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PTPRZ1 dephosphorylates and stabilizes RNF26 to reduce the
efficacy of TKIs and PD-1 blockade in ccRCC
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Clear cell renal cell carcinoma (ccRCC), the most common subtype of renal cell carcinoma, often exhibits resistance to tyrosine
kinase inhibitors (TKIs) when used as monotherapy. However, the integration of PD-1 blockade with TKIs has significantly improved
patient survival, making it a leading therapeutic strategy for ccRCC. Despite these advancements, the efficacy of this combined
therapy remains suboptimal, necessitating a deeper understanding of the underlying regulatory mechanisms. Through
comprehensive analyses, including mass spectrometry, RNA sequencing, lipidomic profiling, immunohistochemical staining, and ex
vivo experiments, we explored the interaction between PTPRZ1 and RNF26 and its impact on ccRCC cell behavior. Our results
revealed a unique interaction where PTPRZ1 stabilized RNF26 protein expression by dephosphorylating it at the Y432 site. The
modulation of RNF26 levels by PTPRZ1 was found to be mediated through the proteasome pathway. Additionally, PTPRZ1, via its
interaction with RNF26, activated the TNF/NF-κB signaling pathway, thereby promoting cell proliferation, angiogenesis, and lipid
metabolism in ccRCC cells. Importantly, inhibiting PTPRZ1 enhanced the sensitivity of ccRCC to TKIs and PD-1 blockade, an effect
that was attenuated when RNF26 was simultaneously knocked down. These findings highlight the critical role of the PTPRZ1-RNF26
axis in ccRCC and suggest that combining PTPRZ1 inhibitors with current TKIs and PD-1 blockade therapies could significantly
improve treatment outcomes for ccRCC patients.
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INTRODUCTION
Clear cell renal cell carcinoma (ccRCC) is the predominant
pathological subtype of renal cell carcinoma (RCC), accounting
for about three-quarters of RCC cases [1]. The 5-year survival rate
for patients diagnosed with metastatic ccRCC is approximately
12% [2]. Systemic therapy is the standard treatment for ccRCC. The
hyperactivation of angiogenesis-related signaling pathways, due
to loss-of-function mutations in Von Hippel-Lindau (VHL) genes
and the accumulation of hypoxia-inducible factor (HIF), is
characteristic of ccRCC. Tyrosine kinase inhibitors (TKIs), including
sunitinib, sorafenib, axitinib, lenvatinib, and pazopanib, target the
vascular endothelial growth factor (VEGF) axis and inhibit
angiogenesis, and are approved for treating ccRCC [3–6]. However,
clinical practice reveals that TKI treatment alone is insufficient for
ccRCC patients due to primary and acquired resistance [7].
Immune checkpoint therapy, such as programmed death-1
(PD-1) blockade, is introduced to treat ccRCC patients [7]. The
combination of PD-1 blockade and TKIs improves the survival rate
and becomes the first-line therapeutic strategy for ccRCC. Notably,
the response rate to combined TKI/PD-1 blockade treatment still

does not exceed 50% [8]. Thus, it is necessary to explore the
underlying mechanisms regulating the efficacy of TKI/PD-1
blockade treatment in ccRCC.
RING finger protein 26 (RNF26) is an endoplasmic reticulum

transmembrane E3 ligase responsible for modulating the endo-
lysosomal pathway [9, 10]. It has been reported that aberrantly
overexpressed RNF26 promotes the proliferation of pancreatic
cancer cells by degrading RBM38 [11]. Similarly, we reported that
RNF26 functions as a tumor growth-promoting protein by
decreasing the protein levels of p57 in bladder cancer [12]. Our
findings also suggest that RNF26 is crucial for modulating the
sensitivity of ccRCC to TKIs, mTOR inhibitors, and PD-1 blockade
through the dysregulation of the TNF and mTOR signaling
pathways [13]. Therefore, RNF26 is an ideal candidate for
improving the efficacy of TKI/PD-1 blockade treatment in ccRCC.
Considering that no direct drugs target RNF26, further

exploration of the regulatory mechanisms of RNF26 in ccRCC is
needed. Here, we screened potential binding proteins of RNF26
and found that protein tyrosine phosphatase receptor zeta 1
(PTPRZ1), a transmembrane tyrosine phosphatase, interacts with
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and dephosphorylates RNF26 at the Y432 site to prevent RNF26
degradation. Recent studies indicate that PTPRZ1 overexpression
promotes tumor progression in glioblastoma through HOXA5-
induced mechanisms [14], and activates NF-kappa B pathways to
enhance glioblastoma cell migration [15]. A soluble cleaved form

of PTPRZ1 serves as a diagnostic marker for glioma due to its
increased presence in cerebrospinal fluid [16]. Additionally,
PTPRZ1 is a substrate of VHL E3 ligase, with VHL loss-of-function
mutations leading to PTPRZ1 accumulation in ccRCC [17]. More-
over, HIF-2, but not HIF-1, upregulates PTPRZ1 expression in
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HEK293T cells under hypoxic conditions [18]. PTPRZ1 is reported
to be a substrate of VHL and is overexpressed in RCC due to VHL
inactivation [17, 19]. Overexpressed PTPRZ1 promotes ccRCC cell
proliferation by dephosphorylating beta-catenin [17, 19]. We also
showed that PTPRZ1 modulates lipid metabolism and activates
the NF-kappa B signaling pathway through RNF26 in ccRCC. Lastly,
inhibition of PTPRZ1 was found to increase the anti-tumor effect
of TKIs and PD-1 blockade in ccRCC.

