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SLC17A9-PTHLH-EMT axis promotes proliferation

and invasion of clear renal cell carcinoma

Weiquan Li,"?* Ning Xu,>* Xiangui Meng,"?* Hongwei Yuan,'? Tiexi Yu,"-? Qi Miao,"-* Hongmei Yang,*

Bo Hai,"-?* Wen Xiao,"?* and Xiaoping Zhang'-%>*

SUMMARY

SLC17A9 is a vesicular ATP transport protein that plays an important role in
determining cell functions and the onset and progression of different diseases.
In this study, SLC17A9 was initially identified as a potential diagnostic and prog-
nostic risk biomarker for clear cell renal cell carcinoma (ccRCC). Then, the aberrant
expression levels of SLC17A9 were confirmed in both the cell lines and clinical
tissues. Mechanistically, SLC17A9 could upregulate the expression of PTHLH,
thus promoting epithelial-mesenchymal transition (EMT) in ccRCC. Functionally,
SLC17A9 knockdown inhibited the proliferation, migration, and invasion activity
of renal cancer cells, whereas its overexpression led to stronger cell viability and
more malignant phenotype in vitro. The overexpression of SLC17A9 in vivo could
significantly contribute to the growth of tumors. Finally, we found that SLC17A9
might be related to the drug resistance of vorinostat. Cumulatively, this study
demonstrated that the SLC17A9-PTHLH-EMT axis could promote the progres-
sion of ccRCC.

INTRODUCTION

Renal cancer is an epithelial tumor with high global incidence rates in both men and women.'~ According
to recent statistics, 77,410 new cases of renal cancer and 46,345 associated deaths are estimated in China in
2022.° The incidence rate of renal cancer is increasing every year, which may be due to the improvement in
medical technology. More than 17% of patients are detected with metastasis at the time of diagnosis.*”
Renal cancer is classified into 16 different subtypes based on the 2016 WHO classification, among which
clear cell renal cell carcinoma (ccRCC) is responsible for more than 75% of cases and is also one of the highly
malignant tumors.® Therefore, it is imperative to discover effective tumor markers and the possible mech-
anisms for ccRCC progression, which can help in the development of new therapeutic drugs.

Solute carrier family 17 member 9 (SLC17A9) encodes a protein that participates in the vesicular nucleotide
transport. It has been reported that SLC17A9 could affect cell viability by influencing lysosome dysfunc-
tion.”® Although the prognostic value of SLC17A9 has been evaluated in prostate cancer, hepatocellular
carcinoma, gastric carcinoma, and colorectal cancer,”'? there is still a need to investigate whether
SLC17A9 could act as a potential biomarker for ccRCC and elucidate the role of SLC17A9 in promoting tu-
mor progression. As an important transport protein, several drugs targeting SLC17A9 have been investi-
gated for the treatment of steatohepatitis, acute liver injury, type 2 diabetes, and depression.'*™'® This

indicates that SLC17A9 could act as a novel drug target for RCC.

Epithelial-mesenchymal transition (EMT) is one of the most complex signaling pathways and hallmarks in
different types of cancers.'® It is believed that EMT plays a significant role in the progression of almost
all types of cancer during initiation, invasion, and metastasis. Moreover, it also influences the choice of mul-
tiple drug treatment options.'” E-cadherin (encoded by CDH1) is believed to be a metastatic suppressor in
EMT progression. On the contrary, N-cadherin (encoded by CDH2), vimentin (encoded by VIM), and Snail-1
(encoded by SNAI1) are considered to be the positive hallmarks of EMT. However, the influence of
SLC17A9 on the EMT in ccRCC has not yet been investigated.

Parathyroid hormone-like hormone (PTHLH), a protein-coding gene encoding parathyroid hormone-
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that PTHLH acts as an important EMT upstream regulator.’®'? Despite all this, there is a need to elucidate
the regulation mechanism of PTHLH and prove the role of PTHLH in the promotion of EMT in ccRCC.

This study proved that SLC17A9 may be a novel diagnostic and prognostic biosignature for ccRCC using
public sequencing data, clinical tissue samples, gene set enrichment analysis (GSEA), and a series of in vitro
cellular experiments. The study highlighted that SLC17A9 could influence the EMT signaling pathway by
upregulating the expression of PTHLH. Moreover, SLC17A9 might be associated with the activation of
T cells and macrophages, and patients with higher SLC17A9 indicated a better response to immuno-
therapy. Finally, the study predicted potential drugs targeting SLC17A9, which can provide directions
for future research.

RESULTS

SLC17A9 was significantly upregulated in ccRCC and associated with different clinical
features

The open sequencing data from TCGA-KIRC was used to analyze the SLC17A9 expression levels of normal
and RCC tissues and determine the differences of SLC17A9 expression levels at different clinical stages.
The results indicated that the expression level of SLC17A9 was much higher in the tumor group irrespective
of analysis using paired or unpaired samples (Figures 1A and 1B). Moreover, the expression level of
SLC17A9 showed an increasing trend, with a profound increase observed during the clinical stage
(Figures 1C-1Q). Patients at the advanced stage of the tumor had higher SLC17A9 levels than those at
an initial stage, such as T3 versus T1, T4 versus T2, N1 versus NO, M1 versus MO, and so on. The data
from the renal cell cancer European cohort (RECA-EU) in ICGC was used for the validation of the aberrant
expression of SLC17A9 (Figures 1H and 11). These results suggested that SLC17A9 might serve as an unfa-
vorable marker for ccRCC and be positively associated with poorer clinical prognosis.

