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CARD11 serves as a therapeutic biomarker for the drug therapies of ccRCC
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Abstract: Background: The incidence of clear cell renal cell carcinoma (ccRCC) is globally high; however, despite the introduction of innovative drug therapies, there remains a lack of effective biomarkers for evaluating treatment response. Recently, Caspase recruiting domain-containing protein 11 (CARD11) has garnered attention due to its significant association with tumor development and the immune system. Methods: The expression of CARD11 mRNA and protein in ccRCC were analyzed by public database and immunohistochemistry. The focus of this study is on the epigenomic modifications of CARD11, its expression of ccRCC immunophenotype, and its correlation with response to immunotherapy and targeted therapy. Furthermore, to investigate the mechanism of this molecule’s influence on different biological behaviors of cells, cell tests in vitro have been conducted to observe the impact of its expression level. Results: CARD11 expression was upregulated which may be mainly modified by body methylation and was correlated with poor prognosis in ccRCC. In the tumor microenvironment of ccRCC, CARD11 expression was positively correlated with increased T lymphocyte infiltration and increased expression of inhibitory immune checkpoints. Moreover, ccRCC patients with high CARD11 expression had a better response to immunotherapy and targeted therapy. The knockdown of CARD11 ultimately suppressed the proliferation, migration, and invasion capabilities of ccRCC cells while simultaneously enhancing tumor cell apoptosis. Conclusion: We identified CARD11 as a novel therapeutic biomarker for immunotherapy and targeted therapy in ccRCC.
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Abbreviation



	ccRCC
	Clear cell renal cell carcinoma



	CARD11
	Caspase recruiting domain-containing protein 11



	RCC
	Renal cell carcinoma



	VEGF
	vascular endothelial growth factor



	VHL
	von Hippel-Lindau tumor suppressor



	FDA
	Food and Drug Administration



	TKIs
	tyrosine kinase inhibitors



	ICIs
	immune checkpoint inhibitors



	PD-1
	programmed cell death 1



	TME
	tumor microenvironment



	TIICs
	tumor infiltrating immune cells



	HE
	hematoxylin-eosin staining



	TCGA
	The Cancer Genome Atlas



	GEO
	Genome Expression Omnibus



	IHC
	Immunohistochemistry



	OS
	overall survival



	DFS
	disease-free survival



	EWAS Atlas
	Epigenome Wide Association Study Atlas



	CNV
	copy number variation



	ESTIMATE
	Estimation of Stromal and Immune cells in Malignant Tumor tissues using Expression data



	ssGSEA
	single-sample Gene Set Enrichment Analysis



	CCR
	chemokine-chemokine receptor



	APC
	antigen-presenting cell



	HLA
	human leukocyte antigen



	MHC-I
	major histocompatibility complex I



	IFN
	interferon



	TISIDB
	Tumor-Immune System Interactions Database



	TIP
	Tumor Immunophenotype Profiling



	TIM-3
	T cell immunoglobulin and mucin domain 3



	PD-L1
	Programmed cell death 1 ligand 1



	LAG3
	lymphocyte-activation gene-3



	LAIR1
	Leukocyte-associated immunoglobulin-like receptor 1



	PVR
	poliovirus receptor



	IDO1
	indoleamine 2,3-dioxygenase 1



	CTLA4
	cytotoxic T-lymphocyte associated protein 4



	TIGIT
	T cell immunoreceptor with Ig and ITIM domains



	CD200R1
	CD200 receptor 1



	CEACAM1
	arcinoembryonic antigen-related cell adhesion molecule 1



	KIR3DL1
	killer cell immunoglobulin-like receptor, three Ig domains and long cytoplasmic tail 1