RESULTS
PTPRZ1 binds to and stablizes RNF26 in ccRCC
Through analysis of the protein-protein interaction network, we
identified PTPRZ1 as a potential binding partner of RNF26 (Fig. 1A),
with RBM38 and TSC1 serving as positive controls [11] (Fig. 1A).
Subsequent co-immunoprecipitation (co-IP) experiments confirmed
that endogenously expressed RNF26 interacts with PTPRZ1 in ccRCC
cells (Fig. 1B, C). Further investigation revealed that knockdown of
RNF26 did not affect PTPRZ1 expression in ccRCC cells (Fig. 1D),
suggesting that PTPRZ1 is not degraded by RNF26. Conversely,
depletion of PTPRZ1 reduced the protein levels, but not the mRNA
levels, of RNF26 in ccRCC cells (Fig. 1E), whereas overexpression of
PTPRZ1 increased RNF26 protein levels (Fig. 1F). Additionally,
proteasome inhibitors (MG132), but not lysosome inhibitors (Baf-
A1), prevented the reduction of RNF26 protein following PTPRZ1
knockdown (Fig. 1G, H). Further analysis demonstrated that PTPRZ1
depletion promoted poly-ubiquitination and reduced the half-life of
RNF26 protein in ccRCC cells (Fig. 1I, J), while overexpression of
PTPRZ1 extended the protein half-life of RNF26 in 786-O cells, with
the value at 0 h serving as a reference point for comparison (Fig. 1K).
Using immunohistochemical (IHC) staining with PTPRZ1 and RNF26
antibodies on RCC tissue microarrays comprising 81 tumor and
adjacent non-tumor tissues revealed a positive correlation between
RNF26 and PTPRZ1 protein levels (Fig. 1L, M). Collectively, these
findings suggest that PTPRZ1 regulates the protein stability of
RNF26 in ccRCC.

PTPRZ1 dephosphorylates RNF26 at Y432 site
Given that PTPRZ1 functions as a tyrosine phosphatase, we
investigated whether PTPRZ1 dephosphorylates RNF26 to mod-
ulate its stability in ccRCC. Overexpression of PTPRZ1 decreased
the total tyrosine phosphorylation levels of RNF26 in 786-O cells
(Fig. 2A), while knockdown of PTPRZ1 increased these levels (Fig.
2B). The PhosphoSitePlus web tool predicted that the Y432 site of
RNF26 might be phosphorylated (Fig. 2C). It has been reported
that the amount of RNF26 is auto-regulated by ubiquitin-
proteasome dependent degradation [20]. The mutagenesis of
RNF26 at the Y432 site led to 4-fold increase of stability [20]. We
constructed a Flag-RNF26 Y432A mutant plasmid to mimic the
dephosphorylated state of RNF26 at Y432. Overexpressing PTPRZ1
with the RNF26 Y432A mutant did not further decrease the total
tyrosine phosphorylation levels compared to wild-type (WT)
RNF26 in 786-O cells (Fig. 2D). Knockdown or inhibition of PTPRZ1

did not increase tyrosine phosphorylation levels in RNF26 Y432A
mutants (Fig. 2E, F). Additionally, the RNF26 Y432A mutant
increased RNF26 protein levels and reduced the effect of PTPRZ1
on RNF26 stability in ccRCC cells compared to WT RNF26 (Fig. 2G,
H). In consistent with previous findings [20], the RNF26 Y432A
mutant exhibited a longer protein half-life and lower poly-
ubiquitination levels than WT RNF26 in 786-O cells (Fig. 2I–K).
Overexpression of PTPRZ1 did not further decrease poly-
ubiquitination levels of RNF26 in 786-O cells (Fig. 2J). Relatively,
knocking down PTPRZ1 also yielded corresponding experimental
results (Fig. 2K). Thus, PTPRZ1 promotes RNF26 stabilization by
dephosphorylating it at Y432 in ccRCC cells (Fig. 2L).