High SLC17A9 expression demonstrated certain diagnostic and prognostic values in ccRCC

The ROC curve is one of the most common detection indicators for disease diagnosis. It was observed that
the expression level of SLC17A9 could successfully distinguish tumor group from normal group when
TCGA-KIRC and ICGC-RECA-EU data were applied (Figure 2A: AUC = 0.9459, p < 0.0001; 2B: AUC =
0.9228, p <0.0001). The time-dependent ROC curves indicated that the diagnostic value of SLC17A9 might
increase slightly over time (Figure 2C). Kaplan-Meier (KM) curve has been used for evaluating the prog-
nostic value of SLC17A9 for several years. According to the median expression of SLC17A9, the patients
in the TCGA-KIRC cohort were divided into two groups. The results indicated that patients in the group
having high SLC17A9 expression levels were associated with poor OS and DFS (Figures 2D and 2E). KM
curve using E-MTAB-1980data also supported that SLC17A9 was an unfavorable marker for ccRCC (Fig-
ure 2F). In addition, prognosis-related nomogram models were constructed by incorporating SLC17A9
and common clinical indicators using TCGA-KIRC data to predict OS and DFS time for each patient
(Figures 2G and STA). In these models, any patient with older age, higher T stage, N stage, distant metas-
tasis, higher G grade, and higher SLC17A9 expression is allocated higher scores and associated with
poorer survival time, which is also observed during the clinical diagnosis. To verify these models, the pa-
tients were divided into four groups by quartile, and the differences between the predicted probability
and the actual probability at 1, 3, and 5 years, were calculated and compared (Figures 2H-2J and S1B-
S1D). The predicted curve and the actual curve had a high degree of coincidence. Moreover, the c-index
of both the OS model (0.766) and the DFS model (0.821) were larger than 0.71, indicating the credibility of
the model. The univariate and multivariate Cox proportional hazard ratio (HR) analyses of OS and DFS were
conducted to further elucidate the prognostic value of SLC17A9 (Tables 1 and 2).

SLC17A9 was truly upregulated in ccRCC cell lines and tissues

Although this study had initially demonstrated that SLC17A9 could work as a potential marker for ccRCC
using bioinformatics analysis, some experiments were necessary to verify it. The mRNA levels and protein
expression levels of SLC17A9 in cell lines were determined by gRT-PCR and western blot (WB), respectively
(Figures 3A and 3B). SLC17A9 in OSRC, A498, 786-O, and CAKI cells was significantly upregulated when
compared with SLC17A9 in HK2 cells. Because the mRNA and protein levels of SLC17A9 in 786-O and
A498 were higher than those in other cell lines, 786-O and A498 were selected for further experiments.
Then, the mRNA and protein expression levels of SLC17A9 were detected in paired ccRCC and their adja-
cent normal tissues (Figures 3C and 3D). SLC17A9 was highly expressed in most tumor tissues. Finally, the
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Figure 1. SLC17A9 expression level was upregulated in ccRCC tissues

(A) SLC17A9 mRNA expression levels in the ccRCC tissues were higher than those in the normal tissues in the TCGA
cohort.

(B) SLC17A9 expression in normal tissues was lower than that in paired ccRCC tissues.

(C) High expression of SLC17A9 was associated with the T stage and showed an increasing trend.

(D) SLC17A9 expression levels in NO and N1 stages.

(E) mRNA expression of SLC17A9 in M stage.

(F) SLC17A9 expression levels in different TNM stages in TCGA.

(G) SLC17A9 expression levels in G grade.

(H) SLC17A9 was upregulated in tumor samples compared with normal samples in the ICGC-RECA-EU cohort.

(1) SLC17A9 expression levels in tumor samples were higher than those in paired normal kidney tissues. ****p < 0.0001;
***n < 0.001; **p < 0.01; and *p < 0.05. SLC17A9, Solute Carrier Family 17 Member 9; ccRCC, clear cell renal cell
carcinoma; KIRC, kidney renal clear cell carcinoma; TCGA, The Cancer Genome Atlas; and ICGC, International Cancer

Genome Consortium. Data are represented as mean + SD.
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Figure 2. Diagnostic and prognostic values of SLC17A9

(A) SLC17A9 effectively distinguished para-cancer tissues from ccRCC tissues in TCGA-KIRC (AUC = 0.9459, p < 0.0001).
(B) SLC17A9 effectively distinguished para-cancer tissues from ccRCC tissues in ICGC (AUC = 0.9228, p < 0.0001).

(C) Diagnostic value of SLC17A9 for ccRCC patients in TCGA-KIRC increased with time. AUC at 2 years was 0.6691, AUC at
4 years was 0.6728, and AUC at 6 years was 0.6864.

(D) High SLC17A9 expression group had poorer OS than the low expression group in the TCGA cohort, p < 0.0001.

(E) High SLC17A9 expression indicated poorer DFS in the TCGA cohort, p = 0.0059.

(F) Survival analysis of E-MTAB-1980 validation cohort with low SLC17A9 expression group presenting better survival
status, p = 0.0247.

(G) Construction of a nomogram for predicting 1-, 3-, and 5-year OS possibilities of individual ccRCC patients.

(H-J) Calibration curves of (H) 1-year, (I) 3-year, and (J) 5-year OS of ccRCC patients. Light-colored diagonal represented
predicted results, whereas the red-colored broken line represented actual results. Data are represented as mean + SD.

immunohistochemical analyses of the matched samples were performed (Figure 3E). SLC17A9 showed
high expression levels in cancer samples although it was also enriched in normal glomerular cells. These
results further confirmed the upregulation of SLC17A9 in ccRCC.

