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RNF26 up-regulates PD-L1 to regulate the cancer immune response in ccRCC
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Abstract: Background: Clear cell renal cell carcinoma (ccRCC) stands as the most prevalent form of kidney cancer, accounting for a significant proportion of malignancies affecting the kidneys. ccRCC is well known as a type of tumour with immunogenicity. Immune checkpoint inhibitors (ICIs) aim to enhance the anticancer immune response in ccRCC by blocking programmed cell death 1 ligand 1/programmed death 1 (PD-L1/PD-1) pathways. In a previous study, we showed that RING finger protein 26 (RNF26) degrades chromobox 7 (CBX7) to activate the tumor necrosis factor (TNF) in ccRCC. Methods: We analyzed The Cancer Genome Atlas (TCGA) database using the R package ESTIMATE and found that RNF26 was significantly associated with ccRCC immune infiltration. The relationship between RNF26 and the PD1 checkpoint signaling pathway was detected by enrichment analysis. In addition, the molecular mechanism of RNF26 up-regulation of PD-L1 was detected by transcriptome sequencing, RT-qPCR, and Western Blot in ccRCC cell lineages 786-O and A498 cells. The transplantation tumor experiments in C57BL/6 mice were used to test the efficacy of anti-PD1 and knockdown of RNF26 in vivo. Results: We showed that RNF26 suppressed the immune response to ccRCC. Next, we revealed that RNF26 activated the PD-1 checkpoint pathway to suppress the immune response to ccRCC, possibly via the CBX7/PD-L1 axis. Conclusion: The suggestion derived from our results is that targeting RNF26 holds the potential to amplify the efficacy of anticancer immunotherapies in the treatment of ccRCC.
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Introduction

The most common type of kidney cancer is ccRCC, which makes up a substantial proportion of malignancies affecting the kidneys [1]. The main therapeutic strategy for ccRCC patients is the surgical removal of the tumour [1,2]. Unfortunately, for patients with advanced ccRCC, the prognosis is rarely satisfactory, as surgical treatment is often no longer an option [1]. The prognosis of advanced ccRCC patients has improved due to antiangiogenic therapy [3–5]. New tyrosine kinase inhibitors have been developed based on sunitinib, such as lenvatinib and axitinib, and have already demonstrated efficacy in clinical trials [6]. The development of additional therapeutic modalities is urgently needed, however, because drug resistance often emerges [7,8].

ccRCC is well-known as a type of tumour with immunogenicity [9,10]. Immune checkpoint inhibitors (ICIs) enhance antitumour immunity in the treatment of ccRCC by targeting specific pathways; the effects of ICIs include blocking PD-L1/PD-1, restoring T-cell activation, and reducing T-cell depletion [11]. Several clinical trials have indicated that ICI monotherapies have made some progress in the treatment of patients with ccRCC but do not lead to improved antitumour activity compared to antiangiogenic drugs [12,13]. Thus, a major current goal is improving the efficacy of ICIs in ccRCC.

Combination therapeutic approaches have shown improved efficacy not only in preclinical studies but also in clinical trials; this improvement holds true whether they are immune checkpoint inhibitors or integrative agents such as vascular endothelial growth factor inhibitors or immunomodulators [14]. Therefore, it would be a promising strategy to explore targets to improve therapeutic efficacy to develop new combination therapeutic regimens.

Posttranslational changes are involved in controlling protein activity [15]. Protein ubiquitination, which is mediated by the proteasomal system, accounts for approximately 90% of the regulation of protein stability [16,17]. The ubiquitin-proteasome system contains a major component called the e3 ligase, which specifically recognizes the target protein and facilitates the transport of ubiquitin to the target protein [18,19]. RNF26, an e3 ligase, regulates the immune response after a viral infection [20]. RNF26 can regulate the innate immune system by forming a complex with transmembrane protein 43 (TMEM43), endonuclease domain containing 1 (ENDOD1), transmembrane protein 33 (TMEM33) and transmembrane p24 trafficking protein 1 (TMED1) to act on the cyclic GMP-AMP synthase–stimulator of interferon response cGAMP interactor 1pathway [21]. In addition, we have shown that RNF26 degrades chromobox 7 (CBX7) to activate the TNF signaling pathway in ccRCC [22]. Therefore, RNF26 may modulate the immune response to malignancy. However, the underlying mechanism is still unclear.

