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CXCL3/TGF-b-mediated crosstalk between CAFs
and tumor cells augments RCC progression
and sunitinib resistance

YunxiaWang,1,4 Weihong Ding,2,4 Wenjing Hao,1 Luyao Gong,1 Yeheng Peng,1 Jun Zhang,1 Zhiyu Qian,3 Ke Xu,2

Weimin Cai,1,* and Yuan Gao1,5,*

SUMMARY

Cancer-associated fibroblasts (CAFs) play a significant role in tumor development and treatment failure,
yet the precise mechanisms underlying their contribution to renal cell carcinoma (RCC) remains underex-
plored. This study explored the interaction between CAFs and tumor cells, and relatedmechanisms. CAFs
isolated from tumor tissues promoted the tumor progression and drugs resistance both in vivo and
in vitro. Mechanistically, chemokine (C-X-C motif) ligand (CXCL) 3 secreted from CAFs mediated its ef-
fects. CXCL3 activated its receptor CXCR2 to active the downstream ERK1/2 signaling pathway, subse-
quently promoting epithelial-mesenchymal transition and cell stemness. Blocking the crosstalk between
CAFs and tumor cells by CXCR2 inhibitor SB225002 attenuated the functions of CAFs. Furthermore,
Renca cells facilitated the transformation of normal interstitial fibroblasts (NFs) into CAFs and the expres-
sion of CXCL3 through TGF-b-Smad2/3 signaling pathway. In turn, transformed NFs promoted the tumor
progression and drug resistance of RCC. These findings may constitute potential therapeutic strategies
for RCC treatment.

INTRODUCTION

Renal cell carcinoma (RCC) is the most prevalent form of malignant renal parenchyma carcinoma, accounting for approximately 90%

of renal malignancies and 3 to 5% of systemic malignancies.1,2 The pathogenesis of RCC is notably complex, which complicates

treatment efforts. Consequently, many patients with RCC experience poor outcomes and develop metastasis. This underscores the urgent

need to delve deeper into the mechanisms behind, driving RCC development and to identify more effective therapeutic targets and

strategies.

The tumor microenvironment (TME) plays a crucial role in tumor progression, consisting of tumor cells, immune and inflammatory cells,

cancer-associated fibroblasts (CAFs), and complex network of interstitial tissue, cytokines, and chemokines.3,4 As the most important stromal

cells, CAFs have been shown to participate in the tumor occurrence and progression.5 Usually, CAFs can secrete cytokines such as stromal cell

derived factor 1, interleukin 6, and chemokine (C-X-C motif) ligand (CXCL), to augment tumor proliferation, metastasis, and drug resis-

tance.6–8 Nevertheless, the precise underlying mechanisms by which CAFs influence RCC progression remain poorly understood. Further-

more, CXCL3, a secretory growth factor involved in tumor cell migration, invasion and angiogenic regulation by activating CXC chemokine

receptor (CXCR) 2. This molecule is highly expressed in pancreatic cancer,9 prostate cancer,10 breast cancer,11 and colon cancer,12 and is

closely associated with their progression. The activation CXCR2 triggers the phosphorylation of downstream signal transduction pathways

such as Raf-MEK-ERK, leading to tumor progression through downstream cascades.13–15 CXCL3 and CXCR2 were significantly elevated in

plasma and tumor tissues of patients with metastatic RCC.16 However, to our knowledge, the specific mechanism of how CXCL3 regulates

RCC metastasis and drug resistance has not been reported.

Tumor cells and immune cells can release amultitude of factors, including TGF-b1, osteopontin, and IL-1b to orchestrate the conversion of

normal interstitial fibroblasts (NFs) into CAFs by modulating the TGF-b signaling pathways.17,18 Tumor-derived exosomes can also transport

TGF-b1 into fibroblasts, and subsequently reprogram NFs to CAFs through downstream mitogen-activated protein kinase (MAPK), NF-kB,

transcription activator 3 (STAT3), or TGF-b signaling cascades, further amplifying the tumor progression.19,20 Such transformations are critical,

yet the detailed crosstalk between CAFs and tumor cells in RCC remains underexplored.
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In present research, we observed increased CAFs infiltration in tumor tissues of RCC patients. The CAFs extracted from tumor tissues pro-

moted RCCmigration and proliferation, facilitating sunitinib resistance by CXCL3 paracrine.We also found that tumor cells promote the tran-

sition of NFs into CAFs and CXCL3 secretion through TGF-b-Smad2/3 signaling. Our findings offer a potential perspective on RCC treatment.

RESULTS

Patient-derived CAFs enhanced the proliferation, migration, and resistance to sunitinib of renal cancer cells

RNA sequencing (RNA-seq) data analysis indicated increased estimate score and stromal score in tumor tissues (Figures S1A–S1C), and the

increased proportion of CAFs with the progression of tumor stage, as determined by estimating the proportion of immune and cancer cells

(EPIC) analysis (Figures S1D–S1F). Furthermore, patients with higher expression of the CAFs signature genes (COL5A1, COL16A1, EMILIN1,

Figure 1. CAFs from RCC tissues enhanced proliferation, migration, and drug resistance of 786-O and ACHN cells

(A and B) Cell viability% of 786-O and ACHN cells cultured with CAFs-CM or NFs-CM.

(C and D) Cytotoxicity of sunitinib at different concentrations on 786-O and ACHN under the condition of CAFs-CM co-culture (to exclude the impact of cell

proliferation, the absorbance value of sunitinib at a concentration of 0 mM was used as a control in the CAFs-CM group and NFs-CM group, respectively).

(E and F) Crystal violet staining and quantification of migrated and invasive 786-O and ACHN cells after 24 h treatment.

