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Abstract

Background: The vesicular nucleotide transporter Solute Carrier Family 17 Member 9 (SLC17A9) has recently been recognized as
a significant modulator of oncogenic pathways, with its elevated expression levels being closely linked to the aggressiveness of clear
cell renal cell carcinoma (ccRCC). A comprehensive understanding of the role of SLC17A9 and its associated protein markers presents
substantial potential for the advancement of targeted therapeutic interventions. Methods: Our study commenced with a comprehensive
bioinformatics analysis to identify differentially expressed genes potentially associated with ccRCC. Leveraging The Cancer Genome
Atlas (TCGA) database, we predicted the clinical relevance of these cancer-associated genes and validated their expression profiles
through multiple experimental methodologies. Functional assays were conducted to assess the impact of these genes on renal cancer
cell lines. Additionally, we generated cell lines overexpressing oncogenes and identified downstream targets through RNA sequencing,
followed by mechanistic exploration of their interactions. Finally, bioinformatics tools were subsequently employed to assess the diag-
nostic and prognostic significance of these genes in patients with ccRCC. Results: The bioinformatics analysis revealed SLC17A9 as
a highly expressed oncogene in ccRCC, serving as a robust prognostic marker. Experimental validation demonstrated that SLC17A9
promotes ccRCC cell growth, proliferation, and migration. Lentivirus-based experiments revealed Potassium Voltage-Gated Channel
Subfamily H Member 1 (KCNH1) as a downstream target regulated by SLC17A9 (p < 0.05). Database analysis further confirmed
KCNH1’s oncogenic role in ccRCC, with significant implications for patient survival. Notably, SLC17A9 and KCNH1 collaboratively
drive the initiation and progression of renal cancer. Elevated expression of SLC17A9 and KCNH1 correlates with poorer prognosis (p<
0.001), whereas lower expression levels are associated with favorable outcomes in ccRCC patients. These findings highlight SLC17A9
and KCNH1 as critical biomarkers and potential therapeutic targets in ccRCC. Conclusion: SLC17A9 and KCNH1 serve as critical
prognostic biomarkers in ccRCC, with SLC17A9 driving tumor progression through KCNH1 regulation. Their upregulated expression
predicts poor clinical outcomes, while reduced levels correlate with improved survival, highlighting their dual role as therapeutic targets.
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1. Introductions

Malignant renal neoplasms is a prevalent epithelial tu-
mor affecting both genders with high incidence rates glob-
ally [1–3]. In 2022, China recorded 77,410 new cases and
reported including 46,345 deaths from renal cancer [1]. The
increasing annual incidence of renal cancer is partly at-
tributed to advancements in diagnostic technologies. At di-
agnosis, over 17% of renal cancer patients show metastasis
[4,5]. The World Health Organization’s 2022 classification
identifies 16 types of renal cancer, with clear cell renal cell
carcinoma (ccRCC) constituting over 75% of cases, mark-

ing it as a particularly aggressive form [6]. This underscores
the critical need to discover reliable tumor markers and un-
derstand ccRCC progression mechanisms to innovate tar-
geted treatments.

Recent investigations have highlighted Solute Carrier
Family 17 Member 9 (SLC17A9)’s dual functionality: be-
yond lysosomal ATP transport, this gene critically sustains
tumor cell survival by preventing organelle stress [7,8]. Its
prognostic significance has been reported in various tumors
including prostate, hepatocellular, gastric, and colorectal
cancers [9–12]. Nonetheless, the specific prognostic role
and oncogenic mechanisms of SLC17A9 in ccRCC remain
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largely unexplored. Studies have found that drugs acting
on SLC17A9 have the potential to treat acute liver injury,
type 2 diabetes, depression, steatohepatitis and other dis-
eases [13–15], which makes this site a possible therapeutic
target for ccRCC.

PotassiumVoltage-Gated Channel Subfamily HMem-
ber 1 (KCNH1) is predominantly expressed in central ner-
vous system and its expression in peripheral tissues is mini-
mal and encodes a segment of ether-a-go-go (EAG) family.
However, its overexpression and upregulation in several
malignant tissues has been reported, hence implicating its
role in cancer progression [16,17]. Literature suggests that
inhibition of KCNH1 can hinder cancer cell proliferation
[18,19] and is considered to be a potential biomarker and
therapeutic target cervical cancers [20,21]. Our research
identifies SLC17A9 as potential prognostic, diagnostic and
therapeutic biomarker for ccRCC. This conclusion is sup-
ported by our comprehensive analysis of publicly available
sequencing datasets, clinical specimen evaluations, gene set
enrichment analyses, and thorough in vitro cell-based stud-
ies. We discovered pivotal role of SLC17A9 in modulation
of KCNH1 expression. Additionally, our investigation ex-
plores the relationship between SLC17A9 and KCNH1 ex-
pression levels and the prognosis of ccRCC patients, uti-
lizing public data sources. The findings of our study con-
clusively demonstrate pivotal role of SL17A9 in influenc-
ing KCNH1, which significantly impacts the onset and ad-
vancement of ccRCC, as evidenced by our detailed cellular
experiments.

