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Background: Clear cell renal cell carcinoma (ccRCC), a malignant neoplasm originating in the renal
tubules, is characterized by extended treatment durations and suboptimal therapeutic outcomes in clinical
settings. Adenosine triphosphate (ATP) synthase F1 subunit a (47P5A1), a subunit of mitochondrial ATP
synthase, is integral to the energy metabolism of specific tumors. While prior research has established a link
between ATPSAI expression and malignancies, its precise function and clinical significance in ccRCC are yet
to be elucidated. The study aims to investigate the role of ATP5AI in ccRCC and to explore the underlying
molecular mechanisms.

Methods: The RNA sequencing data from ¢ccRCC and corresponding adjacent tissues were analyzed
through The Cancer Genome Atlas to evaluate their diagnostic and prognostic implications. ATP5SA1
expression in ccRCC was validated using the Human Protein Atlas database. The role of ATP5A1 in ccRCC
was further characterized through a series of assays, including wound healing, transwell invasion, cell
counting kit-8 proliferation, and flow cytometry.

Results: ATP5A1 expression levels were elevated across 17 tumor types while being notably downregulated
in 15 others, including ccRCC, esophageal carcinoma, and colon adenocarcinoma. Compared to 293 cells
and adjacent normal kidney tissues, renal cancer cells and tissues exhibited a significant reduction in ATP5A41
expression. An inverse relationship was observed between ATP5A1 expression and both the clinical stage
and histological grade of ccRCC, yet it is positively associated with improved prognosis. Silencing ATP5A1
expression enhanced the malignant biological properties of ccRCC, while its upregulation inhibited these
effects. Furthermore, ATP5A1 knockdown activated the Wnt/B-catenin signaling pathway, whereas its
overexpression resulted in pathway suppression.

Conclusions: Collectively, this study indicates that ATP5A1 may serve as a potential biomarker for the
diagnosis, prognosis, and therapeutic targeting of ccRCC.
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Introduction

Renal cancer represents approximately 5% of malignant
tumors in adult males and 3% in adult females, with clear
cell renal cell carcinoma (ccRCC) being the predominant
subtype. The insidious nature of renal cancer leads to over
50% of cases being detected incidentally (1). While surgical
intervention offers curative potential in early-stage ccRCC,
the mortality rate escalates significantly upon metastasis.
The absence of von Hippel Lindau (VHL) alleles is a
hallmark of ¢ccRCC, leading to the overexpression of
downstream genes, which are critical therapeutic targets
for ccRCC management (2,3). Conventional chemotherapy
proves largely ineffective against ccRCC, whereas targeted
therapy has emerged as the preferred non-surgical
treatment due to its specificity, low toxicity, and potential to
enhance patient survival (4). Consequently, the integration
of bioinformatics with experimental validation is anticipated
to facilitate the identification of novel biomarkers and
therapeutic targets for ccRCC.

Adenosine triphosphate (ATP) synthase is a fundamental
enzyme responsible for energy production across a wide
range of organisms. Based on its functional characteristics,
ATP synthase is categorized into several types: F, V, A,
P, and E. The F-type ATP synthase, also referred to as
F1F0 ATP, consists of two structural domains, F [1] and
F [0]. This enzyme is predominantly located in the inner
mitochondrial membrane and plays a key role in ATP
synthesis (5). The ATP synthase F1 subunit o (A4TP5AI)
gene encodes the a subunit of the ATP synthase complex,
which promotes the conversion of adenosine diphosphate
(ADP) and inorganic phosphate (Pi) into ATP, thereby
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playing an essential role in intracellular energy production.
However, ATP5SAI expression levels differ among various
tumor types, leading to distinct impacts on malignant
cells. Elevated ATP5SA1 expression in hepatocellular
carcinoma correlates with the activation of oncogenic
pathways (6), while targeted microRNA (miRINA)-induced
downregulation of ATP5A1I enhances glioblastoma tumor
aggressiveness (7). Additionally, the role of ATP5AL in
colon cancer is to affect mitochondrial function through its
interaction with SIRT?3 and its deacetylation state, thereby
influencing the growth and survival of colon cancer cells (8).
Conversely, reduced ATP5SA1 expression has been observed
in renal tumors (9), suggesting a potential role in ccRCC
progression through modifications in tumor-associated
phosphorylation (10). Wnt/B-catenin signaling plays a
critical role in the initiation and progression of kidney
carcinoma, with VHL identified as a target of B-catenin
within this pathway, emphasizing its significance in renal
cancer development (11). While extensive research has
established a strong correlation between ATPSAI and
various tumors, its specific involvement in renal cancer
remains underexplored. This study utilized bioinformatics
analysis alongside cellular assays to investigate the
Pathophysiological function of ATP5A1 in ccRCC, aiming
to uncover potential therapeutic targets for this malignancy.
We present this article in accordance with the TRIPOD
reporting checklist (available at https://tcr.amegroups.com/
article/view/10.21037/tcr-24-1397/rc).