PTPRZ1 contributes to the activation of the TNF and NF-kappa
B signaling pathways in ccRCC cells
Given that PTPRZ1 was reported to be aberrantly up-regulated in
RCC and enhance the cell proliferation of ccRCC [17, 19]. We were
plan to further study the role and related mechanism of PTPRZ1 in
ccRCC. Similarly, We confirmed that PTPRZ1 protein levels in RCC
tissues were higher than in adjacent non-tumor tissues (Fig. 3A, B).
Then, PTPRZ1 was found to promote the ccRCC cells growth and
angiogenesis (Fig. 3C–E and Supplementary Fig. 1A–J). Analysis of
the TCGA-KIRC dataset showed a positive correlation between
PTPRZ1 and the renal cell carcinoma and NF-kappa B signaling
pathways (Fig. 3F, G). The RNA-seq was performed after knock-
down of PTPRZ1 in 786-O cells (Fig. 3H). GSEA and KEGG
enrichment analysis indicated that PTPRZ1 was involved in
activation of pathways including DNA replication, cell cycle,
EGFR-tyrosine kinase inhibitor resistance, renal cell carcinoma, TNF
signaling, and NF-kappa B signaling (Fig. 3I–K). We previously
reported that RNF26 activates TNF signaling pathway to decrease
the sensitivity of ccRCC cells to sunitinib [13]. Since the above data
showed that PTPRZ1 prevented RNF26 from degradation, we
examined its role in regulating the TNF/NF-kappa B signaling
pathways in ccRCC. Notably, we showed that knockdown or
inhibitors of PTRRZ1 decreased p65 phosphorylation, while
overexpression of PTPRZ1 increased it in ccRCC cells (Fig. 3L, M
and Supplementary 1K). In addition, we showed that depletion of
PTPRZ1 reduced the expression of TNF/NF-kappa B pathway
genes such as CXCL1 or PTGS2, and this effect was attenuated by
p65 inhibitors (e.g., JSH-23) in ccRCC cells (Fig. 3N and
Supplementary 1L). Overexpression of PTPRZ1 elevated TNF/NF-
kappa B pathway gene expression, and this effect was also
diminished by JSH-23 in ccRCC cells (Fig. 3O and Supplementary
1M). Together, our data suggest that PTPRZ1 is responsible for the
activation of TNF/ NF-kappa B signaling pathway in ccRCC.

PTPRZ1 regulates the lipid metabolism of ccRCC cells
According to the RNA-seq in 786-O cells (Fig. 3H), we observed that
lipid metabolism-related pathways, such as fat digestion and
absorption, ether lipid metabolism, and cholesterol metabolism,
were inactivated following PTPRZ1 knockdown (Fig. 3I–K). Dysre-
gulation of lipid metabolism is a hallmark of ccRCC, contributing to

Fig. 1 PTPRZ1 binds to and stablizes RNF26 in ccRCC. A Proteins were extracted from 786-O cells, magnetic beads and RNF26 antibodies
were used for co-immunoprecipitation (Co-IP) and mass spectrometry was performed to detect proteins interacting with RNF26. B, C The
whole cell lysate (WCL) of 786-O and A498 cells were harvested for Co-Immunoprecipitation (Co-IP) assay. D, E 786-O and A498 cells were
infected with indicated shRNAs for 72 h, cells were harvested for the western blot analysis and RT-qPCR analysis. Data present as mean ± SD
with three replicates. ns, not significant. F 786-O and A498 cells were transfected with indicated plasmids for 24 h, cells were harvested for the
western blot analysis and RT-qPCR analysis. Data present as mean ± SD with three replicates. ns, not significant. G, H 786-O and A498 cells
were infected with indicated shControl or shPTPRZ1 for 72 h, and treated with or without MG132 and BafA1 respectively for 24 h, cells were
harvested for the western blot analysis. I A498 cells were infected with indicated shRNAs and plasmid for 72 h, and treated with or without
MG132 for 24 h, cells were harvested for the western blot analysis. J, K A498 and 786-O cells were transfected with indicated siRNAs for 48 h (J)
or plasmids for 24 h (K) and treated with CHX, cells were harvested for the western blot analysis and RT-qPCR analysis at different time points.
L,M IHC analysis of the renal cancer tissue microarray (renal cancer and paracancer tissue specimens, n= 81) by staining the PTPRZ1 or RNF26
antibodies. The typical images are shown in panel L. The scale bar indicated in the panel L was 200 μm and 50 μm, respectively. The IHC
scoring were performed and the correlation between IHC score of PTPRZ1 and RNF26 were analysed (M). P-value as indicated.
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reduced sensitivity to TKIs and PD-1 blockade [21, 22]. It has been
reported that the NF-kappa B signaling pathway modulated the
lipid metabolism in cells [23]. We investigated whether PTPRZ1
regulates lipid metabolism via the NF-kappa B pathway. Non-
targeted lipidomics analysis after PTPRZ1 knockdown in 786-O cells
revealed changes in lipid metabolism components (Fig. 4A). The
KEGG enrichment analysis of changed components associated with

