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pNaktide reverses metabolic reprogramming and disease
progression of ATP1A1-deficiency clear cell renal cell carcinoma
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ATP1A1 has been reported to exhibit differential expression across various tumors; however, its specific role in clear cell renal cell
carcinoma (ccRCC) remains uncharted. This study investigates the role of ATP1A1 in ccRCC, assessing its potential as a prognostic
marker and therapeutic target. Through database analysis and clinical sample evaluation, we found that ATP1A1 expression is
significantly downregulated in ccRCC and closely correlates with poor patient prognosis. Both in vitro and in vivo experiments further
confirmed that ATP1A1 exerts tumor-suppressive effects by inhibiting SRC kinase activity. Additionally, co-expression gene analysis
suggests that ATP1A1 may regulate ccRCC development by targeting metabolic reprogramming. We also discovered that the
overexpression of ATP1A1 induces a metabolic shift from glycolysis to oxidative phosphorylation (OXPHOS), resulting in increased
levels of reactive oxygen species (ROS) and subsequent apoptosis. Moreover, we evaluated the therapeutic potential of pNaktide, a
peptide that mimics ATP1A1 function. Our research indicates that pNaktide effectively inhibits ccRCC proliferation both in vitro and
in vivo by suppressing the SRC signaling pathway and inducing metabolic changes akin to those observed with ATP1A1
overexpression. Studies utilizing nude mouse models further confirmed that pNaktide significantly reduces tumor volume and weight,
supporting its potential as a therapeutic agent. In summary, this study demonstrates that low ATP1A1 expression is a critical factor in
ccRCC progression and that pNaktide, by restoring ATP1A1-like functions, presents a promising therapeutic strategy for ccRCC.
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Graphical Abstract

INTRODUCTION
Clear cell renal cell carcinoma (ccRCC) is the most prevalent and
aggressive subtype of renal cancer, accounting for approximately
80% of all renal cell cancer cases. The 5-year survival rate for
ccRCC is a mere 5%, with long-term survivors rarely achieving a
definitive cure [1]. According to estimates by the American Cancer

Society, approximately 79,000 new cases of kidney cancer will be
diagnosed in the United States in 2022, with ccRCC being the
most common subtype [2]. At the molecular level, ccRCC is
characterized by deregulated hypoxia-inducible factor signaling,
mutations in several key chromatin-modifying enzymes, and
numerous alterations in cellular metabolism [3]. Approximately
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30% of patients present with metastatic disease at the time of
diagnosis [4]. Early-stage ccRCC is preferably treated with surgical
intervention, while advanced ccRCC typically relies on chemother-
apy or molecular-targeted therapy. However, these treatments
exhibit suboptimal efficacy, resulting in low overall survival (OS)
rates. Therefore, identifying highly specific diagnostic and
therapeutic molecular targets is crucial for improving the
prognosis and survival of patients with ccRCC.
α1 Na+/K+-ATPase (NKA), encoded by ATP1A1, is a membrane-

embedded channel protein with ATPase activity that plays a
crucial role in active transport, energy metabolism, and signal
transduction [5, 6]. Recent studies have demonstrated that
aberrant expression of ATP1A1 is prevalent in various tumors,
with its tissue-specific expression linked to cancer development
[7–13]. In renal cell carcinoma (RCC), low levels of ATP1A1
expression correlate with reduced patient survival, while increas-
ing its expression can significantly extend the survival time of RCC
patients [14, 15]. Overexpression of the ATP1A1 gene in RCC cells
markedly inhibits cell proliferation by enhancing reactive oxygen
species (ROS) production and inducing apoptosis [14]. However,
the specific functions and mechanisms of ATP1A1 in ccRCC remain
incompletely understood.
The NKA α1-SRC complex serves as a pivotal element in NKAα1-

mediated signal transduction [16]. SRC, a non-receptor tyrosine
kinase, plays a significant role in regulating cell proliferation,
apoptosis, migration, and invasion, and is implicated in the
progression of various cancers. Research has identified two
potential interaction domains between NKA α1 and SRC [17].
Studies indicate that the interaction of NKA α1 inhibits SRC
phosphorylation, thereby modulating the downstream signaling
cascades associated with SRC, including PI3K, RAS/RAF/ERK, and
PLC/PKC, which are critical for cell proliferation, differentiation,
and apoptosis [18]. In specific cancer cells, the downregulation of
NKA may lead to an increase in SRC kinase activity; consequently,
the supplementation of NKA or its analogs could inhibit tumor
growth by antagonizing this kinase activity [17].
Our analysis of data from the TCGA database concerning ccRCC

samples revealed a significant reduction in ATP1A1 expression,
accompanied by a notable increase in SRC levels. Given the critical
role of SRC signaling in the development of ccRCC, we
hypothesized that the activation of SRC signaling, regulated by
Na+/K+ ATPase (NKA), could represent a promising therapeutic
strategy for ccRCC. To validate this hypothesis, we evaluated the
role of ATP1A1 in ccRCC proliferation and its regulatory influence
on the SRC signaling pathway. Additionally, we investigated
pNaktide, a 20-amino-acid peptide designed to target the binding
region between the α1 subunit of NKA and SRC kinase, which
functions as an SRC kinase inhibitor. We propose that pNaktide
may act as a substitute for NKA, thereby inhibiting ccRCC
proliferation by counteracting SRC kinase activity. To further
explore this hypothesis, we assessed whether pNaktide could
diminish the SRC activity and its downstream effectors in ccRCC
cells. This investigation could provide a novel therapeutic
approach to mitigate SRC pathway activation resulting from
reduced ATP1A1 expression in ccRCC.

MATERIALS AND METHODS
Data analysis
The clinical data of ccRCC were obtained from the TCGA (Firehose Legacy)
dataset through the GEPIA2 (http://gepia2.cancer-pku.cn/) [19] and UALCAN
(http://ualcan.path.uab.edu/) platforms [20]. This dataset encompasses infor-
mation on OS, disease-specific survival (DSS), and progression-free interval (PFI)
related to ATP1A1 expression. Tissuemicroarray chips containing adjacent non-
tumor tissues and primary ccRCC tissues were acquired from Servicebio
(Wuhan, China). The correlations between ATP1A1 expression and oxidative
phosphorylation-related genes were analyzed using Pearson linear regression,
with statistical significance determined via the Benjamini-Hochberg correction.
All computations were conducted using the R language (version 4.2.1).