(G andH)Wound healing assay and quantification of 786-O andACHN at 0 h and after 24 h treatment. NFs-CM represents a 1:1mixture of tumor-adjacent normal

fibroblast conditioned medium and fresh culture medium, while CAFs-CM represents a 1:1 mixture of human-derived CAFs conditioned medium and fresh

culture medium. Scale bar: 100 mm. Data are shown as mean G SEM, n = 3�6, *p < 0.05, **p < 0.01, ***p < 0.001.
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Figure 2. Mouse-derived CAFs promoted the progression and drug resistance of RCC

(A) Renca cells viability% co-cultured with CAFs-CM and NFs-CM.

(B) Crystal violet staining and quantification of colony formation.

(C) Sunitinib cytotoxicity at different concentrations on Renca cells when cultured with CAFs-CM (the absorbance of sunitinib at a concentration of 0 mMwas used

as control in both the CAFs-CM group and NFs-CM group.

(D) Transwell migration and invasion of Renca cells after 36 h treatment.
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LOXL1, and LUM)21 exhibited significantly lower survival probabilities (Figure S2). Immunofluorescence staining indicated that the expression

of alpha-smoothmuscle actin (a-SMA), fibroblast specific protein 1 (FSP1), fibroblast activating protein (FAP), and vimentin in tumor sites were

elevated (Figure S3). Collectively, these findings underscore the CAFs infiltration in RCC tissues.

We then isolated and identified CAFs and NFs from patient tumor tissues and tumor-adjacent tissues separately according to established

methods (Figure S4). As shown in Figures 1A and 1B, CAFs-CM significantly increased the proliferation of ACHN and 786-O cells. Importantly,

tumor cells cultured with CAFs-CM showed strengthened sunitinib resistance, whereas no comparable outcomes were observed in NFs-CM

group (Figures 1C and 1D). Additionally, ACHN and 786-O cells cultured with CAFs-CM exhibited enhanced migration and invasion ability

(Figures 1E and 1F). The wound healing assay also indicated that CAFs-CM could promote the wound closure in ACHN and 786-O cells

(Figures 1G and 1H). These results suggest that patient-derived CAFs could augment RCC cells proliferation, migration, and resistance to

sunitinib, likely through the secretion of soluble factors.

CAFs obtained from xenograft tumors promoted the progression and sunitinib resistance of RCC

Xenograft tumor-derived CAFs were isolated from tumor-bearing BALB/C mice (Figure S5). NIH-3T3 cells were used as NFs control. Ac-

cording to Figures 2A and 2B, CAFs-CM significantly increased the proliferation and colony formation of Renca cells in vitro.

Moreover, sunitinib typically inhibited Renca cell proliferation in a dose-dependent manner, the presence of CAFs-CM was found to coun-

teract this effect, particularly at higher concentrations (Figure 2C). This suggests a pronounced role of CAFs-CM in sunitinib resistance.

Furthermore, we also found that CAFs-CM enhanced wound healing, migration, and invasion of Renca cells (Figures 2D and 2E). The in vivo

results showed that sunitinib significantly inhibited tumor proliferation, reducing tumor volume and tumor weight. Additionally, co-trans-

plantation with CAFs not only increased tumor volume and tumor weight but also diminished the therapeutic effects of sunitinib, under-

scoring the influential role of CAFs in tumor growth and drug resistance (Figures 2F–2H and S6). Furthermore, the co-transplantation with

CAFs significantly enhanced lung metastasis of Renca cells (Figures 2I and 2J), highlighting the metastatic potential driven by CAFs. These

results suggest that xenograft tumor-derived CAFs promoted the progression and sunitinib resistance of RCC both in vivo and in vitro.

Identification of CAFs-derived CXCL3 as a potential mediator in RCC progression

All these aforementioned results indicated that some soluble factors secreted by CAFs may be accountable for promoting tumor cell

growth and drug resistance. Exposure of CAFs-CM to heat eliminated the effect of CAFs-CM on Renca cells, implicating proteins as

the likely active components facilitating tumor enhancement (Figures 3A–3C). To further investigate the mechanism by which CAFs pro-

mote the progression and drug resistance in RCC, label-free proteomics sequencing was performed to compare the different secreted

proteins between the serum-free medium of CAFs (obtained from xenograft tumors) and NFs (NIH-3T3). We found that the secretion

of 115 proteins significantly increased in CAFs serum-free conditioned medium (Figures 3D and 3E). CXCL3 emerged as a candidate of

interest for further investigation based on preliminary results. ELISA assays confirmed significantly higher levels of CXCL3 in CAFs-CM

compared to NFs-CM (Figure 3F). Moreover, gene expression analysis showed elevated CXCL3 levels in human CAFs and patient tumor

tissues, as opposed to NFs or tumor-adjacent tissues (Figures 3G, 3H, and S7A). Co-transplantation with CAFs subcutaneously further up-

regulated CXCL3 expression in tumor tissues (Figure 3I). Crucially, CXCL3 expression was negatively correlated with survival probability

among RCC patients (Figure S7B), positioning CXCL3 not only as a mediator of tumor progression and drug resistance but also as a po-

tential predictive biomarker for RCC prognosis.