the lipid metabolism suggested that these components were
closely associated with Glycosylphosphatidylinositol (GPI)-anchor
biosynthesis (1-Phosphatidyl-D-myo-inositol and Phosphatidy-
lethanolamine), Ether lipid metabolism (1-Alkyl-2-acylglyceropho-
sphoethanolamine and 1-Radyl-2-acyl-sn-glycero-3-
phosphocholine), Fat digestion and absorption (Phosphatidate),
and Pathways in cancer (Phosphatidate), which was consistent with
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the RNA-seq data in Fig. 3 (Fig. 4B). Then, the oil-red staining was
applied to preliminary study the role of PTPRZ1 on the regulation
of lipid metabolism. We showed that knockdown of PTPRZ1
reduced the amount of lipid droplets in ccRCC cells, while
overexpression of PTPRZ1 increased the amount of lipid droplets
in ccRCC cells (Fig. 4C–E). The effect of PTPRZ1 on lipid droplets
amount was diminished by NF-kappa B inhibitors (JSH-23 or IKK-
16) (Fig. 4F, G). Together, these findings suggest that PTPRZ1
regulates lipid metabolism in ccRCC cells.

RNF26 is the key mediator for PTPRZ1 in ccRCC
Given that RNF26 has been documented to activate TNF/NF-kappa
B signaling pathways in ccRCC, we aimed to explore whether
RNF26 serves as a crucial mediator of PTPRZ1 in this context.
Similarly, the RNA-seq analysis after knockdown of RNF26
(GSE23944066) indicated that RNF26 also associated with the
lipid metabolism related pathways, such as ether lipid metabolism
and fat digestion and absorption (Fig. 5A). The combined analysis
of the RNA-seq after knockdown of PTPRZ1 or RNF26 to show that
there were 463+ 328 genes co-related by PTPRZ1 and RNF26 in
ccRCC cells (Fig. 5B). Gene Set Enrichment Analysis (GSEA)
demonstrated that these genes were linked to metabolic path-
ways, NF-kappa B signaling, cell cycle regulation, TNF signaling,
and cancer-related pathways (Fig. 5C). Additionally, KEGG enrich-
ment analysis highlighted these genes involvement in NF-kappa B
signaling, TNF signaling, EGFR tyrosine kinase inhibitor resistance,
and PD-L1 expression in the PD-1 checkpoint pathway (Fig. 5D).
Then, we showed that changing the expression of PTPRZ1 led to
the changing of the target proteins of RNF26, such as p57 and
CBX7, and phosphorylation of p65, which was diminished by co-
knockdown of RNF26 in ccRCC cells (Fig. 5E, F). Moreover, co-
knockdown of RNF26 attenuated PTPRZ1’s regulation of TNF/NF-
kappa B signaling pathway genes, including CXCL1 and PTGS2, and
its effects on cell proliferation, lipid accumulation and angiogen-
esis (Fig. 5G–M, Supplementary 1N). Collectively, these findings
collectively suggest that PTPRZ1 activates TNF/NF-kappa B
signaling pathways, promoting cell proliferation and angiogenesis
partly through RNF26 in ccRCC.

PTPRZ1 decreases the anti-tumor effect of ccRCC to TKIs and
PD-1 blockade
Aberrantly expressed RNF26 and hyper-activated TNF/NF-kappa B
signaling pathways are closely associated with reduced sensitivity
of ccRCC to TKIs and PD-1 blockade [13, 24]. Building upon these
findings, which illustrate PTPRZ1’s role in regulating
RNF26 stability and activating TNF/NF-kappa B signaling, we
investigated whether PTPRZ1 influences ccRCC sensitivity to TKIs
and PD-1 blockade. First, our data showed that depletion of
PTPRZ1 increased PD-1 blockade sensitivity and CD8+ T-cell
infliation in the tumor microenvironment in an immunocompeted
mouse model, and this effect can be diminished by knockdown of
RNF26 (Fig. 6A–F). Meanwhile, Our results show that knockdown
or inhibitors of PTPRZ1 decreased the IC50 of sunitinib and
lenatinib in ccRCC cells (Fig. 6G, Supplementary 2A–D). In contrast,
ectopically overexpression of PTPRZ1 increased the IC50 of

sunitinib and lenatinib in ccRCC cells (Fig. 6H and Supplementary
2E). Further studies demonstrated that RNF26 co-knockdown
attenuated IC50 changes induced by PTPRZ1 overexpression in
A498 and 786-O cells, where co-knockdown did not significantly
decrease additional IC50 values of sunitinib and lenvatinib
compared to PTPRZ1 knockdown alone (Fig. 6I, J, Supplementary
2F, G). However, the results of the nude mice experiments
demonstrated that co-knockdown of PTPRZ1 and RNF26 inhibited
tumor growth in vivo more effectively with the concomitant
addition of lenvatinib compared to the knockdown of PTPRZ1
alone (Fig. 6K–M). Together, these data suggest that PTPRZ1
regulates the sensitivity of ccRCC to TKIs (sunitinib and lenvatinib)
and ICIs (PD-1 blockade). PTPRZ1 stabilizes RNF26 by depho-
sphorylating its Y432 site, activates TNF/NF-kappa B signaling
pathways to modulate lipid metabolism and enhance proliferation
and angiogenesis in ccRCC cells, thereby reducing sensitivity to
TKIs and PD-1 blockade, highlighting PTPRZ1 inhibition as a
potential therapeutic strategy for ccRCC (Supplementary 3A).

