiotherapy before surgery. Ethics approval 
was approved by The Ethics Committee of Jinshan Hospital 
(approval no. JYLLKY‑2019‑01‑01). For IHC analysis, 4% 
paraformaldehyde (PFA)‑fixed paraffin‑embedded tissue 
specimens were sectioned (4 µm thick). After deparaffiniza‑
tion in xylene and rehydration in a descending alcohol series, 
3% hydrogen peroxide in methanol was applied to quench the 
endogenous peroxide activity. After blocking with 10% normal 
goat serum (Fuzhou Maixin Biotech. Co., Ltd.) for 40 min at 
room temperature, the sections were incubated with a primary 
anti‑RBM15 antibody (1:150 dilution; Proteintech Group, Inc.; 
cat. no. 10587‑1‑AP) at 4˚C overnight, followed by a biotinyl‑
ated secondary anti‑rabbit antibody (cat. no. KIT‑5020; Fuzhou 
Maixin Biotech. Co., Ltd.) for 1 h at room temperature. After 
staining with a DAB kit (cat. no. DAB‑1031; Fuzhou Maixin 
Biotech. Co., Ltd), images were captured using a light micro‑
scope (BX43; Olympus Corporation).

Tissue microarray. A tissue microarray containing 45 
OC tissues paired with 45 adjacent‑noncancerous tissues 
was obtained from Shanghai Outdo Biotech Co., Ltd. (cat. 
no. OVC0901). Ethical approval was obtained from the Ethics 
Committee of the Shanghai Outdo Biotech Company (approval 
no. TRLL‑2020‑035‑01). Detailed clinical information was 
obtained. Histological assessment and classification were 
determined according to the criteria of tumor, node and metas‑
tasis classification by the American Joint Committee on Cancer 
(https://www.facs.org/quality‑programs/cancer‑programs/amer‑
ican‑joint‑committee‑on‑cancer/version‑9/). The tumor stage 
was diagnosed based on the International Federation of 
Gynaecological Oncologists system (https://www.figo.org/). 
IHC was performed using a primary anti‑RBM15 antibody 
(1:150 dilution; Proteintech Group, Inc.; cat. no. 10587‑1‑AP) 
and a biotinylated secondary anti‑rabbit antibody (Fuzhou 
Maixin Biotech. Co., Ltd.; 50 µl; cat. no. KIT‑5020) at room 
temperature for 30 min. After IHC on 45 pairs of samples, six 
pairs were either invalid or missing during the process and 
the final 39 pairs of valid samples (8 EC, 16 HGSC, 14 LGSC 
and 1 CCC) were evaluated using a Pannoramic 250 FLASH 
scanner (3DHISTECH Ltd.). After staining with a DAB kit 
(Fuzhou Maixin Biotech. Co., Ltd.), the results were assessed 

blindly by two independent investigators according to the 
staining area and intensity. The staining index (SI) of RBM15 
was calculated by the sum point of i) one of the percentage 
scores of immuno‑positive cells: 0 (no positive cells), 1 (≤25%), 
2 (26‑50%), 3 (51‑75%), 4 (>75%) and ii) one of the staining 
intensity score: 0 (no coloration), 1 (pale brown), 2 (brown), 3, 
(dark brown), as described previously (23). Finally, the SI of 
RBM15 was clustered into three groups: negative expression 
(0‑2 sum points), low expression (3‑5 sum points) and high 
expression (6‑7 sum points). In addition, the overall survival 
(OS) and disease‑free survival (DFS) time of OC patients were 
analyzed by Kaplan‑Meier analysis using ‘survival’ (version 
3.3.1) (https://github.com/therneau/survival), ‘survminer’ 
(https://rpkgs.datanovia.com/survminer/index.html), ‘ggplot2’ 
(version 3.3.6) (https://github.com/tidyverse/ggplot2) R pack‑
ages.

Analyses of gene/protein expression from the public data‑
base. The data for differentially expressed genes between 
OC and normal ovarian samples were extracted from the 
Gene Expression Omnibus (GEO, https://www.ncbi.nlm.
nih.gov/geo/) (24) and analyzed using the ‘impute’ (version 
1.64.0) and ‘limma’ (version 3.46.0) (25) R packages. Protein 
expression data extracted from the Clinical Proteomic 
Tumor Analysis Consortium (CPTAC) were analyzed 
using the UALCAN database (http://ualcan.path.uab.
edu/index.html) (26). RNA‑seq data from various OC cell 
lines were downloaded from the CCLE website (https://sites.
broadinstitute.org/ccle) and analyzed. After screening for 
RBM15‑associated genes, Gene Ontology (GO) enrichment 
analysis and Kyoto Encyclopedia of Genes and Genomes 
(KEGG) pathway enrichment analysis were performed 
using ‘limma’ (version 3.46.0) (25), ‘ggplot2’ (version 3.3.6) 
(https://github.com/tidyverse/ggplot2), ‘ggpubr’ (version 
0.6.0) (https://rpkgs.datanovia.com/ggpubr/), ‘ggExtra’ 
(version 0.10.0) (https://github.com/daattali/ggExtra), ‘clus‑
terProfiler’ (version 4.8.1) (27), ‘org.Hs.eg.db’ (version 3.17.0) 
(https://www.bioconductor.org/), ‘enrichplot’ (version 1.20.0) 
(https://www.bioconductor.org/) R packages and Gene Set 
Enrichment Analysis (GSEA; version 4.1.0; Broad Institute, 
Inc.). The data on RBM15 expression associated with patient 
survival were analyzed using the Kaplan‑Meier Plotter 
(http://kmplot.com/analysis) (28). The specific procedure 
was stepped as inputting the Gene symbol RBM15 first, 
selecting ‘the Auto select best cutoff’ and finally analyzing 
OS and PFS, respectively (retaining the default values for 
other parameters). Gene Expression Profiling Interactive 
Analysis (GEPIA), an online analytical database (http://gepia.
cancer‑pku.cn/) based on gene expression data from tumor 
and normal samples in The Cancer Genome Atlas (TCGA) 
and Genotype‑Tissue Expression databases (29), was used 
for analyzing the correlation between RBM15 and MDR1 
expression in OC.