Methods
Public data access

The Cancer Genome Atlas (TCGA) (https://www.cancer.
gov/ccg/research/genome-sequencing/tcga) provided the
foundational bioinformatics data for this study. Comparative
analysis of ATP5SAI expression between ccRCC and normal
kidney tissues was conducted using data from the Human
Protein Atlas (HPA) (https://www.proteinatlas.org/).
Additionally, co-expression genes of ATP5A1 in ccRCC were
identified through the Cbioportal database (http://www.
cbioportal.org/). The study was conducted in accordance
with the Declaration of Helsinki (as revised in 2013).

Cell lines

Human renal cancer cell lines 786-O, CAKI-1, 769-P,
and human embryonic kidney cell lines 293 cells were
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Table 1 Primers for RT-PCR analysis

Zhou et al. ATP5A1 as a biomarker in ccRCC

Gene Forward primer, 5'-3' Reverse primer, 5'-3'
ATP5A1 TCGTGTAGTTGATGCCCTTG TCCCGCACTGAAATTCG
GAPDH CAGGAGGCATTGCTGATGAT CAGGAGGCATTGCTGATGAT

RT-PCR, reverse transcription-polymerase chain reaction.

purchased from Wuhan Pricella Biotechnology Co., Ltd.
(Wuhan, China). The authentication of the experimental
cells was performed using human short-tandem repeat (STR)
analysis, and this was followed by a thorough screening for
mycoplasma contamination in all cell lines. The cells were
maintained in Gibco® RPMI 1640 and Procell™ McCoy’s
5A media, supplemented with 10% fetal calf serum and 1%
penicillin-streptomycin, and incubated at 37 °C with 5% CO,.

Reverse transcription-quantitative polymerase chain
reaction (RT-qPCR) analysis

Total RNA extraction from the cell lines was performed using
TRIzol® reagent, followed by RT utilizing a cDNA assay
kit (Tolobio, Anhui, China). RT-qPCR was subsequently
conducted with an SYBR assay kit under the following
thermocycling conditions: initial denaturation at 95 °C for
30 s, followed by 40 cycles of denaturation at 95 °C for 10 s,
and combined annealing and extension at 60 °C for 30 s. Data
quantification was achieved via the 27**“* method (12). The

primer sequences utilized in these experiments were listed in
Table 1.

Western blot (WB) assay

Total protein extraction from the cell lines was conducted
using radio immunoprecipitation assay (RIPA) lysis buffer,
with protein concentration quantified via a bicinchoninic
acid (BCA) kit (EpiZyme, Shanghai, China) according
to the manufacturer’s protocol. Proteins were denatured
by boiling at 100 °C for 10 minutes. A consistent 30 pg
of protein was loaded per gel lane for separation through
sodium dodecyl sulfate polyacrylamide gel electrophoresis
(SDS-PAGE) (EpiZyme), followed by transfer onto a
0.45 pm polyvinylidene fluoride (PVDF) membrane.
The membrane was blocked with a protein-free solution
(EpiZyme) at room temperature for 30-60 minutes, then
incubated with primary antibodies against ATP5A1 (Abcam,
Cambridge, UK; ab176569, 1:10,000), phosphorylated
(p)-GSK3p (Zenbioscience, Chengdu, China; 310010,
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1:1,000), B-catenin (Zenbioscience, R23616, 1:1,000), c-Myc
(Zenbioscience, R22809, 1:1,000), and glyceraldehyde-
3-phosphate dehydrogenase (GAPDH) (Zenbioscience,
R24404, 1:1,000) at 4 °C for 12-18 hours. The membrane
was then incubated with the secondary antibody
(Proteintech, Wuhan, China; SA00001-2, 1:2,000) for 1
hour at room temperature. Visualization was achieved using
an enhanced chemiluminescence (ECL) luminescent kit

(EpiZyme, SQ202).

