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TOPK mediates immune evasion of renal cell
carcinoma via upregulating the expression of PD-L1

Jinxin Li,1,3 Huimin Sun,1,2,3 Meiling Fu,1 Zeyuan Zheng,1 Chunlan Xu,1 Kunao Yang,1 Yankuo Liu,1

Zuodong Xuan,1 Yang Bai,1 Jianzhong Zheng,1 Yue Zhao,1 Zhiyuan Shi,1 and Chen Shao1,4,*

SUMMARY

Although anti-PD-L1 therapy has been used in the clinical treatment of renal cell
carcinoma (RCC), a proportion of patients are not sensitive to it, which may be
attributed to the heterogeneity of PD-L1 expression. Here, we demonstrated
that high TOPK (T-LAK cell-originated Protein Kinase) expression in RCC pro-
moted PD-L1 expression by activating ERK2 and TGF-b/Smad pathways. TOPK
was positively correlated with PD-L1 expression levels in RCC. Meanwhile,
TOPK significantly inhibited the infiltration and function of CD8+ T cells and pro-
moted the immune escape of RCC. Moreover, inhibition of TOPK significantly
enhanced CD8+ T cell infiltration, promoted CD8+ T cell activation, enhanced
anti-PD-L1 therapeutic efficacy, and synergistically enhanced anti-RCC immune
response. In conclusion, this study proposes a new PD-L1 regulatory mechanism
that is expected to improve the effectiveness of immunotherapy for RCC.

INTRODUCTION

Renal cell carcinoma (RCC), originating from renal tubular epithelial cells or renal cortex, is one of the most

commonmalignant tumors of the urinary system, accounting for about 80–90% of malignant renal tumors.1

The most frequent histotype is clear cell carcinoma (ccRCC), which accounts for 70–80% of RCC cases.2,3

Given that RCC is not sensitive to radiotherapy4 and chemotherapy,5 surgical resection remains the main-

stay of treatment for early localized RCC.6 However, it should be borne in mind that even after partial or

radical nephrectomy, RCC can progress to advanced or metastatic disease, which requires more compre-

hensive therapies.7 For more than a decade, the first choice of treatment for advanced RCC has been tar-

geted therapy, mainly based on drugs directed against the VEGF/VEGFR pathway.

With the widespread application of immunotherapy in clinical tumors in recent years, anti-PD-1/PD-L1-

based immune checkpoint inhibitors (ICIs) have been used to treat various malignant tumors, including

RCC.8 The effectiveness of ICIs in combination with targeted therapies has been demonstrated and is rec-

ommended for the treatment of metastatic RCC(mRCC).9–11 However, there are still some RCC patients

with poor sensitivity to ICI treatment, which may be related to the expression level of PD-L1.12,13 PD-L1

expression is regulated by multiple mechanisms and can even be altered by prior therapies.13 Therefore,

exploring effective and stable PD-L1 regulatory mechanisms and molecular targets is necessary to improve

anti-PD-L1 therapeutic efficacy.

TOPK is lymphokine-activated killer T cell-derived protein kinase, also known as PDZ-binding kinase(PBK), highly

expressed in a variety of malignant tumor cells and is closely related to the occurrence and development of tu-

mors.14–16 As a member of the mitogen-activated protein kinase kinase (MAPKK) family, TOPK mostly acts

through the MAPK pathway and is mainly involved in cell dynamics, cell cycle regulation, DNA damage and

repair.17 Few studies have been hitherto reported on the relationship between TOPK and RCC. Our previous

study showed that the phosphorylation of TOPK S32 significantly promotes tumorigenesis and is involved in sor-

afenib resistance in RCC,which suggests that TOPKmay play an important role in RCC.18Meanwhile, Dong-Hee

Lee et al. found that TOPK could influence the level of immune cell infiltration in colon cancer.19Moreover, Tingt-

ing Feng et al. found that TOPKwas associatedwith T cell function infiltrating in RCCbybioinformatics, suggest-

ing that TOPK may affect immune evasion in RCC, although the exact mechanism is unknown.20

In this study, we substantiated that TOPK could promote PD-L1 expression and inhibit T cell function,

promoting immune escape in RCC. Moreover, inhibition of TOPK significantly enhanced sensitivity to
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anti-PD-L1 therapy, providingmeaningful insights into kidney cancer treatment. Overall, TOPK is a valuable

molecular marker that can be applied in the prognostic prediction of kidney cancer patients and as a po-

tential therapeutic target.

RESULTS

TOPK is highly expressed in RCC and correlates with a poor prognosis in patients with renal

cancer

We first analyzed the expression of TOPK in cancer using The Cancer Genome Atlas (TCGA) databa-

se(https://portal.gdc.cancer.gov/). The results showed that TOPK expression in various tumors was signif-

icantly higher than in the corresponding normal tissues (Figure 1A). Further analysis revealed that TOPK

was significantly higher expressed in RCC (Figure 1B). Also, its expression closely correlated with tumor

grade, with higher levels of TOPK expression in higher tumor grades (Figure 1C). RCC with lymph node

metastasis expressed higher levels of TOPK compared to tumors without lymph node metastasis (Fig-

ure 1D). At the same time, the high expression of TOPK in RCC patients was correlated with a low survival

rate in terms of overall survival (OS), disease-specific survival (DSS), or progression-free interval (PFI)

(Figures 1E–1G). These results suggest that TOPK may be a poor prognostic factor in RCC and that high

TOPK expression may predict advanced clinical staging and poor prognosis in this patient population.