High expression levels of SLC17A9 promote the proliferation of renal cancer cells

Although SLC17A9 was identified as a biomarker for renal cancer, its role in tumor growth was unknown.
According to the latest study, SLC17A9 deficiency could lead to cell death via lysosome dysfunction-asso-
ciated pathways,” indicating that SLC17A9 might influence the viability of renal cancer cells. As a result, the
plasmid vector was transfected with SLC17A9 and siRNA to knock down SLC17A9 in 786-O and A498 cells.
The mRNA levels of SLC17A9 were detected by gRT-PCR to validate the effects of siRNA and plasmid
(Figures 4A-4D). WB experiments were performed to confirm the changes in the SLC17A9 protein levels
after transfection (Figures 4E-4H). Next, cell counting kit-8 (CCK8) assays were carried out to demonstrate
cell viability. As expected, the knockdown of SLC17A9 markedly inhibited the proliferation of two renal can-
cer cells (Figures 41 and 4J). The overexpression of SLC17A9 led to the upregulation of cell proliferation
(Figures 4K-4L). These results indicated that SLC17A9 promoted the proliferation of ccRCC cells.

SLC17A9 contributed to the invasion and migration of renal cancer cells through the EMT
signaling pathways

To determine the role of SLC17A9 in tumor progression, GSEA was conducted to investigate the potential
biological processes using TCGA-KIRC data. The GSEA results revealed that SLC17A9 was positively

Table 1. Univariate and multivariate analyses of SLC17A9 expression and patient overall survival using TCGA-KIRC
data (n = 522)

Univariate analysis Multivariate analysis®
Variables HR® 95%CI° p value HR® 95%CIP p value
Age (years) 1.753 1.290-2.383 <0.001 1.672 1.225-2.284 0.001
<60 vs >60
Gender 0.951 0.697-1.296 0.749 0.926 0.675-1.270 0.633
Female vs Male
T stage 3.159 2.331-4.281 <0.001 1.656 1.158-2.369 0.006
T1orT2vs T3 or T4
N stage 3.883 2.102-7.174 <0.001 2.105 1.113-3.979 0.022
NO vs N1
M stage 4.358 3.194-5.946 <0.001 2.695 1.887-3.848 <0.001
MO vs M1
Grade 2.677 1.905-3.761 <0.001 1.573 1.079-2.292 0.018
G1orG2vs G3 or G4
SLC17A9 2.024 1.488-2.753 <0.001 1.507 1.089-2.086 0.013
High vs Low

?Hazard ratio, estimated from Cox proportional hazard regression model.
PConfidence interval of the estimated HR.
“Multivariate models were adjusted for T, N, M classification, age and gender.
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Table 2. Univariate and multivariate analyses of SLC17A9 expression and patient disease free survival. using
TCGA-KIRC data (n = 522)

Univariate analysis Multivariate analysis®
Variables HR® 95%ClI° p value HR® 95%CI° p value
Age (years) 1.368 0.961-1.949 0.082 1.428 0.982-2.075 0.062
<60 vs >60
Gender 1.474 0.988-2.199 0.057 1.203 0.794-1.822 0.383
Female vs Male
T stage 4.441 3.080-6.405 <0.001 1.972 1.295-3.005 0.002
T1orT2vs T3 or T4
N stage 5.837 2.928-11.635 <0.001 3.272 1.561-6.859 0.002
NO vs N1
M stage 8.413 5.789-12.226 <0.001 5.267 3.443-8.057 <0.001
MO vs M1
Grade 3.326 2.213-4.999 <0.001 2.151 1.394-3.320 0.001
G1orG2vs G3 or G4
SLC17A9 1.650 1.151-2.366 0.006 1.397 0.949-2.056 0.090
High vs Low

?Hazard ratio, estimated from Cox proportional hazard regression model.
PConfidence interval of the estimated HR.
“Multivariate models were adjusted for T, N, M classification, age and gender.

correlated with the cell cycle pathways and the G2M_checkpoint signaling (Figure 5A), thereby indicating
that SLC17A9 could positively regulate cell proliferation as described in the previous section (Figures 41—
41). It was also observed that SLC17A9 was significantly associated with the EMT process (Figure 5A), which
was proven to contribute to the progression of almost all cancers. Furthermore, the effect of SLC17A9 on
the EMT pathway in ccRCC was determined. The correlation analyses between SLC17A9 and four EMT
markers (namely, CDH1, CDH2, SNAI1, and VIM) were conducted using TCGA-KIRC and ICGC-RECA-EU
data (Figures 5B and S2C), thereby providing the initial evidence of the role of SLC17A9 in the EMT pathway
in ccRCC. The results indicated that SLC17A9 was negatively correlated with CDH1 (r = —0.3401,
p < 0.0001), and positively correlated with CDH2 (r = 0.1786, p < 0.0001), VIM (r = 0.3404, p < 0.0001),
and SNAI1 (r=0.2147, p < 0.0001) (Figure 5B). The results using ICGC-RECA-EU data are presented in Fig-
ure S2C. SLC17A9 knockdown led to the upregulation of E-cadherin and downregulation of N-cadherin,
Snail, and Vimentin (Figures 5C and 5D). On the contrary, the overexpression of SLC17A9 could lead to
the downregulation of E-cadherin and upregulation of N-cadherin, Snail, and Vimentin, indicating the
promotion of the EMT pathway (Figures 5E and 5F). Finally, the invasion and migration experiments
were conducted to validate the functional effects of the SLC17A9-EMT axis. SLC17A9 knockdown inhibited
the invasion and migration of 786-O and A498 cells (Figures 5G and 5H). On the contrary, the overexpres-
sion of SLC17A9 significantly increased the invasion and migration of renal cancer cells (Figures 51 and 5J).
These results demonstrated that SLC17A9 might affect ccRCC progression by promoting the EMT
signaling pathways.