2. Materials and Methods
2.1 Cell Culture and Transient Transfection

Human renal cell lines, including the normal kid-
ney proximal tubule epithelial cell line HK-2 and ccRCC-
derived lines 786-O, A498, ACHN, and TK-10, were ob-
tained from the American Type Culture Collection (ATCC;
Manassas, VA, USA) and Shanghai Biotechnology Co.,
Ltd. (Shanghai, China). All cells were maintained in
RPMI-1640 medium (Gibco; Thermo Fisher Scientific,
Inc., Shanghai, China) supplemented with 10% fetal bovine
serum (FBS; Thermo Fisher Scientific, Inc., Waltham, MA,
USA) and 1% penicillin/streptomycin (Sigma-Aldridge,
Shanghai, China) at 37 °C in a humidified 5% CO2 atmo-
sphere.

For transient transfection, negative control siRNAs
and SLC17A9-specific siRNAs (sequences in Supplemen-
tary Table 1) were synthesized by GenePharma (Shanghai,
China). Lentiviral vectors for SLC17A9 overexpression
(OE-SLC17A9) and corresponding empty vectors (Control)
were constructed by General Biol (Chuzhou, China). At
70% confluence, cells in 6-well plates were transfected with
3 µg siRNA or lentivirus mixed with 5 µL Lipofectamine®
2000 (Thermo Fisher Scientific) following the manufac-
turer’s protocol. Cells were harvested 72 h post-transfection
for downstream assays. All cell lines (HK-2, 786-O, A498,

ACHN, TK-10) were authenticated via short tandem repeat
(STR) profiling. Mycoplasma contamination was addition-
ally tested using the Universal Mycoplasma Detection Kit
(ATCC 30-1012K, ATCC, USA) and confirmed to be neg-
ative.

High-titer lentivirus production was achieved by co-
transfecting 293T cells with the SLC17A9 overexpression
construct and packaging plasmids (psPAX2/pMD2.G) us-
ing Polybrene (5 µg/mL; General Biol). Viral supernatants
were collected 48 h later and concentrated to a titer of 50
MOI.

2.2 In Vivo Animal Studies
Four-week-old male BALB/c nude mice were sourced

from Hangzhou Ziyuan Experimental Animal Technology
Co., Ltd. (Hangzhou, China), ensuring they were main-
tained in specific pathogen-free conditions. The Institu-
tional Animal Care Committee of USTC First Affiliated
Hospital approved all animal protocols (No. 2023-N(A)-
001), and the study was carried out in compliance with
ARRIVE guidelines. To evaluate the oncogenic role of
SLC17A9, a subcutaneous xenograft model was established
using 4-week-old male BALB/c nude mice (n = 10 total,
5/group). Mice were randomized into two groups:

Control group: Injectedwith 5× 106 A498 cells trans-
duced with an empty vector.

OE-SLC17A9 group: Injected with 5 × 106 A498
cells overexpressing SLC17A9 via lentiviral transfection.

Subcutaneous tumor dimensions were quantified tri-
weekly via vernier caliper measurements, with volumetric
analysis performed using the ellipsoid formula (V = 0.52
× Length × Width2). On day 25 post-injection, mice were
humanely euthanized, and tumors were excised for weight
and volume measurements.

2.3 Anesthesia and Euthanasia Procedure
Surgical anesthesia was induced and maintained via

isoflurane inhalation (4–5% induction, 1.5–2.5% mainte-
nance; RWD, Shenzhen, China) with continuous monitor-
ing of respiratory rate and reflexes. Preoperative analgesia
(buprenorphine, 0.05–0.1mg/kg s.c.) and thermoregulation
(37 °C heating pad) were implemented tominimize distress.

Terminal euthanasia was performed via isoflurane
overdose (5%) in a controlled environment, confirmed by
cessation of cardiac activity and pupillary dilation. All pro-
cedures strictly adhered to the 3Rs principles (Replacement,
Reduction, Refinement) and institutional ethical standards.

2.4 Collection of Clinical Tissue Samples
Clinical samples consisting of ccRCC (n = 3) corre-

sponding to adjacent non-cancerous kidney (n = 3) were re-
ceived from the Urology department, Anhui provincial hos-
pital, USTC first affiliated hospital. This collection took
place between 2021 and 2023. Informed consent was duly
acquired from patients or their families/legal guardians.
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The collection of these samples followed ethical protocols
and was approved by the ethical review board of the institu-
tion, adhering to the guidelines of the Helsinki Declaration
(Ethical Number: No.2023KY175).