Co-expression gene analysis
Genes co-expressed with ATP1A1 were identified using the UALCAN
database. These genes were subsequently utilized to construct a protein-
protein interaction (PPI) network employing either the STRING database
(https://string-db.org) or Cytoscape software. Within the constructed PPI
network, hub genes were identified by calculating various topological
parameters, including node degree, betweenness centrality, and closeness
centrality for each gene. The Kyoto Encyclopedia of Genes and Genomes
(KEGG) pathway enrichment analysis [21] and Gene Ontology (GO)
enrichment analysis [22] were performed on the identified key genes to
ascertain the significant pathways.

Cell culture, plasmid construction, and generation of stable
cell lines
The RCC cell lines 769-P and Caki-1 were obtained from the American Type
Culture Collection (ATCC, Manassas, VA, USA) in October 2023. These cell
lines were authenticated through short tandem repeat profiling to confirm
their identity. Mycoplasma contamination was evaluated using PCR-based
assays, and no contamination was detected. The most recent authentica-
tion and testing occurred in November 2023. The cells were cultured in
Dulbecco’s Modified Eagle’s Medium supplemented with 10% fetal bovine
serum, 1% penicillin-streptomycin, and 1% L-glutamine in a humidified
atmosphere containing 5% CO2 at 37 °C. The coding sequence for the
human ATP1A1 protein was synthesized and cloned into the lentiviral
vector pLVX. Concurrently, shRNA sequences targeting the ATP1A1 gene
were designed using an online tool and subsequently cloned into the
lentiviral vector pLKO.1. Lentiviral particles were produced in 293T cells
and used to infect the 769-P and Caki-1 cell lines. At 72 h post-infection,
selection was performed using puromycin at a final concentration of
8 μg/mL, followed by continuous culture for 7 days to establish stable
cell lines.

Cellular proliferation
The cells were seeded into 96-well plates at a density of 2 × 104 cells per
well. Cell proliferation was assessed using a CCK-8 kit (DOJINDO, Japan)
and an EdU assay (Cell-Light™ EdU Apollo®594, UE, China), in accordance
with the protocols provided by the respective manufacturers. In the CCK-8
assay, absorbance was measured at 450 nm using a microplate reader
(Tecan, Switzerland). EdU-positive cells were visualized with a fluorescence
microscope (Nikon, Japan), and the percentages of EdU-positive cells were
quantified using ImageJ software.

Apoptosis analysis
Flow cytometry was utilized to evaluate apoptosis following the
manufacturer’s protocols. Briefly, treated cells were harvested after
digestion with 0.25% trypsin (Gibco, USA) and washed twice with cold
phosphate-buffered saline (PBS). The cells were then resuspended in 500 μl
of binding buffer, to which 5 μl of Annexin V-FITC and 5 μl of propidium
iodide (PI) solution were added. This mixture was incubated for 15min at
room temperature in the dark. Finally, the levels of apoptosis were
analyzed using flow cytometry (CytoFLEX, Beckman Coulter, USA).

Glycolysis pressure test
The extracellular acidification rate (ECAR), a key metabolic indicator, was
employed to evaluate glycolytic flux using the Seahorse XFP Extracellular
Flux Analyzer (Agilent, USA), in accordance with the manufacturer’s
instructions. Treated ccRCC cells were uniformly distributed onto a 24-well
XF cell culture plate (Seahorse Bioscience, USA) at a density of 5 × 104 cells
per well. Following an overnight incubation to facilitate cell adhesion, the
culture medium was replaced with fresh medium containing the specified
assay reagents. The cartridge was subsequently loaded with glucose
(10mM), oligomycin (1 μM), and 2-deoxyglucose (2-DG, 50mM) to
measure ECAR at predetermined time intervals.

Mitochondrial stress test
Mitochondrial function was assessed by directly measuring the oxygen
consumption rate (OCR) using a Seahorse XFP Extracellular Flux Analyzer
(Agilent, USA) in accordance with the manufacturer’s guidelines. Briefly,
treated cells were seeded in 6-well plates and incubated for 24 h.
Subsequently, the culture medium was replaced with Seahorse buffer, and
automatic injections of oligomycin (1 μmol/L), FCCP (0.5 μmol/L), and
rotenone/antimycin A (0.5 μmol/L) were administered. Following the
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injections, OCR values were recorded, normalized to total protein content,
and presented as mean ± SD.

Lactate production assay
Extracellular lactate levels were quantified using an L-Lactate Assay Kit
(Beyotime, China) in accordance with the manufacturer’s instructions.
Briefly, cells were plated in 96-well plates at a density of 1 × 10⁴ cells per
well and incubated for 24 h. The culture supernatants were then collected
and treated with a reaction buffer containing WST-8 at 37 °C for 30min.
Absorbance was measured at 450 nm using a microplate reader (Tecan,
Switzerland). Lactate concentrations were determined from a standard
curve and normalized to the total cell counts.

ATP quantification
Intracellular ATP levels were measured using an ATP Assay Kit
(MedChemExpress, China). Cells were lysed in ATP lysis buffer, and the
lysates were centrifuged at 12,000 × g for 5 min at 4 °C. The resulting
supernatants were combined with the ATP detection working solution, and
luminescence was measured immediately using a microplate reader
(Tecan, Switzerland). ATP concentrations were quantified against an ATP
standard curve and normalized to the protein concentration of each
sample.

Western blot (WB) analysis
Tissues and cells were lysed using ice-cold RIPA buffer supplemented with
a protease inhibitor cocktail (Merck, USA). Protein concentrations were
accurately determined using a BCA Protein Assay (Cwbio, China). Following
protein extraction and quantification, proteins were separated by 10%
SDS-PAGE (sodium dodecyl sulfate–polyacrylamide gel electrophoresis)
(Bio-Rad, USA) and subsequently transferred onto nitrocellulose mem-
branes (Millipore, USA). To block non-specific binding sites, the mem-
branes were incubated in 5% non-fat milk for 40min. The membranes
were then exposed to primary antibodies at 4 °C overnight to ensure
optimal and specific binding of target proteins. Subsequently, IR Dye-
conjugated secondary antibodies were used to incubate the membranes
for 1 h at room temperature. Bands were visualized using an Odyssey
imaging system (LI-COR, USA). Densitometric analysis of the blots was
conducted using ImageJ software. All primary and secondary antibodies
utilized in this study, along with their supplier information, are listed in
Supplementary Table S1.

Mitochondrial ROS detection
Mitochondrial ROS levels were evaluated using the MitoSOX™ Red
mitochondrial superoxide indicator (Beyotime, China). Cells cultured on
glass coverslips were treated with 5 μM MitoSOX™ reagent diluted in
serum-free medium at 37 °C for 30min in the dark. Following this, the cells
were washed with PBS, and the nuclei were counterstained with DAPI.
Fluorescence images were acquired using a laser confocal microscope
(Leica TCS SP8, Germany) at excitation and emission wavelengths of
510 nm and 580 nm, respectively.