	BTLA
	B and T lymphocyte associated



	ADORA2A
	adenosine A2a receptor



	LGALS3
	lectin galactoside-binding soluble 3



	VTCN1
	V-set domain containing T cell activation inhibitor 1



	TCIA
	The Cancer Immune Atlas



	TIDE
	Tumor Immune Dysfunction and Exclusion



	GDSC
	Genomics of Drug Sensitivity in Cancer



	GSEA
	Gene Set Enrichment Analysis



	GO
	Gene Ontology



	KEGG
	Kyoto Encyclopedia of Genes and Genomes



	DMEM
	Dulbecco’s modified eagle medium



	RPMI
	Roswell Park Memorial Institute



	WB
	Western blot



	RIPA
	Radioimmunoprecipitation analysis



	Bcl2
	B-cell lymphoma-2



	BAX
	Bcl2 associated X



	Th1 cell
	type 1 T helper cell



	Tfh
	T follicular helper cell



	MDSC
	myeloid-derived suppressor cell



	Treg
	regulatory T cell



	CCL
	C-C motif chemokine ligand



	CXCL
	C-X-C motif chemokine ligand



	XCL
	X-C motif chemokine ligand



	CXCR
	C-X-C motif chemokine receptor



	BCR
	B cell receptors



	TCR
	T cell receptors



	NF-κB
	nuclear factor-kappa B



	JNK
	Jun N-terminal kinase



	mTOR
	mammalian target of rapamycin



	Th2 cell
	type 2 T helper cell



	IL-2
	interleukin-2



	TNF
	tumor necrosis factor



	FOXP3
	Forkhead box protein P3



	BCL2A1
	BCL2 related protein A1



	MALT1
	mucosa associated lymphoid tissue lymphoma translocation gene 1



	BCL10
	B cell leukemia/lymphoma





Introduction

Renal cell carcinoma (RCC) is among the top ten cancer types diagnosed worldwide in both males and females, with an estimated 13,000 kidney cancer-related fatalities projected for the United States in 2021 [1]. RCC can be classified into several histological subtypes which clear cell renal cell carcinoma (ccRCC) is the most prevalent and aggressive subtype [2]. While surgical resection effectively manages early-stage ccRCC cases, it proves inadequate for patients at advanced stages, which constitute one-third of all ccRCC cases [2]. Fortunately, significant advancements have been made in the drug treatment of RCC, progressing from non-specific cytokine therapy to targeted therapy against the vascular endothelial growth factor (VEGF) and currently encompassing novel immunotherapy drugs. Additionally, certain metabolic and inflammatory pathways are involved in regulating this process [3,4]. Presently, the U.S. Food and Drug Administration (FDA) has approved several tyrosine kinase inhibitors (TKIs), such as Sunitinib and Pazopanib, as first-line treatments for metastatic ccRCC with anti-angiogenic properties [5–7]. Furthermore, immune checkpoint inhibitors (ICIs) have demonstrated positive efficacy in treating advanced/metastatic malignancies over recent years [8–10]. Nivolumab, an ICI, exerts its therapeutic effect in ccRCC by specifically targeting programmed cell death 1 (PD-1), thereby disrupting tumor immune evasion and enhancing anti-tumor activity mediated by the immune system [11]. However, the efficacy of these innovative therapies remains uncertain. Individual patients may exhibit varying responses to different treatment strategies, and the potential for developing tolerance varies as well, necessitating the identification of reliable biomarkers to facilitate personalized therapeutic approaches for clinicians [12].

In addition to cancer cells, the tumor microenvironment (TME) encompasses a diverse array of cellular components (endothelial cells, immune cells, fibroblasts, etc.) [13–15] and various secretory factors (growth factors and chemokines) [16,17], whose composition varies depending on the specific tumor type. Extensive research has demonstrated intricate interactions between cancer cells and multiple constituents within the tumor microenvironment [18], which are believed to play a pivotal role in tumorigenesis. Immune cells constitute a significant component of the TME, and their infiltration can profoundly modulate tumor cell growth [19]. ccRCC has been shown to exhibit a high level of tumor-infiltrating immune cells (TIICs), indicating potential for immunotherapeutic intervention [20]. ICIs such as nivolumab have demonstrated the ability to modify TIICs, leading to therapeutic effects. Moreover, patients with varying degrees of TIIC infiltration display different responses and tolerance statuses towards ICIs [21,22]. Additionally, the extent of TIIC infiltration is associated with VEGF-targeted therapy response. Beuselinck et al. suggested that ccRCC patients with reduced T-cell infiltration may exhibit poor response to TKIs [23,24]. With advancements in high-throughput sequencing technologies, researchers are now able to investigate gene expression profiles to gain insights into the characteristics of TIICs within tumors for the identification of therapeutic and prognostic predictors [25]. Therefore, it is both reasonable and beneficial to explore gene expression patterns and TIICs in ccRCC for improved immunotherapeutic strategies.

Caspase recruiting domain-containing protein 11 (CARD11, also known as CARMA1 and Bimp3), as a member of membrane-associated guanylate kinase (MAGUK) family proteins, exhibits lymphocyte-specificity and plays a crucial role in the proliferation and cytokine production of immune cells [26]. It has been noted that differential expression patterns of CARD11 can lead to either lymphoproliferative disorders or immune deficiency, with its involvement in tumorigenesis also being identified [27]. However, limited knowledge exists regarding the expression patterns and functions of CARD11 in ccRCC. Furthermore, different gene modifications may result in distinct gene expression profiles. For instance, promoter methylation can decrease gene expression while body methylation may increase it [28]. Thus, comprehending the expression levels and the associated modification of CARD11 in ccRCC is imperative. In this study, we utilized public databases and online tools to investigate the expression of CARD11 together with its correlation with the immune landscape in ccRCC for the potential identification of therapeutic biomarkers.

Materials and Methods

Sequencing analysis

This study enrolled six patients (P1 to P6) diagnosed with ccRCC, who underwent laparoscopic radical nephrectomy at Guangdong Provincial People’s Hospital between June 2020 and July 2021 without prior medical treatment. All patients provided written informed consent, and the hospital ethics committee approved the program and procedures (No. KY-2-2022-257-01). Following hematoxylin-eosin staining (HE) and immunohistochemical labeling, two independent pathologists examined postoperative pathological sections of tumor specimens from all six ccRCC patients. The eighth edition of the American Joint Committee on Cancer staging system was utilized for postoperative pathological staging. The comprehensive clinical features of these patients are presented in Suppl. Table 1 in the supplementary materials.

Following surgery procedures, tumor specimens were extracted ex vivo from six patients diagnosed with ccRCC. Subsequently, the kidney and tumor specimens were separated along the long-axis coronal plane. Depending on the size and invasion of the tumor, two to four tissues measuring approximately 3 mm3 in volume were collected from distinct regions of the tumor (with a minimum distance of 1 cm between them). The precise location of each sampling point was meticulously recorded. Afterward, by changing equipment, normal renal tissues were obtained as paired neighboring tissues from a site located more than 2 cm away from the margin of the tumor margin. In total, eighteen tumor samples and six adjacent samples were collected from six ccRCC patients. The ccRCC tissues were placed in empty 2 mL cryopreservation tubes and immediately cryopreserved in liquid nitrogen for subsequent exon sequencing and transcriptome sequencing.

