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Abstract. The vacuolar ATPase H+ transporting V1 subunit 
B1 (ATP6V1B1) belongs to the family of ATP6Vs, which func‑
tions to transport hydrogen ions. The expression of ATP6V1B1 
and associated clinicopathological features have been linked 
to various cancers; however, its role in epithelial ovarian 
cancer (EOC) has remained to be explored. The present 
study aimed to unveil the function, molecular mechanisms 
and clinical significance of ATP6V1B1 in EOC. The mRNA 
levels of ATP6V1 subunits A, B1 and B2 in EOC tissues were 
determined using data from the Gene Expression Profiling 
Interactive Analysis database and RNA sequencing. Protein 
levels of ATP6V1B1 were evaluated through immunohisto‑
chemistry staining of EOC, borderline, benign and normal 
epithelial tissues. The association between ATP6V1B1 expres‑
sion and clinicopathological features and prognosis of patients 
with EOC was analyzed. Furthermore, the biological role of 

ATP6V1B1 in ovarian cancer cell lines was also assessed. 
RNA sequencing and public dataset analyses revealed elevated 
ATP6V1B1 mRNA levels in EOCs. High ATP6V1B1 protein 
levels were also observed in EOC compared with those 
of borderline and benign tumors and nonadjacent normal 
epithelial tissues. High ATP6V1B1 expression was associated 
with the serous cell type, advanced International Federation 
of Gynecology and Obstetrics stage, high/advanced tumor 
grade, elevated serum cancer antigen 125 levels and platinum 
resistance (P<0.001, P<0.001, P=0.035, P=0.029 and P=0.011, 
respectively). High expression levels of ATP6V1B1 were 
also associated with poor overall and disease‑free survival 
(P<0.001). Knockdown of ATP6V1B1 decreased cancer cell 
proliferation and colony‑forming abilities (P<0.001) in vitro 
by inducing cell cycle arrest in G0/G1 phase. Significant 
upregulation of ATP6V1B1 was observed in EOC and the 
prognostic significance and association with chemotherapy 
resistance of ATP6V1B1 in EOC was demonstrated, rendering 
it an EOC‑related biomarker for prognostic evaluation and 
chemotherapy resistance, as well as a potential therapeutic 
target for patients with EOC.

Introduction

Epithelial ovarian cancer (EOC) is one of the most prevalent 
and fatal malignant diseases of the female genital tract, with 
an estimated 21,410 new cases and 13,770 cancer‑related 
deaths in the US in 2021 (1,2). Debulking surgery followed by 
platinum‑based adjuvant chemotherapy is the mainstay of EOC 
management with an effective response rate of >90% in patients 
with EOC. However, the 5‑year survival rate of patients with 
EOC remains low at ~40% and only a modest improvement has 
been achieved in the past decade. Of note, the introduction of 
anticancer therapeutic agents, including antiangiogenic drugs 
and polyadenosine diphosphate‑ribose polymerase inhibitors, 
has led to a significant improvement in disease‑free survival 
(DFS) for EOC, as demonstrated in the randomized phase 
III AURELIA (ENGOT‑ov3/AGO‑OVAR2.15) trial  (3‑7). 
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The unfavorable prognosis of EOC is attributed to the lack of 
effective clinical screening methods in the early stages of the 
disease, resulting in diagnosis at advanced stages with most 
patients ultimately acquiring resistance to platinum‑based 
chemotherapy  (8). Thus, identifying new biomarkers and 
therapeutic targets is crucial to effectively diagnose, treat, 
and predict the progress and outcome of EOC, including the 
response to chemotherapy.

A sophisticated web of cellular signaling channels is 
necessary for cells to detect and react to intrinsic, external 
inputs to keep homeostasis. However, when these pathways 
are changed, an impact exists on a variety of cellular func‑
tions eventually disrupting homeostasis and encouraging 
carcinogenesis and cancer growth. Ion exchangers, such as 
the vacuolar‑type proton‑translocating ATPase (H+‑ATPases), 
have a critical role in controlling organelle pH and preserving 
pH equilibrium among the complex dynamic processes that 
regulate homeostasis (9‑12). Various studies have explored 
the disruption of H+‑ATPases, which promote cancer devel‑
opment, advancement and resistance to chemotherapy by 
causing extracellular acidosis in specific tissues (13‑16). It has 
been indicated that the presence of V‑ATPase on the surface of 
tumor cells encourages vesicular trafficking and activation of 
proteases, which in turn contributes to malignancy (17). New 
strategies to selectively inhibit V‑ATPase are being explored to 
suppress tumor growth and invasion in various types of solid 
carcinoma, such as colorectal cancer, breast cancer and renal 
cell carcinoma (18‑21).

V‑ATPases are multisubunit transmembrane protein trans‑
porters composed of 13 subunits organized into two major 
domains, V1 and V0 (22,23). Among the two major domains, 
V1, also called ATPase H+ transporting V1 (ATP6V1), is 
composed of subunits A‑H. Of these, the A and B subunits 
form a hexametric barrel and are directly responsible for ATP 
hydrolysis  (23‑25). Numerous investigations have revealed 
that ATP6V is crucial for the development of several disor‑
ders, including diabetes, kidney disease, cancer and improper 
bone growth  (11,13,26). However, the connection between 
ATP6V1 and EOC has remained to be explored. Furthermore, 
the expression patterns of ATP6V1 isoforms in EOC remain 
incompletely understood.

