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ATP6VOB promotes the tumorigenesis @
of bladder cancer by activating PAQR4/PI3K/
AKT signaling

Xinsheng Wang', Yanging Qu? Yanbo Sun?, Tong Yang', Wei Wang', Xinmeng Dou' and Yong Jia*

Abstract

Background ATPase H* transporting VO subunit b (ATP6VOB) is an essential component of the vacuolar ATP multi-
protein complex (V-ATPase) associated with energy metabolism. However, information on its role and mechanism of
action in bladder cancer (BCa) and other tumors is not clear.

Methods In this study, we evaluated the expression of ATP6VOB in BCa and its correlation with patient survival
outcomes by performing public database analysis, as well as, RT-gPCR and Western blotting assays. We also
investigated the effect of altering the level of expression of ATP6VOB on the malignant behavior of BCa cells at the
cellular level by conducting the CCK-8 assay and Transwell assay. In vivo experiments involved subcutaneous injection
of stable ATP6V0OB-knockdown BCa cells into nude mice to assess the influence of ATP6VOB on tumorigenesis.
Additionally, bioinformatics analysis was combined with other methods to predict that ATP6VOB may modulate
signaling pathways.

Results The findings showed that the expression of ATP6VOB increased in BCa tissues, and patients exhibiting high
levels of this protein had a poorer prognosis. Additionally, our results showed that ATP6VOB functions as an oncogene
and stimulates the proliferation, invasion, and migration of BCa cells in vitro. In vivo animal studies showed that
downregulating ATP6VOB hindered the growth of BCa. Regarding the mechanism of action of ATVP60VB, we found
that ATVP60VB can activate the PI3K/AKT signaling pathway through Progestin and AdipoQ Receptor Family Member
4 (PAQR4) -mediated upregulation.

Conclusion To summarize, the results of this study indicated that an increase in the level of expression of ATP6VOB
in BCa tissues and cells is associated with unfavorable patient prognosis due to its tumor-promoting effects via
upregulation of the PAQR4/PI3K/AKT signaling pathway.
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Introduction

Bladder cancer (BCa) is a commonly occurring malignant
tumor in the urinary system and has a high tendency
for metastasis and recurrence [1, 2]. Its initial symp-
toms mostly remain undetected, which leads to treat-
ment delays in many early-stage BCa patients [3]. Lack of
monitoring and timely medical attention often causes the
disease to progress to advanced stages before diagnosis,
thus complicating treatment and resulting in unfavor-
able prognoses [4, 5]. Additionally, the nonspecific early
symptoms of BCa can be misinterpreted as symptoms
of common conditions like urinary tract infections and
prostate inflammation, causing patients to opt for self-
observation or non-professional treatments during the
initial stages, further delaying diagnosis and intervention
[4]. These factors collectively contribute to high mortal-
ity rates among individuals with BCa, emphasizing the
importance of early screening, diagnosis, and manage-
ment [6]. Therefore, the causes and mechanisms of the
recurrence and metastasis of BCa need to be determined
to prevent and manage this disease.

The Vacuolar ATP multi-protein complex (V-ATPase)
is composed of two linked complexes (VO and V1). It
can monitor intracellular pH levels, utilizing ATP as an
energy source to transport H* ions. It plays a key role in
cellular energy metabolism [7, 8]. V-ATPase is commonly
upregulated in cancer and primarily exerts oncogenic
effects at different stages of cancer, although certain iso-
forms can suppress tumor growth [9-15]. ATPase H*
transporting VO subunit b (ATP6VOB) is part of the VO
complex. It creates the pore spanning the membrane and
facilitates the transport of protons across the membrane
to the vacuolar compartment [16, 17]. Some studies have
shown that ATP6VOB is significantly associated with the
autophagy-lysosome system [18, 19]. ATP6VOB may also
play a significant role in the development and progres-
sion of cancer, particularly hepatocellular carcinoma [20],
clear cell renal cell carcinoma [21], gastric cancer [22],
and melanoma [23]. However, experimental studies to
support this speculation are lacking. Additionally, limited
information exists regarding the role of ATP6VOB in can-
cer, including its involvement in BCa. Thus, further stud-
ies are needed to better understand the role of ATP6VOB
in BCa and its interactions with other molecules and
signaling pathways to develop new and effective meth-
odologies for the diagnosing, treatment, and prognostic
assessment of cancer.

In this study, the expression of ATP6VOB was evalu-
ated in BCa tissues, and its correlation with patient sur-
vival was determined using publicly accessible databases.
Additionally, we investigated the effect of the overex-
pression or silencing of ATP6VOB on the proliferation,
invasion, and migration of BCa cells, followed by an
assessment of the underlying mechanisms of action.
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These findings might provide valuable information to
improve clinical treatment strategies for individuals with
BCa and achieve better overall survival outcomes.