Genomic data acquisition and differential expression analysis

The Cancer Genome Atlas (TCGA) is a publicly funded cancer genomics program, supported by the National Cancer Institute and National Human Genome Research Institute. It provides comprehensive genomic, epigenomic, transcriptomic, and proteomic data on 33 different types of cancer. In this study, we obtained the mRNA expression data and corresponding clinical data for ccRCC from the Kidney Clear Cell Carcinoma (KIRC) project within TCGA through the Genomics Data Commons Data Portal. This dataset consisted of 539 tumor samples and 72 normal samples. To analyze the differential expression of CARD11 between tumor and normal samples in ccRCC, we utilized the R package “limma” [29]. Additionally, we selected 72 paired tumors and adjacent normal samples to perform paired differential expression analysis of CARD11 in ccRCC. Furthermore, to validate our findings, we included two additional RNA expression profiling datasets: GSE53757 (n = 144) and GSE40435 (n = 202), which were retrieved from Gene Expression Omnibus (GEO). GEO is a publicly accessible repository that stores original expression data submitted by researchers across various fields along with series and platform records. These two datasets contain a substantial number of paired ccRCC and adjacent normal samples suitable for validating differential expression results. Moreover, single-cell RNA sequencing (scRNA-seq) data for CARD11 in normal kidney tissue were extracted to further investigate its expression pattern. The aforementioned data were sourced from publicly available databases, thus obviating the need for ethical consent.

Immunohistochemistry (IHC)

Using a 4% paraformaldehyde (P0099, Beyotime, Shanghai, China) solution and paraffin fixation, the clinical samples were subsequently sectioned into paraffin sections with a thickness of 3–5 μm. The paraffin sections underwent desaponification, rehydration, antigen recovery, and endogenous peroxidase treatment. They were then incubated overnight at 4°C with CARD11 antibody (1:200, 21741-1-AP, Proteintech, Wuhan, China). After washing, the sections were incubated with a horseradish peroxidase-labeled antibody (PR30011, Proteintech, Wuhan, China) for 50 min at room temperature. Finally, color development was performed on the aforementioned sections using the DAB horseradish peroxidase color development kit (G1212-200T, Servicebio, Wuhan, China).

Analysis of the relationship between CARD11 expression and clinical features characteristics in ccRCC

The clinical data extracted from the TCGA database included survival time, survival state, age, sex, Fuhrman grade, and AJCC stage (including T stage, N stage, and M stage). Samples with a survival time was less than 30 days were excluded. A total of 515 samples with overall survival (OS) time and 420 samples with disease-free survival (DFS) time were utilized for subsequent analysis. The samples were stratified into different groups based on age (<65y vs. >65y), sex (male vs. female), Fuhrman grade (grades 1–4), AJCC stage (stages 1–4), T stage (T1–T4), N stage (N0 vs. N1), and M stage (M0 vs. M1). Subsequently, CARD11 expression was compared among each subgroup. Kaplan-Meier survival analysis using the R package “survminer” [30] was performed to assess OS and DFS in ccRCC patients according to high or low CARD11 expression groups. The optimal cutoff point for dividing the CARD11 expression groups was determined using X-tile 3.6.1 [31].

Analysis of the epigenomic modification of CARD11 in ccRCC

For a more comprehensive understanding of the CARD11 expression in ccRCC, we utilized online databases to analyze the epigenomic modification of CARD11. Epigenome Wide Association Study Atlas (EWAS Atlas, https://ngdc.cncb.ac.cn/ewas/) is a knowledge base that facilitates the analysis of clinical traits and their relationship with epigenomes [32]. Through EWAS Atlas, we obtained information on the methylation status of the CARD11 promoter and body in ccRCC, as well as the methylation levels of individual CpG islands. Additionally, we analyzed the correlation between CARD11 methylation and both its expression level and overall survival (OS) in ccRCC patients using this website. Furthermore, data on copy number variation (CNV) and mutations in CARD11 were retrieved from cBioPortal for Cancer Genomics (cBioPortal, https://www.cbioportal.org/), which enables multidimensional analysis of cancer genomes [33]. We compared CARD11 expression levels across different CNV and mutation statuses while conducting prognostic analyses to determine the prognostic value of CARD11 CNV and mutation.

Analysis of the CARD11-related infiltrating immune cells in ccRCC

Estimation of STromal and Immune cells in MAlignant Tumours using Expression data (ESTIMATE) utilizes the cancer expression profile to infer the cellular composition of cancers, with a specific focus on immune cells and stromal cells [34]. Using R software, the immune score in ccRCC was calculated and correlated with CARD11 expression. Subsequently, we performed single sample Gene Set Enrichment Analysis (ssGSEA) through the R package “GSVA” [35] to assess the status of TIICs in ccRCC by analyzing the expression of 23 gene sets. Correlation analysis was employed to identify which infiltrating immune cell subset was associated with CARD11 expression, and Kaplan-Meier survival analysis was conducted to demonstrate the prognostic value of CARD11-related TIICs in ccRCC. In addition to TIICs, several immune functions (T cell co-stimulation, checkpoint, T cell co-inhibition, para-inflammation, chemokine-chemokine receptor (CCR), inflammation-promoting, antigen-presenting cell (APC) co-stimulation, APC co inhibition, cytolytic activity, human leukocyte antigen (HLA), major histocompatibility complex I (MHC-I), Type I Interferon (IFN) response, Type II IFN response) were similarly related to CARD11 expression. Furthermore, we investigated CARD11-related immune chemokines and receptors through an integrated repository portal for tumor-immune system interactions (TISIDB). This user-friendly web tool allows browsing multiple roles of a particular gene in tumor-immunity interaction across 30 TCGA tumors [36].