CAFs promoted RCC progression and sunitinib resistance through CXCL3/CXCR2

To further clarify the effect of CXCL3 on tumor cells, we stimulated Renca cells with exogenous CXCL3. As shown in Figure 4A, CXCL3 could

promote tumor proliferation in a gradient manner. Themost significant effect was observed at a concentration of 10 ng/mL. This optimal con-

centration was chosen for further experiments, which confirmed that CXCL3 notably enhanced the migration and invasion capabilities of

Renca cells (Figure 4B). Additionally, CXCL3 exposure reduced RCC cells’ sensitivity to sunitinib, underscoring its role in drug resistance (Fig-

ure 4C). Utilizing small interfering RNA (siRNA) to knock down CXCL3 expression in CAFs resulted in a marked decrease in CXCL3 levels, with

siCXCL3-283 being the most effective (Figures S8A and S8B). This knockdown significantly mitigated the CAFs-induced effects on Renca cell

proliferation, migration, and sunitinib resistance (Figures 4D–4F). Conversely, overexpressing Cxcl3 in NIH3T3cells endowed its pro-prolifer-

ative and pro-drug resistance effects on Renca cells (Figures 4G, 4H, S8C, and S8D).

CXCL3 activates its receptor CXCR2 to triggers the downstream signaling pathways.22 Further experiments highlighted theCXCL3/CXCR2

pathway’s central role, with increased CXCR2 expression in RCC tissues and enhanced expression following co-transplantation with CAFs

(Figures S9A and S9B). The effects of CAFs-CM or CXCL3 on CXCR2 expression was not be detected by flow cytometry. However, both

CAFs-CM and CXCL3 treatment upregulated the gene or protein expression of CXCR2 in Renca cells (Figures S9C–S9F). Therefore,

Figure 2. Continued

(E) Wound healing and closure rate of Renca cells. NFs-CM represents a 1:1 mixture of NIH-3T3 conditioned medium and fresh culture medium, wherein CAFs-

CM represents a 1:1 mixture of mouse-derived CAFs conditioned medium and fresh culture medium.

(F–H) Tumor morphology, tumor volume curve, and tumor weight in tumor bearing mice.

(I and J) Representative morphology and H&E staining of lung tissues. (I) and (J) share control and Co-CAFs group with that in Figure S10D. Scale bar: 100 mm.

Data are shown as mean G SEM, n = 3�6, *p < 0.05, **p < 0.01, ***p < 0.001, ns: no significance.
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Figure 3. CAFs-derived CXCL3 acted as a potential mediator in RCC progression

(A) Cell viability% of Renca cells cultured with heated CAFs-CM.

(B) The cytotoxicity of sunitinib at different concentrations on Renca co-cultured with heated CAFs-CM.

(C) Crystal violet staining and quantification of migrated and invasive Renca cells after 36 h treatment.

(D) Proteomics sequencing clustering analysis of mouse-derived CAFs serum-free conditioned medium (CAFs) and NIH-3T3 serum-free conditioned

medium (NFs).

(E) Differential protein volcano map of CAFs versus NFs serum-free conditioned medium.
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CXCR2 antagonist SB225002 was used to block the interaction between CAFs-CM and tumor cells. Our results showed that SB225002 could

inhibit the expression of Cxcr2 in Renca cells (Figure S9G). Although the number of CAFs was not being affected by CXCR2 inhibition,

SB225002 further reversed the pro-tumorigenic effects of CAFs both in vivo and in vitro (Figures 4I–4K and S10) confirming the critical role

of the CXCL3/CXCR2 pathway in mediating CAFs’ effects on RCC progression. All the aforementioned results indicated that CAFs may pro-

mote RCC tumor progression through CXCL3/CXCR2.

CAFs and CXCL3 activated ERK1/2 signaling pathway in RCC

As a downstream pathway of CXCR2, ERK1/2 signaling is activated by CXCR2 ligand binding, and affects epithelial mesenchymal transfor-

mation (EMT) and tumor cell stemness.23 The gene set enrichment analysis (GSEA) results demonstrated significant enrichment for the

ERK signaling pathway with high CXCL3 expression (Figure S11A), indicating a strong relationship between CXCL3 and ERK signaling acti-

vation in RCC. Experimental validation showed that both CAFs-CM and exogenous CXCL3 substantially increased ERK1/2 phosphorylation in

Renca cells (Figures 5A and 5B). Notably, the effect of CAFs-CM on ERK1/2 phosphorylation was negated by CXCL3 knockdown using siRNA

(Figure 5C), while the CXCR2 antagonist SB225002 inhibited further ERK1/2 activation induced by CAFs-CM or CXCL3 (Figures S11B and

S11C). Moreover, co-transplantation with CAFs led to enhanced ERK1/2 activation in mouse tumor tissues (Figure 5D). CAFs-CM and

CXCL3 increased the protein expression of CD133 and gene expression of stemness related genes (Cd44,Nanog, Aldh1a1, or Sox2) in Renca

cells (Figures 5E, 5F, S12A, and S12B), indicating their potential role in promoting tumor cell stemness. Additionally, CAFs-CM and CXCL3

increased the protein expression of N-cadherin and enhanced the EMT phenotype of Renca cells (Figures 5E, 5F, and S12C), affecting the

EMT process. Meanwhile, Co-CAFs transplantation facilitated the stemness and EMT maintenance in mice tumor tissues (Figure 5G), which

may be one of the reasons for the enhanced tumor progression and drug resistance.

Tumor cells promoted the transformation of NFs into CAFs and the expression of CXCL3 in fibroblasts

Bioinformatics analysis of the TheCancerGenomeAtlas (TCGA) database highlighted a significant increase in Tgf-b expression in RCC tissues

compared to normal tissues (Figure S13A), suggesting TGF-b’s involvement in RCC. Furthermore, GSEA underscored a strong association

between CXCL3 expression and TGF-b signaling pathway activation in RCC (Figure S13B). As shown in Figures 6A and 6B, Renca cell-condi-

tioned medium (Renca-CM) significantly increased the expression of CAF-signature genes (a-Sma, Fsp1, vimentin, or Fap) in NIH-3T3 cells or

MEF, indicating a potentiation of NFs to CAFs transformation. Renca-CMalso induced amarked increase inCxcl3 expression in bothNIH-3T3

and MEF (Figures 6C and 6D). Although the effects on traditional CAF-signatures were less pronounced (Figure 6E), Cxcl3 expression was

significantly elevated in CAFs treated with Renca-CM (Figure 6F). The conditioned medium form transformed NIH-3T3 and MEF cells facil-

itated the proliferation and sunitinib resistance of Renca cells in vitro (Figures 6G–6J). Meanwhile, transformed MEF promoted the progres-

sion, lung metastasis, and sunitinib resistance in vivo (Figures 6K–6N), further illustrating the significant role of induced CAFs in RCC

pathogenesis.