Immunofluorescence assay

Four types of cells were evenly seeded into 12-well plates,
with 80,000 to 100,000 cells per well. After the cells adhered
firmly to the well walls, the medium was removed, and
cells were fixed with 4% paraformaldehyde for 10 minutes,
followed by phosphate buffered saline (PBS) washing. Cells
were then permeabilized with 5% Triton X-100 for 20
minutes and washed with PBS for 15 seconds. Following this,
the cells were blocked with 2% bovine serum albumin (BSA)
for 30 minutes, and primary antibody against ATP5A1 was
applied. Incubation was carried out at 4 °C for 12-18 hours.
The cells were washed three times with PBS (15 seconds per
wash) before the fluorescent secondary antibody was added,
followed by a 1-hour incubation at room temperature. After
an additional wash, nuclei were stained with DAPI for §
minutes, and the results of the immunofluorescence assay
were observed using a fluorescence microscope. Fluorescence
detection results were analyzed using NIS-Elements Viewer
software. The expression level of ATP5A1 was quantified
by comparing the mean fluorescence intensities among the
different cell groups.

Cell transduction studies

Both ATP5A1 siRNA (Si-NC or Si-ATP5A1) and ATP5A1
overexpression plasmids (vector or OE-ATP5A1) were
sourced from Hanheng Biotechnology Co., Ltd. (Shanghai,
China). The si-ATP5A1 sense strand sequence was
5'-CGGUAUCAUUCCUCGAAUUTT=-3", and the antisense
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strand sequence was 5'-AAUUCGAGGAAUGAUACCGTT-3'.
The 5-pg plasmid or 3-pg siRNA and 5 pL LipoFiter3.0
were combined and incubated at room temperature for
20 minutes before being introduced to a six-well plate
containing cells (200,000 to 300,000 per well). Transfection
of siRNA into 769-P cells was performed using Gibco® Opti-
MEM Reduced Serum Medium and LipoFiter3.0, while the
overexpression plasmid was transfected into CAKI-1 and
786-0 cells. The culture was then maintained at 37 °C with
5% CO, for 6 hours. Following a medium change, the cells
were cultured for an additional 48 hours before proceeding
with subsequent experiments. Transfection efficiency was
evaluated via RT-PCR and WB analyses.

Wound-healing assay

After transfection, 786-O, CAKI-1, and 769-P cells were
seeded at a density of 500,000 cells per well in 6-well plates.
Upon reaching over 90% confluence, a 200 pL pipette tip
was used to swiftly create a scratch in the cell monolayer,
followed by three PBS washes. The cells were then
incubated in serum-free medium. Scratch wound healing
was monitored under an inverted microscope, with images
captured at 0, 24, and 48 hours.

Cell counting kit-8 (CCK-8) cell proliferation assay

After transfection of the three cell types following the
established protocol, cells were seeded into a 96-well plate
at a density of 3,000-5,000 cells per well. Each well received
100 pL of medium supplemented with 10% serum and
10 pL of CCK-8 reagent, and the plate was incubated at
37 °C with 5% CO,. Cell proliferation was assessed at 0,
24, 48, and 72 hours post-incubation, with absorbance
measured at 450 nm using a microplate reader.

Transwell cell invasion assay

Transfected cells were suspended in a serum-free medium
to achieve a concentration of 30,000-50,000 cells/mL. A
200 pL aliquot of the cell suspension was then placed in
the upper chamber of a transwell insert, while 500 pL. of
media supplemented with 20% FBS was added to the lower
chamber. The setup was incubated for 48 hours at 37 °C
with 5% CO,. Post-incubation, cells were fixed with 4%
paraformaldehyde for 15 minutes and subsequently stained
with crystal violet for an additional 15 minutes. After
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thorough washing to remove excess reagents, images were
acquired using an inverted microscope and analyzed with
Image] software.

Flow cytometric analysis of cell apoptosis

The 769-P and 786-0 cells were transfected with si-RINA
and plasmids, respectively, and were further cultured until
the cell count reached between 1,000,000 and 3,000,000 for
the experiment. On one hand, cell suspensions for both the
experimental and control groups were prepared through
methods such as cell dissociation, washing, and centrifugation.
"To the control cells, 500 pL. of an Apoptosis Positive Control
Solution (MultiSciences) was added, followed by incubation
for 30 minutes. An equal volume of live cells was then mixed
in, and the mixture was divided evenly into three tubes. These
tubes were used to adjust the fluorescence channel voltage and
compensation settings on the flow cytometer. On the other
hand, cell suspensions were prepped in advance, ensuring that
each flow cytometry tube contained 500,000 to 1,000,000 cells
from either the experimental or control group. The cells were
resuspended in 500 pL of Binding Buffer, followed by the
addition of 5 pL. of Annexin V-APC and 10 pL of 7-AAD to
each tube. The tubes were incubated in the dark for 5 minutes.
Finally, the apoptosis status of the cells was detected using a
flow cytometer.