Cancer-immunity cycle analysis

Xu et al. developed an open-access website, Tumor Immunophenotype Profiling (TIP, http://biocc.hrbmu.edu.cn/TIP/) to facilitate researchers in the analysis of the 7-step cancer-immunity cycle [37]. Subsequently, by uploading the RNA expression file of ccRCC, we obtained compared the disparities in each step of the cancer-immunity cycle between high and low CARD11 expression groups.

Online single-cell RNA sequencing analysis

CancerSEA (http://biocc.hrbmu.edu.cn/CancerSEA/) is an alternative online tool that integrates scRNA-seq data for public research [38]. CancerSEA offers a means to investigate the correlation between a selected gene and various functional states of cancer cells. Therefore, we utilized CancerSEA to explore CARD11 expression in distinct cell types in normal kidney tissue and its relationship with different functional states of ccRCC cells.

Analysis of the relationship between CARD11 expression and drug response

RNA expression of 20 inhibitory immune checkpoints (T cell immunoglobulin and mucin domain 3 (TIM-3), Programmed cell death 1 ligand 1 (PD-L1), CD86, lymphocyte-activation gene-3 (LAG3), Leukocyte-associated immunoglobulin-like receptor 1 (LAIR1), poliovirus receptor (PVR), indoleamine 2,3-dioxygenase 1 (IDO1), CD80, cytotoxic T-lymphocyte associated protein 4 (CTLA4), PD-1, T cell immunoreceptor with Ig and ITIM domains (TIGIT), CD200 receptor 1 (CD200R1), carcinoembryonic antigen-related cell adhesion molecule 1 (CEACAM1), CD276, CD200, killer cell immunoglobulin-like receptor, three Ig domains and long cytoplasmic tail 1 (KIR3DL1), B and T lymphocyte associated (BTLA), adenosine A2a receptor (ADORA2A), lectin galactoside-binding soluble 3 (LGALS3), V-set domain containing T cell activation inhibitor 1 (VTCN1)) in ccRCC from TCGA was extracted and analyzed between high and low CARD11 groups. Meanwhile, we investigated the association between CARD11 expression and the therapeutic response to immune checkpoint blockade using data from The Cancer Immune Atlas (TCIA, https://tcia.at/home) and Tumor Immune Dysfunction and Exclusion (TIDE, http://tide.dfci.harvard.edu/) [39]. In addition to immunotherapies, we compared the sensitivity of five FDA-approved drugs (Axitinib, Mitomycin, Sorafenib, Pazopanib, and Sunitinib) between high and low CARD11 expression groups. The drug sensitivity was calculated based on the RNA expression data of ccRCC in TCGA utilizing the R package “pRRophetic” [40], which takes advantage of the data from Genomics of Drug Sensitivity in Cancer (GDSC, https://www.cancerrxgene.org).

Functional enrichment analysis of CARD11

Gene Set Enrichment Analysis (GSEA) is employed to annotate and interpret the enrichment function of a given gene expression data based on existing gene sets [41,42]. The software GSEA 4.1.0 along with two gene sets (c5.go.v7.4.symbols.gmt and c2.cp.kegg.v7.4.symbols.gmt) were downloaded (https://www.gsea-msigdb.org/). The Gene Ontology (GO) gene sets encompass three types of functional annotation including biological processes, cellular components, and molecular functions. Additionally, the Kyoto Encyclopedia of Genes and Genomes (KEGG) gene sets facilitate the correlation between gene expression and multiple signaling pathways. To conduct functional enrichment analysis, CARD11 expression data of ccRCC from TCGA was divided into high and low groups based on the median value and utilized with the two gene sets through the software GSEA 4.1.0.

Cell culture and establishment of stable transgenic lines

The normal renal tubular epithelial cells (HK-II) and renal cancer cell lines (786-O, ACHN, and Caki-I) were obtained from Procell (Wuhan, China). HK-II cells were cultured in Dulbecco’s modified Eagle medium/F12 (C1330500BT, Gibco, USA). Caki-I and ACHN cells were cultured in high-glucose DMEM medium (C11995500BT, Gibco, USA), while 786-O cells were cultured in Roswell Park Memorial Institute (RPMI)-1640 basal medium (C11875500BT, Gibco, USA). The cells were cultured in a medium supplemented with 10% fetal bovine serum (FBS, FSP500, ExCell, Shanghai, China), as well as 1000 units/mL of penicillin and 1000 μg/mL of streptomycin (15140122, Gibco, USA). One lentiviral vector (pLKO.1) was used to create the shRNA plasmid (shCARD11-1 5′-GCTGGTCAACAGGATCTACAA-3′; shCARD11-2 5′-CGGCTGTTGGACATTCTACAT-3′). To induce viral infection, 8 μg/mL of polybrene was introduced. For stable interfering cell lines, a puromycin screening concentration of 2 μg/mL was used.

Western blot (WB)

Radioimmunoprecipitation analysis (RIPA, G2002, Servicebio, Wuhan, China) solution with the protease inhibitor (P1005, Beyotime, Shanghai, China) was used to obtain the cell lysate, and the protein concentration of the product was measured by the BCA kit (P0009, Beyotime, Shanghai, China). The WB analysis experiment was carried out according to the detection method described previously [43]. The following antibodies were applied: CARD11(1:1000, 4435, CST, Danvers, Massachusetts, USA), B-cell lymphoma-2 (Bcl2, 1:2000, 68103-1-Ig, Proteintech, Wuhan, China), Bcl2 associated X (BAX, 1:2000, 50599-2-Ig, Proteintech, Wuhan, China), GAPDH (1:50000, 60004-1-Ig, Proteintech, Wuhan, China).