The present study aimed to examine the expression patterns 
of the ATP6V1 isoforms and demonstrate the clinical signifi‑
cance of ATP6V1 subunit B1 (ATP6V1B1) in serous ovarian 
cancer cell lines using data from RNA sequencing (RNA‑seq) 
and public databases. Furthermore, the clinicopathological 
characteristics, including anticancer drug resistance and 
prognostic value of ATP6V1B1 in EOC, were analyzed.

Materials and methods

Patients and tumor specimens. A total of 213 EOCs, 60 
borderline tumors, 109 benign tumors and 80 nonadjacent 
normal epithelial tissues were obtained from patients who 
underwent primary cytoreductive surgery at the Gangnam 
Severance Hospital (Seoul, Korea) between 1996 and 2012 and 
the Korean Gynecologic Cancer Bank as part of the Bio and 
Medical Technology Development Program of the Ministry of 
the National Research Foundation of Korea. Written informed 
consent from each patient was obtained after providing a 

detailed explanation of the study procedures and approval was 
obtained from the Regional Institutional Review Board (IRB) 
of the Gangnam Severance Hospital (IRB no. 3‑2020‑0377). 
For this study, patients with EOC who had undergone 
maximal debulking surgery and were treated with carboplatin 
and paclitaxel chemotherapy were included. Patients who 
had previously received neoadjuvant chemotherapy were 
excluded. The inclusion criteria were based on the availability 
of histologically confirmed tumor stage and grade according 
to the International Federation of Gynecology and Obstetrics 
(FIGO) and World Health Organization grading systems, 
respectively. Clinical information, such as age, disease‑free 
survival (DFS), overall survival (OS), survival status, tumor 
grade, cell type and response to chemotherapy, was retrieved 
from patients' medical records. The response to chemotherapy 
was assessed using the Response Evaluation Criteria in Solid 
Tumors (version 1.1) (27).

Public database. The Gene Expression Profiling Interactive 
Analysis (GEPIA) database (http://gepia.cancer‑pku.cn) 
was used to assess the mRNA expression levels of ATP6V1 
subunits A, B1 and B2 (28). Three publicly available datasets 
[i.e., GSE6008 (29), GSE14407 (30) and GSE36668 (31)] that 
analyzed DEGs between normal ovarian epithelial tissues 
and high‑grade serous ovarian cancer (HGSOC) samples 
were downloaded from the gene expression omnibus (GEO) 
database (https://www.ncbinlm.nih.gov/geo/) to validate the 
RNA‑seq data generated in the present study. The expression 
levels of ATP6V1B1 in platinum‑sensitive and ‑resistant EOC 
tissues were assessed using the GSE15622 dataset (32). The 
GEO dataset was searched using the following keywords: 
‘Homo sapiens’, ‘epithelial ovarian cancer’ and ‘normal ovarian 
epithelium’, ‘platinum sensitive’ and ‘platinum resistance’. In 
addition, only publications with available raw microarray gene 
expression data, clinical treatment and response information 
and only two microarray platforms, GPL96 (HG‑U133A) and 
GPL570 (HG‑U133 Plus 2.0; Affymetrix; Thermo Fisher 
Scientific, Inc.), were included.

Laser‑capture microdissection, RNA extraction and quality 
control. The desired lesions from the tissues were microdis‑
sected using an AS LMD laser microdissection system (Leica 
Microsystems, Inc.) according to the manufacturer's instruc‑
tions after all formalin‑fixed paraffin‑embedded (FFPE) tissue 
slides stained with hematoxylin and eosin were reviewed by 
an experienced gynecological pathologist. Sectioned FFPE 
tissues were placed on a polyethylene terephthalate membrane 
(Leica Microsystems, Inc.) and total RNA was extracted 
using TRIzol reagent (Invitrogen; Thermo Fisher Scientific, 
Inc.). RNA was quantified using a NanoDrop‑2000 spec‑
trophotometer (Thermo Fisher Scientific, Inc.). The quality 
of the extracted RNA was measured using an Agilent 2100 
bioanalyzer equipped with an RNA 6,000 Nano Chip (Agilent 
Technologies, Inc.).

Library preparation, RNA sequencing read mapping 
and gene expression analysis. Library construction was 
performed using the QuantSeq 3' mRNA‑Seq Library Prep 
Kit (Lexogen GmbH) according to the manufacturer's instruc‑
tions for control and test RNAs. In brief, 500 ng of total 
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RNA was prepared for the control and experimental RNAs. 
RNA was hybridized with an oligo‑dT primer using First 
Standard cDNA Synthesis Mix included in the QuantSeq 3' 
mRNA‑Seq Library Prep Kit (Lexogen GmbH), including an 
Illumina‑compatible sequence at its 5' end. Reverse transcrip‑
tion (RT) was performed and after the RNA template was 
degraded using RNA Removal Solution in the Kit (Lexogen 
GmbH), a random primer with an Illumina‑compatible linker 
sequence at its 5' end was used for second‑strand synthesis 
using Second Strand Synthesis Mix contained in the kit 
(Lexogen GmbH). The double‑stranded library was purified 
using the Purification Module with Magnetic Beads included 
in the kit (Lexogen GmbH). Complete adapter sequences 
using the Lexogen i7 6 nt Index set (Lexogen GmbH) were 
added to this library to perform cluster generation and PCR 
components were removed from the final library using the 
Purification Module with Magnetic Beads included in the 
kit (Lexogen GmbH). NextSeq 500 (Illumina, Inc.) was used 
for single‑end 75 base pair high‑throughput sequencing. The 
FASTQ raw data for nine independent libraries were obtained 
through sequencing: Two were normal epithelial tissues and 
seven were EOC tissues. Among the seven EOC tissues, four 
were platinum‑sensitive and three were platinum‑resistant. 
All FASTQ reads were trimmed for quality control and 
adapters were trimmed using Bbduk (BBMap v36.59) (33) and 
FASTQC (v0.11.7) (34) for sequencing data. Read mapping 
was performed through the STAR‑HTSeq workflow, i.e., 
STAR (v2.7.3a) (35) and HTSeq‑count (v0.12.4) (36), where the 
reference genome (GRCh38) and annotation were aligned with 
the sequencing reads. Normalization and differential expres‑
sion analyses on gene expression levels were performed using 
the DESeq2 v1.26.0 R package (37), where a normalization 
method was applied as a variance‑stabilizing transformation 
after performing read counts. Differentially expressed genes 
(DEGs) were obtained based on the two following criteria: 
i) Adjusted P‑value (i.e., Benjamini and Hochberg method) 
<0.05; and ii) absolute log2 (fold change) >2.