Drug sensitivity analysis. The ‘pRRophetic’ (30) R package 
(http://genemed.uchicago.edu/~pgeeleher/pRRophetic/) was 
used to measure the difference in the half‑maximal inhibitory 
concentration (IC50) of different drugs between the RBM15 
high and the low expression group from TCGA‑Ovarian 
Cancer.
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Immunofluorescence staining. Cells were seeded in a 35 mm 
confocal culture dish with a 20 mm glass bottom at 105 cells/dish. 
After confluence reached 50‑70%, cells were fixed with 4% 
PFA for 15 min and washed with phosphate‑buffered saline 
(PBS) for 5 min. After the cells were permeabilized with 0.1% 
Triton X‑100 in PBS for 15 min, QuickBlock Blocking Buffer 
for Immunol Staining (Beyotime Institute of Biotechnology) 
was applied for 1 h at room temperature. Cells were incubated 
with the primary anti‑RBM15 antibody (1:200; Proteintech 
Group, Inc.; cat. no. 10587‑1‑AP) at 4˚C overnight, followed 
by incubation with the secondary antibody (Alexa Fluor 
594‑conjugated goat anti‑rabbit IgG; 1:500 dilution; cat. 
no. 8760S; Cell Signaling Technology Inc.) for 2 h at room 
temperature in the dark. After staining with DAPI (Beyotime 
Institute of Biotechnology) for 5 min, images were captured 
using a BioTek Cytation C10 Confocal Image Reader (Agilent 
Technologies, Inc.).

Cell viability, EdU and colony formation. For the cell 
viability assay, A2780‑PTX and SK3R‑PTX cells were 
transfected with RBM15‑siRNAs and A2780 and SK‑OV‑3 
cells were transfected with RBM15‑overexpressing plas‑
mids. A2780/A2780‑PTX and SK‑OV‑3/SK3R‑PTX cells 
were seeded in 96‑well plates at densities of 3x103 and 
5x103 cells/well, respectively. Cell viability was determined at 
0, 24, 48 and 72 h by measuring absorbance at 450 nm using 
a CCK‑8 kit (Beyotime Institute of Biotechnology) using 
Multiscan Spectrum (BioTek Instruments, Inc.).

For the EdU cell proliferation assay, cells were seeded 
in 24‑well plates with 104 cells/well and cultured to 30‑40% 
confluence. Cells were labeled using the BeyoClick EdU‑555 
kit (Beyotime Institute of Biotechnology) according to the 
manufacturer's instructions and images captured under a 
fluorescence microscope (Olympus Corporation) at x100 
magnification.

For the colony formation assay, the cells were seeded in 
6‑well plates at a density of 1x103 cells/well and cultured for 
~2 weeks. When the cell colonies reached the optimum conflu‑
ence, 4% PFA was applied for 30 min at room temperature to 
fix them. A 1% crystal violet solution (MilliporeSigma) was 
used to stain the colonies for 30 min at room temperature. The 
number of cell colonies was analyzed using the ImageJ soft‑
ware (version 1.46r; National Institutes of Health, Bethesda, 
MD, USA).

Paclitaxel sensitivity assay. PTX‑resistant cells were trans‑
fected with 2 µg/well of RBM15‑siRNA (si‑RBM15) or 
negative control siRNA (si‑NC) and PTX‑sensitive cells 
were transfected with 2.5 µg/well of RBM15‑overexpressing 
plasmid (oe‑RBM15) or negative control empty plasmid 
(oe‑NC) in 6‑well plates at the cell density of 70‑80% conflu‑
ence using X‑tremeGENE siRNA Transfection Reagent 
(Roche Applied Science). After transfection at 37˚C for 24 h, 
cells were detached and replated into 96‑well plates at a density 
of 7x103 cells/well for 24 h. For dose‑dependent experiments, 
the transfected cells were treated with different concentra‑
tions of PTX for 48 h. Cell viability was determined using a 
CCK‑8 kit and the IC50 was calculated by nonlinear regres‑
sion analysis using a model of ‘Log(inhibitor) vs. normalized 
response‑Variable slope’ under the ‘Dose‑response‑Inhibition’ 

section and presented with a 95% confidence interval (95% 
CI). Next, a time‑course experiment was performed using a 
CCK‑8 kit after the cells were treated with PTX at the IC50 
concentration for 24, 48 and 72 h.

Detection of cell apoptosis by flow cytometry. Cells were 
seeded into the 6‑well plate with 105 cells/well. After trans‑
fection with 2 µg/well of RBM15‑siRNA or 2.5 µg/well of 
RBM15‑overexpressing plasmids at 37˚C for 24 h using 
X‑tremeGENE siRNA Transfection Reagent (Roche Applied 
Science), the cells were treated with or without PTX (IC50 
concentration) for 24 h when cell confluence reached ~90%. 
Next, the cells were digested with an EDTA‑free trypsin 
(GENOMBIO), washed with pre‑cooled PBS and resuspended 
in 100 µl of 1X binding buffer, followed by the addition of 
1 µl of Annexin V‑FITC and/or 2 µl of propidium iodide 
according to the manufacturer's instructions (BD Biosciences). 
After incubation at room temperature in the dark for 15 min 
and the addition of 400 µl of 1X binding buffer to each tube, 
apoptotic cells were detected by flow cytometry (Gallios; 
Beckman Coulter, Inc.). The apoptotic rate was calculated 
as the percentage of early + late apoptotic cells using FlowJo 
v10.6.2 (FlowJo LLC).