DISCUSSION
Patients with advanced ccRCC receiving combined TKI and PD-1
blockade therapy exhibit better prognosis than those receiving
TKIs alone. Previous studies have indicated that RNF26 regulates
ccRCC sensitivity to sunitinib via the CBX7-TNF signaling pathway
and modulates PD-L1 expression to affect ccRCC response to PD-1
blockade. Additionally, literature reports indicate RNF26’s role in
modulating innate immune responses through the cGAS-STING
pathways [20], making it a potential candidate to enhance ccRCC
sensitivity to TKIs and PD-1 blockade. However, direct inhibitors
targeting RNF26 function are currently unavailable. Our previous
investigations into RNF26’s regulatory mechanisms at the
transcriptional level revealed that FOXM1, in association with
LIN9, LIN54, and MuvB, enhances RNF26 mRNA levels, which can
be inhibited by FOXM1 inhibitors like FDI-6 [12]. Moreover, RNF26
is known to undergo instability via ubiquitin-proteasome-
dependent degradation, primarily regulated by mutagenesis at
the Y432 site. Here, we demonstrate that PTPRZ1 dephosphor-
ylates RNF26 at Y432, thereby preventing its degradation.
Inhibitors targeting PTPRZ1 decrease RNF26 protein levels,
providing insights into RNF26’s regulatory mechanisms in cancer
cells and suggesting potential applications of PTPRZ1 inhibitors to
enhance ccRCC sensitivity to TKIs and PD-1 blockade. Notably,
RNF26 is just one downstream target of FOXM1 and PTPRZ1
inhibitors, suggesting the need for further research into upstream
regulatory mechanisms of RNF26.
PTPRZ1 is a membrane protein overexpressed in the central

nervous system [16], The role of PTPRZ1 in cancer is cancer type
dependent and controversial. PTPRZ1 overexpression is also
observed in primary and metastatic melanomas [25], triple-
negative breast cancer [26], cervical carcinoma [27], and epithelial
ovarian cancer cells [28]. Conversely, PTPRZ1 expression is
downregulated in various cancers, acting as a tumor suppressor
gene. Hypermethylation of the PTPRZ1 promoter and reduced
mRNA levels are observed in colorectal cancer [29, 30]. while

Fig. 2 PTPRZ1 dephosphorylates RNF26 at Y432 site. A A498 cells were transfected with EV or HA-PTPRZ1 plasmids for 24 h, cells were
harvested for IP and the western blot analysis. B A498 cells were infected with shControl or shPTPRZ1 for 72 h, cells were harvested for IP and
the western blot analysis. C The PhosphoSitePlus web tool to predicted the phosphorylation modification site of RNF26. D A498 cells were
transfected with indicated plasmids and treated with MG132 for 24 h, cells were harvested for IP and the western blot analysis. E A498 cells
were transfected with indicated plasmids for 24 h and siRNAs for 48 h, and treated with MG132 for 24 h, cells were harvested for IP and the
western blot analysis. F A498 cells were transfected with indicated plasmids for 24 h, and treated with inhibitor of PTPRZ1 (NAZ2329) and
MG132 for 24 h, cells were harvested for IP and the western blot analysis. G, H A498 cells were transfected with indicated plasmids for 24 h (G)
and siRNAs for 48 h (H), cells were harvested for the western blot analysis. I A498 cells were transfected with indicated plasmids for 24 h, and
treated with CHX, cells were harvested for the western blot analysis and RT-qPCR analysis at different time points. J, K A498 cells were
transfected with indicated plasmid for 24 h (J) or siRNA for 48 h (K), and treated with MG132 for 24 h, cells were harvested for the IP and the
western blot analysis. L A model depicting that PTPRZ1 mediated the Y432 phosphorylation of RNF26 to stabilize the expression of RNF26.
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decreased PTPRZ1 expression is noted in prostate cancer tissues
[31]. Consistent with previous reports, our results demonstrate
downregulation of PTPRZ1 in ccRCC tissues compared to adjacent
non-tumor tissues. Given PTPRZ1’s function as a tyrosine
phosphatase, its impact on tumors depends on downstream

target proteins. PTPRZ1 is reported to dephosphorylate beta-
Catenin, activating Wnt signaling to promote carcinogenesis in
ccRCC and oral submucous fibrosis malignancy [19, 32]. Con-
versely, genetic deletion of PTPRZ1 enhances angiogenesis and
tumor growth in lung adenocarcinoma via c-Met activation [33].
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Here, we identify RNF26 as a novel downstream target protein of
PTPRZ1, demonstrating that PTPRZ1 stabilizes RNF26 to activate
NF-kappa B signaling. Given the complexity of PTPRZ1’s cellular
functions, these findings raise questions regarding its role in
tumors that warrant further investigation, including potential
clinical applications of PTPRZ1 inhibitors in cancer treatment.
Collectively, Our findings identify PTPRZ1 as a binding partner

of RNF26, crucial for dephosphorylating and stabilizing RNF26 in
ccRCC cells. Subsequently, we demonstrated that PTPRZ1
activates the TNF/NF-kappa B signaling pathway, thereby regulat-
ing lipid metabolism and promoting cell proliferation and
angiogenesis, partly through its interaction with RNF26 in ccRCC
cells. Lastly, we observed that PTPRZ1 regulates the sensitivity of
ccRCC to TKIs and PD-1 blockade. These discoveries unveil a novel
PTPRZ1-RNF26 axis in ccRCC, laying the groundwork for potential
new combination therapies for the disease.