Materials and methods

Bioinformatics methods

Gene Expression Profiling Interactive Analysis (GEPIA)
(http://gepia.cancer-pku.cn/, accessed on 12 January, 7
March, and 4 November 2024) serves as an online plat-
form for analyzing gene expression profiles in cancer and
normal tissues [24]. It utilizes data from the TCGA and
Genotype-Tissue Expression (GTEx) projects to provide
profiling and interactive analysis tools. Kaplan-Meier
Plotter (https://kmplot.com/analysis/) serves as an online
platform for analyzing survival biomarkers [25]. Gene Set
Enrichment Analysis (GSEA) (https://www.gsea-msigd
b.org/gsea/index.jsp, 8-Mar-2025: GSEA 4.4.0 released.)
is a computational method to assure the signal pathways
regulated by ATP6VOB [26].

Clinical samples

Tissue specimens were obtained from 30 patients who
underwent BCa surgery at Qingdao Municipal Hospital
from January 2022 to December 2023. The group com-
prised an equal number of male and female patients, aged
between 45 and 80 years (average age: 61.2+9.8 years).
All patients were found to have urothelial carcinoma.
These patients were initially diagnosed with BCa follow-
ing surgery without any preoperative adjuvant therapy.
This study was approved by the ethics committee of Qin-
gdao Municipal Hospital, and all participants provided
informed consent before participation.

Cell culture

The SV-HUC-1 human normal urinary tract epithe-
lial cells and BCa cells (J82, T24, 5637, and UMUCS3)
were purchased from the Chinese Academy of Sciences
(Shanghai, China). The SV-HUC-1 cells were main-
tained in Dulbecco’s Modified Eagle Medium/Nutrient
Mixture F-12 (DMEM-F12) supplemented with fetal
bovine serum (FBS; Gibco, Carlsbad, USA) and 1% pen-
icillin-streptomycin. The BCa cells (T24, J82, 5637, and
UMUCS3) were cultured in Roswell Park Memorial Insti-
tute (RPMI) 1640 medium containing 10% FBS and 1%
penicillin-streptomycin. All cell cultures were incubated
at 37 °C with 5% CO,.

Plasmid construction and cell transfection

The gene fragment of ATP6VOB (NM_004047.5) was
synthesized and cloned into the pcDNA3 vector to con-
struct the ATP6VOB-overexpressing vector (pcDNA3-
ATP6VOB). Similarly, to construct the ATP6VOB/
PAQR4-knockdown plasmids pshR- ATP6VOB/pshR-
PAQR4, the knockdown sequences for ATP6VOB (5"-GA


http://gepia.cancer-pku.cn/
https://kmplot.com/analysis/
https://www.gsea-msigdb.org/gsea/index.jsp
https://www.gsea-msigdb.org/gsea/index.jsp

Wang et al. BMC Cancer (2025) 25:789

TTTGGGCTTCCGCTTTGATTTCAAGAGAATCAA
AGCGGAAGCCCAAATCTTTTTT-3) /PAQR4 (5-G
CAGTTCAATAAGTTCGTGCTTTCAAGAGAAGCA
CGAACTTATTGAACTGCTTTTTT-3) were synthe-
sized and integrated into the pSilencer 2.1neo vector. All
gene sequences were synthesized by GenScript Biotech
Corporation.

The BCa cells were plated at a density of 5x10° cells
in uncoated culture dishes the day before transfection,
using an antibiotic-free culture medium. During trans-
fection, the cell fusion rate was determined to be 80%.
The plasmids selected for transfection and the transfec-
tion reagent were individually diluted, mixed, and added
to six-well plates. The cell plate was gently agitated to
ensure uniform distribution of the cells, followed by
incubation at 37 °C with 5% CO, in a cell culture incuba-
tor for 24—48 h. Transfection efficiency was evaluated by
performing RT-qPCR and Western blotting assays.

Quantitative reverse transcription polymerase chain
reaction (RT-qPCR)

After extracting total RNA from tissues and cells using
the Trizol RNA reagent, cDNA was synthesized using
a reverse transcription kit. The synthesized cDNA was
used as a template for amplifying the primers following
the procedures outlined in the RT-PCR reagent kit. The
primer sequences used were as follows: for ATP6VOB,
the upstream sequence was 5'- CCATCGGAACTACC
ATGCAGG -3’ and the downstream sequence was 5'-
TCCACAGAAGAGGTTAGACAGG -3'; for GAPDH,
the upstream sequence was 5'-GAGCCACATCGCTCA
GACAC-3' and the downstream sequence was 5'-GCC
CAATACGACCAAATCC-3'; for PAQR4, the upstream
sequence was 5'- TACCTGCACAACGAACTGGG -3,
and the downstream sequence was 5'- AAGAGGTGATA
GAGCACGGAG -3'. The relative level of expression of
ATP6VOB was calculated using the 2722t method.

Cell counting kit-8 (CCK-8)

After 24 h of cell transfection, the cell suspension was
diluted with a serum-containing culture medium to
a density of 2x10* cells/mL. Subsequently, 0.1 mL of
the diluted cell suspension was added to each well of a
96-well cell culture plate, with three replicates per group.
At 0, 24, 48, and 72 h post-transfection and after the
cells adhered to the plate, 0.01 mL of CCK-8 reagent was
added to each well. Then, the plates were incubated for
2 h in an incubator. The absorbance was measured at
450 nm using a microplate reader.