Spheroid formation of cancer stem cell‑like cells. 
RBM15‑shRNA‑ or NC‑shRNA‑infected cells were seeded 
in a 6‑well ultra‑low attachment culture plate (Corning, Inc.) 
at a density of 1x103 cells/well and cultured in serum‑free 
DMEM/F12 cell medium (Gibco; Thermo Fisher Scientific, 
Inc.) supplemented with 20 ng/ml epidermal growth factor 
(EGF; Thermo Fisher Scientific, Inc.), 20 ng/ml basic fibro‑
blast growth factor (bFGF; Thermo Fisher Scientific, Inc.), 
4 µg/ml heparin (MilliporeSigma) and 0.4 µg/ml B27 (Thermo 
Fisher Scientific, Inc.). The grown spheroids were recorded 
every 2 days until day 11 and the diameter radius (r) of a 
microspheroid was determined by measuring two mutually 
perpendicular (length d1 and width d2) using the formula 
r=1/2x√(d1xd2).

Tumor xenograft mouse model. Animal studies were approved 
by the Laboratory Animal Welfare and Ethics Committee 
of the Shanghai Public Health Clinical Center (approval 
no. GWLL2020‑A0270‑01). A total of 15 5‑ to 6‑week‑old 
female BALB/c nude mice (weight 17‑20 g; Shanghai 
Super‑B&K Laboratory Animal Corp. Ltd.) received water 
and food ad libitum and were provided constant tempera‑
ture (22‑25˚C), humidity (50‑60%) and a 12‑h light/dark 
cycle in the animal facility. A total of 5x106 NC‑shRNA‑ or 
RBM15‑shRNA‑infected A2780‑PTX cells in 100 µl medium 
were subcutaneously injected into the right flank of mice 
(n=5/group). Mice without any intervention were used as 
blank controls (n=5). Body weight, tumor initiation and tumor 
progression were monitored every other day for 29 days (day 
of tumor formation=day 1). Tumor volume was calculated 
using the formula V=ab2/2, where V was the volume and a 
and b represent the tumor length and width, respectively. On 
day 30, the animals were anesthetized using 20 µl/g of 2% 
tribromoethanol by intraperitoneal injection and sacrificed by 
cervical dislocation and the tumors were excised and images 
captured.
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Methylated RNA immunoprecipitation (MeRIP)‑PCR assay. 
The MDR1 m6A methylation region was predicted using a 
sequence‑based RNA adenosine methylation site predictor 
(SRAMP; http://www.cuilab.cn/sramp) (31) and primers 
were designed to amplify the high‑m6A region. Total RNA 
was extracted from si‑NC‑ and si‑RBM15‑transfected 
A2780‑PTX and SK3R‑PTX cells using TRIzol (Thermo 
Fisher Scientific, Inc.) when the cell confluence reached at 90%. 
Immunoprecipitation (IP) of m6A‑containing mRNAs was 
performed using a Methylated RNA Immunoprecipitation Kit 
(Guangzhou BersinBio Biotechnology Co., Ltd.). Briefly, after 
concentration measurement, 100 µg RNA was chemically frag‑
mented and diluted in 850 µl IP buffer plus 4 µl RNase Inhibitor. 
Then, 50 µl RNA was used for input and the remaining RNA 
(400 µl each) was incubated with N6‑methyladenosine antibody 
or negative immunoglobulin G (lgG) antibody supplied by the 
kit at 4˚C for 4 h and subsequently bound with magnetic beads 
at 4˚C for 2 h according to the manufacturer's instructions. 
After washing with the IP buffer, a 25:24:1 mixture of phenol, 
chloroform and isoamyl alcohol (MilliporeSigma) was applied 
to extract and purify RNA. Finally, RT‑qPCR was conducted 
to quantify the input RNA, isolated m6A‑containing RNA and 
isolated IgG control RNA. The cycling condition was the same 
as it in the above RT‑qPCR subsection. The 2‑∆Cq values were 
calculated using a formula of ∆Cq=[Cq(IP)‑Cq(Input)‑log2DF], 
where DF indicates the input dilution factor, to assess RNA 
expression from the eluate over the input samples as a percentage.

TGF‑β1 treatment. SK3R‑PTX cells were seeded in a 6‑well 
plate overnight, followed by treatment with 10 ng/ml recom‑
binant human TGF‑β1 (R&D Systems, Inc.) at 37˚C for 24 h. 
For the inhibition of TGF‑β signaling, cells were pretreated 
with the TGF‑β receptor kinase inhibitor SB431542 (10 µM; 
MilliporeSigma) for 0.5 h and followed by TGF‑β1 (10 ng/ml) 
treatment for 24 h.

Dual‑luciferase reporter assay. According to the scoring 
of the binding sites of the Smad Binding Element (SBE) 
predicted by JASPAR (https://jaspar.genereg.net/) (32), the 
length of the DNA sequence with the highest score was 
chosen for cloning. Briefly, two different lengths of RBM15 
promoter with or without SBE [‑1081 and ‑780 bp upstream 
from the transcription start site (TSS)] were amplified and 
ligated into the pGL4‑Basic vector (Promega Corporation) to 
generate P1081 and P780 plasmids. 293T cells were cotrans‑
fected with pGL4 and the control Renilla luciferase vector 
pRL‑SV40 for 24 h using Lipo8000 (Beyotime Institute 
of Biotechnology), followed by treatment with or without 
10 ng/ml TGF‑β1 for 24 h. Luciferase activity was measured 
using a Dual‑Luciferase Reporter Gene Assay Kit (Shanghai 
Yeasen Biotechnology Co., Ltd.) by Fluoroskan Ascent FL 
(Thermo, Thermo Fisher Scientific, Inc.) with the formula: 
Luciferase activity=(Fexperimental‑Fbackgroud)/(Rexperimental‑Rbackgroud), 
where F indicates luminescence value of Firefly luciferase and 
R indicates luminescence value of Renilla luciferase.