Molecular docking and visualization
The structural interaction between ATP1A1 (UniProt ID: P05023) and SRC
(UniProt ID: P12931) was predicted through molecular docking simulations.
The three-dimensional coordinates of ATP1A1 and SRC were derived from
models predicted by AlphaFold3, which provide high-confidence structural
predictions based on primary amino acid sequences. Prior to docking, the
structures were optimized by adding polar hydrogens and assigning
Gasteiger charges using PyMOL (v2.5.2). This step ensures accurate
handling of electrostatic interactions during the docking process. The
top-ranked conformation, exhibiting the lowest binding energy, was
selected for visualization in PyMOL (v2.5.2). Hydrogen bonds and
hydrophobic interactions were analyzed using the “Measurement” tool
and visualized with PyMOL’s “Publication” presets, focusing on distances
and angles characteristic of key non-covalent interactions, such as
hydrogen bonds (≤3.5 Å) and hydrophobic contacts.

Co-immunoprecipitation (Co-IP)
Endogenous interactions between ATP1A1 and SRC were validated through
Co-IP assays using lysates derived from 769-P and Caki-1 cell lines. Cells
were co-transfected with plasmids that overexpressed ATP1A1 and SRC,
followed by lysis in an immunoprecipitation (IP) buffer consisting of 50mM

Tris-HCl (pH 7.4), 150 mM NaCl, 1% NP-40, and 5mM EDTA, with additional
protease and phosphatase inhibitors. To reduce non-specific binding, the
lysates were pre-cleared using Protein A/G magnetic beads for 1 h at 4 °C.
For each reaction, 500 μl of lysate was incubated overnight at 4 °C with
2 μg of either anti-ATP1A1 or anti-SRC antibodies, followed by a 2-h
incubation with Protein A/G magnetic beads. The magnetic beads were
washed three times with IP buffer, and the bound proteins were eluted in
2×SDS-PAGE loading buffer and heated at 95 °C for 5 min. The eluates were
then resolved by SDS-PAGE (10%) and subjected to immunoblotting with
the specified antibodies. As a negative control, the same experimental
procedure was performed using isotype-matched IgG antibodies instead of
the primary antibodies. Input samples, representing the total cell lysate,
served as a positive control.

Tumorigenesis assay
The experimental procedures involving animals complied with the
guidelines established by the Animal Ethics Committee of the Institute
of Medical Biology, Chinese Academy of Medical Sciences. Female BALB/c
nude mice, aged 4–5 weeks and weighing between 18 and 20 g, were
obtained from Charles River Laboratories (Beijing, China). The mice were
housed in a specific pathogen-free facility with controlled environmental
conditions, including humidity levels maintained between 40% and 60%
and temperatures kept between 18 °C and 23 °C. They were provided with
a standard rodent diet and had ad libitum access to filtered water. To
establish the experimental model, the mice were injected with 1 × 106 769-
P cells expressing ATP1A1 or an empty vector (n= 4 per group).
Approximately 7 days post-injection, tumor growth was monitored by
measuring both tumor length (longest dimension, L) and width (shortest
dimension, W) every 3 days over a period of 4 weeks. For treatments
involving pNaktide, BALB/c nude mice (n= 5 per group, randomly
allocated) that had been subcutaneously injected with 1 × 106 769-P cells
were subsequently administered saline or pNaktide (at doses of 10 and
25mg/kg body weight) every other day for a total of five treatments.
Tumor volumes were calculated using the formula: V= 1/2 (L ×W2). The
endpoint of each experiment was determined to ensure that the tumor
length did not exceed 1.5 cm in the group exhibiting the fastest tumor
growth. Primary tumors were harvested for further studies.

Immunohistochemistry (IHC) and immunofluorescence
(IF) assays
Paraffin-embedded samples were serially sectioned to a thickness of 4 μm.
Antigen retrieval achieved was through microwave irradiation for 30min in
a 0.01 M citrate buffer (pH 6.0), followed by a 5-min treatment with 3%
hydrogen peroxide. The sections were incubated overnight at 4 °C with
primary antibodies. Subsequently, the tissues were incubated with
secondary antibodies for 1 h at room temperature and stained with
diaminobenzidine until brown granules became visible. For immunofluor-
escence assays, cells cultivated in 24-well plates were fixed with 4%
paraformaldehyde (w/v) and incubated overnight at 4 °C with primary
antibodies. The cells were then exposed to fluorophore-conjugated
secondary antibodies (all antibodies are detailed in Supplementary Table
S1). Nuclei were stained with DAPI, and the slides were examined using a
laser confocal microscope (Leica TCS SP8, Germany).

Statistical analysis
Statistical analyses were performed using Student’s t-test to compare two
groups and one-way ANOVA for comparisons among multiple groups.
These analyses were conducted with GraphPad Prism 9.0, and differences
between groups were considered statistically significant at three levels:
*P < 0.05, **P < 0.01, and ***P < 0.001.

RESULTS
Downregulated expression of ATP1A1 in ccRCC is associated
with poor prognosis
We first utilized the UALCAN data portal to analyze ATP1A1
expression in the TCGA ccRCC dataset. The analysis demonstrated
that ATP1A1 mRNA expression was significantly reduced in
primary tumors compared to normal tissues (Fig. 1A). This
reduction was consistent across all cancer grades (G1, G2, G3,
and G4) (Fig. 1B) and pathological stages (S1, S2, S3, and S4)
(Fig. 1C). Additionally, analysis of the ccRCC dataset revealed that
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ATP1A1 protein expression was also significantly decreased in
tumors relative to normal tissues (Fig. 1D), corroborating the
mRNA expression findings. Furthermore, we conducted IHC
analysis of tissue microarrays containing tumors and paired
adjacent non-tumor tissues from 70 ccRCC patients. The
immunostaining scores indicated reduced ATP1A1 expression in
tumor tissues compared to adjacent non-tumor tissues (Fig. 1E, F).
Moreover, Kaplan–Meier survival analysis based on TCGA data
demonstrated that low ATP1A1 expression correlated with shorter
OS (Fig. 1G), DSS (Fig. 1H), and PFI (Fig. 1I) in ccRCC patients. These
findings suggest that low ATP1A1 expression is an independent

risk factor for poor prognosis in ccRCC and may serve as a valuable
prognostic marker warranting further clinical validation.