Tissue microarray (TMA) and immunohistochemistry. A 
TMA was constructed with tissue cores of 1.0 mm in diameter 
containing a sufficient proportion of tumor cells punched 
from the donor FFPE tissues or tissue blocks using a tissue 
array (Beecher Instruments, Inc.), and TMA blocks were 
sliced to 5‑µm thickness using a rotary microtome. The TMA 
sections were deparaffinized with xylene after sectioning 
and rehydrated in serially graded ethanol to distilled water. 
Antigen retrieval for antiATP6V1B1 (rabbit polyclonal 
antibody; cat. no. HPA031847; 1:150; Sigma‑Aldrich; Merck 
KGaA) was performed by incubating TMA sections in a 
steam pressure cooker (Pascal; Dako; Agilent Technologies, 
Inc.) containing heat‑activated antigen retrieval buffer (Dako; 
Agilent Technologies, Inc.) at pH 6.0 antigen retrieval buffer 
(Dako; Agilent Technologies, Inc), at 125˚C for 2 min is a 
Pascal pressure cooker (Dako; Agilent Technologies, Inc.) 
at 20‑23 psi. The sections were then treated with a 3% H2O2 
solution in methanol for 10 min at room temperature to block 
the remaining endogenous peroxidase activity. The slides 
were stained with an ATP6V1B1 antibody for 30  min at 
room temperature after rinsing. Subsequently, the antigen‑
antibody reactions were visualized using Envision+ Dual 

Link System‑HRP (Dako; Agilent Technologies, Inc.) and 
DAB+ (3,3'‑diaminobenzidine; Dako; Agilent Technologies, 
Inc.) for 10 min at room temperature. The stained sections 
were counterstained with hematoxylin after dehydration. 
Slides were then mounted with Faramount aqueous mounting 
medium (Dako; Agilent Technologies, Inc.). Negative control 
immunoglobulin G (IgG) was used in place for primary anti‑
body to evaluate nonspecific staining and the TMA included 
appropriate positive control specimens.

Evaluation of immunohistochemistry staining. Microscopy 
images of the stained TMA sections (NanoZoomer 2.0 HT; 
Hamamatsu Photonics K.K.) at 20x objective magnification 
(0.5‑µm resolution) were captured using high‑resolution 
optical imaging. The scanned sections were analyzed using 
Visiopharm software, version 6.5.0.2303 (Visiopharm A/S). 
The intensity of the brown staining was rated on a scale of 
0 to 3 (0, negative; 1, weak; 2, moderate; and 3, strong) and 
the percentage of cytoplasm‑stained tumor cells (range, 
0‑100) was obtained using a predefined optimized algorithm. 
The total histoscore was determined by multiplying the 
percentage of positively stained cells by the intensity score 
(score range, 0‑300).

Cell culture. The human ovarian cancer cell line A2780 was 
purchased from the European Collection of Cell Cultures. 
OVCA429 and OVCA433 cells were obtained from the Saint 
Vincent Hospital, The Catholic University of Korea, Suwon, 
Korea (38,39). OVCAR3, SKOV3 and TOV112D cells were 
purchased from the American Type Culture Collection. 
Ovarian cancer cells were cultured in Dulbecco's modified 
Eagle's medium (DMEM) supplemented with 10% fetal bovine 
serum (FBS) and 1% penicillin/streptomycin. Three previously 
established immortalized HOSE cell lines (iHOSE1481, ‑4138 
and ‑8695) (40) were maintained in DMEM supplemented 
with 10% FBS and 50 µg/ml gentamicin. All cell lines were 
incubated at 37˚C in a humidified incubator with 5% CO2.

Small interfering RNA (siRNA) transfection. siRNAs targeting 
ATP6V1B1 and control siRNA were purchased from Bioneer 
Corporation. The siRNA sequences are provided in Table SI. 
OVCAR3 and OVCA433 cells grown in six‑well plates were 
transfected with siRNA at a final concentration of 100 pmol per 
well using Lipofectamine® RNAiMAX Reagent (Invitrogen; 
Thermo Fisher Scientific, Inc.), according to the manufacturer's 
instructions. The knockdown of ATP6V1B1 was verified via 
RT‑quantitative (q)PCR after 48 h of transfection and used for 
downstream functional experiments.