SLC17A9 promoted the proliferation and metastasis of RCC by PTHLH- dependent EMT
process

The influence of the SLC17A% mechanism on the EMT phenotype of ccRCC was investigated by analyzing
the differentially expressed genes (DEGs) between the SLC17A9 high expression group and low expres-
sions group based on the median expression levels of SLC17A9 from TCGA-KIRC data. Meanwhile, the
EMT core gene set obtained from hallmark gene sets of GSEA software was used to screen the intersection
genes, and four candidates (COL7A1, ADAM12, TGFBI, and PTHLH) were finally obtained (Figure 6A). The
role of SLC17A9 in regulating the expression of the above genes was validated by qRT-PCR analyses after
suppression or overexpression of SLC17A9 in 786-O and A498 cell lines. The results indicated that the over-
expression of SLC17A9 could lead to the upregulation of PTHLH mRNA levels, and the suppression of
SLC17A9 could lead to a decrease in the mRNA levels of PTHLH (Figures 6B and 6C). It was observed
that the mRNA expression levels of COL7A1, ADAM12, and TGFBI were not regulated by SLC17A9.
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Figure 3. SLC17A9 was upregulated in ccRCC cell lines and tissues

(A and B) Relative mRNA and protein levels of SLC17A9 in ccRCC cell lines.

(C and D) Relative mRNA and protein levels of SLC17A9 in ccRCC tissues and adjacent normal kidney tissues.

(E) Immunohistochemistry (IHC) results (200x,400x) of SLC17A9 in ccRCC tissues and para-cancer tissues.

**R*n < 0.0001; ***p < 0.001; **p < 0.01; and *p < 0.05. Data are represented as mean + SD. The length of scale bars are
50 and 20 um.

Furthermore, WB experiments were performed and similar changes were observed by alteration of
SLC17A9 (Figure 6D). Thus, PTHLH was identified as a downstream target of SLC17A9.

Although, PTHLH was reported to promote EMT in the renal tubular epithelial cells'® and intestinal epithe-
lial cells,"” whether PTHLH could induce the EMT phenotype in ccRCC was still unknown. Firstly, PTHLH
expression was knockdown and the changes in the EMT markers were analyzed (Figures S2D-S2G). The
results revealed that the knockdown of PTHLH could decrease the expression of N-cadherin, Snail, and
Vimentin, and increase the expression of E-cadherin, indicating that silent PTHLH could inhibit the EMT
phenotype in ccRCC.

To further investigate the effect of SLC17A9 on EMT via PTHLH, WB and functional rescue experiments
were conducted. The changes in the expression of EMT markers in SLC17A9-overexpressed renal cancer
cells were evaluated by simultaneously knocking down PTHLH. The results indicated that PTHLH knock-
down could decrease the expression of N-cadherin, Snail, and Vimentin, and increase the expression of
E-cadherin, thereby effectively reversing the facilitation effect of SLC17A9 overexpression (Figures 6E
and 6F). CCK-8 assays proved that the overexpression of SLC17A9 could contribute to the proliferation
of 786-O and A498 cells while knocking down PTHLH could inhibit the promoting effect (Figure 6G). Func-
tional rescue transwell experiments highlighted that silent PTHLH could partially decrease the migration
and invasion of renal cancer cells in the high SLC17A9 expression group (Figure 6H). These findings indi-
cated that the promotional effect of SLC17A9 on EMT in ccRCC was dependent on the activation of PTHLH.

High SLC17A9 expression might contribute to the immune therapy of ccRCC

Of interest, SLC17A9 was also found to be associated with interferon-gamma (INF- y) and-alpha (INF-a) re-
sponses and IL6-JAK-STAT3 signaling pathways (Figure S2B). Because INF-a and-y have been used for
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anti-tumor therapy for a long time,?°=?

patients with higher SLC17A9 expression might show a better
response to immunotherapy. SLC17A9-dependent ATP release has been reported to contribute to macro-
phage” and T cell”® activation. Furthermore, the relationships between SLC17A9 and immune-associated

features in ccRCC were investigated.

Comprehensive Analysis on Multi-Omics of Immunotherapy in Pan-cancer (CAMOIP) is an effective web-
based tool that could help to analyze immune cells, genes, and scores of a single gene.? Firstly, the dif-
ferences in the immune cell infiltration between the high SLC17A9 expression group and the low
SLC17A9 level group were analyzed using TCGA-KIRC data (Figure S3A). The results indicated that the pro-
portions of infiltration of plasma cells, CD8'T cells, Tfh cells, Tregs, and MO macrophages in the high
SLC17A9 group were significantly higher than those in low SLC17A9 groups. The infiltration levels of M1
macrophages and some other immune cells were lower in the high SLC17A9 group than those in the
low SLC17A9 group. Furthermore, immune scores between the two groups were evaluated. As expected,
patients with high SLC17A9 expression levels showed higher intratumor heterogeneity, proliferation,
macrophage regulation, lymphocyte infiltration signature score, TGF-beta response, cancer-testis anti-
gens (CTA) score, Th1 cells, and Th2 cells (Figure S3B). These results were consistent with our previous
hypothesis that SLC17A9 showed a significant positive association with macrophage and T cell activation
and cell cycle, and also indicated that SLC17A9 could lead to several immunosuppressive tumor
microenvironments and play an important role in TGF-beta-associated treatments. Finally, the differences
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Figure 6. SLC17A9-activated EMT pathway was dependent on PTHLH

(A) Four potential downstream genes of SLC17A9.

(B and C) Regulation of PTHLH by SLC17A9 was verified at the mRNA level.