Statistical analysis

Gene expression data analysis was conducted using R software
(version 4.3.2). Image processing was performed with Image J
(version 1.52a), while statistical analyses were executed using
GraphPad Prism (version 9.5.1; Dotmatics). Survival curves
were generated using the Kaplan-Meier method, with statistical
differences assessed via the log-rank test. The “rms” package in
R was utilized to develop a logistic regression prediction model
and nomogram, followed by the creation of a calibration curve
to evaluate the diagnostic significance of ATP5A1 for ccRCC
prognosis and to validate the model’s accuracy. ATPSAI’s
potential as an independent prognostic biomarker was evaluated
through univariate and multivariate Cox survival regression
analyses. Variations in mean values between two datasets were
compared using Student’s 7-test. Experiments were conducted in
triplicate, with results presented as mean + standard deviation.
Student’s #-test was used to compare the differences between
groups of in vitro experimental data. Statistical significance was
determined at P<0.05.
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Figure 1 Downregulation of ATP5AI in ccRCC. (A) The mRNA expression of ATPSAI across various human tumors, as derived from
the TCGA database, is presented. (B,C) Unpaired and paired analyses to compare ATPSAI expression levels in ccRCC using TCGA data.
(D) The ROC curve, reflecting the diagnostic relevance of ATP5A1 expression. (E) The mRNA expression levels of ATPSA1 in 293 cells
versus ccRCC cells are depicted. (F and G) Protein expression levels of ATP5A1 in 293 cells and ccRCC cells are displayed. *, P<0.05 vs. 293
cells; **, P<0.01 vs. 293 cells; ***, P<0.001 vs. 293 cells; ATP5A1, adenosine triphosphate synthase F1 subunit a; ccRCC, clear cell renal cell
carcinoma; TCGA, The Cancer Genome Atlas; TPM, transcripts per million; ROC, receiver operating characteristic; TPR, true positive

rate; FPR, false positive rate; AUC, area under the curve; CI, confidence interval.

Results
ATP5AI expression is downregulated in ccRCC

RNA sequencing (RNAseq) data from 34 tumor projects
within the TCGA dataset were downloaded and processed
to obtain transcripts per million (TPM)-format data,
enabling a comprehensive analysis of ATP5A1 expression

© AME Publishing Company.

across various human cancers and normal tissues. This
analysis demonstrated elevated ATPSAI expression in
17 cancer types, including glioma, breast invasive
carcinoma, and prostate adenocarcinoma. Conversely,
significant downregulation of ATP5A1 expression was
observed in 15 tumor types, such as esophageal carcinoma,
colon adenocarcinoma, stomach adenocarcinoma, and
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Figure 2 Reduced ATP5SA1 expression levels in ccRCC. (A) Immunohistochemical analysis data for ATP5A1 expression in normal
renal tissues and ccRCC tissues were sourced from the Human Protein Atlas database (https://www.proteinatlas.org/). (B) Quantitative
immunohistochemical analysis is presented; the scale bar corresponds to 200 pm. *, P<0.05 vs. normal tissue. Patient ID: 1767 (https://
images.proteinatlas.org/13067/31200_A_8_5.jpg). Patient ID: 1933 (https://images.proteinatlas.org/13067/31200_A_9_5.jpg). Patient

ID: 1859 (https://images.proteinatlas.org/44202/126704_A_7_5.jpg). Patient ID: 1969 (https://images.proteinatlas.org/40622/125073_
A_9_1.jpg). Patient ID: 2545 (https://images.proteinatlas.org/40622/125073_A_7_2.jpg). Patient ID: 3156 (https://images.proteinatlas.

org/40622/125073_A_9_8.jpg). ATP5AL, adenosine triphosphate synthase F1 subunit o; ccRCC, clear cell renal cell carcinoma.

ccRCC (Figure 1A). Additionally, RNAseq data for ccRCC
were specifically retrieved and compiled from the TCGA-
Kidney Renal Clear Cell Carcinoma (KIRC) dataset,
focusing on TPM-format data. Initial unpaired analysis of
ATP5AL expression in cancerous versus normal tissues, and
subsequent paired analysis in 72 tissue pairs of cancer and
paracancerous samples, both revealed reduced ATP5A1
levels in ccRCC (Figure 1B,1C). Receiver operating

© AME Publishing Company.

characteristic (ROC) curve analysis demonstrated the
robust diagnostic potential of ATPSAI for ccRCC, with an
area under the curve (AUC) of 0.946 (Figure 1D). In vitro
experiments utilizing 293 cells and the 786-O, CAKI-1, and
769-P renal cancer cell lines confirmed significantly lower
ATP5A1 mRNA expression (Figure 1E) and protein levels
(Figure 1F1G) in ccRCC cells compared to normal cells.
Additionally, immunohistochemical data for ATP5AI1 in
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both ¢ccRCC and normal kidney tissue were extracted from
the HPA database, demonstrating low ATP5A1 expression
in ccRCC, consistent with its messenger RNA (mRNA)
expression level (Figure 2). Subsequent immunofluorescence
assays corroborated these findings, showing that ATP5A1
abundance in 293 cells exceeded that in the other three
renal cancer cell lines (Figure 34-3E).