Renca cells promoted the transformation and CXCL3 expression of fibroblasts through TGF-b-Smad2/3 signaling pathway

CAFs-CM and CXCL3 induced a notable upregulation in the expression of Tgf-b in Renca tumor cells (Figures 7A–7C). In response to TGF-b

stimulation, NIH-3T3 and MEF could transform into CAFs, as evidenced by the upregulation of key genes such as Fsp1, Fap, and vimentin

(Figures S14A and S14B). This transformation was accompanied by a significant increase inCXCL3 expression in both NIH-3T3 andMEF cells.

Although direct TGF-b stimulation did not induce further transformation in CAFs, it notably enhanced CXCL3 expression (Figure S14C).

Knockdown of TGF-b expression in Renca cells using siRNA (Figures 7D and 7E) resulted in impaired ability of Renca-CM to promote

Cxcl3 expression in fibroblasts (Figures 7F and 7G) highlighting TGF-b’s critical role in this process. Moreover, investigations into the

Smad2/3 pathway activation revealed that both TGF-b and Renca-CM significantly induced the phosphorylation of Smad2 and Smad3 in

NIH-3T3 cells (Figures 7H and 7I), suggesting that TGF-b-Smad2/3 signaling may be a key mechanism through which Renca-CM promotes

NFs transformation into CAFs and enhances CXCL3 secretion.

DISCUSSION

Microenvironmental factors have been identified as additional contributors to RCC progression and drug resistance.24–26 The dynamic inter-

play between CAFs and cancer cells hinges on a multitude of molecular mechanisms. Our study explored the complex terrain of RCC pro-

gression, underscoring the pivotal role of microenvironmental factors, with a particular focus on the dynamic interplay between CAFs and

cancer cells. Through a series of rigorous analyses, we have illuminated the critical function of the CXCL3/TGF-b paracrine signaling axis

in mediating direct crosstalk between CAFs and tumor cells.

Figure 3. Continued

(F) CXCL3 concentration in the CAFs and NFs conditioned medium.

(G) Gene expression of Cxcl3 in CAFs and NFs.

(H) Gene expression of CXCL3 in RCC tissue.

(I) Protein expression of CXCL3 in tumor tissue of tumor-bearing mice. Scale bar: 100 mm. Data are shown as mean G SD in (D) and (E), mean G SEM in other

panels, n = 3�6, *p < 0.05, **p < 0.01, ***p < 0.001, ns: no significance.
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Previous studies have demonstrated that CAFs are essential for the occurrence and progression of renal carcinoma.27 In recurrent RCC, a

significant correlation has been found between CD8+T cell reduction and CAFs infiltration, which contributes to adverse immunotherapy re-

actions.28 Furthermore, non-coding RNA delivered by exosomes from CAFs promotes the progression of RCC.29,30 In this study, we found

that the infiltration of CAFs in RCC tissue was increased, which was verified by immunofluorescence staining. Additionally, the CAFs isolated

from patients and tumor-bearingmice promoted the progression of RCC and the resistance to sunitinib, consistent with the previous reports.

Increasing research has revealed the correlation betweenCXCL3 and various types of tumors.31 Our proteomics analysis indicated that the

expression of CXCL1, CXCL3, and CXCL5 in CAFs serum-free medium was higher than that in NFs, with CXCL3 showing the most significant

difference. These results confirmed that exogenous CXCL3 could promote the proliferation, migration, and resistance to sunitinib in RCC

cells. Interference ofCXCL3 expression by siRNA reversed the effect of CAFs on tumor progression, while overexpression ofCXCL3promoted

the proliferation and sunitinib resistance, further proved its importance in RCC progression.

As a receptor of CXCL3, CXCR2 activation increased the phosphorylation-mediated activation of pathways such as Raf-MEK-ERK, which

further promoted tumor progression through a downstream cascade.13–15 In this study, the GSEA analysis based on TCGA database

suggested a positive correlation between the ERK pathway and CXCL3 expression. We found that CAFs-CM and CXCL3 could promote

the phosphorylation of ERK1/2. Moreover, CAFs-CM and CXCL3 could upregulate the expression of N-cadherin and CD133, suggesting

that CAFs-CM and CXCL3 may facilitate the EMT and cell stemness of tumors, which related to tumor metastasis and drug resistance.

It was reported a significant inhibition of Renca tumor growth was found in CXCR2 knockoutmice, and the potential of in situ Renca tumors

to metastasize to the lung was reduced in the absence of CXCR2,16 indicating that ligands of CXCR2 might be involved in the progression of

RCC. In addition to CXCL3, other CXCR2 ligands were identified based on proteomics, such as CXCL1 andCXCL5, which have been reported

to be secreted by CAFs in other tumors, promoting tumor progression through CXCR2. Additionally, both CXCL832,33 and CXCL234 have

important roles in the development of tumors, which are all the ligands of CXCR2. He et al.31 used CXCL3 neutralizing antibody to inhibit

the migration and invasion of breast cancer cells, but did not investigate its effect on tumor progression in vivo; instead, CXCR2 non-peptide

antagonist SB225002 was used for combined administration. Combined treatment with CXCR2 inhibitors can inhibit tumor progression and

avoid chemotherapy resistance,35 and corresponding phase II clinical studies on CXCR2 inhibitors are also being carried out (NCT03177187

andNCT02583477). In our study, a selective and non-peptideCXCR2 antagonist SB225002was chosen to blockCXCL/CXCR2 interaction. The

in vitro and in vivo results highlighted the antagonistic effects of SB225002 on the progression and sunitinib resistance of RCC.