The apoptosis assay, proliferation assay, scratch assay, and transwell assay

The apoptosis assay was performed using the Annexin V-FITC/PI fluorescent double-staining apoptosis detection kit (E-CK-A211B, Elabscience, Wuhan, China). Each staining solution (5 μL) was added to every 2.5 * 105 cells and incubated at room temperature for 15–20 min in the absence of light. Apoptosis was detected by flow cytometry.

In the cell proliferation experiment, the cells were initially seeded in 96-well plates at a density of 3000 cells per well, and the culture medium was refreshed every 24 h. Cell Counting Kit-8 (CCK-8) reagent (C0038, Beyotime, Shanghai, China) was introduced at 24, 48, and 72 h time points, followed by measurement of absorbance values at 450 nm using an enzyme-labeled detector (Multiskan GO, Thermo Fisher Scientific, USA).

For the scratch experiment, cells were seeded in 12-well plates at a density of 5 * 105 cells per well. Once the cells reached approximately 90% confluence, a consistent force was applied to mark the center of each petri dish using a 200 μL pipette gun. Shed cells were then removed with PBS and replaced with a serum-free medium. The scratch area was photographed at both 0 and 24 h, and healing was quantified using Image J software.

The Transwell experiment employed a permeable cell culture chamber (3422, Corning, Washington, DC, USA) with an 8 μm pore size. For the invasion experiment, 100 μL of Matrigel matrix gel (354230, Corning, New York, USA) diluted at a ratio of 1:8 was added to the chamber incubated in a cell incubator at 37°C for 30 min (The transwell migration experiment did not require matrix gel components). Once the matrix gel had solidified, 100 μL of cell suspension (blank medium) containing 15,000 cells per well was introduced into the chamber. Additionally, approximately 600 μL of complete medium containing 20% FBS was added to the lower well. Following cultivation for a period ranging from 24 to 36 h and subsequent fixation using a solution consisting of 4% paraformaldehyde and staining with crystal violet dye (GC307002, Servicebio, Wuhan, China) were performed. Finally, the number of cells on the outer surface of the membrane was documented through photography and recording.

Statistical analysis

All the data analyses were achieved employing SPSS 25.0, R 4.0.2 and the mentioned web tools. Both R 4.0.2 and GraphPad Prism 8 were used for data visualization. If the sample data adheres to a normal distribution, the variables are represented as mean ± standard deviation (X¯±s), and t-tests are employed for comparing between two or multiple groups. Group comparisons are conducted using one-way analysis of variance. In cases where the sample data does not conform to a normal distribution, the variables are expressed as median and interquartile range, and nonparametric tests are utilized for data collection. A p-value less than 0.05 was regarded as significant.

Results

CARD11 expression is upregulated in ccRCC

By comparing the CARD11 expression in tumor and normal samples from ccRCC patients in TCGA, CARD11 expression was significantly upregulated in ccRCC (Fig. 1A). Paired differential analysis further confirmed that ccRCC tissue exhibited a higher level of CARD11 expression compared to adjacent normal tissue (Fig. 1B). To validate these findings, two GEO datasets, GSE53757, and GSE40435 were used for delivering the same results (Figs. 1C and 1D). Similarly, our analysis of clinically sequenced samples from our hospital revealed significantly elevated CARD11 expression levels compared to adjacent normal tissues (Fig. 1E). Subsequently, scRNA-seq data provided insights into the distribution of CARD11 within the kidney microenvironment (Fig. 1F), demonstrating its presence in T cells, B cells, ductal cells, urothelial cells, macrophages, and collecting duct cells; however proximal tubular cells from which ccRCC originates did not express CARD11 [44]. Finally, the IHC results demonstrate a significantly elevated expression of CARD11 in ccRCC tissues compared to normal tissues, indicating a marked difference in protein expression levels (Figs. 1G–1M).
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Figure 1: The expression of CARD11 was upregulated at both transcription and protein levels. (A–E) The RNA expression level of CARD11 was found to be elevated in tumor tissue relative to adjacent normal tissue across multiple cohorts, including TCGA, GSE53757, GSE40435, and our data. (F) In normal kidney tissue, CARD11 demonstrated predominant expression in T cells and B cells rather than proximal tubular cells. (G–L) CARD11 is highly expressed in ccRCC tumor tissue compared to normal kidney tissue. (M) The mean intensity of IHC results from normal and tumor tissue. **p < 0.01; ***p < 0.001.

Upregulated CARD11 is correlated with a poor prognosis of ccRCC

Given the notable upregulation of CARD11 in ccRCC, it is imperative to investigate its correlation with clinical features of ccRCC patients. Analysis of CARD11 expression based on different clinical features revealed associations with sex, Fuhrman grade, AJCC stage, T stage, N stage, and M stage. Specifically, male patients exhibited higher levels of CARD11 expression compared to female patients. Moreover, increased expression of CARD11 was observed in patients with high-grade tumors and advanced stages. Additionally, elevated CARD11 expression was detected in patients with higher T stages as well as those presenting lymph node metastasis or distant metastasis (Figs. 2A–2F). Furthermore, prognosis analysis in ccRCC patients from TCGA demonstrated a strong association between upregulated CARD11 expression and shorter OS and DFS rates (Figs. 2G and 2H). Collectively, these findings unequivocally indicate that heightened CARD11 expression is closely linked to poor prognosis in ccRCC.
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Figure 2: The clinical significance of CARD11 expression in ccRCC. (A) Male patients exhibited a higher level of CARD11 expression compared to female patients. (B–F) Patients with elevated Fuhrman grade, AJCC stage, T stage, N stage, and M stage demonstrated increased levels of CARD11 expression. (G and H) Elevated CARD11 expression was associated with shorter OS and DFS in patients.