Association between ATPSAI1 and the clinicopathological
features of ccRCC

RNAseq data for the TCGA KIRC project were retrieved
from the TCGA database and analyzed, revealing significant
correlations between ATP5A1 mRNA expression and the T
stage, M stage, as well as pathological staging and grading
of ccRCC. Additionally, notable differences in overall
survival (OS) rates were identified (7zble 2). Higher ATP5A1
mRNA expression levels were associated with reductions in
pathological staging severity, clinical analysis outcomes, and
histological grading likelihood (Figure 44-4D).

The association between ATPSAI expression and clinical
outcomes in individuals with ccRCC was investigated
to elucidate ATP5SAI’s role in the disease’s physiological
behavior. Additionally, reduced ATP5AI expression was
significantly correlated with OS [hazard ratio (HR):
0.42; 95% confidence interval (CI): 0.31-0.58], disease-
specific survival (DSS) (HR: 0.22; 95% CI: 0.14-0.35),
and progression-free interval (PFI) (HR: 0.36; 95% CI:
0.26-0.50) in ccRCC patients (Figure 4E-4G). Initially,
a univariate Cox regression analysis was carried out,
revealing that patients with elevated expression of ATP5A1
exhibited improved OS (HR: 0.424; 95% CI: 0.310-0.581).
Subsequently, a multivariate Cox regression analysis was
conducted, confirming ATP5AI was an independent OS
protective maker in ccRCC (HR: 0.467; 95% CI: 0.292—
0.746; P=0.001) (1able 3). Additionally, R software (version
4.3.2) was utilized to generate a nomogram incorporating
ATP5SAI expression levels to estimate 1-, 3-, and S-year
survival probabilities in ccRCC patients (Figure 4H). The
model demonstrated robust predictive performance, with
a C-index of 0.782 (range: 0.760-0.804), and calibration
plots confirmed the accuracy of the predictions (Figure 41).
Ultimately, low ATP5AI expression was significantly
correlated with poor prognosis in ccRCC, highlighting its
potential as a prognostic biomarker.

© AME Publishing Company.
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ATPS5AI suppresses migration, proliferation, invasion, and
promotes apoptosis in ccRCC cells

The role of ATP5A1 in promoting malignant behavior in
ccRCC was assessed using in vitro experiments with 786-
O, CAKI-1, and 769-P cell lines, where ATPSAI was
either overexpressed or knocked down. The effectiveness
of ATP5AI modulation was confirmed through RT-
PCR and WB analyses (Figure 5A-5G). Wound healing
assays revealed a marked increase in migratory capacity
in the knockdown group compared to the overexpression
group (Figure 6A-6F). CCK-8 proliferation assays
indicated that cell proliferation was significantly elevated
in the knockdown group relative to the normal control
(NC) group, while the overexpression group exhibited
reduced proliferative capacity compared to the NC group
(Figure 74-7C). Additionally, transwell invasion assays
showed enhanced invasive potential in cells with ATPSA1
knockdown compared to NC group (Figure 7D-7G). Flow
cytometry analysis revealed a decrease in apoptosis rates
in ¢ccRCC cells following ATP5SAI knockdown, while
overexpression of ATPSAI significantly elevated apoptosis
rates (Figure §).

ATPSA1 envichment analysis of co-expressed genes and its
association with the Wnt/B-catenin signaling pathway

To investigate the physiological roles of the ATP5AI
gene in ccRCC, co-expressed genes were identified using
the cBioPortal database, as detailed in Table S1. A total
of 105 co-expressed genes were identified, comprising
72 positively correlated and 33 negatively correlated genes.
The role of ATP5AI in ccRCC progression was further
elucidated through Gene Ontology (GO) and Kyoto
Encyclopedia of Genes and Genomes (KEGG) enrichment
analyses. GO enrichment analysis revealed that the majority
of co-expressed genes were involved in processes such as
‘mitochondrial matrix’, ‘mitochondrial protein processing’,
‘aerobic respiration’, and ‘lyase activity’. KEGG pathway
enrichment analysis of co-expressed genes primarily
identified pathways related to ‘carbon metabolism’, the
‘citrate cycle (TCA cycle)’, ‘chemical carcinogenesis
reactive oxygen species’, and other physiological processes
(Figure 9A4). ATP5SAI was classified based on expression

levels, gene expression profiles, and phenotype, followed
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Figure 3 Immunofluorescence analysis of ATP5AI expression abundance in various cells. Immunofluorescence images of (A) 786-O cells,
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Table 2 Clinical characteristics of patients with ccRCC