Statistical analysis. All data were analyzed using GraphPad 
Prism 8.0 (Dotmatics) and R version 4.1.3 (R Foundation for 
Statistical Computing, Vienna, Austria) (http://www.R‑project.
org/). Unpaired Student's t‑test was used for two‑group 

comparisons. Multiple t‑tests were used for multiple groups 
comparison. One‑way ANOVA followed by the Tukey or 
Dunnett test and two‑way ANOVA followed by the Sidak or 
Tukey test were used to compare continuous variables among 
≥3 groups according to the type of experiment where indicated. 
For a non‑parametric analysis when the sample distributions 
were not normally distributed, a Mann‑Whitney test was used. 
To determine non‑random associations between two categorical 
variables, a Fisher's exact test was used. To compare unpaired 
two samples, a Wilcoxon test was used. P<0.05 was considered 
to indicate a statistically significant difference.

Results

RBM15 is overexpressed in OC cell lines and OC tissues. 
Compared with the normal human ovarian surface epithe‑
lial (IOSE‑80) cells, RBM15 expression was higher in 
OC cells (OVCAR‑3, ES2 and A2780) at the mRNA and 
protein levels, as detected by RT‑qPCR and western blot‑
ting, respectively (Fig. 1A‑C). High expression of RBM15 
protein was also observed in OC tissues (n=18) compared 
with non‑tumorous ovarian tissue (n=9), as detected by IHC 
staining (Fig. 1D and E). By analyzing public data extracted 
from two GEO datasets GSE14407 (12 serous papillary OC 
cases) (33) and GSE12470 (35 advanced serous OC cases 
and 8 early serous OC cases) (34), it was found that RBM15 
mRNA was overexpressed in ovarian primary malignant 
tumor tissues compared with that in normal ovarian epithe‑
lial tissues (Fig. S1A). Furthermore, the expression level of 
RBM15 protein was also higher in ovarian primary malig‑
nant tumor tissues than in normal ovarian epithelial tissues 
when analyzing data from the CPTAC database (Fig. S1B). 
Tissue microarray analysis confirmed the high expression of 
RBM15 in ovarian malignant tumor tissues compared with 
adjacent non‑cancerous tissues among 39 OC cases (P<0.001; 
Fig. S1C and D). These findings indicated that RBM15 was a 
tissue biomarker for OC.

High expression of RBM15 is associated with poor prognosis 
of OC patients. Next, the present study examined the asso‑
ciation between RBM15 expression and clinicopathological 
features. Based on the IHC index scores, the high expres‑
sion (index score >5) and low expression (index score ≤5) 
groups were defined. Clinical data analysis from 39 OC cases 
demonstrated that high expression of RBM15 was positively 
associated with advanced stage (P=0.045), higher level of 
serum biomarker CA125 (P=0.036) and recurrence (P=0.045; 
Table SII). Further analysis showed that high RBM15 expres‑
sion was associated with shorter OS and DFS in patients with 
OC (Fig. S2A and B). Further analysis of the clinical dataset 
using the Kaplan‑Meier Plotter database (http://kmplot.
com/analysis/index.php?P=service&cancer=ovar) confirmed 
that high expression of RBM15 was associated with poor prog‑
nosis in OC patients (dataset # 1555760_a_at; Fig. S2C and D). 
These data indicated the prognostic value of RBM15 in OC 
patients.

RBM15 is overexpressed in OC PTX‑resistant cells and 
increases cell viability. By comparing PTX‑resistant cells with 
their PTX‑sensitive counterparts, it was found that RBM15 



YUAN et al:  TGF‑β/RBM15/MDR1 REGULATION6

mRNA expression was higher in A2780‑PTX and SK3R‑PTX 
cells than in A2780 and SK‑OV‑3 cells, as detected by 
RT‑qPCR (Fig. S3A). Western blotting showed high expres‑
sion of the RBM15 protein in A2780‑PTX and SK3R‑PTX 
cells (Fig. S3B and C), as confirmed by immunofluorescence 
(Fig. S3D and E).

To examine the function of RBM15 in OC cells, 
RBM15‑siRNA was synthesized and RBM15‑shRNA and 
RBM15‑overexpressing plasmids generated. A2780‑PTX cells 
were transfected with three RBM15‑siRNAs and the transfec‑
tion efficacy was evaluated after the detection of the RBM15 
protein by western blotting (Fig. S4A). The sequence of one 
RBM15‑siRNA was used to generate the RBM15‑shRNA 

plasmid, which was cloned into the lentivirus. It was found 
that sh‑RBM15 was more efficient in knocking down the 
target gene in PTX‑resistant cells (Fig. S4B). The efficacy of 
RBM15‑overexpressing plasmid was tested in PTX‑sensitive 
cells. It was found that RBM15 mRNA and protein levels 
were increased in SK‑OV‑3 and A2780 cells, as detected by 
RT‑qPCR and western blotting (Fig. S4C and D).

Next, the present study explored the effect of RBM15 on 
the proliferation of PTX‑resistant and PTX‑sensitive cells. 
Loss‑of‑function and gain‑of‑function approaches showed that 
cell viability was decreased after the knockdown of RBM15 by 
si‑RBM15 and increased after the overexpression of RBM15 
by oe‑RBM15 in a time‑course manner (Fig. 2A, C, E and G). 