ATP1A1 inhibits the proliferation of ccRCC both in vitro and
in vivo
In this study, we aimed to elucidate the role of ATP1A1 in the
growth of ccRCC cells. We commenced by evaluating the
expression levels of RCC cell lines, specifically ACNH, 769-P, 786-
O, and Caki-1, utilizing Western blotting. Our analysis revealed that
ATP1A1 expression was significantly lower in the 769-P and Caki-1
cell lines (Fig. 2A). Immunofluorescence (IF) analysis indicated that

Fig. 1 ATP1A1 is significantly downregulated in ccRCC and is positively correlated with prognosis. A Box-whisker plots depict the
expression levels of ATP1A1 in tumor tissues compared to normal tissues, according to the t-test in TCGA by UALCAN. Box-whisker plots
display the ATP1A1 transcription in subgroups of patients with CRCC, stratified based on tumor grades (B) and individual cancer stage (C). D A
Box-whisker plot presents the expression levels of ATP1A1 in tumor tissues and normal tissues, according to the t-test in TCGA using GEPIA2.
E A statistical analysis of ATP1A1 immunostaining score in clinical samples (n= 70). F Representative images for ATP1A1 protein levels, as
shown by IHC immunoassay. OS (G), DSS (H), and DFI (I) of ATP1A1 in TCGA ccRCC cohort analysis from Kaplan–Meier survival curves. *P < 0.05;
**P < 0.01; ***P < 0.001; ****P < 0.0001.
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ATP1A1 exhibited a perinuclear and potentially membrane-
associated distribution in ccRCC cells (Fig. 2B). Subsequently, we
established ATP1A1 overexpression cell lines (769-P and Caki-1)
and ATP1A1-knockdown cell lines (786-O) to assess their
proliferation via the CCK-8 assay. The results revealed that the
overexpression of ATP1A1 significantly inhibited the proliferation
of both 769-P (Fig. 2C) and Caki-1 cells (Fig. 2D), while ATP1A1
knockdown resulted in increased proliferation of 786-O cells (Fig.
2G). Additionally, EdU assays corroborated these findings, reveal-
ing a decrease in EdU-positive cells in ATP1A1-overexpressing 769-

P (Fig. 2E) and Caki-1 cells (Fig. 2F), alongside an increase in EdU-
positive cells in ATP1A1-knockdown 786-O cells (Fig. 2H).
Furthermore, we investigated the potential influence of ATP1A1

on tumor growth in vivo. Equal amounts of 769-P cells, which
overexpress ATP1A1, were injected into nude mice, and tumor
formation was closely monitored. The results demonstrated that
the overexpression of ATP1A1 in 769-P cells resulted in
significantly reduced tumor volumes (Fig. 3A, B) and weights
(Fig. 3C) in the nude mice compared to the control group. IHC
analysis for Ki67 revealed a lower proportion of Ki67-positive cells

Fig. 2 ATP1A1 inhibits the proliferation of ccRCC in vitro. A The expression of ATP1A1 across various ccRCC cell lines was assessed by WB.
Quantification was based on three independent biological replicates (n= 3). B Immunofluorescence microscopy revealed a perinuclear and
potentially membrane-associated distribution pattern of ATP1A1 in ccRCC cell lines. The proliferation of 769-P cells (C) and Caki-1 cells (D) was
evaluated in response to ATP1A1 overexpression using the CCK-8 assay, with data analyzed via repeated measures ANOVA (n= 5). The impact
of ATP1A1 on the growth of 769-P cells (E) and Caki-1 cells (F) was further investigated through the EdU assay following ATP1A1
overexpression, with results also analyzed using repeated measures ANOVA (n= 5). Quantitative analysis results are presented. G The
proliferation of 786-O cells was evaluated in response to ATP1A1 knockdown using the CCK-8 assay, with data analyzed via repeated measures
ANOVA (n= 5). H The impact of ATP1A1 on the growth of 786-O was further investigated through the EdU assay following ATP1A1 knockdown,
with results also analyzed using repeated measures ANOVA (n= 5). Quantitative analysis results are presented. *P < 0.05; **P < 0.01;
***P < 0.001; ****P < 0.0001.
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in the tumors of ATP1A1-overexpressing mice (Fig. 3D). These
findings confirm that ATP1A1 inhibits the proliferation of ccRCC
cells both in vitro and in vivo.

Key pathway regulation of ATP1A1 in ccRCC
To elucidate the biological significance of ATP1A1 in ccRCC, we
analyzed the ccRCC transcriptome dataset from the TCGA database,
which comprises 613 tumor samples and 72 adjacent normal
tissues. We filtered out genes with extremely low expression
(Median TPM < 0.5), identifying 107 co-expressed genes. The
heatmap presented in Fig. 4A displays the top 20 genes with the
highest correlation coefficients. Subsequently, we utilized the
STRING database and the cytoHubba plugin in Cytoscape to
identify the top 10 hub genes, which include CLDN7, MUC1,
PPARGC1A, OCLN, and IRS1 (Fig. 4B). Further KEGG pathway analysis
of these key regulatory genes revealed significant enrichment in
metabolic diseases and pathways related to metabolism, such as
oxidative phosphorylation and the TCA cycle (Fig. 4C). To gain
deeper insights into the regulatory pathways, we conducted GO
analysis. In biological processes (BP), these genes were significantly
enriched in energy derivation through the oxidation of organic
compounds, cellular respiration, and aerobic respiration (Fig. 4D). In
terms of cellular components (CC), these genes were predominantly
enriched in mitochondria, cytoplasm, and cell membranes (Fig. 4E),
indicating their vital functions in specific cellular regions, particu-
larly in energy metabolism and substance transport. Regarding
molecular functions (MF), these genes were significantly enriched in
phospholipid binding, primary active transmembrane transporter
activity, and proton transmembrane transporter activity (Fig. 4F),
emphasizing their critical roles in metabolic regulation and signal
transduction. To further investigate the functional relevance of
ATP1A1, we conducted a Pearson correlation analysis between
ATP1A1 and key regulators of oxidative phosphorylation. The results
revealed significant moderate positive correlations between ATP1A1
and PPARGC1A (R= 0.540, P < 0.001), SIRT1 (R= 0.553, P < 0.001),
and AKT1 (R= 0.598, P < 0.001). Additionally, a weak correlation was
observed with HIF1A (R= 0.469, P < 0.001) (Fig. 4G). Collectively,

these findings suggest that ATP1A1 may play a role in metabolic
reprogramming in ccRCC by modulating the molecular networks
associated with the oxidative phosphorylation pathway.