TOPK enhances the proliferation and migration of RCC cells

Subsequently, we examined TOPK expression in several renal cancer cell lines. As shown in the figure (Fig-

ure 2A), TOPK exhibited high expression in ACHN and 786-O cells but low expression in Caki-1 and SN12C

cells. Accordingly, 786-O and Caki-1 were selected for experiments (Figures 2B and 2C). To further verify

the effect of TOPK on RCC, we performed cell proliferation and migration experiments using TOPK knock-

down and overexpressing cell lines, respectively. TheMTT and EDU proliferation assay revealed that TOPK

overexpression significantly promoted the proliferation of RCC cells, whereas knockdown yielded the

opposite findings (Figures 2D–2G). Next, we verified the cell migration ability by transwell cell migration

(Figures 2H and 2I) and wound healing assays (Figures S1A–S1B). The results showed that TOPK overex-

pression significantly enhanced the migratory ability of RCC cells, whereas knockdown yielded the oppo-

site findings. The above results indicated that TOPK significantly affects RCC cells by promoting their

growth and metastatic abilities.

TOPK inhibits the function of cytotoxic CD8+ T cells infiltrating in RCC tissues

Although TOPK can improve the proliferation andmigration ability and promote the progression of RCC, it

remains unclear whether it can affect the immune system in RCC. Data from TCGA database(https://portal.

gdc.cancer.gov/) was used to analyze whether TOPK correlated with immune cell infiltration in RCC and we

found that TOPK significantly correlated with the infiltration level of immune cells. In this respect, we found

increased infiltration levels of T cells, macrophages and Treg cells and decreased infiltration of NK cells

(Figure 3A). This finding suggests that TOPK may be an immunosuppressive factor. To further explore

the effect of TOPK on the immunity of RCC, we knocked down TOPK by stable transfection in Renca, a

mouse renal cancer cell line with high TOPK expression (Figure 3B). Next, we used the control and

TOPK-KD Renca cells to induce subcutaneous tumors on the back of BALB/Cmice, respectively. The tumor

formation and detection protocols are shown in the figure (Figure 3C). Importantly, we found that the sub-

cutaneous tumor volume and weight were significantly reduced in mice injected with TOPK-KD cells

compared with controls (Figures 3D–3F). At the same time, compared with the control group, the percent-

age of subcutaneous tumor-infiltrating CD8+ T cells in mice injected with TOPK-KD cells was significantly

increased (Figure 3G). CD107a and CD69 are important markers of T cell activation, expressing on the sur-

face of activated CD8+ T cells.21 We found that compared with the control group, the percentage of CD8+

T cells expressing CD107a and CD69 was also significantly increased (Figure 3H). In addition, a preliminary

Figure 1. TOPK is highly expressed and is associated with poor prognosis in patients with RCC

The expression and prognosis of TOPK in RCC from the TCGA database was analyzed.

(A) TOPK expression in pan-cancer.

(B) TOPK expression in RCC as well as in para-cancerous tissue.

(C) Relationship between TOPK and different stage grading of RCC.

(D) Relationship between TOPK and RCC lymph node metastasis status.

(E–G) Relationship between TOPK and different survival stages of RCC. OS (Overall Survival), DSS (Disease-Specific Survival), and PFI (Progression-Free

Interval) were analyzed. Data are expressed as mean G SD. *p < 0.05, **p < 0.01, ***p < 0.001, ns, not significant.
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Figure 2. TOPK enhances the proliferation and migration of RCC cells

(A) TOPK expression was examined in different kidney cancer cell lines.

(B–C) TOPK knockdown and overexpression cell lines were established using 786-O and Caki-1 cells, respectively.

(D–E) Representative images of 786-O and Caki-1 cell EDU assays and EDU+ cell percentages were analyzed.

(F–G) Cell proliferation of 786-O and Caki-1 cells was detected with MTT assays.

(H–I) Representative images and statistical analysis results of transwell migration experiments for 786-O and Caki-1 cells,

respectively. Data are expressed as meanG SD. *p < 0.05, **p < 0.01, ***p < 0.001, ns, not significant. See also Figure S1.
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Figure 3. TOPK inhibits the function of cytotoxic CD8+ T cells infiltrating in RCC tissues

(A) The relationship between TOPK and RCC-infiltrating immune cells in the TCGA database was analyzed, T cells, Treg

cells, macrophages, and NK cells were shown.

(B) Knockdown of TOPK in Renca cells and TOPK expression was analyzed by immunoblot analysis.

(C) Schematic protocols displaying control or TOPK-KD Renca cells were injected subcutaneously into the back of wild

BALB/c mice, respectively.

(D–E) Representative images of mouse tumors(D), tumor growth curves(E), and tumor weight (F) were shown. Tumors

were measured at specified time points and dissected at the endpoint (n = 5).