Figure 1. RBM15 expression in OC cell lines and OC tissues. (A) Detection of RBM15 mRNA expression in immortal ovarian surface epithelial cells 
(IOSE‑80) and epithelial ovarian cancer cells (OVCAR‑3, SK‑OV‑3, ES2 and A2780) by reverse transcription‑quantitative PCR. One‑way ANOVA followed 
by the Dunnett test was used. Data presented as mean ± SD (n=3). (B) Detection of RBM15 protein expression in ovarian cell lines by western blot analysis. 
Representative images are shown. (C) Semiquantitative analysis of blots in (B). One‑way ANOVA followed by the Dunnett test was used. Data presented as 
mean ± SD (n‑3). (D) Detection of RBM15 protein expression in non‑tumorous ovarian tissue and primary ovarian cancer tissue by immunohistochemistry 
staining. Representative images are shown. Original magnification x100; Scale bar, 200 µm. Partial magnification x400; Scale bar, 50 µm; (E) Comparison of 
RBM15 protein expression between non‑tumorous ovarian tissue (n=9) and primary ovarian cancer tissue (n=18) using the Mann‑Whitney test. Data presented 
as mean ± SD. ns, not significant (P>0.05). RBM15, RNA binding motif protein 15; OC, ovarian cancer; SI, staining index.
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Moreover, the EdU assay verified that the knockdown of 
RBM15 decreased DNA replication, whereas overexpres‑
sion of RBM15 increased DNA replication in A2780‑PTX, 
SK3R‑PTX, A2780 and SK‑OV‑3 cells (Fig. 2B, D, F and H). 
Western blotting further detected a decrease in the protein 
expression of cyclin D1, a cell proliferation‑related marker, 
after the knockdown of RBM15 in PTX‑resistant OC cells 
(Fig. S4E). These data indicated that RBM15 may regulate cell 
proliferation.

Knockdown of RBM15 leads to an inhibition of colony 
formation in vitro and tumor formation in vivo. The colony 
formation assays showed that the knockdown of RBM15 by 
RBM15‑siRNA suppressed colony formation in A2780‑PTX 
and SK3R‑PTX cells (Fig. 3A and B), whereas overexpres‑
sion of RBM15 by overexpressing plasmids significantly 
accelerated colony formation in A2780 and SK‑OV‑3 cells 
(Fig. 3C and D) compared with the negative control group. 
Next, stable RBM15‑overexpressing A2780‑PTX cells were 
generated and subcutaneously injected into nude mice to 
validate the effect of RBM15 on tumor growth in vivo. It was 
found that tumor formation was suppressed in sh‑RBM15 mice 
(Fig. 3E). The tumor weight and volume were decreased in 
sh‑RBM15 mice, indicating that RBM15 knockdown inhibited 
tumor growth (Fig. 3F and G).

Knockdown of RBM15 resensitizes PTX‑resistant cells to 
paclitaxel. Since the level of RBM15 expression was higher 
in PTX‑resistant OC cells than in their sensitive counterparts, 
whether knockdown or overexpression of RBM15 affected cell 
sensitization to PTX was tested. The cytotoxicity assay showed 
a change in PTX‑resistant cell viability after knockdown or 
overexpression of RBM15, as evaluated by measuring the 
IC50 of PTX. RBM15 knockdown increased the sensitivity of 
A2780‑PTX and SK3R‑PTX cells, whereas RBM15 overex‑
pression increased the resistance of A2780 and SK‑OV‑3 cells 
to PTX in a dose‑dependent manner (Fig. 4A and B). The IC50 
value decreased from 8.768 µM (95% CI 6.377 to 12.06) to 
1.457 µM (95%CI 0.8106 to 2.619) in A2780‑PTX cells and 
from 2.646 µM (95%CI 0.3162 to 22.14) to 0.909 µM (95%CI 
0.08733 to 9.470) in SK3R‑PTX cells after si‑RBM15 transfec‑
tion (Fig. 4A), whereas it increased from 0.021 µM (95%CI 
0.007197 to 0.06488) to 0.093 µM (95%CI 0.03337 to 0.2151) 
in A2780 cells and from 0.038 µM (95%CI 0.004525 to 0.3230) 
to 0.139 µM (95%CI 0.01688 to 1.148) in SK‑OV‑3 cells after 
oe‑RBM15 transfection (Fig. 4B). Repeated experiments 
showed that the average IC50 value significantly declined from 
7.365±1.308 µM to 1.581±0.337 µM in A2780‑PTX cells (n=3; 
P=0.0018) and from 2.465±0.161 µM to 0.833±0.079 µM in 
SK3R‑PTX cells (n=3; P<0.0001) after si‑RBM15 transfection 
(Fig. 4C), whereas it raised from 0.034±0.013 µM to 0.118±0.035 
µM (n=3; P=0.0172) in A2780 cells and from 0.064±0.026 µM 
to 0.148±0.039 µM (n=3; P=0.0371) in SK‑OV‑3 cells after 
oe‑RBM15 transfection (Fig. 4D). Although the sigmoidal 
nature of these plots in Fig. 4A and B was not ideal, the results 
for the IC50 calculations (Fig. 4C and D) were sufficient to indi‑
cate the differences in cell viability and IC50 between the NC 
and RBM15 knockdown/overexpression groups. Knockdown 
of RBM15 decreased the viability of A2780‑PTX and 
SK3R‑PTX cells, while overexpression of RBM15 increased 