2.5 RNAs Extraction and Quantitative Real-Time
Polymerase Chain Reaction (qRT-PCR)

Extraction of total RNA was performed as per stan-
dard protocol of Quick purification kit (ES Science Shang-
hai, Shanghai, China). Quantification and purity as-
sessment were carried out using a spectrophotometer
(Nanodrop-2000, Thermo Fisher Scientific, Inc., Shanghai,
China). Reverse transcription of 1 µg RNA was carried
out to synthesize cDNA using Hiscript Il RT SuperMix for
qPCR (Vazyme, Nanjing, China). We used SYBR® qPCR
MasterMix enzyme supplied by Vazyme, Nanjing, China.
Used primer sequences are given in Supplementary Table
1 siSLC17A9 orKCNHlmRNA relative expression was cal-
culated using the normalization formula: 2-ACt (ACt = Ct-
SLCI7A9/KCNH1 – CtB-ACTIN).

2.6 Cell Proliferation Array and Colony Forming Assay

After transfection, 786-0 and A498 renal cell can-
cer cell lines were seeded into 96-welplates and grown for
48 hours at 37 °C. After that cell counting kit-8 (CCK-8)
reagent was injected into each well and further incubated at
37 °C. Subsequently, the optical densities (OD) at 450 nm
wavelength were measured as per the instructions of the kit
densities suppliers.

For the colony-forming assay, cells showing overex-
pression were seeded into six-well plates and incubated
at 37 °C for two weeks. Subsequently, the colonies
grown in these plates were fixedwith 4% paraformaldehyde
(Biosharp, Hefei, China) followed by 0.1% crystal violet
(Biosharp, Hefei, China) staining. Results were quantified
using ImageJ software (https://imagej.net/ij/).

2.7 Migratory Assay

Transfected cells were cultured for 24 hours in RPMI-
1640 medium with added serum. After washing, the cells
were resuspended and placed in the upper chamber of a
24-well cell culture plate with trans-well inserts, using
serum-free medium, while the lower chamber contained
serum-enriched medium. The setup was incubated at 37
°C for another 24 hours. Cells were then fixed using 4%
paraformaldehyde and stained with 1% crystal violet. Cells
were calculated by Olympus CK30 inverted phase-contrast
microscope (Olympus, Tokyo, Japan).

2.8 Immunofluorescence and Immunohistochemical
Staining

For immunofluorescence (IF), sections underwent
three xylene (Sigma-Aldridge, Shanghai, China) immer-
sions, followed by ethanol (Sigma-Aldridge, Shanghai,
China) immersion (100%, 95%, 80%). After clearing, anti-

gen retrieval was achieved by incubating sections in an
EDTA (Sigma-Aldridge, Shanghai, China) solution with a
pH of 8.0. Irrelevant protein or particles were blocked by
goat serum and then goat anti-rabbit IgG (KCNH1 1:100;
Proteintech, Wuhan, China) was applied and incubated, fol-
lowed by a Cy3-labeled secondary antibody (Proteintech,
Wuhan, China). After DAPI (Proteintech, Wuhan, China)
restaining, sections were sealed and imaged under a confo-
cal microscope (Nikon, C2+, Tokyo, Japan).

For Immunohistochemical (IHC), paraffin sections
underwent similar processing, incubated with a primary an-
tibody (SLC17A9, 1:50; Abcam, Shanghai, China), fol-
lowed by a anti-rabbit secondary antibody (Zsbio, PV-6000,
Beijing, China), and DAB (Abcam, Shanghai, China) chro-
mogen. Sections were stained with hematoxylin, differen-
tiated blue and imaged under an optical microscope (Nikon
Eclipse 50i, Nikon, Tokyo, Japan).

2.9 Western Blotting
Tissues or cells were lysed using RIPA (Beyotime,

Shanghai, China) and PMSF (Biosharp, Hefei, China).
30 µg protein samples underwent SDS-PAGE (Biosharp,
Hefei, China) separation and were transferred to a PVDF
(Biosharp, Hefei, China) membrane. Protein samples (30
µg) were separated via SDS-PAGE and transferred onto a
PVDF membrane. After blocking, the membranes were
incubated with primary antibodies (SLC17A9, Abcam,
Shanghai, China; KCNH1, Proteintech, Wuhan, China;
GAPDH, Proteintech, Wuhan, China), followed by incu-
bation with an anti-rabbit IgG (Biosharp, Hefei, China).
Imaging was performed using a Chemiluminescence Imag-
ing System (Clinx, Shanghai, China).