RT‑qPCR. Total RNA was isolated using the AccuPrep® 
Universal RNA Extraction Kit (Bioneer Corporation) and 
cDNA was synthesized using the AccuPower® RocketScript™ 
RT PreMix (Bioneer Corporation) according to the manufac‑
turer's protocol. Gene expression levels were analyzed using 
the target gene‑specific primers listed in Table SI, the ABI 
7300 Real‑Time PCR System (Applied Biosystems; Thermo 
Fisher Scientific, Inc.) and TOPreal™ qPCR 2X PreMIX 
(SYBR Green with high ROX; Enzynomics). Data analysis 
was performed using the relative quantification method 
(2‑∆∆Cq) to estimate the relative fold changes. All data were 
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normalized to the GAPDH expression levels. Each experiment 
was performed in triplicate and with at least three independent 
replicates.

Cell proliferation assay. Cell proliferation assay was measured 
using the EZ‑Cytox assay kit (Daeil Lab Service) and EdU 
Cell Proliferation Assay kit (Thermo Fisher Scientific, Inc.) 
in accordance with the manufacturer's instructions. Concisely, 
5x103 cells were seeded in 96‑well plates after 24 h of transfec‑
tion. EZ‑Cytox reagent was added and the cells were incubated 
for another 2 h at 37˚C. The absorbance at 450 nm was then 
detected using a microplate reader (Bio‑Rad Laboratories, 
Inc.). The EdU incorporation experiment was also performed 
according to the user manual. Fluorescence was measured 
using a FLUOstar Omega instrument (BMG Labtech GmbH) 
with 568 nm of excitation and 585 nm of emission. Each 
experiment was performed thrice.

Colony‑formation assay. The transfected cells (500 cells/well) 
were seeded in a six‑well plate and incubated at 37˚C with 
5% CO2 for 2 weeks. The cells were fixed with methanol for 
10 min and stained with 0.5% crystal violet for 30 min at room 
temperature. Colonies were counted under a microscope after 
being rinsed with distilled water, and each colony contained at 
least 50 cells. Each experiment was repeated thrice.

Cell‑cycle analysis by flow cytometry. Transfected OVCAR3 
and OVCA433 cells were harvested and fixed in 70% ethanol 
at 4˚C. The fixed cells were stained with propidium iodide 
supplemented with RNAase A (Sigma‑Aldrich; Merck KGaA) 
in the dark at room temperature for 30 min. The relative 
amount of cells in each phase of the cell cycle was analyzed 
by flow cytometry (FACSCanto II; BD Biosciences) and 
evaluated using the FlowJo software _v10.8.0 (FlowJo LLC).

Western blot analysis. Cells were harvested and lysed using a 
cell lysis buffer (Cell Signaling Technology, Inc.) containing 
phenylmethylsulfonyl fluoride. Proteins from cell lysates 
were electrophoresed on a 10‑12% SDS‑PAGE gel and 
transferred to a nitrocellulose membrane (Pall Corporation). 
The membranes were incubated overnight at 4˚C with the 
corresponding primary antibodies of Cyclin D1 (1:1,000; 
cat. no. 2922; Cell Signaling Technology, Inc.), p21 (1:1,000; 
cat. no. 2947; Cell Signaling Technology, Inc.) and α‑actinin 
(1:5,000; cat. no. sc‑17829; Santa Cruz Biotechnology, Inc.). 
HRP‑conjugated secondary antibodies (1:2,000; cat nos. 7074 
and 7076; Cell Signaling Technology, Inc.) were then applied. 
Immunoreactive bands were visualized using enhanced 
chemiluminescence reagents (Thermo Fisher Scientific, Inc.).

Statistical analysis. Statistical analysis was performed 
using either the R statistical package (version 4.2.0) or SPSS 
version 25.0 (SPSS, Inc.). The expression levels of α‑actinin, 
ATP6V1B and clinicopathological characteristics of EOC 
when appropriate were assessed using the Mann‑Whitney U 
or Kruskal‑Wallis test. The OS and DFS curves were analyzed 
using the Kaplan‑Meier method by grouping the subjects 
into ATP6V1B1 high‑ or low‑expression groups based on the 
optimal cut‑off point calculated by the ‘MaxStat’ package of 
the R software (41). A Cox proportional hazards model was 

created to identify independent predictors of survival. P<0.05 
was considered to indicate statistical significance.

Results

Upregulated expression of ATP6V1B1 in EOC and plat‑
inum‑resistant EOC. The A and B subunits of ATP6V1 are 
structurally similar; however, these subunits were reported 
to have different activity profiles (42). Therefore, data from 
the GEPIA database were retrieved to evaluate the specific 
subunit that is upregulated in EOC. ATP6V1B1 was more 
specifically expressed, among the expressions of three 
subunits, ATP6V1A, ATP6V1B1 and ATP6V1B2, in EOC 
than in other cancers (Fig. 1A). DEGs between the normal 
ovarian epithelial and HGSOC tissues were identified by an 
Illumina microarray through RNA‑seq analysis. RNA isolated 
from the tissues was directly compared using hybridization 
with cDNA microarrays containing 24,957 probe sets. The 
volcano plot indicated 24,958 DEGs (P<0.05, fold change >2) 
in EOC compared with normal epithelial tissues, and one of 
the DEGs was ATP6V1B1 (Fig. 1B).