ATP1A1 induces metabolic reprogramming via suppressing
SRC/ERK signaling to promote apoptosis in ccRCC
To investigate whether the observed growth suppression induced
by ATP1A1 overexpression was associated with the reprogram-
ming of energy metabolism, we assessed the effects on OXPHOS
and glycolysis using the Seahorse XF assay, a standard method for
measuring key parameters of cellular metabolism. Our results
demonstrated that ATP1A1 overexpression in 769-P and Caki-1
cells significantly enhanced OXPHOS, as evidenced by increased
ATP production, maximal respiration, and spare respiratory
capacity (Fig. 5A, B), while simultaneously reducing glycolytic
capacity and reserve (Fig. 5C, D). Furthermore, flow cytometry
analysis revealed an increase in apoptosis among ATP1A1-
overexpressing cells (Fig. 5E, F). Given that OXPHOS is a critical
source of ROS production, we employed the mitochondria-specific
superoxide probe MitoSO™ Red to detect intracellular ROS activity.
The results showed a significant increase in the red fluorescence
signal in 769-P and Caki-1 cells overexpressing ATP1A1, indicating
elevated mitochondrial ROS levels (Fig. 5G).
To further validate the metabolic reprogramming induced by

ATP1A1 overexpression, we conducted additional assays to
quantify intracellular ATP and extracellular lactate levels. As
illustrated in Supplementary Fig. S1A, the overexpression of
ATP1A1 significantly increased intracellular ATP levels while
concurrently reducing extracellular lactate production in both
Caki-1 and 769-P cells. This finding further supports enhanced
OXPHOS and a reduction in glycolysis. These results reinforce the
hypothesis that ATP1A1 promotes a metabolic shift toward
mitochondrial respiration, thereby increasing ROS production
and apoptosis in ccRCC cells.
Previous studies have reported that ATP1A1 interacts with SRC

across various tumors. Our analysis of clinical data from the TCGA
database for ccRCC indicated a significant increase in SRC

Fig. 3 ATP1A1 inhibits the proliferation of ccRCC in vivo. A A representative image of tumor growth in nude mice subcutaneously
inoculated with 769-P cells that overexpress ATP1A1. B The tumor-growth curve for nude mice that were subcutaneously injected with 769-P
cells overexpressing ATP1A1, with tumor sizes measured every 3 days over a period of 4 weeks. C Tumor weights were collected from the post-
sacrifice subcutaneous mouse model. D IHC analysis of Ki67 shows a decreased proportion of Ki67-positive cells in tumors derived from
ATP1A1-overexpressing cells. *P < 0.05; **P < 0.01.
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expression in tumor tissues compared to normal tissues (Fig. 5H). In
ccRCC cell lines overexpressing ATP1A1, we observed a decrease in
the phosphorylation of SRC and ERK, accompanied by an
upregulation of cytochrome c (cyto C) and cleaved caspase 9 (Fig.
5I). These findings suggest that ATP1A1 may induce a metabolic
switch to mitochondrial respiration, leading to increased ROS
production and promoting apoptosis in ccRCC. This highlights the
potential of ATP1A1 as a therapeutic target in ccRCC.
To further investigate the molecular interactions between

ATP1A1 and SRC, we employed AlphaFold3 for structural
predictions and utilized PyMOL for three-dimensional conforma-
tional analyses of both proteins. The results revealed a

significant spatial proximity between key amino acid residues
of ATP1A1 and SRC, with a measured Cα–Cα distance of 2.9 Å
(Fig. 5J). This distance falls within the optimal range for
hydrogen bond donor-acceptor interactions (2.6–3.2 Å), strongly
suggesting the presence of critical charge-dipole interactions. To
validate these structural predictions, co-localization experiments
in the 769-P and Caki-1 cell lines demonstrated substantial
spatial overlap in the intracellular distribution of ATP1A1 and
SRC, providing visual support for the likelihood of direct
interaction (Fig. 5K). Additionally, Co-IP assays conducted in
these cell lines confirmed the in vivo formation of ATP1A1-SRC
protein complexes (Fig. 5L). Collectively, these findings indicate

Fig. 4 Analysis of ATP1A1 co-expressed genes and pathways in ccRCC. A A heatmap showing the top 20 ATP1A1-related genes identified in
ccRCC. B The top 10 hub genes among the ATP1A1 co-expressed genes in ccRCC, as analyzed by cystoscope, were displayed. C The KEGG
enrichment analysis for ATP1A1 co-expressed genes was shown. D–F The GO enrichment analysis across the categories of Biological Process
(BP), Cellular Component (CC), and Molecular Function (MF) for ATP1A1 co-expressed genes. G Scatter plots depicting Spearman correlations
between ATP1A1 mRNA expression and key phospho-regulators (PPARGC1A, SIRT1, AKT1, HIF1A) in the TCGA ccRCC cohort (n= 613 tumors).
The absolute value of the correlation coefficient (R) represents the strength of the correlation: 0–0.3 indicates weak or no correlation; 0.3–0.5
indicates a weak correlation; 0.5–0.8 indicates a moderate correlation; 0.8–1 indicates a strong correlation. Statistical significance is
determined by p values, with p < 0.05 indicating a significant difference.
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that ATP1A1 promotes apoptosis through mitochondrial path-
ways by directly binding to SRC, inhibiting its phosphorylation,
and subsequently downregulating the ERK signaling pathway.
These results underscore the therapeutic potential of targeting
ATP1A1 as a molecular intervention strategy in ccRCC.

Reactivation of SRC reverses the antitumor effects of ATP1A1
To determine whether SRC inhibition is essential for ATP1A1-
mediated suppression of tumor cell phenotypes, we first
examined SRC phosphorylation levels following ATP1A1 knock-
down. In 786-O cells, silencing ATP1A1 resulted in a significant
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increase in phosphorylated SRC, indicating that ATP1A1 negatively
regulates SRC activation (Fig. 6A).
To further evaluate whether SRC reactivation could counteract

the phenotypic effects induced by ATP1A1 overexpression, we
transfected 769-P cells, which stably overexpress ATP1A1 with a
constitutively active SRC mutant (Y527F). The Y527F mutation
disrupts the inhibitory phosphorylation site of SRC, thereby
maintaining the kinase in a constitutively active state [23].
Western blot analysis confirmed the successful reactivation of
SRC signaling in these cells (Fig. 6B). Functionally, SRC reactivation
significantly reversed the ATP1A1-induced suppression of cell
proliferation, as demonstrated by increased EdU incorporation
(Fig. 6C). Additionally, ATP1A1 overexpression reduced the OCR,
decreased intracellular ATP levels, and increased extracellular
lactate production—all of which were significantly restored upon
SRC reactivation (Fig. 6E, F).
Together, these results indicate that the antitumor effects of