(G–H) Representative images and statistical results of tumor-infiltrating lymphocytes (n = 5). The cell surface was stained

with antibodies against CD8(G), CD69 and CD107a (H). Data are expressed as mean G SD. *p < 0.05, **p < 0.01, ***p <

0.001, ns, not significant. See also Figure S2.
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finding was made that the percentage of CD8+ T cells expressing PD-1 decreased (Figure S2A). This was

also confirmed in our in vitro culture experiments using conditioned medium derived from TOPK overex-

pression and knockdown RCC cells (Figure S2B), suggesting that TOPK may affect the secretion of certain

substances by RCC cells and thus affect the expression of PD-1 on T cells. These results indicate that TOPK

can inhibit the infiltration of CD8+ T cells in the RCC but also significantly inhibit the activation of CD8+

T cells and promote the expression of the inhibitory factor PD-1 in CD8+ T cells, thereby promoting RCC

tumorigenesis and immune escape.

TOPK is positively correlated with PD-L1 expression in RCC

Next, we explored the correlation between TOPK and PD-L1 expression. First, we found knockdown of

TOPK in 786-O cells resulted in the downregulation of PD-L1 expression (Figure 4A). Flow cytometry detec-

tion of PD-L1 expression on the cell surface showed the same results (Figures 4B and 4C). Also, the over-

expression of TOPK in Caki-1 cells resulted in the upregulation of PD-L1 expression (Figure 4D). Meanwhile,

the immunoblotting and immunohistochemical staining of the above mouse tumor tissues (Figure 3C)

showed that compared with the control group, a decrease of TOPK and PD-L1 expression was found in

the subcutaneous tumor of the mice injected with TOPK-KD cells (Figures 4E and 4F).

Finally, we used human tissue microarrays containing 90 patients with RCC, all with cancerous and paracan-

cerous tissues, for further verification. The results of tissue immunohistochemical staining showed that the

expression level of TOPK in cancer tissues was consistent with the expression of PD-L1(Figures 4G–4I).

Taken together, our results further confirmed that there is a positive association between the expression

of TOPK and PD-L1 in RCC.

In RCC, the positive feedback loop between TOPK and ERK2 promotes PD-L1 expression

The positive feedback loop between TOPK and ERK2 is an importantmechanism for the cancer-promoting func-

tion of TOPK.22 Other studies have shown that ERK2 can promote the expression of PD-L1.23 Therefore, we veri-

fied the possibility that TOPK regulates PD-L1 expression through ERK2. ERK2 expression was decreased after

TOPKknockdownand increasedafter overexpression, indicating that TOPKcanpositively regulate ERK2 expres-

sion in RCC (Figures 5A and 5B). Because TOPK and ERK2 are protein kinases whose actions depend on phos-

phorylation levels, we next explored whether their phosphorylation levels affect PD-L1 expression. Human

epidermal growth factor (EGF) is well-established as a potentMAPK pathway activator with significant activation

of TOPK and ERK2.22,24 Accordingly, we chose EGF as an activator of TOPK and ERK2. The results showed that

TOPK knockdown significantly decreased the expression levels of ERK2 and PD-L1, while the phosphorylation

levels of TOPK and ERK2 and the expression of PD-L1 subsequently increased after EGF stimulation

(Figures 5C, and S3A). The opposite result was observed after TOPKoverexpression. In addition, after ERK2 acti-

vation was inhibited by SCH772984, a potent inhibitor of ERK2 activation,25 PDL1 expression was subsequently

reduced(Figures 5D, and S3B). These results illustrate that the phosphorylation levels of TOPK and ERK2 signif-

icantly affect the expression of PD-L1. Although the use of ERK2 inhibitors resulted in the downregulation of PD-

L1 expression, this still does not prove that ERK2 is the keymoleculemediating TOPK regulation of PD-L1, given

that SCH772984 could inhibit ERK2 activation along with TOPK activation.

We then constructed ERK2 knockout cell lines and did further studies. It was found that the knockout of

ERK2 slightly downregulated the expression of TOPK, which substantiated the positive feedback loop of

TOPK-ERK2 in RCC. (Figures 5E and 5F). After ERK2 knockout, we overexpressed TOPK to verify whether

TOPK could upregulate PD-L1 in the absence of ERK2. The results showed that the expression level of PDL1

decreased with the knockout of ERK2, and after overexpression of TOPK, ERK2 did not increase again, but

the expression of PDL1 increased subsequently, which was more obvious after EGF stimulation, suggesting

that TOPK can regulate PDL1 expression, even in the absence of ERK2 (Figures 5G–H, and S3C–S3D). The

above results indicate that ERK2 plays an important role in the regulatory effect of TOPK on PD-L1, and this

regulatory relationship is closely related to the activation of TOPK and ERK2. However, the effect of TOPK

on PD-L1 was still observed after ERK2 deletion, suggesting that although TOPK can affect PD-L1 expres-

sion by influencing the expression and activation of ERK2, this mechanism is not unique, and other regu-

latory mechanisms may affect the effect of TOPK on PD-L1.

TOPK promotes PD-L1 expression in RCC by enhancing TGF-b/Smad pathway activity

Transforming growth factor b(TGF-b) pathway is an important pathway affecting tumor immunity.26 It has

been established that the recruitment of p-Smad2/3 can significantly increase PD-L1 expression and
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Figure 4. TOPK is positively correlated with PD-L1 expression in RCC

(A) TOPK and PD-L1 expression were detected in TOPK knockdown 786-O cells by immunoblot analysis.