Zhou et al. ATP5A1 as a biomarker in ccRCC

Characteristic Low expression of ATP5A1 (n=270) High expression of ATP5A1 (n=271) P value'
Age (years), n (%) 0.76
<60 136 (25.1) 133 (24.6)
>60 134 (24.8) 138 (25.5)
Gender, n (%) <0.001
Female 76 (14.0) 111 (20.5)
Male 194 (35.9) 160 (29.6)
Pathologic T stage, n (%) <0.001
T1 107 (19.8) 172 (31.8)
T2 37 (6.8) 34 (6.3)
T3 119 (22.0) 61 (11.3)
T4 7(1.3) 4(0.7)
Pathologic N stage, n (%) 0.29
NO 118 (45.7) 124 (48.1)
N1 10 (3.9) 6 (2.3)
Pathologic M stage, n (%) <0.001
MO 201 (39.6) 228 (44.9)
M1 56 (11) 23 (4.5)
Pathologic stage, n (%) <0.001
Stage | 104 (19.3) 169 (31.4)
Stage Il 28 (5.2) 31(5.8)
Stage IlI 78 (14.5) 45 (8.4)
Stage IV 58 (10.8) 25 (4.6)
Histologic grade, n (%) <0.001
G1 4(0.8) 10 (1.9)
G2 99 (18.6) 137 (25.7)
G3 110 (20.6) 97 (18.2)
G4 56 (10.5) 20 (3.9)
OS event, n (%) <0.001
Alive 155 (28.7) 211 (39)
Dead 115 (21.3) 60 (11.1)

', the chi-squared test. ATP5A1, adenosine triphosphate synthase F1 subunit «; ccRCC, clear cell renal cell carcinoma; T, tumor; N, lymph
node; M, metastasis; OS, overall survival.

© AME Publishing Company.
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Figure 4 Relationship between ATPSAI expression and the clinicopathological features of ccRCC. (A-C) The association between ATP5A1
expression and various stages of ccRCC. (D) Association between ATP5A1 expression and ccRCC grade stages. (E-G) The impact of
ATPSAI expression on the survival outcomes of ccRCC patients, including OS, DSS, and PFL. Patients were stratified into high and low
expression groups based on the median ATP5SAI expression level. (H) Nomogram illustrating the association between ATP5A1I expression
and prognosis, with (I) providing a calibration plot for the nomogram regarding this association. Statistical significance is indicated as
follows: *, P<0.05, T3 & T4 compared to T2, stage III compared to stage II, G4 compared to G1; **, P<0.01, M1 compared to M0, G4
compared to G3; ***, P<0.001, T3 & T4 compared to T, stage III compared to stage I, stage V compared to stage I, G4 compared to G2.
ATPSAI, adenosine triphosphate synthase F1 subunit a; ccRCC, clear cell renal cell carcinoma; OS, overall survival; DSS, disease-specific

survival; PFI, progression-free interval; TPM, transcripts per million; T, tumor; N, lymph node; M, metastasis; CI, confidence interval; HR,

hazard ratio.

by enrichment analysis using gene set enrichment analysis
(GSEA) software. The results indicated significant
enrichment of ATPSAI in signaling pathways associated
with peroxisome proliferator-activated receptors (PPARs),
insulin, Wnt, neurotrophin, and ErbB (Figure 9B).

Given the well-established link between the Wnt/

© AME Publishing Company.