ATP1A1 are, at least in part, mediated through the suppression of
SRC signaling.

pNaktide significantly inhibits the proliferation of ccRCC and
promotes a metabolic shift by suppressing the SRC pathway
To evaluate whether pNaktide can serve as a substitute for
exogenous ATP1A1 in its suppressive role, 769-P and Caki-1 cells
were treated with pNaktide at concentrations of 1, 2, 5, and 10 μM
for 48 h. The results indicated that treatment with 10 μM pNaktide

significantly altered the energy metabolism of 769-P cells,
specifically resulting in a reduction in glycolytic capacity and
glycolytic reserve (Fig. 7A), along with a significant increase in ATP
production, maximal respiration, and spare respiratory capacity
(Fig. 7B). Flow cytometry was employed to further assess the effect
of pNaktide on cell viability. The findings demonstrated that both
5 μM and 10 μM pNaktide significantly induced apoptosis in both
769-P (Fig. 7C) and Caki-1 cells (Fig. 7D). Furthermore, the
production of ROS increased significantly with rising concentra-
tions of pNaktide (Fig. 7E). Additionally, WB analysis revealed that
pNaktide inhibited the phosphorylation levels of SRC and ERK
while upregulating the expression levels of cyto C and cleaved
caspase 9 (Fig. 7F). These findings suggest that pNaktide can
substitute for exogenous ATP1A1 by suppressing the SRC pathway,
inhibiting glycolysis, accumulating elevated levels of ROS, and
inducing apoptosis.

pNaktide as an exogenous ATP1A1 additive restores inhibition
of the SRC pathway in ccRCC
Our research confirms the significant inhibitory effects of
pNaktide on the progression of ccRCC. We propose that pNaktide
could be developed as a therapeutic agent targeting ATP1A1 to
correct SRC pathway abnormalities caused by ATP1A1 down-
regulation. Initially, we knocked down ATP1A1 in 786-O cells and
observed a substantial increase in phosphorylated SRC and ERK
levels through WB analysis (Fig. 8A), demonstrating that

Fig. 5 ATP1A1 overexpression promotes apoptosis in ccRCC via ROS and SRC/ERK pathway. The OXPHOS levels, including ATP production,
maximal respiration, and spare respiratory capacity in 769-P (A) and Caki-1 (B) cells overexpressing ATP1A1, were evaluated using Seahorse XF.
The glycolytic capacity and reserve in 769-P (C) and Caki-1(D) cells with ATP1A1 overexpression were analyzed by Seahorse XF. The apoptosis
rates in 769-P (E) and Caki-1 (F) overexpressing ATP1A1 were analyzed by flow cytometry. G The intracellular ROS levels in ATP1A1-
overexpressing cells were detected by the mitochondria-targeted superoxide probe MitoSO™ Red. H The SRC expression in ccRCC tumor
tissues compared to normal tissues was analyzed by the TCGA database. I The levels of SRC, p-SRC, ERK1/2, p-ERK1/2, cyto c, and cleaved
caspase 9 in 769-P and Caki-1 cells overexpressing ATP1A1 were detected by WB. J Predicted 3D conformation of ATP1A1 (yellow) and SRC
(green) generated by AlphaFold3, with PyMol visualization showing spatial proximity between ATP1A1 and SRC. Dashed line indicates Cα–Cα
distance (2.9 Å), within hydrogen bonding range (2.6–3.2 Å). K Representative immunofluorescence images showing the subcellular
localization of ATP1A1 (red) and SRC (green) in 769-P and Caki-1 cells. L Co-IP method to detect the interaction between ATP1A1 and SRC in
769-P and Caki-1 cells. *P < 0.05; **P < 0.01.

Fig. 6 Reactivation of SRC reverses the inhibitory effects of ATP1A1 overexpression. A Western blot analysis showing increased
phosphorylation of SRC following ATP1A1 knockdown in 786-O cells. B Western blot confirming successful reactivation of SRC signaling in
ATP1A1-overexpressing 769-P cells transfected with a constitutively active SRC mutant (Y527F). C EdU incorporation assay showing that SRC
reactivation partially restored the proliferation of ATP1A1-overexpressing cells. OCR (D) and intracellular ATP levels (E) were reduced, while
extracellular lactate production (F) was increased in ATP1A1-overexpressing cells; these metabolic alterations were reversed upon SRC
reactivation. *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001.
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pNaktide can reverse the upregulation of SRC activity resulting
from ATP1A1 knockdown. Furthermore, CCK-8 proliferation
assays indicated that ATP1A1 knockdown markedly enhanced
the proliferation capacity of 786-O cells; however, this enhanced

proliferation was significantly suppressed by pNaktide treatment
(Fig. 8B). Additionally, metabolic analyses revealed that pNaktide
reversed the increased glycolytic capacity and promoted
oxidative phosphorylation in ATP1A1-knockdown cells (Fig. 8C,

Fig. 7 pNaktide mimics the suppressive effects of exogenous ATP1A1 in ccRCC cells. A The glycolytic capacity and reserve in 769-P cells
treated with pNaktide were assessed using the Seahorse XF analyzer. B The OXPHOS levels, characterized by ATP production, maximal respiration,
and spare respiratory capacity in 769-P cells treated with pNaktide, were detected by Seahorse XF. Apoptosis in 769-P (C) and Caki-1 cells (D)
treated with pNaktide was analyzed by flow cytometry. E The intracellular ROS levels in 769-P and Caki-1 cells treated with varying concentrations
of pNaktide were detected by the mitochondria-targeted superoxide probe MitoSO™ Red. F The levels of SRC, p-SRC, ERK1/2, p-ERK1/2, cyto c, and
cleaved caspase 9 in 769-P and Caki-1 cells treated with pNaktide in a final concentration of 5 μM were detected by WB.
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D). In conclusion, pNaktide effectively modulates the SRC
signaling pathway, reversing metabolic reprogramming and
SRC pathway abnormalities associated with low ATP1A1 expres-
sion in ccRCC.

pNaktide could inhibit the growth of xenograft tumors
To further investigate the potential of pNaktide as a therapeutic
agent for ccRCC, we established a xenograft tumor model to
evaluate its effects on ccRCC proliferation in vivo. Four to five-
week-old nude mice were inoculated with 106 769-P cells and
divided into three groups. The experimental groups received
intraperitoneal injections of pNaktide at doses of 10mg/kg and

25mg/kg every 3 days, while the control group was administered
PBS. Tumor volume and weight were significantly reduced in
pNaktide-treated mice, particularly in the 25mg/kg group (Fig. 9A,
B). Immunohistochemical analysis for Ki67 revealed a substantial
decrease in Ki67-positive cells in tumors from pNaktide-treated
mice (Fig. 9C). WB analysis of tumor lysates demonstrated that
pNaktide significantly inhibited SRC activity (Fig. 9D). These in vivo
findings support the inhibitory effects of pNaktide on ccRCC
progression observed in vitro. This research introduces a
promising therapeutic strategy, suggesting that pNaktide, as an
exogenous ATP1A1 additive, has the potential to alter tumor cell
metabolism and inhibit cancer progression.