(B) PD-L1 expression on the cell surface was also examined by flow cytometry, and significances were analyzed (C).

(D) TOPK and PD-L1 expression were detected in TOPK overexpressing caki-1 cells by immunoblot analysis.

(E) TOPK expression in the above mouse tumors was detected by immunoblot analysis, and significances were analyzed.

(F)The expression of TOPK and PD-L1 in mouse tumor tissues was determined by IHC. Representative views of IHC

staining of TOPK and PD-L1 were presented (3200 up; 3400 down), Scale bar, 100mm or 50mm.

(G–H) IHC staining of TOPK and PD-L1 in a tissue microarray and statistical results (n = 90).

(I) Representative images of two groups of relatively high and low expression. Data are expressed as mean G SD. *p <

0.05, **p < 0.01, ***p < 0.001, ns, not significant.
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Figure 5. In RCC, the positive feedback loop between TOPK and ERK2 promotes PD-L1 expression

The expression of different proteins in different cells was detected by immunoblot analysis.

(A–B) Detection of ERK1/2 expression after TOPK knockdown or overexpression in 786-O(A) and Caki-1 cells(B),

respectively.

(C) The expression of TOPK, p-TOPK(Thr9), ERK1/2, p-ERK1/2(Thr202/Tyr204), and PD-L1 was detected in TOPK

knockdown 786-O cells with or without EGF treatment (40 ng/mL, 15min).

(D) The expression of TOPK, p-TOPK(Thr9), ERK1/2, p-ERK1/2(Thr202/Tyr204), and PD-L1 was detected in TOPK

overexpressing Caki-1 cells treated with EGF (40 ng/mL, 15min) or SCH772984 (5nM, 24h), respectively or in combination.

(E) Expression of TOPK and ERK1/2 in 786-O and Caki-1 cells was detected.

(F) Knockout of ERK2 in 786-O cells, TOPK, ERK1/2 and PD-L1 expression were detected.

(G–H) Overexpression of TOPK in ERK2 knockout 786-O cells with or without EGF treatment (40 ng/ml, 15min), TOPK,

p-TOPK(Thr9), ERK1/2, p-ERK1/2(Thr202/Tyr204), and PD-L1 was detected. See also Figure S3.
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thus promote tumor immune evasion in metastatic lung adenocarcinoma.27 Also, TOPK was shown to regu-

late the transcription of molecules downstream of the TGF-b/Smad pathway.28 Therefore, we investigated

whether TOPK affects PD-L1 expression and the development of immune evasion in RCC by affecting the

TGF-b/Smad pathway. We found that TOPK promotes the expression of Smad4, a keymolecule of the TGF-

b pathway, and could bind to it (Figures 6A–6C). TGF-b1 stimulation promoted endogenous TOPK expres-

sion and phosphorylation as well as the phosphorylation of Smad2/3 and Smad4. The phosphorylation of

these keymolecules was accompanied by increased PD-L1 expression, which at least indicated that TGF-b1

had a significant effect on PD-L1 expression (Figure 6D). After TOPK knockdown, Smad2/3, Smad4 and PD-

L1 expression were reduced (Figures 6E, and S4A), while the opposite was observed after overexpression

(Figures 6F, and S4B). To verify the role of TOPK phosphorylation in this process, OTS964, a potent TOPK

inhibitor, was used to inhibit TOPK phosphorylation. Although TOPK overexpression promoted the expres-

sion of Smad2/3, Smad4, and TGF-b1 further promoted their activation as well as PD-L1 expression, inhi-

bition of TOPK activation resulted in a significant decrease in their phosphorylation levels, accompanied by

a decrease in PD-L1, indicating that TOPK activation is essential for TGF-b/Smad pathway activity and PD-

L1 expression (Figures 6G, and S4C).

These results suggest that the TGF-b/Smad pathway regulates PD-L1 expression in RCC, and this regula-

tory relationship correlates with the pathway’s activity. The presence and activation of TOPK could signif-

icantly promote the phosphorylation levels of Smad2/3 and Smad4, which increased the overall activity of

the pathway. Moreover, the direct binding effect of TOPK to Smad4 indicated its close association with this

pathway. In conclusion, TOPK is essential for the TGF-b/Smad pathway and promotes PD-L1 expression in

RCC through this mechanism.