(D) Regulation of PTHLH by SLC17A9 was verified at the protein level.

(E and F) Knockdown of PTHLH could reverse the effect of SLC17A9 overexpression on EMT markers.

(G and H) Migration and invasion assays (200x) for the indicated ccRCC cells. ****p < 0.0001; ***p < 0.001; **p < 0.01; and
*p < 0.05. Data are represented as mean =+ SD. The length of scale bar is 100 um.

in the expression of some common immune checkpoints between the two groups were analyzed. It was
observed that the expression of almost all the immune checkpoints was much higher in the SLC17A9
high expression group, indicating that SLC17A9 might promote the malignant development of ccRCC
by influencing immunosuppressive microenvironments, and inhibition of SLC17A9 could help in ccRCC
treatment (Figures S3C-S3D).

SLC17A9 might be a target for several drugs and also related to drug resistance

Because SLC17A9 is an important membrane transport protein and is considered to significantly partic-
ipate in the progression of several cancers, it is necessary to investigate potential drugs targeting
SLC17A9. CellMiner is an open database that integrates data on the response of human cancer cell
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Figure 7. Upregulation of SLC17A9 promoted tumor progression in vivo

(A) Prediction of SLC17A9 associated drugs.

(B and C) ICsq of vorinostat in A498 and 786-0.

(D) Protein expression levels of SLC17A9 in cells cultivated at different vorinostat concentrations.
(E-I) Subcutaneous tumor in mice, its growth curve, and final volume and weight (n = 5).

***xp < 0.0001; ***p < 0.001; **p < 0.01; and *p < 0.05. Data are represented as mean + SD.

lines to multiple drugs.”® CellMiner was used to assess the correlation between SLC17A9 and drugs
approved by Food and Drug Administration (FDA) for clinical therapy (Figure 7A). The results high-
lighted that the half maximal inhibitory concentrations (ICsg) of vorinostat, cyclophosphamide, aspara-
ginase, chelerythrine, hypothemycin, and PX-316 (an AKT inhibitor) were positively associated with
SLC17A9 expression levels (Figures S4A-SAE and S4H), indicating that high SLC17A9 expression
might contribute to resistance to drugs mentioned above. ICso of ibrutinib and afatinib were
negatively related to SLC17A9 expression (Figures S4F-S4G), indicating SLC17A9 might play a role in

their anti-tumor effect. The patients with higher SLC17A9 expression could be sensitive to ibrutinib
and afatinib.

Vorinostat (also called SAHA) was found to be the most relative drug associated with SLC17A9, and mul-
tiple clinical trials have been conducted to elucidate its effectiveness for the treatment of RCC. Therefore,
this study also examined the preliminary relationship of vorinostat with SLC17A9 in vitro. First, the 1Csg
values of vorinostat in 786-O and A498 cells were evaluated, and the results indicated that the ICsq of vor-
inostat for 786-0O cells was 6.582 uM and for A498 was 3.274 uM (Figures 7B and 7C). Second, the renal can-
cer cells were cultured for 48 h in the medium containing vorinostat at the fold increase in ICso concentra-
tion and were used for subsequent WB experiments. It was observed that the protein expression of
SLC17A9 increased with an increase in vorinostat concentrations (Figure 7D). This indicated that
SLC17A9 might play a role in inducting vorinostat resistance in ccRCC, although more studies are needed
to confirm this.
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SLC17A9 played a significant role in the progression of ccRCC in vivo

Although it was confirmed that SLC17A9 played a significant role in ccRCC progression in vitro, further
validation in vivo was necessary. A498 cells stably transfected with overexpressing SLC17A9 virus or control
virus were injected into Balb/c nude mice. The size of the tumors was measured every third day, and the fully
grown tumors were obtained on the 28" day (Figure 7E). The results in vivo confirmed that tumor weights
andvolumesin the SLC17A9 overexpression group were significantly higher than those in the control group
(Figures 7F=71), indicating that SLC17A9 was significant for the growth and progression of ccRCC.

DISCUSSION

Although it was reported that SLC17A9 acted as an oncogene for prostate cancer,” hepatocellular carci-
noma,'? gastric carcinoma,’’ and colorectal cancer,'® the role of SLC17A9 in ccRCC has not been studied.
TCGA-KIRC data was used to evaluate the expression levels of SLC17A9 in renal cancer, and ICGC-RECA-
EU data was used to validate its high expression. The expression of SLC17A9 increased with the increase in
the tumor stage and grade, indicating that SLC17A9 could act as an indicator of increased malignancy.
Furthermore, certain diagnostic value of SLC17A9 was identified using ROC curves, and prognostic value
was identified using KM survival analyses and cox regression analyses. An effective nomogram model was
also constructed to predict individual survival time, which highlighted that SLC17A9 could be a potential
biomarker in ccRCC.