Fig. 8 pNaktide reverses SRC pathway activation and metabolic reprogramming induced by ATP1A1 knockdown in ccRCC. A The levels of
SRC, p-SRC, ERK1/2, p-ERK1/2, and cyto c in ATP1A1-knockdown 786-O cells, and then treated with pNaktide in a final concentration of 5 μM,
were detected by WB. B The proliferative ability of 786-O cells with ATP1A1 knockdown, following treatment with pNaktide, was evaluated by
the CCK-8 method. C The OXPHOS levels, characterized by ATP production, maximal respiration, and spare respiratory capacity in 786-O with
ATP1A1 knockdown and treated with pNaktide, were detected by Seahorse XF. D The glycolytic capacity and reserve in 786-O cells subjected
to ATP1A1 knockdown and treated with pNaktide were detected by Seahorse XF. *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001.
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DISCUSSION
Our research demonstrates that in ccRCC, ATP1A1 interacts with
SRC to regulate downstream signaling cascades, thereby influen-
cing ccRCC cell metabolism to promote apoptosis and inhibit cell
proliferation. However, we observed that the expression of ATP1A1
is significantly downregulated in ccRCC tissues, while SRC
expression is markedly upregulated. Notably, the addition of
pNaktide can rectify the dysregulation of the SRC signaling
cascade caused by the low expression of ATP1A1, significantly
inhibiting the progression of ccRCC. Consequently, pNaktide
emerges as a promising candidate for the development of novel
therapeutic agents targeting ccRCC.
Recent studies have revealed that ATP1A1 expression varies

significantly across different tumor types and plays a crucial role in
tumor progression. For instance, ATP1A1 expression has been
closely associated with tumor growth and patient prognosis in
hepatocellular carcinoma [24], triple-negative breast cancer [13],
colorectal cancer [12, 25], gastric cancer [11], and melanoma [8].
Moreover, certain compounds, such as Cynsaccatol L [5], Panax
notoginseng [26], and Resibufogenin [27], have been demon-
strated to target ATP1A1, thereby inhibiting tumor growth. In
some cancers, the overexpression of ATP1A1 is associated with
increased invasiveness and poorer survival rates [11, 12, 24, 28],
while in others, its low expression is linked to tumor suppression
[10, 14]. These findings suggest that ATP1A1 may exhibit distinct
biological functions and clinical implications across various
cancer types.
In RCC, ATP1A1 has been reported to be significantly down-

regulated and associated with poor patient prognosis. RCC
patients who are positive for ATP1A1 exhibit a longer OS time
compared to those who are ATP1A1-negative. Furthermore, the
exogenous expression of ATP1A1 has been shown to inhibit RCC
cell proliferation and migration, as well as induce apoptosis by
increasing ROS production [14]. Elevated levels of PGR/MC1 and

the downregulation of ATP1A1 both contribute to the activation of
AKT phosphorylation, which enhances RCC cell growth and
migration [29]. Our study found that ATP1A1 is significantly
downregulated in ccRCC and is closely associated with patient
prognosis. Further research indicates that the overexpression of
ATP1A1 can inhibit the proliferation of ccRCC by altering cellular
metabolism and promoting apoptosis, suggesting that ATP1A1
may serve as a potential therapeutic target for ccRCC.
Recent research highlights significant interactions between

ATP1A1 and SRC, a non-receptor tyrosine kinase, in various cellular
processes, particularly in cancer. ATP1A1 interacts with SRC to
activate its tyrosine phosphorylation, thereby triggering down-
stream signaling pathways, including MAPK/ERK and PI3K/AKT
[17]. These pathways are closely associated with multiple
oncogenic cellular processes, including migration, adhesion,
invasion, proliferation, and survival [30]. A study involving 523
patients with ccRCC demonstrated that higher levels of SRC and
Akt mRNA expression were strongly associated with worse clinical
outcomes, while lower SRC transcript levels were independently
linked to better survival [31]. Emerging reports also suggest that
both the expression and activation of SRC are associated with the
emergence of malignant phenotypes and reduced survival in RCC
[31, 32]. SRC is considered a promising target for ccRCC therapies.
Priyanka et al. reported that miR-155 directly interacts with
lncTCL6 in ccRCC, resulting in the activation of the SRC–Akt
pathway, which promotes ccRCC metastasis [33]. TRIM7 functions
as a tumor suppressor by influencing HIF-1α accumulation
through targeting the SRC-triggered PI3K/AKT/mTOR signaling
pathway, thereby inhibiting the progression of ccRCC cells [34]. In
VHL− or VHL+ 786-O treated cells, simultaneous inhibition of SRC
resulted in a significant induction of apoptosis [31]. Furthermore,
SRC inhibition not only blocks renal interstitial fibroblast activation
but also ameliorates renal fibrosis, indicating that SRC represents a
potential therapeutic target for the treatment of chronic renal

Fig. 9 pNaktide inhibits ccRCC tumor growth in vivo. A A representative image depicting tumor growth in a 769-P cell-derived xenograft
model treated with pNaktide. B The tumor growth curve for nude mice was subcutaneously injected with 769-P cells and treated with
pNaktide. C The tumor weight in the 769-P cell-derived xenograft model following treatment with pNaktide. D The Ki67-positive cells in
tumors from pNaktide-treated mice were detected using IHC. E The levels of SRC, p-SRC, cyto c, and cleaved caspase 9 in the 769-P cell-
derived xenograft model treated with pNaktide were detected by WB. *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001.
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fibrosis [35]. Our study observed that elevated levels of SRC in
ccRCC were inhibited by ATP1A1, suggesting that ATP1A1 may
serve as a target for the SRC signaling pathway in the treatment of
ccRCC. Further investigations revealed that ATP1A1 inhibited the
proliferation of ccRCC cells through the inactivation of the SRC
signaling pathway, leading to abnormal cellular metabolism.
Moreover, our integrated approach, which combines molecular