CARD11 expression in ccRCC is modified by body methylation

To elucidate the epigenomic modification of CARD11 in ccRCC, we employed web tools to investigate its expression. According to the findings from EWAS Atlas, CARD11 expression was negatively correlated with promoter methylation level (r = −0.2627, p < 0.0001, Fig. 3A) and positively correlated with body methylation level (r = 0.5755, p < 0.0001, Fig. 3C) in ccRCC. However, the promoter methylation level failed to distinguish OS among ccRCC patients; conversely, those with high body methylation levels exhibited significantly shorter OS compared to those with low body methylation levels (Figs. 3B and 3D). Subsequently, we identified 14 prognostic CpG islands that displayed an association with increased CARD11 expression (Fig. 3E). Apart from methylation, we also explored the CNV and mutation status of CARD11 in ccRCC. Data from cBioPortal demonstrated that only 1.8% of the CARD11 gene experienced alteration. Notably, CNV gain events were predominantly detected and correlated with higher CARD11 expression in ccRCC samples analyzed (Fig. 3F). Furthermore, a small proportion of mutations were observed within the CARD11 gene in ccRCC cases; however, the majority of these mutations were missense mutations which had no discernible effect on altering CARD11 expression (Fig. 3G). Nevertheless, the presence of CNV gain for CARD11 did not exert any significant impact on OS among ccRCC patients (Fig. 3H). In conclusion, it can be inferred that body methylation plays a substantial role in influencing the expression of CARD11 in ccRCC.
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Figure 3: The epigenomic modification of CARD11 expression in ccRCC. (A) The promoter methylation level of CARD11 exhibited a negative correlation with its expression level. (B) The promoter methylation level of CARD11 did not show discriminatory ability for overall survival (OS) prediction in ccRCC patients. (C) There was a positive correlation between the body methylation level of CARD11 and its expression level. (D) Patients with high body methylation levels of CARD11 had shorter OS survival compared to those with low body methylation levels. (E) The study investigated the methylation status of 14 CpG islands on the CARD11 gene. (F) CNV gain was identified as the predominant CNV change in the CARD11 gene, which was associated with higher expression levels compared to those without CNV changes. (G) Missense mutations were found to be the major type of mutation in the CARD11 gene, and these mutations did not significantly alter its expression levels. (H) The CNV gain of CARD11 did not have a statistically significant impact on the OS of ccRCC patients.

CARD11 expression is correlated with immune cell reserve in the microenvironment of ccRCC

Concerning the crucial role of immune cells in the TME, we calculated the immune scores of the ccRCC samples from the TCGA cohort and correlated them with CARD11 expression. It is demonstrated that CARD11 expression owns a significantly positive relationship with the immune score in ccRCC (r = 0.499, p < 0.0001). Subsequently, CARD11 expression was further analyzed with infiltrating immune cells estimated through ssGSEA algorithm, revealing that upregulated CARD11 expression was correlated with higher infiltration of several protective immune cells, including type 1 T helper cell (Th1, r = 0.604, p < 0.001), activated CD4 T cell (r = 0.578, p < 0.001), T follicular helper cell (Tfh, r = 0.572, p < 0.001), activated CD8 T cell (r = 0.564, p < 0.001), immature B cell (r = 0.553, p < 0.001) and activated B cell (r = 0.543, p < 0.001). Meanwhile, several APCs (r = 0.491, natural killer cell r = 0.475, and macrophage r = 0.455, p < 0.001) were revealed to be positively related to CARD11 expression. However, a notable correlation was also identified between inhibitory immune cells (myeloid-derived suppressor cell, MDSC, r = 0.644; regulatory T cell, Treg, r = 0.52, p < 0.001) and CARD11 expression (Fig. 4A). Interestingly, in addition to the two inhibitory immune cells, helper T lymphocytes (activated CD4 T cell and Th1 cell) and APCs (macrophage and activated dendritic cell) were shown to possess a negative prognostic effect on ccRCC patients (Figs. 4D–4I). Further analysis demonstrated that CARD11 expression was involved in multiple immune functions encompassing both pro-inflammatory and inhibitory roles (Fig. 4B). There existed a strong correlation between CARD11 expression and T cell co-stimulation (r = 0.654, p < 0.001), as well as T cell co-inhibition (r = 0.592, p < 0.001). Subsequently, we investigated the involvement of CARD11 in the cancer-immunity cycle of ccRCC to determine its participation in specific steps of this cycle which comprises seven sequential events crucial for initiating and progressing anti-cancer immune responses [45]. The results indicated that samples with elevated CARD11 expression exhibited higher scores for cancer antigen release, cancer antigen presentation, immune cell priming, and activation processes. High levels of CARD11 expression were positively associated with increased recruitment of CD8+ T cells and Th1 cells along with enhanced recognition of cancer cells by the immune system (Fig. 4C). However, high- and low-expression groups showed similar scores for both T cell infiltration into tumor tissues as well as killing efficiency against cancer cells indicating that while CARD11 correlated significantly with the overall immune landscape of ccRCC including an increased reserve of immune cells it did not confer an enhanced ability to eliminate cancerous cells.
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Figure 4: Analysis of the role of CARD11 in the immune microenvironment of ccRCC. (A) Upregulated expression of CARD11 exhibited a positive correlation with the infiltration of multiple immune cell subsets in ccRCC. (B) CARD11 was implicated in a multitude of immunological functions within the context of ccRCC. (C) Patients displaying divergent levels of CARD11 expression demonstrated significant disparities across various stages encompassing the cancer immune cycle. (D–I) Enhanced infiltration by MDSC, Tregs, activated CD4 T cells, type 1 T helper cells, macrophages, and activated dendritic cells were associated with reduced overall survival among patients diagnosed with ccRCC. Ns, non-significant; ***p < 0.001.