Furthermore, a series of experiments were conducted to validate the expression of SLC17A9 and evaluate
its function and mechanism. WB, gRT-PCR, and immunohistochemistry results indicated that SLC17A9 was
truly upregulated in ccRCC. SLC17A9 knockdown inhibited the proliferation, invasion, and migration of
A498 and 786-O cells, whereas overexpression of SLC17A9 reversed this phenomenon. Furthermore,
GSEA was conducted to determine the potential mechanisms by which SLC17A9 influences ccRCC.
SLC17A9 showed a significant positive association with EMT, cell cycle, G2M_checkpoint, and E2F_targets,
which was in agreement with the previous results. The upregulation of SLC17A9 led to the downregulation
of E-cadherin and upregulation of N-cadherin, snail, and vimentin, thereby contributing to EMT. Moreover,
it was also observed that common cancer-promoting signaling pathways, including myc targets and
hedgehog-signaling pathways, were associated with SLC17A9.7/+%8

The mechanism involved in the promotion of EMT by SLC17A9 was further elucidated by applying the
TCGA data and EMT core gene sets to determine PTHLH, which might be the potential EMT-associated
SLC17A9 target gene. It was proven that PTHLH positively regulated EMT in renal tubular epithelial cells
and intestinal epithelial cells, and is regarded as one of the EMT regulators, thus elucidating the role of
PTHLH in promoting EMT in ccRCC. PTHLH knockdown led to a decrease in N-cadherin, Snail, and Vimen-
tin and an increase in E-cadherin. By monitoring the changes in the EMT markers in both SLC17A%-over-
expressing and PTHLH-silencing 786-O or A498 cells, it was observed that the EMT-promoting effect of
SLC17A9 could be blocked by silencing PTHLH. This was also in agreement with the results observed in
the functional experiments. Thus, these results proved that the promotion of EMT by SLC17A9 was depen-
dent on PTHLH.

SLC17A9 has been previously reported to affect T-cell and macrophage activation,””** thereby high-
lighting its immune function. Moreover, as SLC17A9 was important for ATP production, and several studies
have revealed that ATP-associated genes,””*° such as CD39, could significantly influence tumor immunity
and therapy, it is important to determine the role of SLC17A9 in immune infiltration and therapy in ccRCC.
Regulatory T cells (Tregs) were generally reported to promote tumor progression,”’ whereas M1 macro-
phages were believed to possess anti-tumor activity.>”*® It can be stated that SLC17A9 might increase
Tregs infiltration or reduce M1 polarization to promote ccRCC development; however, further research
is required to provide evidence. Intratumor heterogeneity,®" proliferation, and CTA* were reported to
be closely related to the increase in tumor malignancy. The results from this study indicated that high
expression of SLC17A9 might promote malignancy of ccRCC by the factors discussed above. Moreover,
patients with high SLC17A9 levels showed higher macrophage regulation scores, lymphocyte infiltration
signature scores, TGF-beta response scores, Th1 cell scores, and Th2 cell scores, thereby highlighting
the complex effects of SLC17A9 on the immune microenvironment. Immune checkpoint inhibitors have
been extensively studied and applied to the clinical treatment of several cancers.***® This study observed
that 12 common immune checkpoint molecules,*” represented by PD1, CTLA4, and LAG3, were highly
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expressed in the SLC17A9 high-expression group. Thus, the inhibition of SLC17A9 might help to improve
the suppressive microenvironment of ccRCC by interfering with these molecules.

SLC17A9 is an important ATP transport protein and is correlated with several drugs. It was reported that
clodronate could help in the therapy of steatohepatitis and acute liver injury by inhibiting SLC17A9."*
Streptozotocin induced diabetic bladder dysfunction by upregulating SLC17A9.% CellMiner database
was used to determine SLC17A%-associated potential drugs, and the results are shown in Figure S4.
Notably, most of the eight drugs had been evaluated for the treatment of renal cancer and some of
them even completed clinical trials.*’** For example, histone deacetylase inhibitor vorinostat has been
used in combination with multiple other drugs for the treatment of kidney cancer.”~*¢ The study results
revealed that SLC17A9 might be associated with resistance to vorinostat and the other five drugs as dis-
cussed previously. SLC17A9 might play multiple roles in the treatment of tumors with ibrutinib and afatinib.
To further validate this hypothesis, the most relative drug vorinostat was selected to perform subsequent
experiments. The study results highlighted that the protein levels of SLC17A9 increased with the increase in
vorinostat concentration, indicating that SLC17A9 might play a role in vorinostat resistance in ccRCC.
However, this hypothesis needs more rigorous validation in the future.

Finally, the effect of SLC17A9 in ccRCC in vivo was validated by the tumor implantation experiment. The
results indicated that overexpression of SLC17A9 could contribute to tumor growth and progression.

In this study, SLC17A9 served as an unfavorable diagnostic and prognostic biomarker for ccRCC, and the
results indicated that SLC17A9 promoted the progression of ccRCC via the PTHLH-induced EMT process.
SLC17A9 might interfere with multiple immunological processes to affect the progression of ccRCC.
Finally, based on the results, the potential therapeutic drugs were predicted in this study.