TOPK inhibition significantly enhances anti-PD-L1 treatment efficacy in RCC

Next, we verified the effects of TOPK inhibitor and anti-PD-L1 treatment alone or in combination on sub-

cutaneous tumors in mice. We first injected wild-type Renca cell line subcutaneously into the back of BALB/

c mice, and when the tumor volume reached 50–100mm3, themice were randomly divided into four groups

(Figure 7A). Mice treated with OTS964 (TOPK inhibitor) or anti-PD-L1 alone exhibited reduced tumor vol-

ume compared to the control group, while the reduction in tumor volume was more pronounced in mice

receiving combination treatment (Figure 7B). At the same time, there was no difference in body weight

change among the four groups of mice (Figure 7C). Analysis of tumor-infiltrating immune cells by flow cy-

tometry showed that mice treated with OTS964 or anti-PD-L1 alone had increased numbers of tumor-infil-

trating CD8+ T cells compared to the control group, while the combination treatment group yielded amore

significant effect (Figure 7E). We next evaluated the activation of these T cells by analyzing the percentage

of CD8+ T cells expressing CD107a and CD69. The results showed that tumor-infiltrating CD8+ T cells in

mice treated with OTS964 or anti-PD-L1 alone exhibited increased expression of CD107a and CD69

compared to the control group, while the combination treatment group expressed more, implying more

infiltration of activated CD8+ T cells (Figure 7F). Hematoxylin and Eosin (HE) staining of the liver and kidney

in all mice was conducted to evaluate the safety of OTS964 and anti-PD-L1 in vivo experiments (Figure S7A).

As expected, there is no difference in body weight changes in mice, and the comprehensive analysis of HE

staining results indicates that at least to some extent, the two drugs are relatively safe for use in vivo exper-

iments (Figures 7C, and S5). These results suggested that the combination of TOPK inhibition and anti-PD-

L1 treatment exerted a greater tumor-suppressive effect, which was achieved by promoting the infiltration

of CD8+ T cells and enhancing their activity. TOPK inhibition significantly improved the sensitivity of anti-

PD-L1 treatment in RCC.

DISCUSSION

The occurrence of tumor immune evasion is reportedly a key mechanism that facilitates tumor progres-

sion.29 During the interaction between immune cells and tumor cells, alterations in some key factors

may deprive the immune system of its inhibitory function, which inevitably promotes tumor growth.30 It

is well-established that PD-1/PD-L1 plays an important role.31 In this respect, the binding of PD-L1 ex-

pressed by tumor cells to PD-1 on the surface of T cells inhibits T cell function, which is thought to be

the main mechanism by which tumor immune evasion occurs.32 However, the expression of PD-L1 by tumor

cells is regulated by various factors within the tumor cells.33 Accordingly, even in the same tumor, PD-L1

may be expressed at different levels, directly affecting the efficacy of clinical anti-PD-L1 therapy.34
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Figure 6. TOPK promotes PD-L1 expression in RCC by enhancing TGF-b/Smad pathway activity

The expression of different proteins in different cells was detected by immunoblot analysis.

(A) Detection of TOPK binding to Smad4 by immunoprecipitation.

(B-C) The expression of TOPK and Smad4 in TOPK knockdown 786-O cells(B) and overexpressed Caki-1 cells(C) were

detected, respectively.

(D) The expression of TOPK, p-TOPK(Thr9), Smad4, p-Smad4 (Thr276), Smad2/3, p-Smad2/3 (S465, 467/S423, 425), and

PD-L1 was detected in 293T cells with or without TGF-b1 (5 ng/ml, 2h).

(E-F) The expression of TOPK, p-TOPK(Thr9), Smad4, p-Smad4 (Thr276), Smad2/3, p-Smad2/3 (S465, 467/S423, 425),

and PD-L1 was detected in TOPK knockdown (E) or overexpressed cells(F) with or without TGF-b1 (5 ng/ml, 2h). (G)

Expression of TOPK, p-TOPK(Thr9), Smad4, p-Smad4 (Thr276), Smad2/3, p-Smad2/3 (S465, 467/S423, 425), and PD-L1

was detected in TOPK overexpressing cells alone or in combination with TGF-b1 (5 ng/mL, 2h) and OTS964 (10nM, 24h).

See also Figure S4.
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Figure 7. TOPK inhibition significantly enhances anti-PD-L1 treatment efficacy in RCC

(A) The process of animal experimentation and treatment strategies were demonstrated.

(B–D) tumor growth curves(B), Body weights(C), and representative images of tumors(D) from four groups of mice with

different treatment regimens were visualized(n = 5).

(E–F) Representative images and statistical results of tumor-infiltrating lymphocytes (n = 5). Cell surface was stained

with antibodies against CD8(E), as well as CD69 and CD107a(F). Data are expressed as mean G SD. *p < 0.05, **p < 0.01,

***p < 0.001, ns, not significant. See also Figure S5.
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TOPK is widely acknowledged to be highly expressed in various tumors, while expressed only in a few

normal cells or tissues, such as testis,35 sperm, neural precursor cells in the subventricular zone of the adult

brain, and in a few ischemic tissues, including heart, brain and kidney.36 This feature allows it to act as an

independent tumor risk and prognostic factor. As a protein kinase, TOPK exerts its pro-cancer effects

mainly through the activation of the MAPK pathway, especially ERK2.18,22 At the same time, it can promote

tumor progression through other mechanisms. Therefore, disabling TOPK represents a valuable therapeu-

tic approach. In the present study, we found that TOPK could affect the infiltration of CD8+ T cells in RCC

and their activation, providing compelling evidence that TOPK can regulate immune escape from RCC

(Figure 3). Meanwhile, TOPK increased the expression level of PDL1 in RCC, improving the current under-

standing of the mechanism of PD-L1 expression regulation in RCC and offering the possibility to improve

the efficacy of anti-PD-L1 therapy. Indeed, our results provide hitherto undocumented evidence that simul-

taneous inhibition of TOPK and PD-L1 yielded a potent inhibitory effect on RCC, with increased CD8+ T cell

infiltrates and functional recovery (Figure 7).