Transwell assay

To determine the migratory ability, 1x10* cells resus-
pended with 200 pL serum-free culture was added to the
upper chamber (8.0 um pore size chamber). To determine

Page 3 of 11

the ability to invade, 3 x 10* cells resuspended with 200
pL serum-free culture was added to the upper chamber
of matrigel-coated transwells. Then, 600 uL of complete
culture was added to the lower chamber to incubate at
37 °C with 5% CO, for an appropriate duration. After
incubation, the cells were fixed with 4% formaldehyde
and stained with crystal violet. Images were captured
under the microscope, and cell penetration through the
membrane in each well was quantified.

Western blotting assays

Proteins were extracted from tissues and cells using
Radio Immunoprecipitation Assay (RIPA) buffer. After
determining the protein concentration, the proteins were
denatured at 100 °C for 10 min. Subsequently, Western
blotting analysis was performed, and the proteins were
transferred to a polyvinylidene fluoride (PVDF) mem-
brane following standard procedures. Then, the mem-
brane was blocked and incubated overnight with primary
antibodies at 4 °C on a shaker. The primary antibodies
used in this study are as follows: ATP6VOB rabbit anti-
body (Cat No: YN3416, 1:1000, Immunoway, China),
B-Tubulin polyclonal antibody (Cat No: AC015, 1:5000,
ABclonal, China), p85 monoclonal antibody (Cat No:
A11177, 1:1000, ABclonal, China), p-p85 antibody (Cat
No: ab191606, 1:1000, Abcam, USA), AKT antibody (Cat
No: ab8805, 1:500, Abcam, USA), p-AKT (Ser473) anti-
body (Cat No: 80455-1-RR, 1:5000, Proteintech, China),
E-cadherin antibody (Cat No: EPR16845-108, 1:1000,
Abcam, USA), Vimentin (Cat No: A11952, 1:1000,
ABclonal, China), and PAQR4 (Cat No: SAB2107001,
1:1000, Sigma-Aldrich, USA). The following day, the bio-
tin-labeled secondary antibodies were applied at room
temperature for 1 h. Then, the expression levels of target
proteins were visualized by an enhanced ECL lumines-
cence detection kit (Cat No: BL523A, Biosharp, Anhui,
China). Finally, grayscale analysis was conducted using
the Image] software.

In vivo animal experiments

The in vivo animal experiment method was conducted
according to the literature we previously published [27].
Following transfection, the J82 cells underwent G418
selection to obtain ATP6VOB-knockdown stable cell
lines. In total, 12 nude mice were used for the experi-
ments. They were randomly divided into two groups
(n=6 mice per group). The stably transfected cells (2 x 10°
cells /100 pL) were injected near the axilla in the right
scapular fossa of each mouse. The nude athymic BALB/c
mice used in this study were female (weight: 20 + 2 g; age:
six weeks old). All mice were housed and maintained
according to SPF guidelines. Three weeks post-injection,
all mice were euthanized by intraperitoneal injection
of sodium pentobarbital (60 mg/kg, Cat No: 57-33-0,
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Sinopharm Group Chemical Reagents (Shanghai) Co., Results
LTD, Shanghai, China). The volume, weight, and size of =~ Upregulation of ATP6VOB was associated with poor
the tumors were recorded, and tissue samples were col-  prognosis in BCa

lected and photographed. To determine the role of ATP6VOB in BCa, we initially
assessed its level of transcription in patient tissues using
Immunohistochemistry (IHC) the genotype-tissue expression (GTEx) and gene expres-

Paraffin sections were dewaxed in water, and followed sion profiling interactive analysis (GEPIA) database. Our
by antigen repair with citrate buffer. Subsequently, the results indicated a substantial upregulation of the tran-
sections were blocked with a 5% BSA and incubated at  scription of ATP6VOB in BCa tissues compared to that in
4 °C overnight with rabbit anti-ATP6VO0B antibody (Cat  normal tissues (Fig. 1A). The GEPIA and Kaplan-Meier
No: YN3416, 1:100, Immunoway, China) and Ki67Ki67 Plotter databases indicated that a high level of expres-
antibody (Cat No: ab15580, 1:500, Abcam, USA). The sion of ATP6VOB was associated with significantly lower
secondary antibodies from the SABC immunohisto- overall survival rates among BCa patients (Fig. 1B and
chemistry staining kit were applied, followed by using C). To confirm these findings, we assessed the level of
Diaminobenzidine (DAB) Kit (ZSGB-BIO, Beijing, expression of ATP6VOB in 30 pairs of BCa patient tis-
China) and hematoxylin. Finally, the sections were photo-  sues and corresponding normal tissues obtained from

graphed by evaluation under a light microscope. clinical cohorts. The results showed that the ATP6VOB
mRNA levels were considerably higher in BCa tissues,
Statistical analysis which matched the results of the above-mentioned

All statistical analyses were conducted using SPSS 22.0.  GEPIA database analysis (Fig. 1D). Similar changes were
The data were presented as the mean+standard devia-  also recorded in the ATP6VOB protein levels across four
tion (mean + SD). The differences among multiple groups  pairs of BCa tissues and adjacent normal tissues (Fig. 1E).
were determined by performing a one-way analysis of  Finally, by analyzing human immortalized urothelial cells
variance (ANOVA), whereas the differences between SV-Huc-1 and four BCa cell lines (J82, T24, UMUCS3, and
groups were determined by performing two-sample 5637), we found higher levels of ATP6VOB protein in the
t-tests. All differences among and between groups were  BCa cells relative to those in SV-Huc-1 cells (Fig. 1F).
considered to be statistically significant at p <0.05. These results suggested that ATP6VOB is closely involved
in the pathogenesis of BCa.