Limitations of the study

This study has some limitations, which should be overcome in future studies. GSEA indicated that SLC17A9
might influence several pathways; however, all of these pathways were not investigated in detail. In this
study, it was believed that high expression of SLC17A9 might be helpful for immune therapy. However,
this hypothesis needs further validation. Several drugs had been analyzed by the open-resource data,
but some of them were not verified in this study. Although the relationship between SLC17A9 expression
and vorinostat concentration was initially determined, the mechanism was not elucidated in this study. It is
important to study the multiple roles of SLC17A9 as an oncogene in ccRCC considering all these aspects in
the future.
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REAGENT or RESOURCE SOURCE IDENTIFIER
Antibodies
SLC17A9 Proteintech Cat# 26731-1-AP; RRID:AB_2880617
Snail ABclonal Cat#f A5243; RRID:AB_2766076
E-cadherin ABclonal Cat# A11509; RRID:AB_2758587
vimentin ABclonal Cat# A11952; RRID:AB_2861643
B-actin ABclonal Cat# AC026; RRID:AB_2768234
PTHLH ABclonal Cat# A3183; RRID:AB_2764970
Chemicals, peptides, and recombinant proteins
Vorinostat/SAHA BIOSEN BES2310
Critical commercial assays
CCK8 MedChemExpress HY-K0301
Experimental models: Cell lines
HK2 ATCC CRL-2190
OSRC-2 NICR 1101HUM-PUMC000292
786-O ATCC CRL-1932
A498 ATCC HTB-44
CAKI-1 ATCC HTB-46
Experimental models: Organisms/strains
BALB/c Beijing Vital River Laboratory N/A
Animal Technology Co., Ltd
Oligonucleotides
GAPDH-Forward:5'-GAGTCAACGGATTTGGTCGT-3 Sangon Biotech N/A
GAPDH-Reverse:5-GACAAGCTTCCCGTTCTCAG-3’ Sangon Biotech N/A
SLC17A9 Forward:5'- CACCTCGGGGATCGGATTG-3’ Sangon Biotech N/A
SLC17A9 Reverse:5'-GCAGGGAAGTAAACCCCTTGG-3' Sangon Biotech N/A
COL7A1 Forward:5'-AAGGACCTCGGGGAGACAAT-3' Sangon Biotech N/A
COL7A1 Reverse:5'-CGGATACCAGGCACTCCATC-3’ Sangon Biotech N/A
ADAM12 Forward:5'-CCCATCCGGCAAGCAGATAA-3 Sangon Biotech N/A
ADAM12 Reverse:5'-CACAAATCCGGCAGCAAGAA-3' Sangon Biotech N/A
TGFBI Forward:5'-AGGCCTTCGAGAAGATCCCT-3' Sangon Biotech N/A
TGFBI Reverse:5-CAACGATGGCTTCAGCACAC-3 Sangon Biotech N/A
PTHLH Forward:5'-CCGTCCGATTTGGGTCTGAT-3’ Sangon Biotech N/A
PTHLH Reverse:5'-GAGTCTAACCAGGCAGAGCG-3’ Sangon Biotech N/A
siPTHLH-1:5-GAAGUCCAUCCAAGAUUUATT-3 GenePharma N/A
siPTHLH-2:5'-GAUGAGGGCAGAUACCUAATT-3' GenePharma N/A
siSLC17A9-1: 5'-GCUGGCAGAGCAUCUUCUATT-3' GenePharma N/A
siSLC17A9-2: 5'-CCAAGGGCUGGAUCUUCAATT-3' GenePharma N/A
Recombinant DNA
SLC17A9-plasmid GeneChem N/A

Software and algorithms

GraphPad Prism 8.0

GraphPad Prism Software, Inc

(Continued on next page)
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Continued
REAGENT or RESOURCE SOURCE IDENTIFIER
SPSS Statistics 23.0 IBM Corporation,
Armonk NY, USA
R-4.0.3 R
RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by
the Lead Contact, Xiaoping Zhang at xzhang@hust.edu.cn.

Materials availability

This study did not generate new unique reagents and all materials in this study are commercially available.

Data and code availability
Data: All the data reported in this study will be shared by the lead contact upon request.

Code: This study does not report any original code.

Additional information: Any additional information required to reanalyze the data reported in this study is
available from the lead contact upon reasonable request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Animal experiments in vivo

BALB/c nude mice (5 weeks old) were purchased from Beijing Vital River Bioscience (Beijing, China). All the
animal care and experimental procedures were approved by the Institutional Animal Use and Care
Committee of Huazhong University of Science and Technology and were performed according to the
established guidelines. The study complied with all the relevant ethical regulations on animal research.

For the tumor growth studies, 5 x 10° A498 cells were injected subcutaneously into the flank of mice. Each
group contained five mice. Tumor size was measured every three days. Finally, after four weeks, the mice
were sacrificed, and the weight and volume of the tumors were assessed.

Cell culture and transient transfection of SLC17A9

The normal control cells HK2 and three ccRCC cell lines (786-O, A498, and CAKI-1) were purchased from the
AmericanType Culture Collection (ATCC, USA), while OSRC-2 was purchased from the National Infrastruc-
ture of Cell Line Resource (NICR, China). HK2 is derived from human renal proximal tubular epithelial cells
and is usually used as a control in renal cancer studies. 786-O is derived from primary ccRCC. A498 cells
were isolated by Aaronson S from the kidney tissue of a 52-year-old woman kidney patient. CAKI-1 cell lines
are skin metastatic cells of human ccRCC. OSRC-2 are renal cancer cells derived from a Japanese cancer
patient. Al the cells were cultured according to the methods previously described.”” High glucose
Dulbecco’'s Modified Eagle’s Medium (DMEM,; Gibco, USA) containing 10% fetal bovine serum (FBS; Gibco,
USA) and 1% penicillin-streptomycin solution (Servicebio, China) were used to culture all the above cells. A
stable humidified atmosphere with 5% CO; at 37 °C was used for cell incubation. Small interfering RNA
(siRNA) specifically aiming for SLC17A9 and negative control were synthesized by GenePharma (Shanghai,
China). Similarly, two siPTHLH were also purchased from GenePharma. The plasmids for SLC17A9
overexpression and negative control were designed by GeneChem (Shanghai, China). When the density
of cancer cells in the 6-well plate reached about 70%, 3 ng of plasmid or siRNA and 5 pL of Lipofectamine®
2000 reagent (Thermo Fisher Scientific) were added to the medium. Cells were then collected after 72 h for
the subsequent experiments. SLC17A9-specific overexpression plasmids and helper plasmids were tran-
siently co-transfected into highly transfectable 293 T cells to produce high-titer lentivirus.*® The lentiviral
transduction system contained 25 plL of the transfection reagent A/P (Genechem, China) and 40 MOI
lentivirus.
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METHOD DETAILS

Clinical tissues collection

All the human ccRCC samples (n = 18) and adjacent kidney tissues (n = 18) were collected from the
Department of Urology, Union Hospital, Tongji Medical College during 2019-2021. The detailed clinical in-
formation of all the patients including sex, age, and clinical-pathological information is presented in
Table S1. All the participants had given informed consent, and the subject was approved by the Institutional
Review Board of Huazhong University of Science and Technology, in compliance with Helsinki Declaration.