Moreover, tumor cells were reported to encourage the conversion of NFs into CAFs through paracrine factors,17,18 further promoting tu-

mor progression through a positive feedback pathway. Thus, the interaction among CAFs and tumor cells were explored in our study. We

have observed that Renca cells promoted the transformation of NFs into the CAFs phenotype and induced the secretion of CXCL3 through

the TGF-b-Smad2/3 signaling pathway. Notably, CAFs signatures were upregulated in NIH-3T3 and MEF cells after stimulation with Renca-

CM or TGF-b. Conversely, no substantial changes in marker genes were observed when CAFs themselves were stimulated. This discrepancy

may be attributed to the inherently elevated expression levels of these genes in CAFs. However, CAFs engage in intricate interactions not only

with tumor cells but also with tumor-infiltrating immune cells and other immune components within the TME. These interactions involve the

secretion of amyriad of cytokines, growth factors, chemokines, exosomes, and other effectormolecules, thereby shaping an immunosuppres-

sive TME that confers cancer cells with the ability to evade immune system surveillance.36

Limitations of the study

Our study demonstrated the role of CAFs in promoting the progression of RCC through the CXCL3/TGF-bmediated cellular crosstalk. How-

ever, the involvement of additional cytokines and cell-cell interactions remains unknown. Furthermore, it is crucial to acknowledge that alter-

native mechanisms through which CAFs exert their influence on RCC progression and drug resistance cannot be discounted.30,37 In addition,

the heterogeneity of CAFs has been proposed,38,39 which suggests a need for further research into the classification of CAFs subtypes.

STAR+METHODS

Detailed methods are provided in the online version of this paper and include the following:

d KEY RESOURCES TABLE

d RESOURCE AVAILABILITY

Figure 4. CAFs promoted RCC progression and sunitinib resistance through CXCL3/CXCR2

(A) Renca meanG cell viability% of Renca cells was evaluated by the CCK8 assay after stimulation with different doses of CXCL3 (0.5, 1, 2, 5, 10, 20, and 50 ng/mL)

for 24 h.

(B) Crystal violet staining and quantification of migrated Renca cells after CXCL3 treatment for 36 h.

(C) Sunitinib cytotoxicity at a concentration of 20 mM in Renca cells with or without CXCL3 stimulation.

(D) Cell viability of Renca cells co-cultured with conditioned medium from CAFs with CXCL3 interference.

(E) Transwell migration or invasion and their quantifications of Renca cells stimulated by CXCL3-interfering CAFs-CM.

(F) Sunitinib (20 mM) cytotoxicity of Renca cells co-cultured with CAFs-CM-siCXCL3.

(G and H) Cell viability and sunitinib cytotoxicity of Renca cells co-cultured with conditioned medium from CXCL3 overexpressed NIH3T3cells.

(I–K) The effects of SB225002 on the proliferation, migration and sunitinib resistance of Renca cells induced by CAFs-CM. Scale bar: 100 mm. Data are shown as

mean G SEM, n = 3�6, *p < 0.05, **p < 0.01, ***p < 0.001, ns: no significance.
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B Lead contact

B Materials availability

B Data and code availability

d EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

B Ethics statement

d METHOD DETAILS

B Cell proliferation and cytotoxicity assay

B Invasion and migration assays

Figure 5. CAFs-CM and CXCL3 regulated ERK1/2 signaling pathway

(A and B) Western blot analysis and quantification of ERK1/2 and phosphorylated-ERK1/2 expression in Renca cells stimulated with CAFs-CM or CXCL3.

(C) Expression of ERK1/2 and phosphorylated-ERK1/2 in Renca cells stimulated with conditioned medium from CAFs with CXCL3 interference.

(D) Protein expression of ERK1/2 and phosphorylated-ERK1/2 in tumor tissue of tumor-bearing mice.

(E and F) Protein expression of N-cadherin and CD133 in Renca cells stimulated with CAFs-CM or CXCL3.

(G) Protein expression of CD133 and E-cadherin in tumor tissue of tumor-bearing mice. Data are shown as mean G SEM, n = 3�6, *p < 0.05, **p < 0.01,

***p < 0.001.
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Figure 6. Tumor cells promoted the transformation of NFs into CAFs

(A) The gene expression of a-Sma, Fsp1, and vimentin in NIH3T3cells stimulated by Renca-CM.

(B) The gene expression of Fap in MEF stimulated by Renca-CM.

(C and D) The gene expression of Cxcl3 in NIH-3T3 and MEF cells treated with Renca-CM.