The expression of ATP6V1B1 was first examined in three 
iHOSE cell lines and six ovarian cancer cell lines (i.e., A2780, 
OVCA429, OVCA433, OBCAR3, SKOV3 and TOV112D) using 
RT‑qPCR to elucidate the molecular mechanisms of ATP6V1B1 
in promoting ovarian cancer development. The results indi‑
cated that ATP6V1B1 was highly expressed in ovarian cancer 
cells and lowly expressed in iHOSE cells (Fig. 1C), which 
was similar to the results obtained from publicly available 
datasets (GSE6008, GSE14407 and GSE36668) (Fig. 1D). 
Anticancer therapy resistance may be induced by changes in 
the normal pH gradient across the plasma membrane, which 
is influenced by the activity of V‑ATPase. The EOC tissues 
were divided into platinum‑sensitive and ‑resistant groups and 
the gene expression of ATP6V1B1 was compared between 
these two groups. ATP6V1B1 was significantly upregulated 
in platinum‑resistant EOCs, as expected. Similar results 
were observed using data from GSE15622, which compared 
42 platinum‑sensitive and 26 platinum‑resistant EOC tissue 
samples (Fig. 1E and F). Overall, these observations suggest 
that the expression of ATP6V1B1 is upregulated in EOC and 
platinum‑resistant EOCs.

Clinicopathological characteristics associated with ATP6V1B1 
protein expression in patients with EOC. Next, the protein 
levels of ATP6V1B1 were compared among nonadjacent normal 
epithelial tissues, benign and borderline tumors and EOC tissues 
obtained from 1996 to 2012 using IHC. The average age of 
patients with EOC included in this study was 52.13±13.08 years. 
For borderline patients, the average age was 43.23±17.44 years, 
while for benign patients, it was 43.66±13.89 years (Table SII). 
The average age of the donors of nonadjacent normal epithelial 
tissues was 49.12±16.45 years. ATP6V1B1 protein levels gradu‑
ally increased from normal tissues to EOCs. Representative 
IHC images are provided in Fig. 2A. ATP6V1B1 protein expres‑
sion was strongly associated with adverse clinicopathological 
features of EOC, including advanced FIGO stage (P<0.001), 
serous cell type (P<0.001), high tumor grade (P=0.035), elevated 
serum cancer antigen (CA)‑125 levels (P=0.029 and platinum 
resistance (P=0.011) (Table I).
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Figure 1. Comparative analysis of ATP6V1 expression in EOC. (A) Gene Expression Profiling Interactive Analysis was performed to validate the expres‑
sion of ATP6V1 subunits A, B1 and B2 in various cancers. (B) Volcano plot of the distribution of differentially expressed genes between normal ovarian 
epithelial tissues and EOC tissues in an RNA sequencing analysis (P<0.05 and fold change >2) demonstrating the upregulation of ATP6V1A, ATP6V1B1 
and ATP6V1B2 expression in EOCs. The ‑log10 (P‑value) of each gene is plotted against the log2 ratio of cancer to normal intensity. Vertical dotted lines in 
red and blue correspond to a 2.0‑fold upregulation and downregulation of expression, respectively. Horizontal blue dotted lines indicate the significance level 
at P=0.05. Plots were generated using ExDEGA v.1.6.5 software. (C) mRNA expression of ATP6V1B1 in immortalized human ovarian epithelial cell lines 
(iHOSE 1481, iHOSE 4138, and iHOSE 8695) and six ovarian cancer cell lines determined using reverse transcription‑quantitative PCR. The expression levels 
of ATP6V1B1 were normalized to GAPDH expression levels. (D) Box plots of the mRNA expression of ATP6V1B1 between normal and high‑grade serous 
ovarian cancer samples. Publicly available gene expression data were obtained from the GEO database (i.e., GSE6008, GSE14407 and GSE36668). (E) Volcano 
plot of the distribution of differentially expressed genes between platinum‑sensitive and ‑resistant EOC tissues in the RNA sequencing analysis (P<0.05 and 
fold change >2). Vertical dotted lines in red and blue correspond to a 2.0‑fold upregulation and downregulation of expression, respectively. Horizontal blue 
dotted lines indicate the significance level at P=0.05. (F) Publicly available relative ATP6 V1B1 mRNA expression data between platinum‑sensitive and 
‑resistant EOC tissues were obtained from the GEO database (i.e., GSE15622). ACC, adrenocortical carcinoma; ATP6V1B1, ATPase H+ transporting V1 
subunit B1; BLC, bladder urothelial carcinoma; BRCA, breast invasive carcinoma; CESC, cervical squamous cell carcinoma and endocervical adenocar‑
cinoma; CHOL, cholangiocarcinoma; COAD, colon adenocarcinoma; DLBC, lymphoid neoplasm diffuse large B‑cell lymphoma; EOC, epithelial ovarian 
cancer; ESCA, esophageal carcinoma; GBM, glioblastoma multiforme; GEO, Gene Expression Omnibus; HNSC, head and neck squamous cell carcinoma; 
KICH, kidney chromophobe; KIRC, kidney renal clear cell carcinoma; KIRP, kidney renal papillary cell carcinoma; LAML, acute myeloid leukemia; LGG, 
brain lower‑grade glioma; LIHC, liver hepatocellular carcinoma; LUAD, lung adenocarcinoma; LUSC, lung squamous cell carcinoma; OV, ovarian serous 
cystadenocarcinoma; PAAD, pancreatic adenocarcinoma; PCPG, pheochromocytoma and paraganglioma; PRAD, prostate adenocarcinoma; READ, rectum 
adenocarcinoma; SARC, sarcoma; SKCM, skin cutaneous melanoma; STAD, stomach adenocarcinoma; TGCT, testicular germ cell tumors; THCA, thyroid 
carcinoma; THYM, thymoma; UCEC, uterine corpus endometrial carcinoma; UCS, uterine carcinosarcoma; TPM, transcripts per million.
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Relationship between ATP6V1B1 expression and prognosis in 
patients with EOC. The prognostic significance of ATP6V1B1 
expression in patients with EOC was then evaluated using 
Kaplan‑Meier analysis. High ATP6V1B1 expression was 
significantly associated with poor DFS and OS (both P<0.001; 
Fig. 3A). In addition, FIGO stage III/IV was significantly asso‑
ciated with poor DFS and OS, which was expected and further 
validated in the present analysis (Fig. 3B). The multivariate 
Cox analysis suggested that high ATP6V1B1 expression was 
an independent prognostic factor for both DFS [hazard ratio 
(HR)=2.10 (95% CI, 1.23‑3.58), P=0.006] and OS [HR=2.57 
(95% CI, 1.12‑5.94), P=0.027] (Table  II). In summary, the 
results of the present study demonstrated that high ATP6V1B1 
expression may be a predictive biomarker for poor prognosis 
in patients with EOC.