Mechanistically, we found that the positive feedback loop of TOPK and ERK2 also existed in RCC and could

promote PD-L1 expression. However, ERK2 was not necessary for TOPK to regulate PD-L1 expression, sug-

gesting that the regulatory mechanisms of TOPK on PD-L1 may be heterogeneous (Figures 5 and 8). Mean-

while, we found that TOPK plays a critical role in the TGF-b/Smad pathway. Although previous studies have

reported a connection between TOPK and TGF-b/Smad pathway,37 our findings suggest that TOPK pro-

motes the protein expression of Smad2/3 and Smad4 and functions in direct binding with Smad4. Stimu-

lation of TGF-b1 enables TOPK activation, which leads to the overall activation of the TGF-b/Smad

pathway, because the phosphorylation levels of Smad2/3 and Smad4 were significantly higher. In contrast,

silencing or inhibition of TOPK resulted in significantly lower expression levels and activation levels of

Smad2/3 and Smad4 and, at the same time, affected the PD-L1 expression mediated by the TGF-b/

Smad pathway (Figures 6 and 8). Therefore, TOPK is essential for the TGF-b/Smad pathway, and its pres-

ence undoubtedly reinforces the pro-cancer effect of this pathway.

Figure 8. A model depicting the expression of PD-L1 regulated by TOPK

On the one hand, the positive feedback activation mechanism of TOPK and ERK2 promotes the expression of PD-L1 in

RCC. On the other hand, TOPK not only promotes the expression of Smad2/3 and Smad4, but also can directly bind to

smad4. The stimulation of TGF-b1 caused phosphorylation of TOPK, which significantly enhanced the activation of TGF-b/

Smad pathway and promoted the expression of PD-L1. Therefore, TOPK is essential for the TGF-b/Smad pathway and can

significantly amplify the effects of this pathway.
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Currently, several inhibitors have been proven to be effective in inhibiting TOPK activity and exerting anti-

tumor effects both in vitro and in vivo, including HI-TOPK-032,38 OTS514/OTS964,39 and ADA-07.40 How-

ever, among these inhibitors, OTS964, a derivative of OTS514, was shown to have amore efficient inhibitory

effect and an ability to overcome the weight loss because of OTS514-induced blood toxicity.41 Although

the free form of OTS964 still causes some degree of blood toxicity, new technologies such as liposome de-

livery forms and nanocarriers technology are well able to avoid it.39,42 These features are pivotal for the

in vivo application of OTS964 and also significantly contribute to the use of TOPK inhibitors in the clinic

to improve antitumor treatment efficacy.

Limitations of the study

However, what we found may only be the tip of the iceberg regarding its mechanism of action, and more

studies are warranted to explore the connection and regulatory mechanism between TOPK and TGF-b/

Smad pathway, such as the effect of TOPK on the stability and complex formation of Smad2/3 and

Smad4. Although we found that the expression level of TOPK in RCC can influence the expression of

PD-1 on T cells, its mechanism of action still needs further exploration, and we speculate that this may

be achieved by promoting the secretion of certain cytokines or extracellular vesicles by TOPK in RCC cells.

In addition, we only studied the antitumor effect of the combination of TOPK inhibitor and anti-PD-L1 for

27 days, while studying the effect over a longer period of time would be more useful to clarify the clinical

application of TOPK inhibitors. These are the directions we need to work on in the future and will be a

further elucidation of the effect of TOPK on tumor immunity. Overall, our study illustrates that TOPK can

play an important role as a potential molecular target in the diagnosis, treatment and prognosis assess-

ment of RCC.
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

TOPK Cell Signaling Technology Cat# 4942

RRID: AB_2160130

p-TOPK Cell Signaling Technology Cat# 4941

RRID: AB_2160132

ERK1/2 Cell Signaling Technology Cat# 4695

RRID: AB_390779

p-ERK1/2 Cell Signaling Technology Cat# 4370

RRID: AB_2315112

PD-L1 Cell Signaling Technology Cat# 13684 RRID: AB_2687655

MYC-tag Cell Signaling Technology Cat# 2276

RRID: AB_331783

HA-tag Cell Signaling Technology Cat# 3724

RRID: AB_1549585

Smad4 Cell Signaling Technology Cat# 46535

RRID: AB_2736998

Smad2/3 Cell Signaling Technology Cat# 8685

RRID: AB_10889933

p-Smad4 Affinity Biosciences Cat# AF8316

RRID: AB_2840378

p-Smad2/3 ABclonal Cat# AP0548

RRID: AB_2863784

b-actin ABclonal Cat# AC038

RRID: AB_2863784

FITC-anti-mouse-CD45 Biolegend Cat# 147710

RRID: AB_2563542

Percp/Cy5.5-anti-mouse-CD107a Biolegend Cat# 121626

RRID: AB_2572055

BV421-anti- mouse-CD69 Biolegend Cat# 104527

RRID: AB_10900250

PE-anti-mouse-PD-1 Biolegend Cat# 135206

RRID: AB_1877231

PE-anti-human-PD-L1 Biolegend Cat# 329706

RRID: AB_940368

APC-anti-human-PD-1 Biolegend Cat# 329908

RRID: AB_940475

In Vivo MAb anti-mouse PD-L1 Bio X Cell Cat# BE0101

RRID: AB_10949073

Chemicals, peptides, and recombinant proteins

Human TGF-b1 R&D Systems Cat# 7754-BH

Human EGF R&D Systems Cat# 236-EG

OTS964 MedChemExpress Cat# HY-12467

SCH772984 MedChemExpress Cat# HY-50846
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RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by

the lead contact: Chen Shao (cshao@xah.xmu.edu.cn).