(E) The gene expression of a-Sma, Fap, and vimentin in CAFs stimulated by Renca-CM.
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B Wound healing

B Colony formation

B Plasmid or small interfering RNA transfection

B Real-time PCR analysis

B Western blot analysis

B Label-free proteomics sequencing

B Flow cytometry

B The Cancer Genome Atlas data analysis

d QUANTIFICATION AND STATISTICAL ANALYSIS

SUPPLEMENTAL INFORMATION

Supplemental information can be found online at https://doi.org/10.1016/j.isci.2024.110224.
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Rabbit anti-a-SMA Polyclonal Antibody Proteintech Cat# 55355-1-AP; RRID:AB_2313773

Rabbit anti-FSP1 Polyclonal Antibody Proteintech Cat# 16105-1-AP; RRID:AB_11042591

Rabbit Anti-FAP Rabbit Polyclonal Antibody Solarbio life science Cat# K004451P; RRID:AB_2313773

Rabbit Anti-Vimentin Polyclonal Antibody Proteintech Cat# 10366-1-AP; RRID: AB_2273020

Rabbit anti-CXCL3 Polyclonal Antibody (GRO gamma Antibody) Affinity Cat# DF8554; RRID:AB_2841758

Rabbit anti-CXCR2 Polyclonal Antibody Proteintech Cat# 20634-1-AP; RRID:AB_10693624

Rabbit anti-Phospho-ERK1/2 (Thr202/Tyr204) Polyclonal Antibody Proteintech Cat# 28733-1-AP; RRID:AB_2881202

Rabbit anti-ERK1/2 Polyclonal Antibody Proteintech Cat# 16443-1-AP; RRID:AB_10603369

Rabbit anti-CD133 Polyclonal Antibody Proteintech Cat# 18470-1-AP; RRID:AB_2172859

Rabbit anti-N Cadherin Polyclonal Antibody Boster Cat# BM3921; RRID:AB_2313773

Rabbit anti-pan-Cadherin Monoclonal Antibody Boster Cat# BM4166; RRID:AB_2313773

Rabbit Anti-Phospho SMAD2 (S250) Boster Cat# BM4693; RRID:AB_2313773

Phospho-Smad3(Ser423/425)(C25A9)Rabbit mAb Cell Signaling Technology Cat# 9520T; RRID:AB_2313773

Mouse Anti-SMAD2 Monoclonal antibody Proteintech Cat# 67343-1-lg; RRID:AB_2313773

Mouse Anti-SMAD3 Monoclonal antibody Proteintech Cat# 66516-1-lg; RRID:AB_2313773

Mouse Anti-GAPDH Monoclonal Antibody Proteintech Cat# 60004-1-lg; RRID:AB_2313773

HRP-conjugated affinipure Goat Anti- Rabbit lgG (H + L) Proteintech Cat# SA00001-2; RRID:AB_2722564

HRP-conjugated Affinipure Goat Anti-Mouse IgG (H + L) Proteintech Cat# SA00001-1; RRID:AB_2722565

FITC anti-mouse CD182 (CXCR2) Antibody Biolegend Cat# 149310; RRID:AB_2566148

Biological samples

Human renal cell carcinoma tissues Huashan Hospital,

Fudan University

N/A

Chemicals, peptides, and recombinant proteins

Fetal bovine serum Gibco Cat# 16000–044

DMEM medium Gibco Cat# C11995500BT

RPMI 1640 medium Gibco Cat# C11875500BT

Renca cell culture-medium Procell Cat# CM-0568

Penicillin-streptomycin solution Gibco Cat# 15140122

CTS� Opti-MEM� I Gibco Cat# A4124802

Trypsin Gibco Cat# 12604021

Recovery Cell Culture Freezing medium Gibco Cat# 12648–010

Collagenase A Roche Cat# 10103578001

Enhanced Cell Counting Kit-8 Beyotime Cat# C0043

CXCL3 enzyme-linked immunosorbent assay kit Elabscience Cat# E-EL-M0147c

Sunitinib malate Cayman Cat# 13159

SB225002 Topscience Cat# T1955

Recombinant Human GRO-g (CXCL3) Cloud-Clone Cat# RPB604Hu01

Recombinant Human TGF-b1 Peprotech Cat# 100–21

Lipofectamine� 3000 Invitrogen Cat# L3000015

PageRuler Prestained Protein Ladder Thermo Fisher Cat# 26616

Total RNA Extraction Reagent Vazyme Cat# R401-01
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Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Yuan Gao

(yuan_gao@fudan.edu.cn).

Materials availability

The plasmids used in this study are available from the lead contact. This study did not generate new unique reagents.

Data and code availability

� Proteomics data have been deposited at Mendeley Data repository and are publicly available as of the date of publication. This paper

analyzes existing, publicly available data. These accession numbers for the datasets are listed in the key resources table.
� This paper does not report original code.
� Any additional information required to reanalyze the data reported in this work paper is available from the lead contact upon request.
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REAGENT or RESOURCE SOURCE IDENTIFIER

Deposited data

TCGA-KIRC RNA-seq dataset National Institutes of Health https://portal.gdc.cancer.gov/

projects/TCGA-KIRC

Raw and analyzed data (Label-free proteomics sequencing) This paper Mendeley Data: https://data.