ATP6VOB acted as an oncogene in BCa
To assess the role of ATP6VOB in BCa, we initially
constructed ATP6VOB overexpression plasmids and
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Fig. 1 ATP6VOB was upregulated in BCa. The GEPIA database was used to determine the mRNA level of ATPEVOB (A) and the overall survival of BCa
patients (B). (C) The Kaplan-Meier (K-M) plotter was used to analyze the mRNA level of ATP6VOB and survival data. (D) RT-qPCR assays were performed to
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knockdown plasmids and transfected them into the BCa
cells J82 and T24. The efficacy of transfection was vali-
dated by RT-qPCR analysis (Fig. 2A). Next, we evaluated
the effect of altering the level of expression of ATP6V0OB
on the proliferation of BCa cells by conducting a CCK-8
assay. Our results showed that the proliferative capacity
of BCa cells increased significantly following the overex-
pression of ATP6VOB, whereas knocking down ATP6V0OB
strongly inhibited the proliferation of these cells (Fig. 2B
and D). However, whether changes in the expression of
ATP6VOB affect the invasion and migration abilities of
BCa cells was not clear. Transwell experiments were
conducted to address this issue. The results showed that
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overexpression of ATP6VOB significantly increased the
invasion and migration abilities of BCa cells. In con-
trast, these abilities were suppressed after ATP6VOB was
knocked down (Fig. 2E). Further investigations indicated
that upregulating ATP6VOB increased the expression of
Vimentin but decreased the expression of E-cadherin in
BCa cells. In contrast, the level of expression of Vimen-
tin and E-cadherin showed the opposite pattern after
ATP6VOB was knocked down (Fig. 2F and I). These find-
ings suggested that ATP6VOB promotes the proliferation,
migration and invasion of BCa cells in vitro.
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Knocking down ATP6VOB inhibited tumor growth in vivo
After determining the role of ATP6VOB in BCa in vitro,
we validated its role in vivo by conducting animal experi-
ments. We found that the ability of the BCa cell J82 to
form tumors in nude mice was significantly inhibited
after ATP6VOB was knocked down (Fig. 3A); addition-
ally, the tumors formed were also smaller in terms of size
and weight (Fig. 3B and C). Next, we assessed the level
of ATP6VOB mRNA in the tumor tissue and found that
the level of transcription of ATP6VOB in the tumors was
significantly lower after ATP6VOB was knocked down
(Fig. 3D). By performing IHC analysis, we found that
the level of expression of ATP6VOB in the ATP6VOB-
knockdown tumor tissue was also significantly lower
(Fig. 3E). Finally, we evaluated the level of expression of
Ki67 (a proliferative cell-related antigen) and found that
the expression of Ki67 in the ATP6VOB-knockdown
tumor tissue was also significantly lower (Fig. 3F). These
results indicated that the ability of BCa cells to grow in
nude mice was significantly inhibited after ATP6VOB was
knocked down.

ATP6VOB positively regulated the PI3K/AKT signaling
pathway in BCa

The mechanism by which ATP6VOB promotes the pro-
liferation and migration of BCa cells is not clear. By
conducting GSEA, we found that ATP6VOB is closely
related to the PI3K/AKT signaling pathway (Fig. 4A). The
results of Western blotting assays showed that the over-
expression of ATP6VOB significantly increased the level
of p-p85 and p-AKT proteins in cells, whereas knock-
ing down ATP6VOB significantly decreased the level
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of p-p85 and p-AKT proteins (Fig. 4B and C). Next, we
treated ATP6VOB-overexpressing BCa cells with the
PI3K inhibitor LY294002 and found that after treatment
with LY294002, the level of p-p85 and p-AKT proteins
decreased significantly (Fig. 4D and E). These results
indicated that ATP6VOB can activate the PI3K/AKT sig-
naling pathway.