Knockdown of ATP6V1B1 expression inhibits ovarian cancer 
cell proliferation. ATP6V1B1 was silenced using siRNA 
targeting ATP6V1B1 in OVCAR3 and OVCA433 cells to 
assess the biological consequences of ATP6V1B1 overexpres‑
sion in ovarian cancer cells. The knockdown of ATP6V1B1 
was verified using RT‑qPCR (Fig. 4A). Further examination of 
cell proliferation using EZ‑Cytox (Fig. 4B) and EdU incorpo‑
ration assays (Fig. 4C) indicated that ATP6V1B1 knockdown 
significantly inhibited cell proliferation in both OVCAR3 
and OVCA433 cells. Similarly, knockdown of ATP6V1B1 
decreased the number of colonies formed (Fig. 4D).

Knockdown of ATP6V1B1 induces G0/G1‑phase cell cycle 
arrest in ovarian cancer cells. A previous study indicated that 
V‑ATPase inhibition neutralizes lysosomal pH and induces 
cell cycle arrest and apoptosis in various epithelial cells (43). 
In the present study, cell cycle progression was analyzed to 
examine the underlying mechanisms of the antiproliferative 
effects observed in cells transfected with siRNA targeting 
ATP6V1B1. Flow cytometric analysis of the cell cycle distri‑
bution revealed that knockdown of ATP6V1B1 resulted in a 
significant increase in the number of cells in the G0/G1‑phase 
compared with that of the control (Fig. 5A and B). The mRNA 
and protein expression levels of cell cycle regulation proteins 
cyclin D1 and p21, which promote G1/S transition, were 
assessed to elucidate the mechanism by which ATP6V1B1 
knockdown blocks G1 progression. Both the mRNA and 

protein expression results revealed upregulation of p21 and 
downregulation of cyclin D1 in ATP6V1B1 knockdown cells 
(Fig. 5C and D).

Discussion

Proton pumps, such V‑ATPases, have increased activity in 
tumor cells and contribute to the maintenance of an acidic 
extracellular microenvironment and intracytoplasmic alkaliza‑
tion, which eventually fosters medication tolerance and tumor 
metastasis  (44,45). Various studies have focused on inves‑
tigating the oncogenic role of V‑ATPases, which are among 
the most well‑known proton pumps that are composed of 
eight subunits, and demonstrated that their expression is posi‑
tively associated with cancer invasion and metastasis (46,47). 
Furthermore, studies examining specific V‑ATPases isoforms 
have been conducted. ATP6V1C1 is overexpressed in breast 
cancer and Barrett's esophagus, which is a precursor lesion of 
esophageal squamous cell carcinoma, and its overexpression 
is associated with poor outcomes  (48‑50). The expression 
of V‑ATPase‑specific subunits has also been examined in 
pancreatic cancer (51,52), non‑small cell lung cancer (53), oral 
squamous cell carcinoma  (54,55), EOC  (56) and cervical 
cancer (57), further indicating the roles of V‑ATPase subunits 
in carcinogenesis. However, to the best of our knowledge, the 
association between the expression of V‑ATPase isoforms 
and cancer progression has remained elusive. In the present 
study, the expression of V‑ATPase V1 subunits A and B, which 
are components of the central stator of the proton pump, was 
examined in EOC.

Subunits V1A and V1B mediate ATP hydrolysis at the 
three reaction sites and increasing evidence suggests that these 
subunits are likely to have functional consequences for the 
entire pump (42). Therefore, in the present study, the expres‑
sion levels of subunits V1A, V1B1 and V1B2 were analyzed 
using data from RNA‑seq and public databases. Furthermore, 
the clinical significance of the upregulation of ATP6V1B1 
in EOC was explored. The IHC results indicated a gradual 
increase in protein expression of ATP6V1B1 from normal 
ovarian epithelial tissues to benign and borderline tumors to 
EOCs. Elevated ATP6V1B1 expression was highly associated 
with advanced FIGO stage, serous cell type, poor tumor grade 
and elevated CA‑125 levels, indicating that ATP6V1B1 may be 

Figure 2. Representative immunohistochemical staining images of ATP6V1B1 in nonadjacent ovarian epithelial tissues (normal), benign and borderline tumor 
and epithelial ovarian cancer (scale bar; 200 and 50 µm in the magnified windows). 
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involved in EOC progression. Furthermore, the multivariate 
analysis indicated that upregulated ATP6V1B1 was an inde‑
pendent prognostic factor for both DFS and OS. Overall, these 
results suggest that ATP6V1B1 has an important role in the 
pathogenesis of EOC.