In this study, our pursuit was aimed at elucidating the role of RNF26 in modulating the immune susceptibility of urologic tumors. Exploring the possibility that RNF26 is a new focus for improving the effectiveness of ICIs in the treatment of ccRCC.

Materials and Methods

Chemical preparations

Proteintech (Wuhan, China) provided all antibodies necessary for Western blot analysis, which included RNF26 (#16802-1-AP), GAPDH (#60004-1-Ig), PD-L1 (#66248-1-Ig), CBX7 (#26278-1-AP), HRP-conjugated AffiniPure Goat Anti-Rabbit IgG (H+L) (#SA00001-2), HRP-conjugated AffiniPure Donkey Anti-Goat IgG (H+L) (#SA00001-3). Lipofectamine 2000 (#11668030), which was acquired from Thermo Fisher Scientific in Shanghai, China, was utilized for transfecting plasmids or shRNAs based on the manufacturer’s instructions. The shControl was specified to use only the lip2000. See supplementary information for sequences of shRNAs (Table S1).

Cell lineages

Procell Life Science & Technology (Wuhan, China) provided the ccRCC cell lineages A498 (CL-0254) and Renca (CL-0568). 786-O cells (#TCHu186) were acquired from the Chinese Academy of Sciences Cell Bank Type Culture Conservation Centre located in Shanghai, China. Yuchicell Biology Technology conducted a short tandem repeat (STR) analysis of the abovementioned cell lines. All utilized cells in this study were free from mycoplasma contamination. A498 cells were cultured in Minimum Essential Medium (PM150467) from Procell Life Science & Technology, 786-O cells were grown in Roswell Park Memorial Institute-1640 medium (#12633012) from Gibco in the USA, and Renca cells were cultured in CM-0568 medium provided by Procell Life Science & Technology. The culture medium was supplemented with 10% foetal bovine serum from Shanghai Life-iLab Biotech (AC03L055, China). The cells were all kept in an environment of 37°C and 5% carbon dioxide for incubation.

Western blotting analysis

A protease inhibitor was added to RIPA buffer (Thermo Scientific, China, 89901) for protein extraction from cells. The lysate underwent centrifugation for 15 min at 12,000 × g. We perform protein quantification by BCA Protein Assay Kits (Thermo Scientific, China, 23225). Next, the lysate from the cell was heated in boiling water at 100°C and then electrophoresed on SDS–PAGE gels, which were transferred onto polyvinylidene fluoride (PVDF) membranes (Thermo Fisher Scientific, China, T2234). The PVDF membranes were incubated with the appropriate primary antibodies overnight at 4°C. On the following day, the PVDF membranes were exposed to secondary antibodies (ordinary temperatures, 2 h) and treated with enhanced chemiluminescence reagent (VL002-200) from Sigma‒Aldrich, China.

RT-PCR with real-time quantification

Cells were subjected to RNA extraction utilizing the TRIzol reagent (#AG21102) from Accurate Biotechnology, Hunan, China. Subsequently, RT‒qPCR was performed in accordance with the manufacturer’s instructions, employing reverse transcription kits (#AG11728) and PCR kits (#AG11701), both sourced from Accurate Biotechnology in Hunan, China. The values were standardized to GAPDH, and the fold change was quantified using the 2−ΔΔCt method. The sequences of all primers are listed in Table S2.

Mouse xenograft assay

The study was carried out according to the principles of the Declaration of Helsinki principles. The Institutional Animal Care and Use Committee (IACUC) of the Second Xiangya Hospital, Central South University, Changsha, China, approved the animal experiments (licence number 20230476). The sex of the mice had no impact on the findings of the research. Six-week-old C57BL/6 mice from Wuhan Yodu Biotechnology Co., Ltd., a subsidiary of Shulaibao Biotech in Wuhan, China, were selected for the study, with an equal number of male and female mice. The animals were maintained in the animal center of the Second Xiangya Hospital by standard conditions, including a humidity level of 60% ± 3% and a controlled environment with a 12-h light/dark cycle at a temperature of 22°C ± 0.5°C. Mice were allowed access to food and water ad libitum. The indicated shRNAs-transfected ccRCC cell lines (5 × 106 cells per mouse) were surgically implanted beneath the skin on the left backs of the mice Once the tumour volume reached 100 mm3, mice with comparable tumours were randomly divided into groups and given either IgG (BioXcell, Clone 2A3) or 200 micrograms of anti-PD-1 antibody (specifically, the BioXcell Clone RMP1-14). The formula (Length × Width2)/2 was used to calculate the tumour volume. A tumour volume of 1500 mm3 was considered the endpoint, and the tumours were obtained and weighed. The conduct of the animal study adhered to the protocols established by the National Institutes of Health for the appropriate care and management of laboratory animals, as outlined in NIH Publications No. 8023 (revised 1978).