the viability of A2780 and SK‑OV‑3 cells in a time‑dependent 
manner after treatment with IC50 dose of PTX (Fig. 4E and F). 
These results indicated that high expression of RBM15 was 
positively associated to the high IC50 value of PTX. Further, 
it was analyzed whether RBM15 expression was associated to 
other anti‑cancer drugs in OC treatment. Using a public data 
source (http://genemed.uchicago.edu/~pgeeleher/pRRophetic/), 
it was found that veliparib, cyclopamine, elesclomol, pictilisib, 
lapatinib, temsirolimus and vinblastine were associated with 
RBM15 expression (Fig. S5A‑G). These data suggested that 
RBM15 is an anti‑cancer drug resistance‑related gene. One of 
the reasons for chemoresistance is the reduction in cell apop‑
tosis. Next, the effect of RBM15 on PTX‑resistant cell apoptosis 
was examined by flow cytometry. RBM15 knockdown or over‑
expression alone did not affect apoptosis. However, the number 
of apoptotic cells was significantly increased in the si‑RBM15 
group of A2780‑PTX and SK3R‑PTX cells but decreased in 
the oe‑RBM15 group of A2780 and SK‑OV‑3 cells after PTX 
treatment (Fig. S6A‑F). These data indicated that RBM15 is 
a therapeutic target for PTX resistance in terms of prolifera‑
tion and that RBM15‑siRNA is a sensitizer of PTX in terms of 
apoptosis.

Knockdown of RBM15 inhibits PTX‑resistant cell stemness. 
Next, whether RBM15 also affects cancer cell stemness 
in PTX‑resistant cells was explored, since PTX resistance 
is positively correlated with stem cell characteristics (7). 
A2780‑PTX and SK3R‑PTX cells were stably infected with 
sh‑RBM15 or sh‑NC virus and these stable cells were then 
seeded in an ultra‑low attachment culture plate. The growth 
of stem cell‑like cells was measured by spheroid formation 
assays. It was found that the spheroid‑forming capacity of 
sh‑RBM15 cells was remarkably lower than that of sh‑NC 
cells (Fig. S7A‑C). These data suggested that the knockdown 
of RBM15 may inhibit PTX‑resistant cell stemness.

Silencing of RBM15 decreases MDR1 mRNA m6A meth‑
ylation. To further explore the specific molecular mechanism 
regulating resistance in OC, the correlation between RBM15 
expression and MDR1 expression in OC was assessed using 
the GEPIA database and measured by Spearman Correlation 
Coefficient (Fig. 5A). The effect of RBM15 on MDR1 
expression was validated by RT‑qPCR and western blotting. 
Knockdown of RBM15 significantly inhibited MDR1 mRNA 
and protein expression (Fig. 5B‑D). As RBM15 is a critical 
component of the m6A methyltransferase complex (14) and 
since RBM15 affects MDR1 expression, the SRAMP database 
was next applied to predict the possible distribution of m6A sites 
in MDR1 mRNA. Multiple m6A modification sites in MDR1 
mRNA were found (Fig. 5E). Subsequently, the MeRIP‑qPCR 
assay demonstrated that RBM15 knockdown significantly 
reduced the m6A level of MDR1 mRNA, covering 4,449 and 
4,478 sites (Fig. 5F). These data suggested that RBM15 regu‑
lates MDR1 expression through m6A modifications.

RBM15/MDR1 expression is downregulated by activating 
the TGF‑β/Smad2 signaling pathway. To understand the 
biological functions of RBM15 in OC, RNA‑seq data from 
47 OC cells were downloaded from CCLE (https://sites.
broadinstitute.org/ccle) and analyzed. There were 79 genes 
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significantly associated with RBM15 expression by correla‑
tion test (P<0.001). GO term analysis revealed that these 

genes were primarily involved in the Smad protein complex 
and DNA‑binding t ranscr ipt ion act ivator act ivity 

Figure 2. Effect of RBM15 on OC cell proliferation. (A, C, E and G) Detection of cell viability by the CCK‑8 assay after RBM15‑siRNA (si‑RBM15) or 
RBM15‑overexpressing plasmid (oe‑RBM15) transfection for 0, 24, 48 and 72 h in A2780‑PTX, SK3R‑PTX, A2780 and SK‑OV‑3 cells. Two‑way ANOVA 
followed by the Sidak test was used. Data presented as mean ± SD (n=3). A2780‑PTX: 48 h, P<0.0001; 72 h P<0.0001. SK3R‑PTX: 48 h, P<0.0001; 72 h, 
P<0.0001. A2780: 24 h, P=0.0006, 48 h, P=0.0036; 72 h P<0.0001. SK‑OV‑3: 24 h, P=0.0018; 48 h, P<0.0001; 72 h, P<0.0001. (B, D, F and H) The EdU assay 
and statistical analysis following si‑RBM15 or oe‑RBM15 transfection for 48 h. Original magnification, x100; Scale bar, 100 µm. All assays were repeated 
at least three times. An unpaired Student's t‑test was used. A2780‑PTX, P=0.0004; SK3R‑PTX, P=0.0006; A2780, P=0.0019; SK‑OV‑3, P=0.0070. Data 
presented as mean ± SD. **P<0.01; ***P<0.001; ****P<0.0001. RBM15, RNA binding motif protein 15; OC, ovarian cancer; si, small interfering; oe, overex‑
pressing; NC, negative control; PTX, paclitaxel.
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(Fig. S8A). In addition, KEGG pathway analysis showed 
that RBM15‑correlated (positively or negatively) genes 
were gathered at the pathways of cellular senescence, RNA 
degradation, TGF‑β signaling and mRNA surveillance 
(Fig. S8B).

Based on GO and KEGG enrichment analyses, RBM15 
expression is related to the TGF‑β signaling pathway. 