The strength of the present study may have been compro‑
mised by the small sample size and inclusion of several 
histological subtypes. Therefore, future research should 
include more distinct histological subgroups.

Of note, the knockdown of ATP6V1B1 in EOC decreased 
proliferation and colony formation but induced cell cycle 
arrest through the G1 phase, signifying cell cycle arrest at the 
G0/G1 phase. The present results indicate that the decreases 
in the number of viable cells and colony‑formation abilities 
were not due to an increase in cell death; however, they may 
be related to cell proliferation. It may be concluded that knock‑
down of ATP6V1B1 suppresses tumor cell growth, at least in 
part, by causing G0/G1‑phase cell‑cycle arrest via the down‑
regulation of cyclin D and upregulating p21 based on these 
results. In agreement with the present study, Lim et al (58) 
reported that the inhibition of V‑ATPase by bafilomycin A1 
causes apoptosis by inducing cell cycle arrest at the G0/G1 
phase and upregulating p21 in prostate, kidney, cervical and 

liver cancers in vitro and in vivo. Furthermore, the present 
results support the findings from a previous study reporting 
that the cell cycle is regulated by both signaling pathways and 
changes in pH during the cell cycle (59). However, additional 
studies are required to determine the underlying mechanism, 
and it may be suggested that the Warburg effect may have a 
role (60). A previous study reported that elevation of intracel‑
lular pH promotes cancer cell proliferation, which, coupled 
with increased glycolysis and adaptation to hypoxia (i.e., 
the Warburg effect), upregulates hypoxia‑inducible factor‑α 
(HIF‑α) (61). The activation of HIF‑α increases iron uptake 
in tumors by inducing transferrin receptor‑1 expression or 
degrading heme into iron, carbon monoxide and biliverdin 
through the enzyme heme oxygenase. Cancer cells use the 
BMP‑SMAD and JAK‑STAT3 pathways to boost the function 
of hepcidin, a modulation of iron metabolism (62). The expres‑
sion of cell cycle regulators, such as p21, is altered by higher 
iron levels, which inhibit prostate cancer growth in the G0/G1 
phase (62). Increased iron levels were found to alter the expres‑
sion of cell cycle regulators, such as p21, which halt prostate 
cancer growth in the G0/G1 phase (63). A study conducted in 
2014 reported that migrating cancer cells are predominantly in 
the G0/G1 phase, which confer chemoresistance in cancers (64). 

Table I. Association between clinicopathologic features and ATPase H+ transporting V1 subunit B1 expression in patients with 
epithelial ovarian cancer. 

Item	 N (%)	 Mean score of ATP6V1B1 IHC (95% CI)	 P‑value

Diagnostic category			   <0.001
  Normal	 72 (18.8)	 9.00 (6.12‑11.88)	
  Benign	 91 (23.8)	 29.48 (20.38‑38.59)	
  Borderline	 48 (12.6)	 67.67 (50.88‑84.46)	
  Cancer	 171 (44.8)	 105.52 (92.56‑118.49)	
FIGO stage			   0.001
  I‑II	 57 (33.3)	 74.59 (54.02‑95.16)	
  III‑IV	 114 (66.7)	 121.51 (101.46‑137.56)	
Cell type			   <0.001
  Serous	 113 (66.1)	 129.46 (113.77‑154.04)	
  Others	 28 (16.4)	 58.49 (40.45‑46.52)	
  N/A	 30 (17.5)		
Tumor grade			   0.035
  Low/moderate	 79 (46.2)	 91.54 (73.74‑109.34)	
  High	 82 (48.0)	 120.85 (100.18‑141.51)	
  N/A	 10 (5.8)		
CA125			   0.029
  Negative	 28 (16.4)	 72.76 (44.63‑100.90)	
  Positive	 141 (82.5)	 111.84 (97.20‑126.47)	
  N/A	 2 (1.1)		
Chemosensitivity			   0.011
  Sensitive	 144 (84.2)	 104.25 (90.34‑118.15)	
  Resistant	 12 (7.0)	 169.96 (111.43‑228.49)	
  N/A		  15 (8.8)

FIGO, International Federation of Gynecology and Obstetrics; CA, cancer antigen; CI, confidence interval; N/A, not available; ATP6V1B1, 
ATPase H+ transporting V1 subunit B1; IHC immunohistochemistry. 

https://www.spandidos-publications.com/10.3892/or.2023.8539
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Figure 3. Kaplan‑Meier survival curve of ATP6V1B1 expression in patients with EOC. (A) Disease‑free and overall survival of patients with EOC analyzed 
according to ATP6V1B1 expression. (B) Disease‑free and overall survival of patients with EOC according to the International Federation of Gynecology and 
Obstetrics stage. ATP6V1B1, ATPase H+ transporting V1 subunit B1; EOC, epithelial ovarian cancer.

Table II. Univariate and multivariate analyses of DFS or OS in patients with epithelial ovarian cancer.