2.10 RNA Seq Analysis
RNA extraction from SLC17A9-overexpressing and

control A498 cells used TRIzol Reagent (Thermo Fisher
Scientific, Inc., Shanghai, China), with quality checks
by Nanodrop (Thermo Fisher Scientific, Inc., Shanghai,
China) and Qubit3.0. Ribonucleic Acid sequencing (RNA-
seq) (Seqhealth, Wuhan, China) library preparation used
the KC-DigitalTM kit (Seqhealth, Wuhan, China), with se-
quencing on a DNBSEQ-T7 sequencer. Data processing in-
cluded Trimmomatic filtering, de-duplication, andmapping
to the human reference genome using STAR. Differential
gene expression analysis used edgeR (Seqhealth, Wuhan,
China), with GO and KEGG enrichment via KOBAS 3.1
software (Seqhealth, Wuhan, China).

The genomic sequence data of this study has been
submitted to the NCBI database (https://dataview.ncbi.nlm.
nih.gov/object/PRJNA1194047) under the following asso-
ciation number: BioProject [PRJNA1194047], BioSample
[SAMN42746168], and BioProject [PRJNA1194047]. The
submission IDs for these records are SUB14908595 (Bio-
Project), SUB14594786 (BioSample), and SUB14908595.
ACKAX7.
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2.11 Gene Expression Profiling Interactive Analysis
(GEPIA) Database Analysis

The GEPIA database (http://gepia.cancer-
pku.cn/detail.php?gene=&clicktag=survival) explored
the correlation between SLC17A9 and KCNH1 using
Spearman’s test, with SLC17A9 on the X-axis and KCNH1
on Y-axis.

2.12 Bioinformatics Analysis
Data from the The Cancer Genome Atlas (TCGA)

database (https://portal.gdc.cancer.gov/) (n = 602) were an-
alyzed using R software to develop nomogram models.
KEGG analysis was conducted to identify pathways involv-
ing SLC17A9. Kaplan-Meier (KM) curves assessed the
prognostic significance of SLC17A9 and KCNH1, with log-
rank tests used for comparing survival curves. Hazard ratios
and 95% confidence intervals were calculated using Cox
proportional-hazards models, adjusting for age, gender, and
tumor stage.

2.13 Quantification and Statistical Analyses
Statistical evaluation was conducted using the paired

Student’s t-test and one-way ANOVA. Complemented by
Kaplan-Meier survival curves. Cox proportional-hazards
models were constructed with clinically established refer-
ence categories for categorical variables (e.g., T1 for T
stage). Hazard ratios (HRs) reflect comparisons against
these baseline groups. The outcomes are performed as the
mean± standard deviation. Statistical significance of is de-
noted as follows: ns: non-significant; ***p< 0.001; **p<
0.01; and *p < 0.05.

3. Result
3.1 In ccRCC, SLC17A9 Upregulation Shows a Significant
Association With Various Clinical Features

We analyzed the differential expression of SLC17A9
between non-cancerous and cancerous tissues within The
Cancer Genome Atlas - Kidney Clear Cell Renal Cell
Carcinoma (The TCGA-KIRC) datasets, the investigation
extended to assessing SLC17A9 expression across vari-
ous tumor grades and stages. Our findings indicated a
higher expression of SLC17A9 in cancerous tissues com-
pared to non-cancerous ones (Fig. 1A). A positive cor-
relation observed between SLC17A9 expression and ad-
vance stage cancer, tumor grade (Fig. 1C) and stages as
defined by American Joint Committee on Cancer (AJCC).
SLC17A9 expression was elevated in lymph node-positive
(N1) vs N0 tumors (p = 0.003; Fig. 1B) and correlated with
advanced TNM stage (Fig. 1D). To determine the prog-
nostic significance of SLC17A9, a Kaplan-Meier analysis
was conducted. The TGCA-KIRC cohort was stratified
into two groups according to SLC17A9 expression levels:
high and low. The group exhibiting high SLC17A9 ex-
pression demonstrated showed poorer disease free survival
(DFS) and overall survival (OS) (Fig. 1E,F). To corroborate

these findings, tumor and corresponding non-tumorous tis-
sues were collected from patients undergoing laparoscopic
radical nephrectomy. IHC analysis confirmed elevated
SLC17A9 expression in tumor tissues (p < 0.05) (Fig. 1G).
Quantitative real-time polymerase chain reaction (qRT-
PCR) and western blot analysis further confirmed the up-
regulation of SLC17A9 mRNA and protein levels in tumor
tissues compared to adjacent non-tumorous (Fig. 1H,I). In
vitro comparative studies of A498, 786-O, ACHN, and HK-
2 cells reinforced these observations, showing heightened
SLC17A9 expression in the cancer cell lines (Fig. 1J,K).
These collective results underscore SLC17A9 as a pivotal
biomarker in ccRCC, with its expression closely associated
with poorer prognostic outcomes.