CARD11 expression is correlated with the drug response of ccRCC patients

The majority of the patients exhibiting upregulated CARD11 expression demonstrated elevated level of immune checkpoint inhibitors, including CD86, LAG3, LAIR1, PVR, CD80, CTLA4, PD-1, TIGIT, CD200R1, CD276, and BTLA (Fig. 5A). Conversely, decreased expression of KIR3DL1 and ADORA2A were presented in the high CARD11 expression group. Subsequently, a scoring system called immunophenoscore (IPS) was introduced from TCIA to depict the immune landscape and especially the response to ICIs [46]. High IPS scores were indicative of improved responses towards immunotherapies; notably, patients with upregulated CARD11 expression exhibited higher IPS scores in response to PD-1 blockade therapy alone or in combination with CTLA-4 blockade therapy (Fig. 5B). Furthermore, data obtained from TIDE revealed a positive correlation between CARD11 expression and cytotoxic T lymphocyte (CTL) level (Figs. 5C and 5D), which are considered positive markers for the response of ICIs [47].
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Figure 5: Analysis of the drug response in different CARD11 expression groups. (A) The difference in inhibitory checkpoint expression between high and low CARD11 expression groups. (B) The high CARD11 expression group had a significantly higher IPS toward PD-1 blocker, CTLA4 blocker, and PD-1 + CTLA4 blocker than those in the low CARD11 expression group. (C and D) There was a positive correlation between the expression level of CARD11 and the response to immune checkpoint inhibitors in two separate trials. (E) A positive association was found between CARD11 expression and the angiogenesis score of renal cell carcinoma. (F) High CARD11 expression resulted in decreased half maximal inhibitory concentration (IC50) to Sunitinib, Pazopanib, and Mitomycin C but had increased IC50 to Axitinib. *p < 0.05; **p < 0.01; ***p < 0.001.

Moreover, according to the scRNA-seq analysis results from CancerSEA, CARD11 expression was positively related to the angiogenesis of RCC (r = 0.38, p < 0.05, Fig. 5E). In light of this finding, we investigated the response of different CARD11 expression groups to four FDA-approved VEGF-targeted drugs, Sorafenib, Sunitinib, Pazopanib, and Axitinib. Patients with upregulated CARD11 expression exhibited increased sensitivity to Sunitinib and Pazopanib but decreased sensitivity toward Axitinib (Fig. 5F). There was no significant difference in the sensitivity to Sorafenib between high and low CARD11 expression groups. Additionally, Mitomycin C, another drug that is proven to be effective in ccRCC, was revealed to be more effective in the high CARD11 expression group. Therefore, CARD11 may have a great effect on both the immunotherapies and targeted therapies of ccRCC patients.

Enrichment functions of CARD11 in ccRCC

Further analysis using GSEA revealed the enrichment functions of CARD11 in ccRCC, including adaptive immune response, regulation of lymphocyte cell-cell adhesion, and regulation of T cell activation and differentiation (Fig. 6A). Moreover, results obtained from KEGG gene sets indicated that CARD11 was associated with antigen processing and presentation, chemokine signaling pathway, B cells, T cells receptor signaling pathway, cytokine-cytokine receptor interaction, and toll-like receptor signaling pathway (Fig. 6B). Using TISIDB database helped to obtain the relationship between CARD11 expression and specific chemokines (Fig. 6C) as well as receptors (Fig. 6D). Chemokines C-C motif chemokine ligand 4 (CCL4, r = 0.543), CCL5 (r = 0.564), C-X-C motif chemokine ligand 13 (CXCL13, r = 0.544), CXCL16 (r = 0.556) and X-C motif chemokine ligand 1 (XCL1, r = 0.545) showed relatively high correlation with CARD11 expression, while the top five correlated immune receptors were CCR5 (r = 0.647), C-X-C motif chemokine receptor 6 (CXCR6, r = 0.647), CXCR3 (r = 0.654), CCR8 (r = 0.594), and CCR1 (r = 0.535).
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Figure 6: The enrichment functions of CARD11 in ccRCC. (A and B) The functional enrichment analysis results of CARD11 in ccRCC derived from GO and KEGG gene sets. (C and D) The correlation between CARD11 expression and immune chemokines and receptors in different cancer types.

The knockdown of CARD11 disrupts the malignant biological behavior of ccRCC cells in vitro

We conducted in vitro trials to investigate the role of CARD11 in ccRCC cells. Firstly, we examined the expression of CARD11 in both the normal tubular epithelial cell line (HK-II) and RCC cell line (Fig. 7A) and confirmed the knockdown efficiency of the shRNA sequence in 786-O and Caki-I cells (Figs. 7B and 7C). Subsequently, our phenotypic experiments revealed that knockdown of CARD11 significantly increased apoptosis rates in 786-O cells (Fig. 7D), which could be attributed to a significant reduction in the ratio of Bcl2/BAX (Fig. 7F), following a similar trend observed in Caki-I (Figs. 7E–7G). Furthermore, functional assays including CCK-8 assay (Figs. 7H and 7I), scratch assay (Figs. 8A and 8B), and transwell assay (Figs. 8C and 8D) demonstrated that CARD11 exerted a pronounced promoting effect on ccRCC cell proliferation, migration, and invasion abilities.
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Figure 7: Knocking down the high expression of CARD11 in the ccRCC cell line can promote apoptosis and inhibit proliferation. (A) The expression of CARD11 in the ccRCC cell line was markedly elevated compared to that in HK-II. (B and C) The knockdown efficiency of shRNA sequences targeting CARD11 in 786-O and Caki-I. (D–G) WB and flow cytometry confirmed that the knockdown of CARD11 led to an increase of apoptosis. (H and I) The cck-8 assay is employed for quantifying cellular proliferation. n = 3, *p < 0.05; **p < 0.01; ***p < 0.001.
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Figure 8: The migration and invasion ability of ccRCC cells was attenuated upon down-regulation of CARD11. (A–C) Migration ability was measured by scratch test (n = 4) and transwell migration assay (n = 5). (D) The invasion of ccRCC cells was measured by transwell invasion assay (n = 5). ***p < 0.001.