Next, the effect of TGF‑β signaling on RBM15 expression 
was examined. The expression of RBM15 and MDR1 was 
significantly reduced after TGF‑β1 treatment at the mRNA 
and protein levels (Fig. 6A‑E). The activation of TGF‑β1 was 
abolished by the addition of the TGF‑β receptor inhibitor 
SB431542. p‑Smad2 was markedly low in SK3R‑PTX 
cells compared with SK‑OV‑3 cells, as detected by western 

Figure 3. The function of RBM15 on colony formation in vitro and tumor growth in vivo. (A‑D) Detection of colony formation after si‑RBM15 and oe‑RBM15 
transfection for 2 weeks. Histograms show the statistical analyses. Assays were repeated at least three times. An unpaired Student's t‑test was used. Data 
presented as mean ± SD (n=3). (E) Xenograft tumor formation in nude mice. sh‑NC or sh‑RBM15‑infected A2780‑PTX cells were subcutaneously implanted 
in nude mice (n=5/group). (F) Measurement of tumor weight. An unpaired Student's t‑test was used. Data presented as mean ± SD (n=5). (G) Measurement of 
tumor size in growth. Two‑way ANOVA followed by the Sidak test was used. Data presented as mean ± SD (n=5). RBM15, RNA binding motif protein 15; si, 
small interfering; oe, overexpressing; NC, negative control; PTX, paclitaxel; sh, short hairpin.
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blotting (Fig. S9) and was used as an indicator of TGF‑β 
signaling activation. The SBE site was found in the promoter 
region of RBM15 and the Smad‑binding motif is indicated 
(Fig. 6F). From the JASPAR database, it was predicted that 
Smad proteins, as transcription factors, could directly bind 
to the promoter of RBM15. The predicted Smad2 binding 
sites with different scores in the promoter region‑2,000 bp 
upstream from the TSS of RBM15 are illustrated (Fig. 6G). 
After constructing two plasmids (P1081 and P780; Fig. 6H), 
a dual‑luciferase reporter gene assay was performed. The 
results showed that the relative luciferase activity was 
significantly decreased in 293T cells transfected with the 

P1081 plasmid, but not with the P780 plasmid, in the pres‑
ence of 10 ng/ml TGF‑β1 (Fig. 6I). These data indicated 
that TGF‑β1 affects RBM15 expression through direct 
Smad‑binding events.

Discussion

The present study demonstrated that RBM15 was upregulated 
in OC tissues and PTX‑resistant cells and was associated with 
poor prognosis in OC patients. Overexpression of RBM15 
modulated cell proliferation, chemoresistance and cancer 
cell stemness, whereas knockdown RBM15 reduced colony 

Figure 4. Effect of RBM15 on paclitaxel sensitivity. (A and B) Detection of cell viability by the CCK‑8 assays after knockdown or overexpression of RBM15 in 
A2780‑PTX and SK3R‑PTX cells treated with different doses of PTX. The IC50 was calculated by nonlinear regression analysis using a model of ‘Log(inhibitor) 
vs. normalized response‑Variable slope’ under the ‘Dose‑response‑Inhibition’ section. Data presented as mean ± SD (n=4). (C and D) Measurement of IC50 after 
PTX treatment in siRNA transfected A2780‑PTX (P=0.0018) and SK3R‑PTX (P<0.0001) cells and overexpressing plasmid transfected A2780 (P=0.0172) and 
SK‑OV‑3 (P=0.0371) cells. An unpaired Student's t‑test was used. Data presented as mean ± SD (n=3). (E and F) Detection of cell viability by the CCK‑8 assays 
after knockdown in A2780‑PTX and SK3R‑PTX cells or overexpression of RBM15 in A2780 and SK‑OV‑3 cells treated with IC50 dose of PTX for 24, 48 and 
72 h. A2780‑PTX: 24 h, P<0.0001; 48 h, P<0.0001; 72 h, P<0.0001. SK3R‑PTX: 24 h, P<0.0001; 48 h, P<0.0001; 72 h, P<0.0001. A2780: 24 h, P=0.0039; 48 h, 
P=0.0170; 72 h, P<0.0001. SK‑OV‑3: 24 h, P=0.0003; 48 h, P<0.0001; 72 h, P<0.0001. Two‑way ANOVA followed by the Sidak test was used. Data presented as 
mean ± SD. *P<0.05; **P<0.01; ***P<0.001; ****P<0.0001. RBM15, RNA binding motif protein 15; si, small interfering; oe, overexpressing; NC, negative control; 
PTX, paclitaxel; IC50, half‑maximal inhibitory concentration.
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formation in vitro and tumor formation in vivo. Furthermore, 
TGF‑β/Smad directly regulated RBM15, which methylates 
MDR1 mRNA in an m6A‑dependant manner to mediate 
chemoresistance.

It has been reported that RBM15 is capable of facilitating 
cell proliferation in some cancers (16,17,35), but this has 
not been reported in OC. For example, RBM15 enhances 
the proliferation, migration and invasion of clear cell renal 
cell carcinoma (36). The knockdown of RBM15 reduces 
the proliferation of laryngeal squamous cell cancer both 
in vitro and in vivo (16). The current study demonstrated the 
oncogenic role of RBM15: Overexpression accelerated cell 
proliferation and colony formation in vitro and knockdown 
of RBM15 suppressed tumor formation in vivo. Furthermore, 
the involvement of RBM15 in PTX resistance in OC was 
reported.