ATP6VOB positively regulated the expression of PAQR4 in
Bca

To date, the mechanism by which ATP6VOB activates
the PI3K/AKT signaling pathway is not clear. Bioinfor-
matics analysis identified 54 genes that are positively
correlated with ATP6VOB and highly expressed in BCa
(Fig. 5A). Among these, 15 genes exhibited significantly
distinct survival curves. Several studies have speculated
that PAQR4 might activate the PI3K/AKT signaling path-
way [28-30]. Based on our analysis, we found that the
mRNA levels of ATP6VOB and PAQR4 were significantly
positively correlated with BCa tissues (Fig. 5B). Our
results also showed that PAQR4 was highly expressed
in BCa tissues, and a high level of expression of PAQR4
was significantly associated with greater survival of BCa
patients (Fig. 5C and E). The level of transcription of
PAQR4 and its correlation with ATP6VOB in BCa were
also confirmed by analyzing 30 pairs of BCa tissues, and
the results matched the predicted data (Fig. 5E, F and
G). In BCa cells, overexpression of ATP6VOB signifi-
cantly increased the transcription and protein levels of
PAQR4, whereas knocking down ATP6VOB inhibited its
expression (Fig. 5H and I). These results suggested that

Fig. 3 Knocking down ATP6VOB suppressed tumor growth in vivo. (A) The representative photographs of tumors were taken from nude mice 21 days
after inoculation (n=6). (B and C€) The volume and weight of the tumors were measured after the tumors were isolated. (D) RT-gPCR analysis was per-
formed to evaluate the mRNA levels of ATP6VOB in tumor tissues. (E) The expression of ATP6VOB in tumor tissues was confirmed by IHC; ****p <0.0001
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ATP6VOB can promote the expression of PAQR4 by
increasing its mRNA level.

ATP6VOB enhanced the malignant behavior of BCa cells via
a PAQR4-mediated mechanism

Whether ATP6VOB can regulate the proliferation, inva-
sion, and migration of BCa cells and activate the PI3K/
AKT signaling pathway needs to be confirmed. We found
that overexpression of ATP6VOB alone significantly
increased the proliferation, invasion, and migration of
BCa cells (Fig. 6A and B). We also found that the prolifer-
ation, invasion, and migration of BCa cells were partially
inhibited when ATP6VOB was overexpressed and PAQR4
was knocked down via co-transfection (Fig. 6A and B).
The results of Western blotting assays showed that the
levels of p-p85 and p-AKT increased significantly when
the cells were transfected with only the ATP6VOB-over-
expressing plasmid; however, they were inhibited when
the cells were co-transfected with ATP6VOB-overex-
pressing and PAQR4-knockdown plasmids (Fig. 6C and
D). Similarly, we found that the protein levels of E-cad-
herin and Vimentin could be rescued by knocking down
PAQR4 (Fig. 6C and D). These results suggested that
ATP6VOB influences the development of BCa by regulat-
ing the level of PAQRA4.

Discussion

The incidence of BCa is high, and it is prone to recur-
rence; however, its cause is not known [31]. Invasive
BCa is prone to recurrence and metastasis, which is the
main cause of deaths related to BCa. Therefore, the char-
acteristics and mechanism of invasion and metastasis of
BCa need to be determined for the diagnosis and treat-
ment of BCa. ATP6VOB is an essential component of the
V-ATPase complex and plays a key role in energy metab-
olism [7, 8]. Many members of the V-ATPase family are
associated with oncogenic activities in tumorigenesis,
but information on the role of ATP6VOB in tumors, espe-
cially concerning BCa, is limited [9, 10]. Hence, the func-
tion of ATP6VOB in BCa and its underlying mechanism
of action need to be investigated.

In this study, we initially investigated the expression of
ATP6VOB in BCa tissues using the GEPIA database and
found that its level was higher in BCa tissues compared
to that in adjacent normal tissues. Additionally, higher
expression of ATP6VOB was observed in BCa cells rela-
tive to that in normal urothelial cells. By conducting sur-
vival analysis using the GEPIA and Kaplan-Meier Plotter
databases, we found a correlation between an increase in
the expression of ATP6VOB and a poorer prognosis for
BCa patients. This suggested that ATP6VOB can be used
as a diagnostic and prognostic marker for this condition.
Additionally, examining the role of BCa in ATP6VOB
showed that its overexpression significantly increased
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the proliferation, invasion, and migration of BCa cells,
whereas silencing the gene led to a considerable decrease
in these abilities. These findings suggested that abnormal
expression of ATP6VOB can affect the proliferative and
invasive abilities of BCa cells. In vivo animal experiments
also supported this finding by demonstrating that silenc-
ing ATP6VOB inhibited tumor growth in vivo. However,
the mechanism underlying the effect of ATP6VOB on cell
proliferation and invasion in cancer is not known.

To elucidate the mechanism by which ATP6VOB facili-
tates the proliferation, invasion, and migration of tumors
in BCa, we initially conducted a single-gene GSEA on the
TCGA BCa dataset focusing on ATP6VOB. The results
showed that ATP6VOB was significantly correlated with