docking with experimental validation, provides critical evidence
for the interaction between ATP1A1 and SRC. Previous studies
have shown that the CD2 domain of the Na+/K+-ATPase
α1 subunit regulates SRC kinase activity by binding to its SH2
domain [6]. These findings suggest that ATP1A1 may function as
an inhibitor of the SRC pathway in ccRCC, highlighting its potential
as a molecular therapeutic target. Elevating ATP1A1 levels
exogenously or administering its analogs could represent a
promising therapeutic strategy.
pNaktide, a cell-permeable peptide designed by mapping the

site of α1 NKA/SRC binding, has demonstrated broad applica-
tion potential across various disease models [36]. Research
findings indicate that pNaktide has extensive applicability,
particularly in mouse models of insulin resistance and glucose
intolerance, where it effectively counters metabolic disorders by
regulating the SRC pathway [37]. In the LLC-PK1 cell line,
pNaktide restored the hydrogen peroxide-activated SRC-ERK1/
2 signaling cascade, further validating its significance in cellular
signal regulation [38]. Moreover, pNaktide has shown promise
in alleviating uremic cardiomyopathy, reducing the risks
associated with fatty liver disease and atherosclerosis [39],
and slowing cellular senescence [40], thereby expanding its
potential clinical applications. In prostate cancer, where ATP1A1
expression is downregulated, the addition of pNaktide stimu-
lated apoptosis in tumor cells and inhibited tumor angiogen-
esis, presenting a novel therapeutic approach for this
malignancy [41]. In studies focusing on non-alcoholic steato-
hepatitis (NASH)-related liver cancer, pNaktide effectively
normalized α1 NKA signaling, which not only prevented and
reversed NASH-related metabolic alterations but also exhibited
tumor-suppressive effects [42]. Overall, pNaktide demonstrates
significant potential in the treatment of metabolic diseases and
cancer through various mechanisms, suggesting that its
promise as a therapeutic agent for ccRCC by reversing the
signaling pathway dysregulation associated with ATP1A1 loss,
thereby exerting its therapeutic effects. We treated ccRCC cell
lines with varying concentrations of pNaktide and observed a
significant inhibition of cell proliferation, accompanied by a
marked decrease in the activity of the SRC/ERK signaling
pathway. This phenomenon was further validated using a nude
mouse xenograft model. Additionally, in ATP1A1-knockdown
786-O cells, pNaktide was able to restore the inhibition of the
SRC signaling pathway, thereby confirming its potential as a
therapeutic agent for reversing the dysregulation of the
signaling cascade associated with ATP1A1 downregulation.
pNaKtide is a peptide derivative that mimics the N-terminal

domain of the α1 subunit of Na⁺/K⁺-ATPase, specifically designed
to disrupt the formation of the Na⁺/K⁺-ATPase/SRC complex
[43, 44]. While our current findings, along with previous reports,
support its role as a pathway-selective modulator of the ATP1A1-
SRC axis, its molecular specificity and potential off-target effects
were not experimentally validated in this study. Future studies will
employ CRISPR-Cas9-mediated ATP1A1 knockout models to
directly assess whether the biological effects of pNaKtide are
specifically mediated through the ATP1A1-SRC axis.
The Warburg effect, characterized by a high rate of glycolysis

and lactic acid fermentation even in the presence of sufficient
oxygen, is a well-established feature of most cancer cells [45].
Reversing the Warburg effect in tumor cells has been shown to
significantly compromise their tumorigenicity, suggesting that
targeting these metabolic changes could be an effective

strategy for cancer treatment [46]. ccRCC is associated with
abnormalities in glucose metabolism and OXPHOS, as well as
unique metabolic alterations [47]. Recent evidence indicates
that ccRCC may be classified as a metabolic disease. These
metabolic alterations provide potential targets for novel
therapeutic interventions or biomarkers for monitoring tumor
growth and prognosis. By analyzing ccRCC sequencing data
from the TCGA database, we identified key genes related to
ATP1A1. Through PPI analysis, we identified five hub genes:
CLDN7, MUC1, PPARGC1A, OCLN, and IRS1. Among these, CLDN7
and MUC1 have been reported to play critical roles in tumor
progression, while PPARGC1A and IRS1 are involved in cellular
metabolic processes. Further pathway enrichment analysis
revealed that the pathways regulated by genes associated with
ATP1A1 are primarily related to cellular metabolism, suggesting
that the ATP1A1 gene may be involved in regulating metabolic
processes in ccRCC.
Metabolic studies in mutant cell lines have demonstrated that

the SRC-binding regions of α1 NKA are crucial for maintaining
metabolic reserves and flexibility [37]. Cell lines with mutations in
the α1 NKA/SRC-binding site exhibited reduced mitochondrial
metabolism, increased reliance on glycolysis, and diminished
metabolic reserves [48]. We hypothesize that ccRCC, ATP1A1,
regulates tumor growth through its interaction with SRC,
targeting cellular metabolic pathways to facilitate this function.
To test this hypothesis, we employed mitochondrial stress
testing and glycolysis analysis utilizing Seahorse metabolic flux
technology. Our study confirmed that in ccRCC cell lines
overexpressing ATP1A1, glycolysis levels were inhibited while
OXPHOS levels were elevated. Furthermore, exogenous pNaktide
was able to reverse the metabolic changes induced by ATP1A1
knockdown. OXPHOS has been identified as a significant source
of ROS production. Further studies revealed that ROS levels were
significantly upregulated in ccRCC cell lines overexpressing
ATP1A1. Previous research has shown that ROS sensitizes cells
to apoptosis through various mechanisms, with mitochondria
serving as the primary source of ROS within cells. The
accumulation of ROS resulting from enhanced OXPHOS could
activate various cell death pathways. These findings confirm that
ATP1A1 regulates cell metabolism through the SRC signaling
pathway, promotes ROS accumulation, and induces apoptotic
pathways.

CONCLUSION
In summary, our study suggests that ATP1A1 holds promise as a
prognostic molecular marker for ccRCC and underscores its critical
role in the proliferation of ccRCC. Our research elucidates the
molecular mechanism by which ATP1A1 interacts with SRC to
influence cellular metabolic pathways, thereby inhibiting the
progression of ccRCC. Furthermore, we demonstrate that the
ATP1A1 analog, pNaktide, can reverse SRC pathway activation and
metabolic abnormalities induced by ATP1A1 downregulation,
exhibiting significant tumor-suppressive effects. This provides a
theoretical basis and potential direction for future molecular drug
development targeting ATP1A1 and the SRC pathway. However, it
is important to note that this study was conducted in vitro and in
mouse models; clinical trials are necessary to validate the efficacy
and safety of pNaktide. Additionally, the specific molecular
mechanisms underlying this interaction warrant further
investigation.
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