Immunohistochemistry (IHC)

Tissue microarrays, specifically identified as (#U081ki01), were acquired from Bioaitech located in Xi’an, China, and then subjected to staining with PD-L1 and RNF26 antibodies. The evaluation of the intensity of staining was carried out following a previously established methodology [23]. The ultimate staining index can be calculated by multiplying the percentage of positively stained cells by the intensity of the staining. CD3 antibodies (#17617-1-AP, Proteintech) were used for immunostaining of the mouse tissue. The method of staining was the same as that utilized for the tissue microarray slides mentioned above.

RNA sequencing and analysis

A498 was transfected with specified shRNF26#1 for 72 h for RNA-seq analysis in GenePlus (Beijing, China). After obtaining count data from the company, we used the DESeq2 R software package (version 1.16.1) for differential expression analysis. In addition, to assess the degree of statistical enrichment of differentially expressed genes in the KEGG (Kyoto Encyclopedia of Genomes), we used the clusterProfiler R package. Three replicates were performed in each group.

Statistical analysis

The data are reported as the mean accompanied by the standard deviation (SD). A p-value of less than 0.05 is indicative of statistical significance. Statistical significance was assessed using one-way or two-way ANOVA with GRAPHPAD PRISM 5 software from San Diego, California, United States, after detecting the normal distribution of the data.

Results

RNF26 inhibits the immune response to ccRCC

To investigate how RNF26 impacts the immune response to urologic cancers, we analyzed data from three different types of urinary tumours—bladder urothelial carcinoma (BLCA), prostate adenocarcinoma (PRAD), and kidney renal clear cell carcinoma (KIRC)—sourced from TCGA (https://portal.gdc.cancer.gov/, accessed on 1 April 2023). The patients were grouped based on their RNF26 levels (Fig. 1A). The computational analysis revealed that patients with ccRCC displaying higher levels of RNF26 expression exhibited lower immune scores compared to those with lower RNF26 expression levels (Fig. 1A). RNF26 was not correlated with the immune response in prostate cancer or bladder cancer (Fig. 1A).
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Figure 1: RNF26 inhibits the immune response against ccRCC. (A) We conducted an analysis of the TCGA datasets to explore the association between RNF26 and immune scores. ns, not significant, *p < 0.05; **p < 0.01. (B) GSEA enrichment analysis of the TCGA-KIRC dataset was performed. (C and D) A498 were transfected with shRNF26#1 for 72 h. The transfected cells were then subjected to RNA-seq (C) and KEGG enrichment analysis (D).

As the immune response to ccRCC is well-known that the immune reaction is inhibited by the PD-1 checkpoint pathway [24], we investigated the potential connection between the PD-1 checkpoint pathway and RNF26 expression. KEGG enrichment analysis of TCGA from TCGA KIRC data revealed a notable correlation between elevated RNF26 expression and PD-1 pathway (Fig. 1B). In addition, we performed transcriptome sequencing analysis after depletion of RNF26 in A498 cells (Figs. 1C and S1). Consistent with the patient data, KEGG enrichment analysis revealed that suppression of RNF26 decreased PD-L1 levels in ccRCC (Fig. 1D). In addition, RNF26 knockdown reduced TNF signaling pathway activity and inhibited ubiquitin-mediated proteolysis (Fig. 1D). Our previous findings showed that RNF26 functions as an e3 ligase to degrade CBX7 and trigger TNF signaling [22]. Our findings indicate that RNF26 may inhibit the immune response by controlling the PD-1/PD-L1 checkpoint pathway in ccRCC.