the PI3K/AKT signaling pathway, indicating its involve-
ment in regulating this pathway for the development
of BCa. The PI3K/AKT signaling pathway is activated
in almost all tumors and plays an important role in the
development and progression of tumors, as well as in
imparting resistance to chemotherapy [32-34]. There-
fore, whether ATP6VOB can activate the PI3K/AKT
signaling pathway needs to be further determined. The
results of Western blotting assays showed that the over-
expression of ATP6VOB activated the PI3K/AKT sig-
naling pathway, whereas silencing ATP6VOB inhibited
its activity. However, the exact mechanism by which
ATP6VOB activates the PI3K/AKT signaling pathway
remains unknown.
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To determine the mechanism, data from the GEPIA
database was analyzed, and the results indicated a posi-
tive association between ATP6VOB and PAQR4. The
level of expression of PAQR4 is high in various types
of tumors, and it acts as an oncogene, especially pro-
moting the development of BCa [35-37]. Additionally,
PAQR4 plays an important role in activating the PI3K/
AKT signaling pathway [28-30]. Through experiments,
researchers showed that the overexpression of ATP6VOB
increased the mRNA and protein levels of PAQR4. In
contrast, silencing ATP6VOB inhibited the expression of
PAQR4. These findings suggested that ATP6VOB may
activate the PI3K/AKT signaling pathway by interacting
with PAQR4. Finally, rescue experiments provided pre-
liminary evidence that modulation by ATVP60VB can
influence the expression of PAQR4 to promote the pro-
liferation, invasion, and migration of BCa cells. Further
investigation also showed that ATVP60VB can regulate
PAQR4, leading to the activation of the PI3K/AKT sig-
naling pathway. Although our research has initially dem-
onstrated that ATP6VOB can up-regulate the expression
of PAQR4 by increasing its mRNA level, our study still

has certain limitations. We have not yet proven the spe-
cific mechanism by which ATP6VOB affects the level of
PAQR4 mRNA, whether it is by regulating the expression
level of transcription factors to promote the transcription
of PAQR4 or by regulating the stability of PAQR4 mRNA.
Future resolution of these issues will further deepen our
understanding of the regulatory mechanism of ATP6VOB.

Conclusion

To summarize, ATVP60VB was overexpressed in BCa
tissues and cells and was associated with an unfavorable
prognosis for patients. It promoted the proliferation,
invasion, and migration of BCa cells. Subsequent inves-
tigations suggested that its mechanism of action prob-
ably involves the activation of the PAQR4/PI3K/AKT
signaling pathway. Our results indicated that ATVP60VB
contributes to the progression of BCa. This study might
provide valuable information for clinical intervention
to increase overall survival rates for patients with this
condition.



Wang et al. BMC Cancer (2025) 25:789

Supplementary Information
The online version contains supplementary material available at https://doi.or
g/10.1186/512885-025-14183-z.

[ Supplementary Material 1 ]

Author contributions

Xinsheng Wang and Yong Jia: Writing— original draft, Writing— review & editing,
Project administration, Methodology, Investigation, Funding acquisition.
Yanging Qu, Yanbo Sun, Tong Yang, Wei Wang, and Xinmeng Dou: Formal
analysis, Data curation, Conceptualization, Software, and Resources.

Funding

This study was supported by the Tianjin Health Research Project (Grant
No. TJIWJ2024RC007) and the Tianjin Key Medical Discipline (Specialty)
Construction Project (Grant No. TJYXZDXK-073 C).

Data availability
The datasets used and analyzed during the current study are available from
the corresponding author upon reasonable request.

Declarations

Ethics approval and consent to participate

Before the initiation of this study, all the procedures and protocols used in
this study was strictly reviewed and finally approved by the Ethics Review
Committee of the Qingdao Municipal Hospital (Appr. No.: 2024-L\W-105).

All the performance of the experiments in this study strictly followed the
Declaration of Helsinki. All the patients enrolled in this study signed the
written inform consent form before the study. For animal experiments, all the
procedures and protocols used in animal experiments were approved by the
Nankai University (Appr. No.: 2024-SWDWLL000149). All the performances of
animal experiment were conducted according to the guidelines for the care
and use of experimental animals.

Consent for publication
Informed consent was obtained from participants or their legal
representatives.

Competing interests
The authors declare no competing interests.

Received: 29 December 2024 / Accepted: 17 April 2025
Published online: 28 April 2025

References

1. Siegel RL, Giaquinto AN, Jemal A. Cancer statistics. Cancer J Clin.
2024;74(2024):12-49.

2. HeS, XiaC LiH CaoM,Yang F,Yan X, Zhang S, Teng Y, Li Q, Chen W. Cancer
profiles in China and comparisons with the USA: a comprehensive analysis in
the incidence, mortality, survival, staging, and attribution to risk factors. Sci
China Life Sci. 2024;,67:122-31.

3. BrayF, Laversanne M, Sung H, Ferlay J, Siegel RL, Soerjomataram |, Jemal
A. Global cancer statistics 2022: GLOBOCAN estimates of incidence and
mortality worldwide for 36 cancers in 185 countries, CA: Cancer J Clin.
2024;74:229-63.

4. Tomiyama E, Fujita K, Hashimoto M, Uemura H, Nonomura N. Urinary markers
for bladder cancer diagnosis: A review of current status and future chal-
lenges. Int J Urology: Official J Japanese Urol Association. 2024;31:208-19.

5. Rouprét M, Seisen T, Birtle AJ, Capoun O, Compérat EM, Dominguez-Escrig
JL, Glrses Andersson |, Liedberg F, Mariappan P, Mostafid AH, Pradere B, van
Rhijn BWG, Shariat SF, Rai BP, Soria F, Soukup V, Wood RG, Xylinas EN, Masson-
Lecomte A, Gontero P. European association of urology guidelines on upper
urinary tract urothelial carcinoma: 2023 update. Eur Urol. 2023;84:49-64.