	 DFS HR (95% CI), P‑value	 OS HR (95% CI), P‑value
	 ‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑	 ‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑
Factor	 Univariate	 Multivariate	 Univariate	 Multivariate

Age (>50 years)	 1.58 (1.06‑2.35), 	 1.02 (0.66‑1,60), 	 2.12 (1.17‑3.84), 	 1.48 (0.78‑2.81), 
	 0.024	 0.916	 0.013	 0.233
FIGO stage (III‑IV)	 6.42 (3.33‑12.39), 	 3.78 (1.82‑7.86), 	 5.10 (2.02‑12.86), 	 2.90 (1.12‑7.53), 
	 <0.001	 <0.001	 0.001	 0.029
Cell type (serous)	 0.33 (0.20‑0.55), 	 0.60 (0.32‑1.13), 	 0.22 (0.09‑0.56), 	 0.39 (0.13‑1.12), 
	 <0.001	 0.113	 0.001	 0.080
Tumor grade (poor)	 1.95 (1.28‑2.97), 	 1.63 (1.04‑2.54), 	 1.69 (0.95‑3.00), 	 NA
	 0.002	 0.032	 0.076	
CA125+ (>35 U/ml)	 2.39 (1.20‑4.74), 	 1.05 (0.48‑2.27), 	 2.22 (0.80‑6.16), 	 NA
	 0.013	 0.907	 0.127	
ATP6V1B1+a	 3.47 (2.10‑5.74), 	 2.10 (1.23‑3.58), 	 4.42 (1.96‑9.94), 	 2.57 (1.12‑5.94), 
	 <0.001	 0.006	 <0.001	 0.027

aCut‑off value of ATP6V1B1+ was an immunohistochemistry score >76.35. OS, overall survival; DFS, disease‑free survival; HR, hazard 
ratio; CI, confidence interval; CA, cancer antigen; FIGO, International Federation of Gynecology and Obstetrics; ATP6V1B1, ATPase H+ 
transporting V1 subunit B1.
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Figure 4. Knockdown of ATP6V1B1 expression inhibits ovarian cancer cell proliferation. (A) OVCAR3 and OVCA433 cells were transfected with siRNA 
against ATP6V1B1 for 48 h. The knockdown of ATP6V1B1 was verified using reverse transcription‑quantitative PCR. (B and C) The proliferation of 
siRNA‑NC and siRNA‑ATP6V1B1 cells was detected using the (B) EZ‑Cytox and (C) EdU incorporation assays. (D) A colony‑formation assay was performed 
using siRNA‑NC‑ and siRNA‑ATP6V1B1‑transfected cells. Left panel: Representative image of the colony‑formation assay (scale bar, 10 mm). Right panel: 
Quantitative results of the colony‑formation assay. Values are expressed as the mean ± standard error of triplicate experiments. ***P<0.001. NC, negative 
control; siRNA, small interfering RNA; ATP6V1B1, ATPase H+ transporting V1 subunit B1.

https://www.spandidos-publications.com/10.3892/or.2023.8539
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Figure 5. Knockdown of ATP6V1B1 expression induces cell‑cycle arrest of ovarian cancer cells in G0/G1‑phase. (A) Cell‑cycle distributions of siRNA‑NC and 
siRNA‑ATP6V1B1‑transfected cells were analyzed using flow cytometry after propidium iodide staining. The percentage of cells in the G0/G1, S and G2/M 
phases was calculated using the FlowJo software. (B) The percentages of cells in the different phases of the cell cycle from A are presented in a bar chart. 
(C) The mRNA expression levels of cyclin D1 and p21 were analyzed using reverse transcription‑quantitative PCR. The expression levels were normalized 
to GAPDH expression levels. (D) The protein levels of cyclin D1, p21 and α‑actinin were determined by western blot analysis. The numbers below each blot 
represent densitometric values. Values are expressed as the mean ± standard error of triplicate experiments. ***P<0.001. NC, negative control; siRNA, small 
interfering RNA; ATP6V1B1, ATPase H+ transporting V1 subunit B1.
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The clinicopathological characteristics of EOC specimens 
and RNA‑seq data revealed that ATP6V1B1 overexpression 
is associated with platinum‑based chemotherapy resistance. 
Studies relating chemotherapy resistance in cancer cells to the 
reversal of the typical pH gradient between the cytoplasm and 
extracellular environment, which controls the G0/G1 phase 
of the cell cycle, may help to partially explain this. Overall, 
therapeutic strategies to maintain the pH gradient across the 
plasma membrane appear to be effective in enhancing the 
effectiveness of platinum‑based chemotherapy (13).

In the present study, the clinical and prognostic 
significances of ATP6V1B1 were demonstrated. ATP6V1B1 
protein expression was the lowest in the nonadjacent normal 
ovarian epithelial tissues and its expression gradually 
increased from benign to borderline tumors and was expressed 
the highest in the EOC tissues. Overexpression of ATP6V1B1 
was positively correlated with adverse clinicopathological 
parameters and has an independent prognostic value for DFS 
and OS, further supporting its use as a valuable biomarker for 
treatment response and prognosis for EOC. Of note, including 
ATP6V1B1 in the subset of gene panels would be more effective 
to facilitate a personalized therapy and increase the survival of 
patients with EOC as new avenues of EOC molecular charac‑
terization were opened using next‑generation/high‑throughput 
sequencing technology to predict platinum resistance or 
prognosis (65,66). In addition, the present study suggested that 
ATP6V1B1 may have a mechanistic role in enhancing cell 
motility via the disruption of the cell cycle, making it a viable 
therapeutic target.
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