METHODS
Cell lines and cell culture
786-O (#SC0154) was purchased from Yuchicell Biology (Shanghai, China).
A498 (#CL-0254) and HUVEC (#CL-0122), were obtained from Procell Life
Science&Technology (Wuhan, China). All cells were identified by short
tandem repeat (STR) profiling and tested for mycoplasma contamination.
A498 cells were cultured in MEM medium (#L510KJ, Basalmedia, China)
supplemented with 10% fetal bovine serum (FBS) (#FBS-CP500, Newzerum)
and 1% penicillin/streptomycin (P/S) (#CTCC-002-072, MeisenCTCC, China).
The basic medium for 786-O cells was 1640 culture medium (#CTCC-002-
003, MeisenCTCC, China) and for HUVEC was Ham’s F-12K culture medium
(#PM150910, Procell Life Science & Technology, China). All of these cells
were placed in an incubator at 37 °C in 5% CO2.

Chemicals and reagents
MG132 (#S2619), Bafilomycin A1 (BafA1) (#S1413), and JSH-23 (#S7351)
were acquired from Selleckchem (Shanghai, China). IKK-16 (#HY-13687)
and the PTPRZ1 inhibitor NAZ2329 (#HY-103693) were obtained from
MedChemExpress (Shanghai, China). The Flag-RNF26 and HA-PTPRZ1
constructs were generated by inserting the cDNA of ZDHHC2 and AGK into
the OmicLinkTM Expression Clone vector (CMV Promoter; GeneCopoeia,
EX-V0006-M14, USA).

Western blotting, co-immunoprecipitation (IP) and mass
spectrometry (MS)
For the western blot analysis, the harvested cell pellets were treated with
100 μL of RIPA protein lysis buffer containing 10 μL of protease inhibitor on
ice for a minimum of 30min. The protein concentration was determined
using the BCA protein assay kit (P0011, Beyotime, Shanghai, China), and
the absorbance of the protein standard curve was measured at 570 nm
using a microplate reader to quantify the protein concentration in the
samples. Equal amounts of protein were resolved by 10% SDS-PAGE and
subsequently transferred onto a PVDF membrane. The membrane was
blocked with 5% non-fat dry milk in 0.2% Tween-20 in Tris-buffered saline
(TBST) for 1 h at room temperature, followed by overnight incubation with
the primary antibody at 4 °C. After washing, the membrane was incubated
with a secondary antibody conjugated to horseradish peroxidase, and the

immunoreactive bands were visualized. For the co-immunoprecipiation
procedure, the cell precipitates were incubated with 1000 uL of RIPA
protein lysate supplemented with 100 μL of protease inhibitor on ice for a
minimum of 30min. The resulting supernatant was then combined with
Protein A and G Agarose beads (P2055, Beyotime, Shanghai, China) along
with primary antibodies or IgG, and incubated at 4 °C for 24 h. Following
this incubation, the beads underwent six washes with 1×TBST, followed by
the addition of 60 μL of sample loading buffer and subsequent boiling for
5 min. Finally, the samples were analyzed by western blotting and the MS
was carried out by Shanghai Bioprofile Biotechnology (China). The
antibodies used as follows: PTPRZ1 (#P32947, ProMab Biotechnologies,
Inc. 1:1000 dilution), RNF26 (#P31953, ProMab Biotechnologies, Inc. 1:1000
dilution), CBX7 (#P05596, ProMab Biotechnologies, Inc. 1:2000 dilution),
NF-κB p65 (#20406, ProMab Biotechnologies, Inc. 1:2000 dilution),
Phospho-NF-κB p65 (Ser468) (#82335-1-RR, Proteintech, 1:5000 dilution),
p57 (#23317-1-AP, Proteintech, 1:4000 dilution), GAPDH (#60004-1-Ig,
Proteintech, 1:50000 dilution).

Colony formation assays
The cells were enzymatically dissociated into single cells using trypsin and
then resuspended in complete culture medium. Subsequently, the single-
cell suspension was seeded into a 6-well plate at a density of 100, 200, and
500 cells per well, and maintained under standard conditions at 37 °C with
5% CO2. The culture medium was refreshed weekly and completely
replaced every two weeks. After washing the cells twice with PBS, they
were fixed with paraformaldehyde for 20min, followed by staining with
crystal violet for 30min. The excess dye solution was washed off, and the
number of cell clones was counted. The clone formation rate was
calculated as (number of clones/number of inoculated cells) × 100%.