CSCs, the main culprit of cancer resistance, are a 
subgroup of bulk tumors with stem cell‑like properties and 
tumorigenic abilities (37,38). The current study observed 

that PTX‑resistant cells had spheroid‑forming capabilities, 
suggesting the existence of a stem cell‑like cell subpopula‑
tion. To date, CSC subpopulations have been identified in 
malignant ovarian tumors, ascites and cancer cell lines by 
several groups, including ours (7,8,39). It has been reported 
that CSCs are involved in the development of metastasis, 
recurrence and drug resistance of OC (40). CSC marker CD44 
can upregulate MDR1 expression, leading to increasing 
the resistance of osteosarcoma cells to doxorubicin (10). 
Notably, direct regulation of MDR1 expression by RBM15 
was observed. Silencing of RBM15 resensitized OC cells to 
PTX by decreasing MDR1 expression. Using the SRAMP 
database to predict the possible distribution of m6A sites in 
MDR1 mRNA, the present study explored, for the first time 
to the best of the authors' knowledge, that RBM15 mediated 
MDR1 expression through mRNA m6A methylation. It has 
been shown that RBM15 acts as an m6A writer to reduce 
target RNA m6A modifications (41,42), ultimately reducing 
target expression. MDR1 is the best‑characterized transporter 

Figure 5. Regulation of MDR1 expression and mRNA m6A modification by RBM15. (A) Correlation analysis (Spearman Correlation Coefficient) between 
expression levels of MDR1 and RBM15. Detection of MDR1 and RBM15 expression at mRNA and protein levels by (B) RT‑qPCR and (C) western blotting after 
si‑NC or si‑RBM15 transfection in A2780‑PTX and SK3R‑PTX cells. (D) Semiquantitative analysis of blots in (C). Two‑way ANOVA followed by the Sidak 
test was used. Data presented as mean ± SD (n=3). (E) Prediction of the distribution of MDR1 mRNA m6A methylation sites by the SRAMP database. The red 
arrow indicates two m6A sites (4449 and 4478). (F) MeRIP and RT‑qPCR analysis of m6A levels in MDR1 mRNA in A2780‑PTX and SK3R‑PTX cell lines. The 
well‑designed primers for amplifying the fragment covered two adjacent sites (4449 and 4478) were used and MDR1 mRNA was detected by RT‑qPCR. Two‑way 
ANOVA followed by the Tukey test was used. Data presented as mean ± SD (n=3). MDR1, multidrug resistance 1; RBM15, RNA binding motif protein 15; si, small 
interfering; NC, negative control; PTX, paclitaxel; RT‑qPCR, reverse transcription‑quantitative PCR; MeRIP, methylated RNA immunoprecipitation.
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protein whose overexpression can confer resistance to cyto‑
toxic and targeted chemotherapy (43). A number of studies 

have shown that MDR1 is a primary target for reversing 
drug resistance in OC (44‑46) and m6A modification of 

Figure 6. Effect of TGF‑β1 on RBM15 and expression. (A and B) Detection of RBM15 and MDR1 mRNA expression by RT‑qPCR after TGF‑β1 (10 ng/ml) 
treatment in the presence or absence of SB431542 (10 mM) in SK3R‑PTX cells. Multiple t‑tests were used for multiple groups comparison. Data presented 
as mean ± SD (n=3). (C) Detection of MDR1, RBM15, phosphor‑Smad2 and Smad2 proteins by western blotting after TGF‑β1 (10 ng/ml) treatment in the 
presence or absence of SB431542 (10 mM) in SK3R‑PTX cells. (D and E) Semiquantitative of membranes in C. Multiple t‑tests were used for multiple groups 
comparison. Data presented as mean ± SD (n‑3). (F) The Smad binding motif. (G) The binding sites of Smad2 in the region‑2,000 bp upstream of the RBM15 
TSS were predicted from the JASPAR database. (H) Schematic illustrations of two RBM15 plasmid constructs (P1081 and P780): ‑1,081 bp and ‑780 bp 
upstream from TSS in the RBM15 promoter region. (I) Luciferase activities were detected in 293T cells transfected with different RBM15 promoter‑reporter 
plasmids in the presence or absence of TGF‑β1 (10 ng/ml). Two‑way ANOVA followed by the Sidak test was used. Data presented as mean ± SD (n=3). ns, 
not significant (P>0.05). RBM15, RNA binding motif protein 15; MDR1, multidrug resistance 1; RT‑qPCR, reverse transcription‑quantitative PCR; PTX, 
paclitaxel; TSS, transcriptional start site; p‑, phosphorylated.
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RNA primarily affects RNA processing, degradation and 
translation to regulate gene expression, tumorigenesis and 
progression (47). The findings of the present study supported 
the role of RBM15 in the regulation of MDR1 expression, at 
least through m6A modifications.

The present study also examined the upstream regula‑
tion of RBM15 via the TGF‑β signaling pathway. TGF‑β 
is a cytokine closely involved in a number of cancer cell 
processes, including cell death, proliferation, metastasis, 
mesenchymal‑epithelial transition, cancer cell stemness and 
chemoresistance (48,49). Our previous study found that the 
TGF‑β signaling pathway was deficient in PTX‑resistant 
OC cells (21). The present study observed that enhance‑
ment of TGF‑β signaling led to the downregulation of 
RBM15 expression at the mRNA and protein levels in 
PTX‑resistant OC cells by directly binding to the RBM15 
promoter through the SBE site. These data indicated that the 
TGF‑β/RBM15/MDR1 axis is involved in the development 
of chemoresistance in OC cells.

In conclusion, RBM15 was upregulated in OC tissues and 
PTX‑resistant cells. High expression of RBM15 was associated 

with poor prognosis in OC patients. Silencing of RBM15 down‑
regulated the expression MDR1 by decreasing MDR1 mRNA 
m6A methylation. The TGF‑β signaling pathway activates and 
phosphorylates Smad2, which directly binds to RBM15 on its 
promoter, thereby suppressing RBM15 expression. These find‑
ings revealed RBM15 as a tissue biomarker for OC and PTX 
resistance and a TGF‑β/RBM15/MDR1 regulatory mechanism. 
Targeting RBM15 may provide a novel therapeutic strategy for 
the treatment of PTX‑resistant OC (Fig. 7).
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