Materials availability

This study did not generate new unique reagents.

Data and code availability

d All data reported in this paper will be shared by the lead contact upon request.

d This paper does not report original code.

d Any additional information required to reanalyze the data reported in this paper is available from the

lead contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Mice

6-8 week-old male wild-type BALB/c mice were purchased from the Xiamen University Laboratory Animal

Center and were housed in a specific pathogen-free (SPF) environment at the Xiamen University Laboratory

Animal Center. All animal experiments were approved by the Ethics Committee of Xiamen University

School of Medicine.

METHOD DETAILS

Transient transfection and establishment of stably transfected cell lines

Caki-1 cells were used to construct TOPK overexpression cell lines, and the control PCDNA3.1 and TOPK

plasmids were transfected according to the reagent instructions using lipo3000 transfection reagent (Invi-

trogen, USA). 48h after transfection, the transfection efficiency could be detected by RT-qPCR andWestern

Blot. As for constructing stably transfected cell lines, the plasmids were first transfected according to the

abovemethod, and after 48h of transfection, screening was performed using appropriate concentrations of

G418 for 7-10 days.

MTT cell proliferation assay

The cell proliferation ability was measured using the MTT (thiazolyl blue) method. RCC cells with good

growth in the logarithmic phase were plated in a 96-well plate at a density of 33103 cells per well, and

Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Experimental models: Cell lines

786-O ATCC CRL-1932

Caki-1 ATCC HTB-46

ACHN ATCC CRL-1611

Jurkat ATCC TIB-152

Renca ATCC CRL-2947

HEK 293T ATCC CRL-3216

SN12C Sun, H et al.18 N/A

Recombinant DNA

Plasmid: HA-TOPK Sino Biological HG10729

Plasmid: MYC-Smad4 Sino Biological HG11010

Software and algorithms

FlowJo v10 BD https://www.flowjo.com/

GraphPad Prism 8 Graph Pad https://www.graphpad.com/
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3-5 replicate wells were set for each group. After the cells were plastered, the culture mediumwas replaced

and selected for detection every 24h from day 0-6. 10ul of 5mg/ml MTT solution (Sigma, MO, USA) was

added to each well (ready-to-use, protected from light, note that no air bubbles should be generated),

and the culture was continued for 4h protected from light. 150ul of DMSO was added to each well after

careful aspiration of the culture solution, placed on a shaker for 10min, and the absorbance value of

each well was detected at 570nm in a microplate reader. Then the data were analyzed and processed.

EDU proliferation assay

The proliferation of RCC cells was measured using the EdU Cell Proliferation Assay Kit (Q10310-1, RiboBio,

China). RCC cells were stained with 5-ethynyl-20-deoxyuridine (EdU) according to the kit instructions and

photographed and recorded under a fluorescent microscope. The percentage of EdU in each field of view

was quantified using ImageJ and GraphPad Prism 8.0 software for differential analysis and graphing.

Transwell cell migration assay

RCC cells in the logarithmic phase were selected and starved in serum-free RPMI-1640 medium for 6 h. The

cells were digested with trypsin, centrifuged, and resuspended in serum-free RPMI-1640 medium to form a

single-cell suspension. 3.53104 cells were placed in the transwell plates ensuring the total amount of cell

suspension was 100ul per well. 800ul of RPMI-1640 medium containing 20% fetal bovine serum was added

to each well in the lower chamber of the 24-well plate, labeled, and incubated for 24h or 48h in the cell incu-

bator. The cells were fixed in the lower chamber by adding 500ul 4% paraformaldehyde per well for 20min.

The chambers were washed with PBS buffer 2-3 times and stained with 500ul 0.1% crystal violet solution per

well in the lower chamber for 20min. The inner cells of the chamber were slowly wiped off with a cotton

swab, and the outer wall cells were retained. The chambers were dried at room temperature and placed

under a microscope for observation. 5 randomly selected fields of view were photographed under a

2003 field of view. ImageJ software was used to calculate the number of cells, and GraphPad Prism 8.0 soft-

ware was used to analyze the differences.

Wound healing experiment

RCC cells in the logarithmic phase were selected, and the 6-well plates were spread with 13106 cells one

day in advance to ensure the cell growth fusion reached more than 90% the next day. Three parallel lines

were drawn on the bottom of the 6-well plate in advance, the cell culture medium was aspirated, and the

lines were drawn evenly with a 200 ml pipette tip perpendicular to the parallel lines to make each scratch as

uniform as possible. Cells were washed with PBS to ensure no cells were floating, photographed at the

intersection of the lines (localization points), recorded as 0h, and incubated with 2 ml of serum-freemedium

for 24h or 48h. After 24h or 48h, the medium was aspirated, washed 3 times with PBS to ensure that no cells

were floating, and photographed under the microscope (at each localization point to ensure that the same

area was photographed each time). ImageJ software was used to calculate the scratch area. GraphPad

Prism 8.0 software was used to analyze the differences.