3.2 SLC17A9 Upregulation Promotes the Proliferation of
ccRCC

In this research, A498 and 786-O underwent manipu-
lation of SLC17A9 levels through either siRNA-mediated
knockdown or lentiviral-mediated overexpression. We
quantified the changes in SLC17A9 at both mRNA and pro-
tein levels using qRT-PCR and western blot analysis (p <

0.05) (Fig. 2A,B and Fig. 3A,B). The impact of altering
SLC17A9 expression on cellular viability was measured
via CCK-8 assay. We observed a significant reduction in
the proliferation of renal cancer cells following SLC17A9
knockdown (p < 0.05) (Fig. 2C), while SLC17A9 over-
expression led to an increase in proliferation (p < 0.001)
(Fig. 3C). Additionally, Trans-well assays indicated a sub-
stantial decrease in the migratory ability of renal cancer
cells post-SLC17A9 knockdown (p < 0.05) (Fig. 2D), in
contrast to an increase upon overexpression (p < 0.01)
(Fig. 3D). The clone genic potential, assessed through
single-cell clone assays, was also found to be enhancedwith
SLC17A9 overexpression (p < 0.01) (Fig. 3E). Subsequent
in vivo studies involving BALB/c nude mice showed that
tumors derived from SLC17A9-overexpressing cells exhib-
ited greater volume and weight compared to those from
control groups (p < 0.05) (Fig. 3F). Collectively, these re-
sults underscore the importance of SLC17A9 as a crucial
biomarker in renal cancer, influencing both the prolifera-
tion and migration of renal cancer.

3.3 SLC17A9 Upregulates KCNH1 Expression in ccRCC

In this part of the study, RNA-seq was conducted
on three paired samples of A498 cells, transfected either
with SLC17A9 overexpression constructs or corresponding
negative control constructs. The RNA-seq samples were
subjected to quality assurance, demonstrating satisfactory
outcomes (Fig. 4A). The sequenced data was analyzed to
identify differentially expressed genes, which were illus-
trated through heatmaps and volcano plots (Fig. 4B,C).
These genes underwent Gene Ontology (GO) functional
enrichment analysis to discern downstream pathways un-
der SLC17A9 influence (Fig. 4D). The enrichment analy-
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Fig. 1. Higher expression of SLC17A9 in clinical patients’ samples such as tumor tissues and cells. (A) SLC17A9mRNA expression
levels in the ccRCC tissues were higher than those in the normal tissues in the TCGA cohort. (B) SLC17A9 expression levels in normal,
N0 and N1 stages. (C) SLC17A9 expression levels in G grade. (D) SLC17A9 expression levels in different TNM stages in TCGA. (E)
The high SLC17A9 expression group had poorer overall survival (OS) than the low expression group in the TCGA cohort, p < 0.0001.
(F) High SLC17A9 expression indicated poorer disease-free survival (DFS) in the TCGA cohort, p = 0.0059. (G) Immunohistochemistry
(IHC) results (200×, 400×) of SLC17A9 in ccRCC tissues and para-cancer tissues of two patients (p < 0.05). The length of the scale
bars is 100 and 50 µm. (H,I) Relative mRNA and protein levels of SLC17A9 in ccRCC tissues and adjacent normal kidney tissues. (J,K)
Relative mRNA and protein levels of SLC17A9 in ccRCC cell lines. ***p < 0.001; **p < 0.01; and *p < 0.05; ns, non-significant
differences. Data is represented as mean ± standard deviation (SD). (SLC17A9, Solute Carrier Family 17 Member 9; ccRCC, clear cell
Renal Cell Carcinoma; KIRC, kidney renal clear cell carcinoma; TCGA, The Cancer Genome Atlas; TNM: T, tumor; N, lymph node;
M, metastasis.)
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Fig. 2. SLC17A9 knocking down reduces the viability of renal cancer cell lines. (A,B) Relative mRNA expression levels and relative
protein expression levels after knocking down SLC17A9 expression in A498 and 786-O. (C) The effect of SLC17A9 knockdown on A498
and 786-O cell proliferation was detected using Cell Counting Kit-8 (CCK-8) (error bars represent SEM; n = 3 independent experiments).
(D) Effects of SLC17A9 knockdown on A498 and 786-O cell’s migration. The length of the scale bars is 200 and 100 µm. ***p< 0.001
and *p < 0.05. Data were presented as the mean G standard deviation (SD) from three independent experiments.