RNF26 increases PD-L1 expression in ccRCC

Validation of the RNA-seq data demonstrated that PD-L1 expression decreased due to RNF26 knockdown (Fig. 1) in both A498 and 786-O cells (Figs. 2A,B and S2A). In contrast, increased RNF26 expression led to increases in PD-L1 protein and mRNA levels in A498 and 786-O cells (Figs. 2C,D and S2B). Additionally, we showed that the abnormal increase in RNF26 could restore the expression of PD-L1 after reducing RNF26 levels in A498 and 786-O cells (Figs. 2E,F and S2C). Meanwhile, we found that shRNF26#1 was better than shRNF26#2, so we used shRNF26 for subsequent experiments. In KIRC, BLCA, and PRAD, mRNA levels of RNF26 and PD-L1 showed a positive association with the TCGA dataset (Fig. 2GI). Furthermore, antibodies against RNF26 and PD-L1 were used to stain a ccRCC tissue microarray (Fig. 2J); The results showed a correlation between high levels of RNF26 protein and PD-L1 protein in ccRCC, as demonstrated in Fig. 2J,K. These data indicate that PD-L1 is elevated by RNF26 administration in patients with ccRCC.

[image: images]

Figure 2: RNF26 increases the expression of PD-L1 in ccRCC cells. (A–F) 786-O and A498 cells were transfected with the indicated shRNAs for 72 or 48 h. Cells were then harvested for Western blot analysis (A, C, E) and RT-qPCR analysis (B, D, F). *, **, and *** corresponding to p < 0.05, p < 0.01, and p < 0.001. n = 3. (G–I) Correlation analysis between RNF26 and PD-L1 (CD274) was performed in KIRC (G) BLCA (H) and PRAD (I) datasets using the GEPIA (http://gepia.cancer-pku.cn, accessed on 1 April 2024). The corresponding p-values and Spearman correlation coefficients (R) are indicated. (J and K) Immunohistochemistry (IHC) staining was performed using antibodies against RNF26 and PD-L1 in tissue microarrays of ccRCC. The associated p-values and Spearman correlation coefficients (r) are provided.

RNF26 modulates the immune response through the PD-1 checkpoint pathway in renal cancer

Given that RNF26 levels have a positive influence on PD-L1 expression, we subsequently aimed to establish if RNF26 modulates the immune responsiveness of ccRCC via PD-L1. Renca cells in which RNF26 was knocked down originated from spontaneous renal adenocarcinoma in mice (Figs. 3A and S3A). Renca cells were subjected to a xenograft assay in immunocompetent C57BL/6 mice with or without PD-1 antibodies (Fig. 3B). RNF26 knockdown inhibited tumor growth and augmented PD-1 blockade’s anticancer activity (Figs. 3C and S3B,C). In addition, RNF26 alone or in combination with PD-1 blockade was sufficient to increase CD3+ T-cell infiltration in mouse tumour tissues (Fig. 3D). RNF26 modulates PD-L1 checkpoint-mediated immune responses to ccRCC, as indicated by these data.

[image: images]

Figure 3: RNF26 modulates the immune response through the PD-1 checkpoint pathway in renal cancer. (A–D) Renca cells were transfected with the shRNF26#1 for 72 h subjected to Western blot (A) and injected subcutaneously into C57BL/6 mice, as outlined in panel (B) The resulting tumors were indicated in panel C (n = 6 per group). The harvested tumors were then stained with a CD3 antibody (n = 5 per group) (D). **p < 0.01; ***p < 0.001.

RNF26 regulates PD-L1 expression in renal cancer cells in part via CBX7

The e3 ligase function of RNF26 directly regulates protein stability at the post-transcription level [25], but RNF26 regulates PD-L1 mRNA levels in kidney carcinoma cells. Notably, in a previous study, CBX7 suppressed the expression of PD-L1 at the mRNA level in bladder cancer through POU class 2 homeobox 2 (POU2F2) [26]. We validated this pathway in ccRCC cells (Fig. S4A). In addition, we reported that RNF26 degrades CBX7 and activates the TNF pathway in renal cancer cells [22]. Thus, we explored whether RNF26 regulated PD-L1 through CBX7 in ccRCC. Initially, blocking CBX7 alone increased the levels of PD-L1 in A498 and 786-O cells (Figs. 4A,B and S4A,B); This result aligns with previous observations made in bladder cancer cells [26]. Subsequently, we discovered that suppressing or increasing RNF26 levels following CBX7 depletion did not lead to additional alterations in PD-L1 levels (Fig. 4A–D). Therefore, these data indicated that the RNF26-induced changes in PD-L1 transcription were mediated by CBX7 in ccRCC.
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Figure 4: RNF26 regulates PD-L1 expression in part through CBX7 in renal cancer cells. (A–D) 786-O and A498 were transfected with the specified shRNAs for 72 h. Cells were then harvested for Western blot (A, C) and RT-qPCR (B, D). ns, not significant; *p < 0.05; **p < 0.01; ***p < 0.001; n = 3.