Preparation of CM and Jurkat cell culture experiment

RCC cells were inoculated with 53106 in 10 cm cell culture dish, and the medium was changed after 24 h.

The cells were incubated for another 48 h to collect conditional medium (CM). CM was centrifuged at

3000 rpm/min for 15 min to obtain the supernatant. The CM was then mixed 1:1he with complete medium

for Jurkat cells culture, and the medium was changed daily. Jurkat cells were collected after 72 hours for

flow cytometric analysis.

Immunoblotting and immunoprecipitation

Cells were first lysed with RIPA cell lysis solution (Solarbio, China) containing protease inhibitor and phos-

phatase inhibitor (MedChemExpress, USA), the lysate was separated by SDS-PAGE gel and transferred to

PVDF membranes (Millipore, USA), then incubated with proteins successively according to the instructions

of primary and secondary antibodies. Finally, exposure was performed using the C300 system (Azure Bio-

systems, USA) in the presence of an ECL luminescent solution (Millipore, USA). For immunoprecipitation,

the starting steps were as described above but involved the use of IP lysate (Thermo Fisher Scientific, USA).

A portion of the protein solution was taken to directly detect the corresponding protein expression, while

the rest of the solution was added to the primary antibody andmagnetic beads (Bimake, USA), respectively,

according to the manufacturer’s instructions. The beads were washed with wash buffer (Thermo Fisher
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Scientific, USA) and heated to 100�C for 5 min using protein loading buffer (Abclonal, China). Immunoblot-

ting was then performed as described above.

Establishment of mouse tumor models

Renca-WT and Renca-TOPK KD cells (13106) were inoculated subcutaneously in the back of 6-8-week-old

wild-type BALB/c mice. For the treatment group, Renca cell lines were inoculated with 13106 cells subcu-

taneously on the back of 6-8-week-old wild-type BALB/c mice, and when the tumor volume grew to

50-100 mm3, the mice were randomly divided into four groups: control group, OTS964(TOPK inhibitors)

treatment group, anti-PDL1 treatment group, and combination treatment group, respectively.

InVivoMAb anti-mouse PD-L1 (Bio X Cell, West Lebanon, NH, USA) or IgG isotype control (Bio X Cell,

West Lebanon, NH, USA) was administered to mice at a dose of 200ug/each by intraperitoneal injection

every three days. For TOPK inhibitors, the tumors were administered orally at 40 mg/kg daily, while control

mice received PBS orally. Tumor volumes were measured every three days along the long axis (a) and short

axis (b), and tumor volumes were calculated using the following formula: V=ab2/2. Mice were sacrificed at

the end of the experiment, tumors were excised and weighed, and tumor tissues were subsequently used

for flow analysis, WB analysis, and immunohistochemistry, respectively.

Mouse tumor CTL isolation and flow cytometry experiments

Tumor tissues were cut and placed in DMEM solution containing 1 mg/ml collagenase IV (Solarbio, China)

and in a 37�C water bath for 1 h. After digestion, the cells were placed on ice, filtered through a 100 mesh

sieve(150mm), centrifuged, resuspended with 40% Percoll (Solarbio, China) and placed on the surface of

80% Percoll (Solarbio, China), and immune cells were obtained by density gradient centrifugation. The

above immune cells, human kidney cancer cell lines and Jurkat cells were washed using PBS buffer and

treated under dark conditions with antibodies for flow cytometry. All samples were analyzed using a Beck-

man Coulter CytoFLEX S flow cytometer, and FlowJo software was used to analyze the data.

Immunohistochemistry

The mouse tumor tissues were fixed in formalin, embedded in paraffin, sectioned, dried, and dewaxed in

xylene, anhydrous ethanol, 95% ethanol, and 85% ethanol, respectively, then antigen repair was performed

in boiled sodium citrate antigen repair solution (Thermo Fisher Scientific, USA) for 20 min, using immuno-

histochemical detection kit (Fuzhou Maishin Biotechnology, China). Antibody incubation was performed

according to the manufacturer’s instructions and observed under a microscope after hematoxylin re-stain-

ing, dehydration and sealing. Tissue Microarrays from 90 RCC patients (HKidE180Su03) were purchased

from Shanghai Outdo Biotech Co.,Ltd. ( Shanghai, China), and with the same process above.

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical analysis

Statistical analysis of data was performed using GraphPad Prism 8 software (GraphPad Software Inc., San

Diego, CA, USA). All experiments were performed with at least three replicates, and data were expressed

as meanG standard deviation. The significance of differences between the two groups was assessed using

the Student t-test. The significance of differences between multiple groups was compared using one-way

and repeated measures analysis of variance (ANOVA). Correlations between variables were analyzed using

Spearman’s rank correlation. A p-value<0.05 was statistically significant, * for p<0.05, ** for p<0.01, and ***

for p<0.001.
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