Immunofluorescence staining
A498 cells were plated onto glass slides. After fixation with a 4% solution of
paraformaldehyde for a duration of 15min, they were exposed to either
CD3 (#17617-1-AP, Proteintech, diluted to 1:200), CD4 (#67786-1-Ig,
Proteintech, diluted to 1:300) or CD8 (#66868-1-Ig, Proteintech, diluted
to 1:300) antibodies at a temperature of 4 °C for an extended period during
the night. Following this, the cells underwent multiple rinses using PBS.
Subsequently, they were treated with an appropriate secondary antibody
conjugated to a fluorophore for a period of 1 h at ambient temperature in
a dark environment. The slides were then thoroughly washed again with
PBS and treated with DAPI (#C1002, Beyotime, Shanghai, China) for a brief
period of 5 min. The resulting images were acquired through the use of a
fluorescence microscope.

Oil red O (ORO) staining
The cells cultured on cell circle microscope cover glass were initially rinsed
with PBS and subsequently treated with 4% paraformaldehyde for 30min.
Subsequently, the samples were immersed in 60% isopropyl alcohol for
3 min, followed by staining with freshly prepared 60% Oil Red O solution
(prepared by dissolving 0.5 g of Oil Red O in 100ml of isopropyl alcohol)
for 30 min. After that, the samples were briefly rinsed in 60% isopropyl
alcohol for 1 min and washed with PBS. Hematoxylin was used for
counterstaining. The slides were examined using an Olympus microscope
(CX-31, Olympus, Japan). The quantification of the number and size of lipid
droplets (LDs) was performed using Image J software according to
established protocols (For Oil Red O staining, a minimum of one hundred
cells from each group were analyzed).

Fig. 3 PTPRZ1 contributes to the activation of the TNF and NF-kappa B signaling pathways in ccRCC cells. A, B IHC staining analysis of the
tissue microarray of renal cancer by using the PTPRZ1 antibody. The typical image and expression level of PTPRZ1 in the nontumor tissue and
bladder cancer tissue were shown. P-values as indicated. The scale bar indicated in the (A) is 200 μm. C–E A498 cells were infected with
shControl or shPTRRZ1#1 for 72 h, the Puromycin was used to select shRNA-infected positive cells for 48 h. Then, cells were subcutaneously
injected into the flank of nude mice. The xenografts were measured for 21 days. The tumour image is showed in (C), the tumour growth curve
is indicated in (D), and the tumour mass is showed in (E). Data presented as mean ± SD with six replicates. ***P < 0.001. F, G Analysis of PTPRZ1
in TCGA-KIRC dataset. H–K The volcano plot of RNA-seq after knockdown of PTPRZ1 in A498 cells (H). GSEA enrichment analysis (I) and KEGG
enrichment analysis of differential genes (J, K) of RNA-seq data. L 786-O and A498 cells were infected with indicated shRNAs for 72 h. Cells
were harvested for the western blot analysis. M 786-O and A498 cells were transfected with indicated plasmids for 24 h. Cells were harvested
for the western blot analysis. N 786-O and A498 cells were infected with indicated shRNAs for 72 h, and treated with or without JSH-23 for
24 h, cells were harvested for the RT-qPCR analysis. Data present as mean ± SD with three replicates. ns not significant; ***P < 0.0001. O 786-O
and A498 cells were transfected with indicated plasmids for 48 h, and treated with or without JSH-23 for 24 h, cells were harvested for the RT-
qPCR analysis. Data present as mean ± SD with three replicates. ns not significant; ***P < 0.0001.
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Fig. 4 PTPRZ1 regulates the lipid metabolism of ccRCC cells. A The heat map of non-targeted lipidomics analysis after knockdown of
PTPRZ1 in 786-O cells. B KEGG enrichment analysis of changed components associated with the lipid metabolism of PTPRZ1. C–E A498 cells
were transfected with indicated plasmids (C) or siRNAs (D, E) for 48 h, and oil red staining was performed to observe the number of lipid
droplet under per view. Data were expressed as mean ± SD with three replicates. ns, not significant; ***, P < 0.0001. The scale bar indicated in
the (C, D) was 50 μm. F, G A498 cells were infected with indicated shRNAs for 72 h, and treated with JSH-23 (F) or IKK-16 (G) respectively for
24 h, and oil red staining was performed to observe the number of lipid droplet under per view. Data were expressed as mean ± SD with three
replicates. ns not significant; ***P < 0.0001. The scale bar indicated in the (F, G) was 50 μm.
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Fig. 5 RNF26 is the key mediator for PTPRZ1 in ccRCC. A GSEA enrichment analysis of RNA-seq after knockdown of RNF26 in A498 cells.
B–D The venn diagram (B), GSEA enrichment analysis (C) and KEGG enrichment analysis (D) of common differential genes of RNA-seq after
knockdown RNF26 and PTPRZ1. E, F 786-O and A498 cells were transfected with indicated plasmids for 24 h or shRNAs for 48 h, cells were
harvested for western blot analysis. G–J 786-O and A498 cells were infected with indicated shControl, shPTPRZ1, shRNF26, or
shPTPRZ1+shRNF26 for 72 h. The Cells were harvested for the RT-qPCR analysis (G), CCK-8 assay (H), oil red staining (I), and colony
formation assay (J). The scale bar indicated in the (I) is 50 μm. Data present as mean ± SD with three replicates. ns, not significant;
***P < 0.0001. K–M A498 cells were infected with shControl, shPTPRZ1, shRNF26, or shPTRRZ1#1+shRNF26 for 72 h, the Puromycin was used
to select shRNA-infected positive cells for 48 h. Then, cells were subcutaneously injected into the flank of nude mice. The xenografts were
measured for 21 days. The tumour image is showed in (K), the tumour mass is showed in panel L, and tumour growth curve is showed in (M).
Data presented as mean ± SD with six replicates. **P < 0.001; ***P < 0.001.
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Mouse experiments
The Institutional Animal Care and Use Committee (IACUC) of the Second
Xiangya Hospital, Central South University, thoroughly reviewed and approved
all animal experiments conducted under the supervision of animal license
number 20230475. These experiments adhered rigorously to the National
Institutes of Health’s Guide for the Care and Use of Laboratory Animals (NIH