mendeley.com/datasets/

824bwf4hpf/5

Experimental models: Cell lines

786-O Procell Cat# CL-0010; RRID: CVCL_1051

ACHN Procell Cat# CL-0021; RRID: CVCL_1067

Renca Procell Cat# CL-0568; RRID: CVCL_2174

NIH-3T3 Zhongqiaoxinzhou Biotech Cat# ZQ0096; RRID: CVCL_0594

Experimental models: Organisms/strains

Wild type Balb/C mice Lingchang N/A

Oligonucleotides

Cxcl3-mus-254 sense sequence 50-CACCCAGACAGAAGUCAUATT-30 Genepharma N/A

Cxcl3-mus-254 antisense sequence 50-UAUGACUUCUGUCUGGGUGTT-30 Genepharma N/A

Cxcl3-mus-283 sense sequence 50-AGGAUGGUCAAGAAGUUUGTT-30 Genepharma N/A

Cxcl3-mus-283 antisense sequence 50-CAAACUUCUUGACCAUCCUUG-30 Genepharma N/A

Cxcl3-mus-319 sense sequence 50-CCAGGCUUCAGAUAAUCAUTT-30 Genepharma N/A

Cxcl3-mus-319 antisense sequence 50-AUGAUUAUCUGAAGCCUGGTT-30 Genepharma N/A

Tgfb1-Mus-1608 sense sequence 50-GCACCAUCCAUGACAUGAATT-30 Genepharma N/A

Tgfb1-Mus-1608 antisense sequence 50-UUCAUGUCAUGGAUGGUGCTT-30 Genepharma N/A

Tgfb1-Mus-1167 sense sequence 50-CGGACUACUAUGCUAAAGATT-30 Genepharma N/A

Tgfb1-Mus-1167 antisense sequence 50-UCUUUAGCAUAGUAGUCCGTT-30 Genepharma N/A

Tgfb1-Mus-1489 sense sequence 50-GAACCAAGGAGACGGAAUATT-30 Genepharma N/A

Tgfb1-Mus-1489 antisense sequence 50-UAUUCCGUCUCCUUGGUUCTT-30 Genepharma N/A

Recombinant DNA

CXCL3 overexpression plasmid Fenghui Biotechnology N/A

Software and algorithms

ImageJ National Institutes of Health https://imagej.nih.gov/ij/

GraphPad Prism 8.0 for Mac GraphPad Prism Software, Inc https://www.graphpad.com/
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EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Ethics statement

The collection and subsequent analysis of all human samples were conducted in strict compliance with the Declaration of Helsinki, and ethical

approval was obtained from the committee of the Huashan Hospital, Fudan University (2011-009). All animal care and experimental proced-

ures were approved by the laboratory animal ethics committee of Fudan University (2022-03-LY-GY-48).

Collection of patient tumor tissues

RCC tumor samples andmatching tumor-adjacent tissues were collected from patients undergoing surgical resection in Huashan Hospital of

Fudan University. Informed consent was obtained from all subjects (detailed information was shown in Table S2). The collection and subse-

quent analysis of all samples were conducted in strict compliance with the Declaration of Helsinki, and ethical approval was obtained from the

committee of the Huashan Hospital, Fudan University.

Isolation of Cancer-associated fibroblasts

Tissues from patients or Renca cells tumor-bearing Balb/Cmice were minced into small pieces and then further digested by collagenase A in

DMEM culture medium containing 10% fetal bovine serum (FBS) at 37�C for 2 h. The digested tissue fragments were subsequently seeded in

plates and grown in DMEM culture media contained 10% FBS for 2–3 days at 37�C with 5% CO2 to isolate primary CAFs. The majority of

adhering cells were fibroblasts after suspended cells and tissue fragments were removed. The cells were further cultured for 3-5 days to ac-

quire purer fibroblasts. The primary fibroblasts were used from the fourth to the eighth passage and identified by immunofluorescence stain-

ing, real-time PCR and western blot analysis. CAFs conditioned medium was collected and filtered to remove cell debris for later use.

Isolation of MEF

MEF was isolated from E13.5 embryos. Briefly, embryos were isolated and the heads, tails, limbs, and most of the internal organs were

removed. Then the embryos were minced and digested for10 min by trypsin. Cells were collected and and cultured at 37�C with 5% CO2

to isolate pure primary MEF.

Cell culture

The 786-O, ACHN, NIH-3T3, MEF and CAFs were cultured with DMEM culture medium containing 10% FBS and 1% penicillin-streptomycin

solution. Renca renal cancer cells were cultured with 1640/RMPI culture medium containing 10% FBS, 1% penicillin-streptomycin solution,

0.1 mMNEAA, 1 mM sodium pyruvate and 2 mM L-glutamine (obtained from Procell). All cell lines have been authenticated using short tan-

dem repeat profiling within the last three years. All experiments were performed with mycoplasma-free cells.

Animal experiments

Healthy female Balb/C mice aged 6 to 8 weeks were obtained from Shanghai Lingchang Biotechnology Co., Ltd. (Shanghai, China). All mice

were housed in appropriate environment with specific pathogen-free conditions. They were subjected to a 12-h light/dark cycle, living at a

temperature of 25G 2�Cand a relative humidity of 50%, with free access to food andwater. For establishment of a subcutaneous Renca tumor

model, 13106 Renca cells were resuspended in 100 mL of PBS and subcutaneously injected into the mice. For the CAFs co-transplantation

group, 13106 Renca cells and 13106 CAFs were co-injected subcutaneously. When the tumor volume reached approximately 100 mm3,

the mice in each group were treated with PBS or sunitinib or SB225002. As for the lung metastasis model, 13106 Renca cells or combined

with same number CAFs were injected by tail vein injection. Drug treatment from the day of model construction. The Control group or

Co-CAFs group received 200 mL PBS, and the Sunitinib group received 40 mg/kg of sunitinib orally each day, while SB225002 group received

10mg/kg of SB225002 intraperitoneally each day. The tumor volumewasmeasured every 3 days. All animal care and experimental procedures

were approved by the Biomedical Ethics Committee of Fudan University.

METHOD DETAILS

Cell proliferation and cytotoxicity assay

The cell proliferation was assessed using the CCK-8 kit according to the manufacturer’s instructions. Briefly, 786-O, ACHN and Renca cells

were seeded in 96-well plates and cultured with CAFs conditioned medium diluted 1:1 with fresh medium (CAFs-CM) or normal fibroblast

conditioned medium diluted 1:1 with fresh medium (NFs-CM) for 24 h to evaluate the effect of CAFs on cell proliferation. For sunitinib cyto-

toxicity, tumor 786-O, ACHNandRenca cells were exposed to sunitinib at various concentrations for a 24 h periodwith or without CAFs-CMor

SB225002. CCK8 solutionwas then added into the 96-well plates, followed by incubation at 37�C for 1 h. Absorbance wasmeasured at a wave-

length of 450 nm, and cell proliferation was compared after conversion into the cell survival rate.