6. Russo AE, Memon A, Ahmed S. Bladder Cancer and the urinary Microbiome-
New insights and future directions: A review, Clin Genitourin Cancer.
2024;22:434-44,

20.

21.

22.

23.

24.

25.

26.

27.

28.

Page 10 of 11

Forgac M. Structure, function and regulation of the vacuolar (H+)-ATPases.
FEBS Lett. 1998;440:258-63.

Jefferies KC, Cipriano DJ, Forgac M. Function, structure and regulation of the
vacuolar (H+)-ATPases. Arch Biochem Biophys. 2008;476:33-42.

Couto-Vieira J, Nicolau-Neto P, Costa EP, Figueira FF, Simao TA, Okorokova-
Faganha AL, Ribeiro Pinto LF, Faganha AR. Multi-cancer V-ATPase molecular
signatures: A distinctive balance of subunit Cisoforms in esophageal carci-
noma. EBioMedicine. 2020;51:102581.

Zhong B, Liu M, Bai C, Ruan Y, Wang Y, Qiu L, Hong Y, Wang X, Li L, Li B.
Caspase-8 induces Lysosome-Associated cell death in Cancer cells, molecular
therapy: the. J Am Soc Gene Therapy. 2020;28:1078-91.

Ibrahim SA, Kulshrestha A, Katara GK, Riehl V, Sahoo M, Beaman KD. Cancer-
associated V-ATPase induces delayed apoptosis of protumorigenic neutro-
phils. Mol Oncol. 2020;14:590-610.

Whitton B, Okamoto H, Rose-Zerilli M, Packham G, Crabb SJ. V-ATPase
Inhibition decreases mutant androgen receptor activity in Castrate-resistant
prostate Cancer. Mol Cancer Ther. 2021,20:739-48.

Nishie M, Suzuki E, Hattori M, Kawaguch K, Kataoka T.R, Hirata M, Pu F, Kotake
T, Tsuda M, Yamaguchi A, Sugie T, Toi M. Downregulated ATP6V1B1 expression
acidifies the intracellular environment of cancer cells leading to resistance to
antibody-dependent cellular cytotoxicity. Cancer Immunol Immunotherapy:
Cll. 2021,70:817-30.

Zhang F, Shen H, Fu, Yu G, Cao F, Chang W, Xie Z. Vacuolar membrane
ATPase activity 21 predicts a favorable outcome and acts as a suppressor in
colorectal Cancer. Front Oncol. 2020;10:605801.

Santos-Pereira C, Rodrigues LR, Corte-Real M. Emerging insights on the role
of V-ATPase in human diseases: therapeutic challenges and opportunities.
Med Res Rev. 2021;41:1927-64.

Pemov A, Sung H, Hyland PL, Sloan JL, Ruppert SL, Baldwin AM, Boland JF,
Bass SE, Lee HJ, Jones KM, Zhang X, Mullikin JC, Widemann BC, Wilson AF,
Stewart DR. Genetic modifiers of neurofibromatosis type 1-associated café-
au-lait macule count identified using multi-platform analysis. PLoS Genet.
2014;10:1004575.

Beyenbach KW, Wieczorek H. The V-type H+ ATPase: molecular structure and
function, physiological roles and regulation. J Exp Biol. 2006,209:577-89.
Tseng YH, Chang CC, Lin KH. Thyroid hormone upregulates LAMP2 expres-
sion and lysosome activity. Biochem Biophys Res Commun. 2023;662:66-75.
Meo-Evoli N, Almacellas E, Massucci FA, Gentilella A, Ambrosio S, Kozma SC,
Thomas G, Tauler A. V-ATPase: a master effector of E2F1-mediated lysosomal
trafficking, mTORC1 activation and autophagy. Oncotarget. 2015;6:28057-70.
LuoY, Liu H, Fu H, Ding GS, Teng F. A cellular senescence-related classifier
based on a tumorigenesis- and immune infiltration-guided strategy can
predict prognosis, immunotherapy response, and candidate drugs in hepato-
cellular carcinoma. Front Immunol. 2022;13:974377.

ChenY,Teng L, LiuW, CaoY, Ding D, Wang W, Chen H, Li C, An R. Identifica-
tion of biological targets of therapeutic intervention for clear cell renal cell
carcinoma based on bioinformatics approach. Cancer Cell Int. 2016;16:16.
Wang SY, Shen XY, Wu CY, Pan F, Shen YY, Sheng HH, Chen XM, Gao HJ.
Analysis of whole genomic expression profiles of Helicobacter pylori related
chronic atrophic gastritis with IL-1B-31CC/-511TT genotypes. J Dig Dis.
2009;10:99-106.

Oliveira A, Lima EDS, Cardozo LE, Souza GF, de Souza N, Alves-Fernandes DK,
Faido-Flores F, Quincoces JAP, Barros SBM, Nakaya HI, Monteiro G. Maria-
Engler, toxicogenomic and bioinformatics platforms to identify key molecular
mechanisms of a curcumin-analogue DM-1 toxicity in melanoma cells.
Pharmacol Res. 2017;125:178-87.