Discussion

The existence of PD-L1 within cancer cells plays a pivotal role in the success of PD-1/PD-L1 inhibition in the treatment of cancers. Elucidating the regulatory pathway governing PD-L1 in ccRCC is helpful for identifying new candidates to improve the antitumour effectiveness of PD-L1 blockade. We previously reported that ribonucleotide reductase regulatory subunit M2 stabilizes annexin A1 to increase PD-L1 and regulate the sensitivity of ccRCC to PD-1 blockade [27]. A recent study has revealed that abnormally elevated levels of nuclear factor of activated T cells-1 (NFAT1) result in augmented PD-L1 expression in ccRCC [23]. RNF26 upregulated PD-L1 to alter immune susceptibility in ccRCC via the PD-1 checkpoint pathway. While based on TCGA database analysis using calculations from the R package ESTIMATE indicated that RNF26 expression was specifically significant in renal cancer, we also discovered a strong association between RNF26 and PD-L1 in prostate and bladder cancers. Therefore, in future work, the relevant findings will be further explored in experiments using two other urological tumours.

Protein homeostasis is regulated by e3 ligases, which are essential for the immune system’s defense against cancer. The quantity of e3 ligases can directly or indirectly modulate PD-L1 expression in carcinoma cells. For instance, the e3 ubiquitin ligase speckle type BTB/POZ protein (binds to PD-L1 and promotes its degradation [28,29]. Shi et al. reported that transmembrane and ubiquitin-like domains containing 1 act as an e3 ligase to destabilize PD-L1 [30]. Moreover, RNF144A can interact with PD-L1 and enhance its degradation in bladder cancer cells [31]. Furthermore, our group reported that expression of e3 ligase F-box and WD repeat domain containing 7 was downregulated in sunitinib-resistant ccRCC cells and that FBW7 is responsible for degrading NFAT1 and indirectly decreasing PD-L1 expression [23]. We similarly demonstrated that RNF26 indirectly increased PD-L1 levels, which is likely to be, at least in part, mediated by CBX7 degradation in ccRCC cells [22]. A further investigation of the related mechanisms in future studies is clearly required to understand the regulation of PD-L1.

Positioned at 11q23 on the human chromosome, the RNF26 gene encodes a 433-residue protein with two distinct domains: a leucine zipper domain at the beginning and a RING finger domain at the end [32]. The RING finger domain confers e3 ligase activity to RNF26 [32]. RNF26 was shown to promote polyubiquitination of lysine 150 at STING by K11 [20], as well as the ubiquitination of sequestosome-1 in cells [25]. Recently, our group identified p57 and CBX7 as novel substrates of RNF26 for e3 ligase-mediated degradation [22,33]. Future studies will likely identify additional substrates of RNF26 and elucidate novel functions of RNF26 in cancer cells.

However, no effective RNF26 inhibitors have been developed. The transcription factor forkhead box M1 (FOXM1) has been documented to enhance the transcriptional activity of RNF26 through its binding to the RNF26 promoter [34]. Previous research has verified that utilizing small molecule inhibitors to target FOXM1 along with anticancer medications could serve as a novel approach for treating cancers that are resistant to chemotherapy [34]. Therefore, indirect regulation of RNF26 by inhibiting FOXM1 might be a good strategy. In addition, siRNA-based gene silencing has now made significant progress in tumor therapy [35]. The research of targeting therapy by delivering siRNF26 through nanocarriers will also be a promising direction.

Conclusion

Overall, we explored the immune-related function of RNF26 in ccRCC. Our data revealed that RNF26 results in immune evasion by ccRCC through the PD-1 checkpoint pathway. Mechanistically, we showed that RNF26 indirectly suppressed PD-L1 expression through CBX7 in ccRCC. Therefore, our results indicate that targeting RNF26 has the potential to augment the efficacy of anticancer immunotherapies in the management of ccRCC.
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