6

https://www.imrpress.com


Fig. 3. Lentiviral mediated overexpression of SLC17A9 increases cellular growth, migration in vitro and fasten tumor progression
in vivo. (A,B) Relative mRNA expression levels and relative protein expression levels of SLC17A9 in A498 and 786-O after overex-
pression of SLC17A9. (C) The effect of overexpression SLC17A9 in A498 and 786-O cell proliferation was detected using Cell Counting
Kit-8 (CCK-8) (error bars represent SEM; n = 3 independent experiments). (D) Effects of SLC17A9 knockdown on A498 and 786-O
cell’s migration. The length of the scale bars is 200 and 100 µm. (E) Changes in clonal capacity of cells in A498 and 786-O after
overexpression of SLC17A9. (F) Subcutaneous tumor in BALB/c mice, its growth curve, and final volume and weight (n = 5). ***p <
0.001; **p < 0.01; and *p < 0.05. Data were presented as the mean G standard deviation (SD) from three independent experiments.
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Fig. 4. Lentiviral mediated overexpression of SLC17A9 in A498 cells shows overexpression of KCNH1. (A) Quality test results of
cells used for sequencing. (B) Differential gene heat map. (C) Differential gene volcano map. (D) Related pathways enriched in the Gene
ontology (GO) database for differential genes in A498 cells overexpressing SLC17A9 (n = 3/group). (KCNH1, Potassium Voltage-Gated
Channel Subfamily H Member 1).

sis led to a focus on KCNH1. Immunofluorescence studies
showed elevated KCNH1 expression in tumor tissues com-
pared to non-tumorous counterparts (p < 0.001) (Fig. 5A).
An examination of the GEPIA database highlighted a cor-
relation between SLC17A9 and KCNH1 expressions in re-

nal tumors (p = 0.045) (Fig. 5B). The prognostic signifi-
cance of KCNH1 was assessed using KM curves, classi-
fying TCGA-KIRC cohort patients into relatively low and
high KCNH1 expression groups based on median levels.
Results showed that KCNH1 overexpression was linked to
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Fig. 5. KCNH1 and SLC17A9 expression are directly correlated with each other in tumor tissues, Gene Expression Profiling
Interactive Analysis (GEPIA) and cell lines. (A) Immunofluorescence (IF) results (400×) of KCNH1 in ccRCC tissues and para-
cancer tissues of the patient. The length of the scale bar is 20 µm. (B) Association of SLC17A9 and KCNH1 with renal cancer in
GEPIA. (C) The High KCNH1 expression group had poorer overall survival (OS) than the low expression group in the TCGA cohort, p
= 0.00012. (D,E) The mRNA expression level and protein expression level of KCNH1 in renal cancer cells overexpressing and knocking
down SLC17A9 respectively. ***p < 0.001; **p < 0.01; and *p < 0.05. Data were presented as the mean G standard deviation (SD)
from three independent experiments.
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Fig. 6. SLC17A9 regulates KCNH1 expression and promotes proliferation and migration of renal cancer cells. (A,B) Knockdown
of KCNH1 in renal cancer overexpressing SLC17A9, relative mRNA expression level and relative protein expression level of KCNH1.
(C) Cell counting kit-8 (CCK-8) was used to detect the effect of overexpressing SLC17A9 and then knocking down KCNH1 on the
proliferation of A498 and 786-O cells. (D) Effects of overexpressing SLC17A9 and then knocking down KCNH1 on the migration of
A498 and 786-O cells. Scale bars are 200 and 100 µm in length. ***p< 0.001; **p< 0.01; and *p< 0.05; ns, non-significant differences.
Data were presented as the mean G standard deviation (SD) from three independent experiments.
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Fig. 7. Analysis of SLC17A9 and KCNH1 expression in ccRCC patients reveals prognostic significance. (A) In the TCGA cohort,
the high SLC17A9 and high KCNH1 expression groups had worse OS than the low expression group of either gene. p < 0.0001. (B)
The nomogram showed the combined SLC17A9 and KCNH1 risk score, TNM stage, grade, sex, and age, and predicted the 1-year and
5-year over survival (OS) possibilities of individual ccRCC patients. (C) In the TCGA cohort, the high-risk score had worse OS than the
low-risk score. p < 0.0001. (D–H) The combined expression of two genes in different T stages, M stages, N stages, AJCC stages and
Grade stages of ccRCC in TCGA. ***p < 0.001; **p < 0.01; and *p < 0.05; ns, non-significant differences.

poorer OS (p = 0.00012) (Fig. 5C). Further analyses us-
ing qRT-PCR and Western blotting showed that KCNH1
mRNA and protein levels were respectively downregulated
in renal cancers cells with SLC17A9 knockdown and upreg-
ulated in those with SLC17A9 overexpression (Fig. 5D,E).

These results suggest a direct correlation between increased
KCNH1 expression and adverse prognosis in ccRCC, and
that SLC17A9 exacerbates ccRCC progression by promot-
ing KCNH1 expression.
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Table 1. Univariate and multivariate analyses of unite SLC17A9 and KCNH1 expression and patient overall survival using
TCGA-KIRC data (n = 602).