Invasion and migration assays

For themigration assay, 100 mL of tumor cell suspension containing 7.53 104 cells were seeded in the upper chamber of each Transwell inserts

(8 mm PET membrane, Corning, NY, USA), and 800 mL of culture medium, CAFs-CM (diluted 1:1 with fresh culture medium), culture medium
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containing recombinant CXCL3 or SB225002 was added to the lower chamber. The cells were cultured in a humidified incubator at 37�C with

5% CO2 for 24-36h and stained by crystal violet. For invasion assay, 100 mL of diluted Matrigel matrix was carefully added to the Transwell

inserts to form a gel. The subsequent steps were the same as those in the migration assay. The invaded and migrated cells were observed

and counted under a microscope.

Wound healing

Horizontal lines were drawn on the back of 6-well plates, and 1 3 105 RCC cells were seeded in plates. Cells were cultured overnight, and a

wound was scratched perpendicular to the lines utilizing a pipette tip when the fusion rate reached 100%. Next, the cells were cultured with

fresh medium or CAFs-CM at 37�C for 24 h or 36 h, and the images were captured at 0, 24 h, or 36 h after the wound was created. The wound

closure rate was then analyzed.

Colony formation

RCC cells were seeded (500 cells/well) in 12-well plates and then cultured with fresh medium or CAFs-CM at 37�C for 7–14 days. Cells were

fixed with 4% paraformaldehyde for 10 min, followed by further 10 min of 0.1% crystal violet staining. The number of clones with over 50 cells

was counted.

Plasmid or small interfering RNA transfection

The silencing of CXCL3 and TGF-b sequences and its negative control were provided by Shanghai Genepharma Co. Ltd. (Shanghai, China).

The siCXCL3 sequences were listed in the key resources table. The CXCL3 (NM_203320) overexpression plasmid (pCDNA3.1-EGFP-PURO)

was constructed by Fenghui Biotechnolog Co. Ltd. (Human, China), 50 CMV-F: CTAGAGAACCCACTGCTTAC, 30BGH-R: TAGAAGGC

ACAGTCGAGG. Plasmid or siRNA transfected by Lipofectamine 3000, according to the manufacturer’s instructions. The silencing or over-

expression efficiency was evaluated by qPCR analysis or ELISA assay.

Real-time PCR analysis

Total RNA was extracted from cells using RNA Isolater Total RNA Extraction Reagent and cDNA was synthesized using the HiScript III All-in-

one RT SuperMix. Taq Pro Universal SYBR qPCR Master Mix was employed to measure mRNA expression levels in accordance with the rec-

ommendations of themanufacturer. The above three reagents were purchased from Vazyme Biotech Co., Ltd. (Nanjing, China). The real-time

PCR primer sequences were listed in Table S1. And b-actin was used as an internal control for data normalization.

Western blot analysis

Protein was harvested from cells with RIPA lysis buffer, and protein concentrations were determined using a bicinchoninic acid kit. For western

blot detection, 10 mg of protein was added into eachwell and separatedby a 4–15%BeyoGel Plus Precast PAGEGel (BeyotimeBiotechnology

Co., Ltd., Shanghai, China). And proteins were then electro-transferred to polyvinylidene difluoride membranes. Then, the blots were incu-

bated with primary antibody (1:1000) or mouse anti-GAPDH antibody (1:2000) at 4�C overnight. After incubation with horseradish peroxidase-

conjugated secondary antibodies (1:2000) for 1 h, protein blots were visualized with an enhanced ECL chemiluminescence detection kit.

GAPDH was used as an internal control. All bands were quantified by ImageJ software.

Label-free proteomics sequencing

CAFs were cultured in vitro to the fourth to eighth generation, and then, the culture medium was replaced with serum-free culture medium.

The cell conditionedmediumwas collected after 24 h serum-free culture. And conditionedmedium fromNFswere used as a negative control.

Label-free proteomics sequencing was performed to screen for target proteins. Subsequently, the results were analyzed by significance dif-

ference analysis and cluster analysis.

Flow cytometry

Renca cells were digested into single-cell suspension after being stimulatedbyCAFs-CMorCXCL3 for 24 h. Then, cells were stainedwith FITC

anti-mouse CD182 (CXCR2) antibody in the dark for 20 min, and detected on CytoFlex S flow cytometer (Beckman, USA) in accordance with

the manufacturer’s instructions. The data were analyzed using Flow Jo software.

The Cancer Genome Atlas data analysis

RNA-seq data of 536 RCC samples and 72 normal samples were downloaded from the TCGA database and processed with the R software.

The estimate score, stromal and immune scores, CAFs infiltration score, and CAFs proportion were analyzed using ESTIMATE40 and EIPC

(gfellerlab.shinyapps.io/EPIC_1-1/). The seven CAFs score signature reported by Liu et al.21 were utilized for Kaplan–Meier survival analysis.

GSEA (GESA) was used to explore the relationship between enrichment of CXCL3 and activation of ERK and TGF-b signaling pathway in clin-

ical RCC tissues.
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QUANTIFICATION AND STATISTICAL ANALYSIS

The data are displayed as Mean G SD in bioinformatics analysis or the mean G SEM in other experimental data. *p < 0.05, **p < 0.01, and

***p < 0.001 were used to determine the statistical significance of differences (n R 3). Differences among the groups were analyzed using

Student’s t test or one-way ANOVA for multiple comparisons with Tukey’s test. All statistical analysis were performed using GraphPad Prism

for Mac (Version 8.4.3, La Jolla, CA, USA).
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