B-catenin signaling pathway and the development and
progression of various cancers (13,14), the mechanism by
which ATPSA1 affects ccRCC was explored. To investigate
this, 769-P cells with ATP5A1 knockdown and 786-O
cells overexpressing ATPSAI were employed. WB analysis
revealed that ATP5A1 knockdown resulted in increased
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Table 3 Univariate and multivariate Cox regression analyses of clinical characteristics associated with overall survival

Univariate analysis Multivariate analysis
Characteristics Total (N)
Hazard ratio (95% CI) P value Hazard ratio (95% Cl) P value

Age (years) 541

<60 269 Reference Reference

>60 272 1.791 (1.319-2.432) <0.001 1.696 (1.091-2.638) 0.02
Gender 541

Female 187 Reference

Male 354 0.924 (0.679-1.257) 0.61
Pathologic T stage 541

T1 279 Reference Reference

T2 71 1.488 (0.893-2.478) 0.13 0.231 (0.046-1.159) 0.08

T3 180 3.321 (2.356-4.681) <0.001 0.507 (0.135-1.907) 0.32

T4 11 10.631 (5.374-21.031) <0.001 0.538 (0.112-2.577) 0.44
Pathologic N stage 258

NO 242 Reference Reference

N1 16 3.422 (1.817-6.446) <0.001 1.247 (0.418 - 3.720) 0.69
Pathologic M stage 508

MO 429 Reference Reference

M1 79 4.401 (3.226-6.002) <0.001 0.227 (0.020-2.574) 0.23
Pathologic stage 538

Stage | 273 Reference Reference

Stage Il 59 1.183 (0.638-2.193) 0.59 3.273 (0.527-20.313) 0.20

Stage Il 123 2.649 (1.767-3.971) <0.001 3.174 (0.779-12.925) 0.11

Stage IV 83 6.622 (4.535-9.670) <0.001 38.396 (2.878-512.250) 0.006
Histologic grade 533

G1 14 Reference Reference

G2 236 7,606,603.7579 (0.000-Inf) >0.99 6,869,088.4698 (0.000-Inf) >0.99

G3 207 14,061,844.0831 (0.000-Inf) >0.99 10,637,212.5802 (0.000-Inf) >0.99

G4 76 38,352,819.2469 (0.000-Inf) >0.99 10,732,709.6651 (0.000—Inf) >0.99
ATP5A1 541

Low 270 Reference Reference

High 271 0.424 (0.310-0.581) <0.001 0.467 (0.292-0.746) 0.001

ATP5A1, adenosine triphosphate synthase F1 subunit o; Cl, confidence interval; T, tumor; N, lymph node; M, metastasis; OS, overall
survival.

expression of B-catenin, P-GSK 3, and c-Myc, while Discussion
ATPSAI overexpression led to a significant decrease in the The ccRCC is intimately linked to energy metabolism (15).

expression of these proteins (Figure 10). This form of cancer is associated with the reprogramming
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F1 subunit a; RT-qPCR, reverse transcription-quantitative polymerase chain reaction; WB, western blot.

of glucose and lipid metabolic pathways, where there is
an increased allocation of metabolic flux via glycolysis
within the tumor cells (16,17). Additionally, it encompasses
dysfunctions in mitochondrial bioenergetics and lipid
metabolism (18-20). The upregulation of glycolytic enzymes
in ccRCC is a key factor that drives cancer cell proliferation
and adversely affects patient survival rates (21). ATPSF1A,
also known as ATP5AI, functions as a key component
of mitochondrial ATP synthase. This enzyme complex
consists of two primary domains: F [1], which contains the
extracellular catalytic core, and F [0], housing the membrane
proton channel. These domains are linked by central and
peripheral stalks, facilitating the coupling of ATP synthesis
in the F [1] domain with proton transport, driven by the
rotational mechanism of the central stalk subunit (22).
Unlike normal cells, malignant tumors exhibit distinct

© AME Publishing Company.

bioenergetic profiles, characterized by reduced expression
of mitochondrial ATP synthase and elevated levels of
glycolytic enzymes (23). Throughout the progression
of human malignant tumors, oxidative phosphorylation
becomes increasingly pronounced, accompanied by elevated
ATPSAI levels. This upregulation disrupts the expression
of ATP synthase subunits, subsequently diminishing
mitochondrial electron chain activity and oxidative
phosphorylation efficiency (9,10). In certain prostate
cancers, ATP5SAI expression is reduced, leading to the
suppression of oxidative phosphorylation processes (24).
Conversely, in cervical cancer, ATP5AI overexpression has
been implicated in the disruption of alternative splicing for
multiple genes involved in critical physiological processes,
such as glucose homeostasis and hypoxia-inducible factor 1
signaling, thereby contributing to abnormal cancer-
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specific RNA splicing (25). In lung adenocarcinoma
patients, ATP5AI expression was significantly elevated in
metastatic lesions compared to primary tumors, indicating
its involvement in tumor progression and metastasis (26).
Furthermore, analysis of mRINA expression profiles revealed
that ATPSAI levels, along with microvascular proliferation,

© AME Publishing Company.

were notably higher in glioblastoma tumor cells compared
to normal cerebrovascular cells (7).