Univarient analysis Multivarient analysis

Variables HR 95% CI p value HR 95% CI p value

Age (years)
1.938 1.438–2.611 <0.001 1.613 1.187–2.193 0.002

≤60 vs >60
Gender

1.083 0.809–1.450 0.594 1.020 0.756–1.376 0.898
Male vs Female
T stage

3.082 2.316–4.101 <0.001
T2/T3/T4 vs T1
N stage

4.186 2.329–7.522 <0.001
N0 vs N1
M stage

4.511 3.381–6.019 <0.001
M0 vs M1
Grade

2.695 1.950–3.725 <0.001 1.638 1.160–2.313 0.005
G2/G3/G4 vs G1
AJCC stage

3.949 2.918–5.346 <0.001 2.941 2.133–4.056 <0.001
II/III/IV vs I
SLC17A9

1.971 1.476–2.632 <0.001
High vs Low
KCNH1

1.739 1.306–2.317 <0.001
High vs Low
Risk Score

2.014 1.507–2.691 <0.001 1.611 1.197–2.167 0.002
High vs Low
Reference: T1; HR, hazard ratio; CI, confidence interval.
Reference categories: T1 (T stage), G1 (Grade), Stage I (AJCC), Female (gender), N0 (N
stage), and M0 (M stage). Hazard ratios (HRs) represent risk relative to the reference group.
TCGA-KIRC, Cancer GenomeAtlas - Kidney Clear Cell Renal Cell Carcinoma; AJCC, Amer-
ican Joint Committee on Cancer.

3.4 SLC17A9 Promotes ccRCC Progression by
Modulating KCNH1

Subsequently, in the study, KCNH1 was targeted for
a knockdown in SLC17A9-overexpressing A498 and 786-
O cells using specific siRNAs. The qRT-PCR analysis
confirmed that siRNA-mediated KCNH1 suppression ef-
fectively reduced its mRNA levels in cells overexpress-
ing SLC17A9 (Fig. 6A). Western blot analysis corrob-
orated these findings, indicating a decrease in KCNH1
protein levels (Fig. 6B). Cell proliferation was assessed
through CCK-8 assays, revealing that cells transfected with
SLC17A9 overexpression constructs and si-negative con-
trol exhibited higher proliferation rates compared to those
in negative control, SLC17A9 overexpression/si-KCNH1,
and overexpression control/si-KCNH1 groups. Notably, a
decline in cell proliferation was observed in the SLC17A9
overexpression/si-KCNH1 group (Fig. 6C). Furthermore,
Trans-well assay indicated that cell migrationwasmost pro-
nounced in the SLC17A9 overexpression/si-negative con-
trol group, and this rate was reduced in the SLC17A9
overexpression/si-KCNH1 group (Fig. 6D). These results
collectively indicate that SLC17A9 influences renal carci-
noma cell proliferation andmigration by regulatingKCNH1
expression, thereby impacting ccRCC progression.

3.5 Clinical Relevance of SLC17A9-Regulated KCNH1 in
the TCGA-KIRC

In our study of the TCGA-KIRC database, we cat-
egorized the patients into four distinct groups based on
their levels of SLC17A9 and KCNH1 expression: high
SLC17A9/high KCNH1, high SLC17A9/low KCNH1, low
SLC17A9/high KCNH1, and low SLC17A9/low KCNH1.
Kaplan-Meier survival analysis revealed that OS was no-
tably reduced in patients with both high SLC17A9 and
high KCNH1 expression, compared to those in the high
SLC17A9/low KCNH1 and low SLC17A9/high KCNH1
groups. In contrast, patients in the low SLC17A9/low
KCNH1 category had significantly better OS (Fig. 7A). For
602 patients from the TCGA-KIRC cohort, Univariate and
multivariate Cox regression analyses were conducted (Ta-
ble 1). The risk score was calculated using HRs from uni-
variate Cox regression, targeting the predictive power of
SLC17A9 andKCNH1 expression levels for OS inKIRC pa-
tients (risk score = HR1 × Expression of SLC17A9 + HR2
× Expression ofKCNH1). This calculated risk score, based
on SLC17A9 and KCNH1 expression, was found to have
significant prognostic relevance in ccRCC (Table 1). Fol-
lowing an approach similar to that used by Zedan Zhang et
al. [22], we developed a comprehensive nomogram incor-
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porating age, gender, risk score, TNM staging, and grade
classification to predict 1-year and 5-year OS in ccRCC pa-
tients (Fig. 7B). The prognostic value of this risk score for
the patient survival within TCGA-KIRC cohort was further
validated using Kaplan-Meier curve analysis, where higher
risk scores were associated with significantly shorter OS
(Fig. 7C). Positive correlations were observed between the
risk score and advanced stages of T, M, N, and AJCC, as
well as with higher grade classifications (Fig. 7D–H). These
findings highlight the critical roles of SLC17A9 andKCNH1
in ccRCC pathogenesis and their impact on the disease’s
progression.