Publications No. 8023, revised 1978). C57BL/6 N mice (6 weeks old) were
purchased from SJA Laboratory Animal Company (Changsha, China). BALB/C-
nu/nu mice (6 weeks old) were purchased from SJA Laboratory Animal
Company (Changsha, China). The mice were kept in standardized conditions,
with a regulated 12 h light/dark cycle, and had unrestricted access to food and
water. For cell manipulation, specific shRNA and shControl were used to infect
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the cells over a period of 72 h. Following this, puromycin was administered for
48 h to select for cells positively expressing the shRNA. The transfected cells
were then digested with trypsin and centrifuged at 1050 RPM for 5min. After
the addition of an adequate volume of PBS and thorough mixing, the cell
suspension was kept on ice and promptly injected subcutaneously on the left
dorsal side of the mice, at a density of 5 × 106 cells per animal (n= 5 mice per
group). The tumor’s growth was monitored by measuring its length and width
every two days using a vernier caliper. The tumor volume was calculated using
the formula (L × W2) / 2. Once the experimental timeline was completed, the
mice were euthanized, and the tumors were excised, photographed, and
weighed for further analysis.

Immunohistochemistry (IHC)
Immunohistochemical analysis was conducted on the tissue microarray
slides (#U081ki01, Bioaitech, Xian, China) utilizing primary antibodies
specific to RNF26 (#16802-1-AP, Proteintech, Wuhan, China, 1:1000
dilution), and PTPRZ1 (#55125-1-AP, Proteintech, Wuhan, China, 1:2000
dilution). To assess the extent of antigen-antibody binding, a scoring
system was implemented, which entailed multiplying the staining intensity
by the percentage of positively stained cells. The staining intensity was
categorized as follows: 0 representing no staining, 1 for light yellow (weak
staining), 2 for yellow-brown (moderate staining), and 3 for brown (strong
staining). This comprehensive scoring methodology provided a quantita-
tive evaluation of the immunoreactivity within the tissue samples.

Cell proliferation assay
To accurately assess cell proliferation, we employed the Cell Counting Kit-8
(CCK-8) assay. Cells were carefully seeded into 96-well plates and
systematically categorized into distinct groups, each with varying
treatments. To ensure statistical robustness, each group was replicated at
least three times. Following this, 10 μl of CCK-8 reagent (#C0037, Beyotime,
China) was precisely dispensed into each well, and the plates were
incubated for a period of 2 h. Finally, the optical density (OD) at 450 nm was
precisely measured using a microplate reader, providing a quantitative
assessment of cell proliferation across the various treatment groups.

Statistical analysis
The experimental data are presented in a concise and accurate manner, as
the mean value accompanied by the standard error of the mean
(mean ± SEM). The specific sample size (n) for each statistical analysis is
clearly indicated in the corresponding figure legends, ensuring transpar-
ency and reproducibility. To determine statistical significance, we employed
appropriate statistical tests such as the Student’s t-test, one-way ANOVA, or
two-way ANOVA (in cases where more than two experimental groups were
compared). A threshold of P-values less than 0.05 was set to indicate
statistical significance. For ease of interpretation, we have adopted a widely
recognized notation system to indicate the level of significance: ns, not
significant; *p < 0.05; **p < 0.01; and ***p < 0.001. This notation system
provides a clear and intuitive representation of the statistical outcomes.

DATA AVAILABILITY
The datasets used and/or analyzed during the current study are available from the
corresponding authors on reasonable request.
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