Given the increasing complexity of tumors and the
need for more precise prognostic monitoring, the tumor
node metastasis (TNM) classification alone is insufficient
to address the clinical demands of cancer patients (27).
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Consequently, contemporary clinical guidelines have
incorporated various novel biomarkers to enhance the
diagnosis and treatment of cancers, including prostate,
gastric, and breast cancers (28-32). In contrast, ccRCC
presents unique therapeutic challenges, with a notable
absence of effective biomarkers for diagnosis, treatment,
and prognosis due to the variability in personalized
therapies and patient-specific treatment regimens (33). This
highlights the ongoing necessity to identify new molecular
markers for ccRCC.

The pan-cancer analysis conducted in this study

© AME Publishing Company.

identified a significant reduction in ATP5AI expression in
various tumors, including ccRCC. Furthermore, ATP5A1
expression demonstrated an inverse correlation with clinical
stage, pathological stage, and histological grade in ccRCC,
while positively correlating with prognosis. These results
suggest that ATP5AI may act as a tumor suppressor in
ccRCC. To confirm ATPSAI expression in ccRCC, a series
of in vitro experiments were conducted using 293 cells and
selected ccRCC cell lines, with findings consistent with
those from online databases. Additionally, ATP5AI was
found to be closely linked with pathological staging, clinical
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staging, and histological grading, and may serve as an
independent prognostic factor for OS in ccRCC patients. In
summary, ATPSAI holds potential as a prognostic marker
for ccRCC.

The Wnt signaling pathway plays a central role in various
physiological and pathological processes, particularly
in embryonic development and cell differentiation (34).
Dysregulation of the Wnt/B-catenin pathway is a common
factor in a wide range of diseases, including both malignant
and benign conditions (35). It has been extensively linked
to breast cancer proliferation and metastasis (36), various
stages of glioblastoma (37), the progression of colon
cancer (38), as well as ovarian, endometrial, and cervical
cancers (39). Additionally, it is a key driver in the onset and
progression of prostate cancer (40). In ccRCC, mutations
in adenomatous polyposis coli (APC) and Axin significantly
influence Wnt signaling, with VHL identified as a
B-catenin target, underscoring the pathway’s central role in
renal cancer development (11). GO and KEGG analyses
indicated that ATP5AI is predominantly involved in aerobic

© AME Publishing Company.

respiration and carbon metabolism. GSEA further identified
a strong association between ATP5AI and the Wnt
signaling pathway. These results suggest that ATPSAI may
influence intracellular signal transduction and transmission,
affecting tumor cell signaling and ¢ccRCC progression
via the Wnt pathway, a conclusion corroborated by Yuan
et al. (10). WB analysis demonstrated a reduction in p-GSK-
3B, a key protein in the Wnt/B-catenin pathway, along
with the downstream regulatory protein c-Myc, following
ATP5SAI overexpression in ccRCC. ATP5A1 knockdown
resulted in elevated expression levels of p-GSK3B and
c-Myc, suggesting that ATP5A1 may reduce p-GSK3p and
c-Myc protein levels by diminishing B-catenin activity, thus
inhibiting the Wnt/B-catenin signaling pathway. Functional
cytological studies further demonstrated that ATPSA1
suppresses cell migration, proliferation, and invasion while
promoting apoptosis in ccRCC cells. Collectively, this
study suggests that ATP5A1 may inhibit the Wnt/p-catenin
signaling pathway, thereby impeding the malignant
biological behavior of ccRCC.
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Nonetheless, there are several limitations in this study. detailed mechanistic studies.
The survival rates and prognostic significance of ATP5AI,
as derived from TCGA dataset analysis, necessitate further

validation with additional clinical data to ensure robust Conclusions

confirmation in future research. Moreover, elucidating the In summary, this study demonstrates that ATP5SAI
precise molecular mechanisms by which ATP5A1 influences expression is significantly downregulated in ccRCC,
ccRCC remains essential, highlighting the need for further exerting a suppressive influence on the malignant behavior
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Figure 10 ATP5A1 correlates with the Wnt/B-catenin signaling pathway. (A) WB analysis was used to evaluate the impact of ATPSA1
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ATPSAL group. **, P<0.01; ***, P<0.001 vs. control. ATP5SAI, adenosine triphosphate synthase F1 subunit a; p-GSK-3B, phosphorylated

GSK3p; WB, western blot.

of cancer cells. This downregulation indicates that ATP5A1
expression could serve as a valuable prognostic marker.
Moreover, ATP5AI may impede ccRCC progression by
inhibiting the Wnt/p-catenin signaling pathway.
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