4. Discussion
SLC17A9, a vesicular adenoside triphosphate (ATP)

transport protein, regulates ATP transfer in cardiac inflam-
mation and hypertrophy through heart-brain interaction
during pressure overload. Previous studies have reported
the role of SLC17A9 in various neuropathic pain mecha-
nisms [23,24]. SLC17A9 is correlated with the pathogene-
sis of several tumors, such as colorectal adenocarcinoma
[25], T-cell acute lymphoblastic leukemia [26], prostate
cancer [11], lung cancer [27,28], and hepatocellular carci-
noma [29].

This study examined the role of SLC17A9 in ccRCC
using TCGA-KIRC datasets. The bioinformatics analysis
results were validated using IHC, qRT-PCR, and western
blotting analyses of clinical tumor tissues. Next, the onco-
genic mechanism of SLC17A9 in ccRCC was examined.
Experiments involving siRNA-mediated knockdown and
lentivirus-mediated overexpression of SLC17A9 revealed
its role in regulating the proliferation and migration of
renal cancer cells. Previously, Weiquan Li et al. [30],
demonstrated that SLC17A9 promotes ccRCC progression
through a PTHLH-induced endothelial-to-mesothelial tran-
sition process. In this study, RNA-seq results suggested
that SLC17A9 drives renal cancer progression via addi-
tional pathways. As shown in Fig. 4D, the upregulated path-
ways indicated that SLC17A9 enhances ccRCC cell migra-
tion bymodulating epithelial and endothelial cell migration.
Furthermore, SLC17A9 promotes renal cancer development
through theMAPK cascade reaction [31] and plays a role in
determining sorafenib efficacy [32]. SLC17A9 overexpres-
sion downregulated several immune-related pathways, sug-
gesting that SLC17A9 affects ccRCC progression by mod-
ulating immune processes. The findings of this study are
consistent with those of Weiquan Li et al. [30].

Among the upregulated genes, this study selected
KCNH1, a gene associated with the pathogenesis of vari-
ous cancers, such as soft tissue sarcoma [33], cervical can-
cer [20], colorectal cancer [34], glioblastoma [35], hep-
atocellular carcinoma [36], and head and neck cancers
[37] has been confirmed, However, prior to this study, its
specific role in ccRCC had not been investigated. Us-
ing KM survival analysis from TCGA-KIRC database, we

found KCNH1 expression to be highly correlated with sur-
vival prognosis in KIRC, with higher expression linked
to poorer outcomes. Additionally, KCNH1 was found to
be more highly expressed in tumor tissues than in nor-
mal tissues. Subsequent experiments on SLC17A9 overex-
pressed renal cancer cells revealed elevated KCNH1 lev-
els, providing the first evidence that KCNH1 is regulated
by SLC17A9 and modulates the proliferation and migration
of renal cancer cells. Finally, using data from 602 cases in
the TCGA-KIRC database, univariate and multivariate Cox
proportional-hazards ratio analysis and risk scoring were
performed, analyzing SLC17A9 and KCNH1 together for
the first time. The analysis indicated that SLC17A9 and
KCNH1 are important biomarkers in the development and
progression of renal clear cell carcinoma. Notably, Pharma-
cological screening identified imipramine (IC50 = 5.8 µM)
[38] as potent KCNH1 inhibitors, suggesting repurposing
potential for ccRCC therapy, proven to reduce tumor pro-
liferation and may enhance the combined medication effect
with SLC17A9 in Vorinostat-resistant clear cell renal car-
cinoma [30]. Our findings provide novel insights into the
SLC17A9/KCNH1 signaling pathway as a driver of ccRCC
progression.

There are some limitations in this study that we need
to address in the future. This study demonstrated that
SLC17A9-regulatedKCNH1 promotes the development and
progression of ccRCC but did not elucidate the underlying
downstreammechanisms. Future studies must elucidate the
mechanisms underlying SLC17A9-mediated KCNH1 regu-
lation andKCNH1-mediated ccRCC progression, as well as
identify drugs targeting SLC17A9 and KCNH1.

5. Conclusions
SLC17A9 and KCNH1 are significant prognostic

markers for ccRCC. Additionally, SLC17A9 promotes the
onset and progression of renal cancer by regulatingKCNH1
expression. SLC17A9 expression was positively correlated
with KCNH1 expression. The upregulation of SLC17A9
and KCNH1 is positively correlated with poor prognosis
in patients with renal cancer. Conversely, SLC17A9 and
KCNH1 downregulation is correlated with improved prog-
nosis.
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