RNA extraction and qRT-PCR experiments

TRizol reagent (Thermo Fisher Scientific, Inc., Waltham, MA, USA) was used to extract the total RNA of tis-
sue and cell samples. NanoDrop 2000 spectrophotometer (NanoDrop Technologies, Wilmington, USA)
was used for measuring the concentration and purity of RNA. One ng RNA was reverse transcribed into
cDNA. All the gRT-PCR analyses were conducted using the SYBR Green mix (Yeasen Biotech, Shanghai,
China). Normalized formula: 272t (ACt = Cts;c17a0 — Ctgapon) Was used to calculate the relative mRNA
levels of SLC17A9. All the protocols followed were according to the manufacturer’s instructions as previ-
ously described.”” Specific primers were acquired from Sangon (Sangon, Wuhan, China).

Cell proliferation array

786-O and A498 cells transfected with siRNA or plasmids were seeded in 96-well plates with a density of
2 x 10%cells after 48 h. After the addition of CCK-8 reagent to the plates and incubation for 2 hat
37 °C, optical density (OD) values were measured at 450 nm.

Migratory and invasion assays

After incubating the transfected cells with serum-free DMEM medium for 24 h, the cells were cultured in a
24-well plate with the serum-free medium as the upper layer and serum-containing medium as the lower
layer. The membrane was first incubated with Matrigel (Thermo Fisher Scientific) in the invasion assays.
After 24 h of incubation, 100% methanol was added to fix cells and 0.05% crystal violet was used to stain
them. A light microscope (Olympus CX41-32C02; Olympus Corporation, Tokyo, Japan) was used for
determining the cell numbers and taking photos.

Immunohistochemistry (IHC) arrays

The tissues were fixed with formalin and dehydrated and then embedded with paraffin. Next, the sections
were incubated with rabbit SLC17A9 primary antibody (1:100; 26731-1-AP; Proteintech, USA) at 4 °C
overnight. The slices were washed three times with PBS and then incubated with goat anti-rabbit secondary
antibody (1:200; GB23303; Servicebio, Inc., Woburn, MA, USA).

Western blotting (WB)

The tissues or cells were lysed to obtain protein samples using lysis buffer mixed with RIPA (Beyotime Insti-
tute of Biotechnology, Shanghai, China), PMSF (Wuhan Boster Biological Technology, Ltd.), and cocktail
protease inhibitors (Roche Diagnostics, Indianapolis, IN, USA). 30 pg protein sample was added to 10%
SDS-PAGE and separated at a stable voltage of 90 V. Then, the protein was transferred into polyvinylidene
fluoride (PVDF) membranes (EMD Millipore, Billerica, MA, USA) at a stable current of 250 mA for 105 min.
After being blocked in 5% milk for 1.5 hat room temperature, the transferred PVDF membranes were incu-
bated with primary antibodies against SLC17A9 (1:1000; Proteintech, USA), Snail (1:1000, ABclonal),
E-cadherin (1:1000, ABclonal), vimentin (1:1000, ABclonal), and B-actin (1:1000, Proteintech) at 4 °C
overnight. Next, the membranes were incubated using secondary antibodies (1:10,000; BA1020; Wuhan
Boster Biological Technology Ltd.) at room temperature for 2 h. Lastly, ChemiDoc-XRS+ (Bio-Rad
Laboratories Inc., Hercules, CA, USA) was used for the detection of protein levels.

Bioinformatics analysis

The RNA expression matrix and clinical data were obtained from the TCGA database (n = 522) and the
ICGC website (n = 136). R software and packages (“rms”, “foreign”, and “survival”) were used to build prog-
nostic nomogram models and calculate the c-index.”® Time-dependent ROC curves were plotted using the
“timeROC"” package. Gene set enrichment analysis (GSEA) was conducted to obtain potential pathways
involving SLC17A9. For the enriched pathways, the false discovery rate (FDR) < 0.25 and the p < 0.05
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were considered statistically significant after carrying out 1000 permutations.”’ EMT-involved core hallmark
gene sets were downloaded from GSEA software. CellMiner database, “limma”, “ggplot2”, and “impute”
packages were used to calculate the correlations between SLC17A9 mRNA expression and ICsqg of 161
drugs approved by the FDA.*” The correlation analyses of SLC17A9 and EMT-related markers were per-
formed by a Spearman method using GraphPad Prism 8. All the immune-related results were analyzed us-
ing CAMOIP according to the guidelines provided on its website.” All 522 samples of KIRC were initially
divided into two groups according to the median expression of SLC17A9, and the “limma” package was
then used to obtain the differential expressed genes (DEGs) related to SLC17A9, with adjusted p < 0.05 and

log,|FC| > 1.

QUANTIFICATION AND STATISTICAL ANALYSES

Paired Student’s ttest was used to analyze paired data, while a one-way ANOVA or t-test was used to
analyze unpaired data. Survival analyses of patients based on SLC17A9 expression were presented by
Kaplan-Meier (KM) curves for which the p value was calculated using the logrank test. The prognostic
significance of SLC17A9 on OS and DFS of ccRCC patients was conducted by univariate and multivariate
Cox proportional hazard regression using SPSS Statistics 23.0 (IBM Corporation, Armonk NY, USA), with
p < 0.05 considered statistically significant.
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