Li C,Tang Z, Zhang W, Ye Z, Liu F. GEPIA2021: integrating multiple deconvolu-
tion-based analysis into GEPIA. Nucleic Acids Res. 2021,49:W242-6.

Gydrffy B. Integrated analysis of public datasets for the discovery and valida-
tion of survival-associated genes in solid tumors. Innov (Cambridge (Mass)).
2024;5:100625.

Subramanian A, Tamayo P, Mootha VK, Mukherjee S, Ebert BL, Gillette MA,
Paulovich A, Pomeroy SL, Golub TR, Lander ES, Mesirov JP. Gene set enrich-
ment analysis: a knowledge-based approach for interpreting genome-wide
expression profiles. Proc Natl Acad Sci USA. 2005;102:15545-50.

Wang X, Jia Y, Wang D. Cathepsin C promotes tumorigenesis in bladder
Cancer by activating the Wnt/B-catenin signalling pathway. Front Bioscience
(Landmark edition). 2024;29:327.

Ye J, Gao M, Guo X, Zhang H, Jiang F. Breviscapine suppresses the growth
and metastasis of prostate cancer through regulating PAQR4-mediated PI3K/
Akt pathway. Volume 127. Biomedicine & pharmacotherapy = Biomedecine &
pharmacotherapie; 2020. p. 110223.


https://doi.org/10.1186/s12885-025-14183-z
https://doi.org/10.1186/s12885-025-14183-z

Wang et al. BMC Cancer (2025) 25:789

29.

30.

31.

32.

33.

34.

ChenW, Cen S, Zhou X, Yang T, Wu K, Zou L, Luo J, Li C, Lv D, Mao X. Circular
RNA CircNOLC1, upregulated by NF-KappaB, promotes the progres-

sion of prostate Cancer via miR-647/PAQR4 Axis. Front Cell Dev Biology.
2020;8:624764.

Zhao G, Shi X, Sun Z, Zhao P, Lu Z. PAQR4 promotes the development of
hepatocellular carcinoma by activating PI3K/AKT pathway. Acta Biochim
Biophys Sin. 2021;53:1602-13.

Lobo N, Afferi L, Moschini M, Mostafid H, Porten S, Psutka SP, Gupta S, Smith
AB, Williams SB, Lotan Y. Epidemiology, screening, and prevention of bladder
Cancer. Eur Urol Oncol. 2022;5:628-39.

Hoxhaj G, Manning BD. The PI3K-AKT network at the interface of oncogenic
signalling and cancer metabolism, nature reviews. Cancer. 2020;20:74-88.
He'Y, Sun MM, Zhang GG, Yang J, Chen KS, Xu WW, Li B. Targeting PI3K/Akt
signal transduction for cancer therapy. Signal Transduct Target Therapy.
2021,6:425.

Noorolyai S, Shajari N, Baghbani E, Sadreddini S, Baradaran B. The relation
between PI3K/AKT signalling pathway and cancer. Gene. 2019,698:120-8.

35.

36.

Page 11 of 11

Patil D, Raut S, Joshi M, Bhatt P, Bhatt LK. PAQR4 oncogene: a novel target for
cancer therapy. Med Oncol (Northwood Lond Engl). 2024;41:161.

Wang K, Meng J, Wang X, Yan M, Liu S, Yang S, Xu S, Liu D, Li C, Yang K. Pan-
cancer analysis of the prognostic and immunological role of PAQR4. Sci Rep.
2022;12:21268.

Wang W, Huang Q, Liao Z, Zhang H, Liu Y, Liu F, Chen X, Zhang B, Chen Y, Zhu
P. ALKBH5 prevents hepatocellular carcinoma progression by post-tran-
scriptional Inhibition of PAQR4 in an m6A dependent manner. Experimental
Hematol Oncol. 2023;12:1.

Publisher’s note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.



	﻿ATP6V0B promotes the tumorigenesis of bladder cancer by activating PAQR4/PI3K/AKT signaling
	﻿Abstract
	﻿Introduction
	﻿Materials and methods
	﻿Bioinformatics methods
	﻿Clinical samples
	﻿Cell culture
	﻿Plasmid construction and cell transfection
	﻿Quantitative reverse transcription polymerase chain reaction (RT-qPCR)
	﻿Cell counting kit-8 (CCK-8)
	﻿Transwell assay
	﻿Western blotting assays
	﻿In vivo animal experiments
	﻿Immunohistochemistry (IHC)
	﻿Statistical analysis

	﻿Results
	﻿Upregulation of ATP6V0B was associated with poor prognosis in BCa
	﻿ATP6V0B acted as an oncogene in BCa
	﻿Knocking down ATP6V0B inhibited tumor growth in ﻿vivo﻿
	﻿ATP6V0B positively regulated the PI3K/AKT signaling pathway in BCa
	﻿ATP6V0B positively regulated the expression of PAQR4 in Bca
	﻿ATP6V0B enhanced the malignant behavior of BCa cells via a PAQR4-mediated mechanism

	﻿Discussion
	﻿Conclusion
	﻿References