Discussion

RCC affects over 400,000 individuals worldwide annually, with the majority being diagnosed with the common subtype known as ccRCC [48]. Although early-stage ccRCC can be effectively treated with surgery, a considerable proportion of ccRCC patients progress to the advanced stage necessitating more efficacious therapeutic interventions beyond surgical options. Targeted therapy and immunotherapy have emerged as promising novel approaches for metastatic ccRCC; however, their efficacy remains uncertain and unpredictable; however, their efficacy remains uncertain and unpredictable. In light of recent insights into the immune landscape of ccRCC and its association with TIICs and gene expression patterns related to them, these factors hold potential as biomarkers for personalized therapy [49]. Therefore, considering CARD11’s relevance in immune regulation and pro-tumorigenic effects, we investigated the CARD11 expression levels along with its correlation to the immune environment and the therapeutic response in ccRCC to guide clinical utilization of novel therapies.

The results revealed a significant upregulation of CARD11’s RNA expression in ccRCC tissue compared to normal tissue. Furthermore, scRNA-seq data and immunohistochemistry data demonstrated the potential activation of CARD11 expression during the transition from the proximal tubular cells to ccRCC cells. CARD11 is a lymphocyte-restricted multi-domain scaffold protein that participates in multiple signaling pathways essential for adaptive immune response. It has been extensively investigated as an integrator conveying signals from B cell receptor (BCR) and T cell receptors (TCR) to nuclear factor-kappa B (NF-κB), Jun N-terminal kinase (JNK), and mammalian target of rapamycin (mTOR) which are critical for lymphocyte activation, survival, and proliferation [50]. Due to its close association with the immune system, alterations in the CARD11 gene can result in dysregulated signaling of lymphocyte activation.

However, the CARD11 expression in ccRCC is primarily influenced by the CNV and methylation rather than somatic mutations. Notably, the body methylation of the CARD11 gene significantly contributes to its high expression and short OS in ccRCC. Previous studies have highlighted the crucial role of gene body methylation in oncogenesis and its potential as a therapeutic target in cancer [51]. With these concerns, a comprehensive investigation into CARD11 methylation, including the regulation of each associated CpG island, could provide valuable insights into the development of therapeutic drugs for ccRCC.

As an immune-related gene, CARD11 exhibits strong connectivity with the immune microenvironment of ccRCC. Furthermore, it has been revealed that CARD11 expression is positively associated with increased infiltration levels of TIICs, including both anti-tumor lymphocytes (CD8+ T cells, Th1 cells, and Tfh cells) and pro-tumorigenic lymphocytes (MDSC, Tregs and Th2 cells). CD8+ T cells are cytotoxic T lymphocytes that play a crucial role in defending against tumors. Functional CD8+ T cells can specifically recognize MHC-I molecules on tumor cells and eliminate them through the secretion of pro-inflammatory cytokines and cytotoxic granules [52]. The increased infiltrating level of CD8+ T cells within the TME has been correlated with improved outcomes in a variety of cancers [53]. Th1 cells represent a subset of CD4+ helper T cells that produce interleukin-2 (IL-2), IFN-γ, and tumor necrosis factor-β (TNF-β) [54]. They can elicit an immune response by activating antigen-specific effector T cells such as CD8+ T cells and recruiting innate immune cells [55]. In the TME of most cancers, activation of Th1 cells is a crucial mechanism of CD8+ T cell-mediated anti-tumor activity and is associated with prolonged survival [56]. However, the situation in the TME of ccRCC is different. The prognostic analysis in this study revealed that infiltration of both protective T lymphocytes and APCs was negatively correlated with the prognosis of ccRCC, and the infiltration level of CD8+ T cells was not associated with improved prognosis. Previous studies have also indicated that increased infiltration of CD8+ T cells in ccRCC is related to poor outcomes [57]. One possible explanation for this phenomenon may be linked to the infiltration of inhibitory lymphocytes including MDSC and Tregs. MDSC is a subtype of myeloid cells known for their ability to suppress the adaptive immune response. They not only disrupt the migration and formation of CD8+ T cells but also promote the proliferation of Tregs [58]. In the tumor microenvironment, these characteristics facilitate immune evasion by tumor cells, promote angiogenesis, and contribute to tumor progression, which is associated with advanced stages and poor prognosis in cancer patients [59]. It has been identified that targeting MDSC could overcome immune resistance and serve as a therapeutic target for immunotherapies in RCC [60]. Tregs are characterized by the expression of surface markers CD4, CD25, and Forkhead box protein P3 (FOXP3) [61]. Tregs play a pivotal role in maintaining self-tolerance and immune homeostasis under physiological conditions by suppressing excessive or dysregulated immune responses [62]. However, within the tumor microenvironment, the suppression function of Tregs impedes the cytotoxic activity of CD8+ T cells and facilitates the evasion of tumor cells from immune surveillance. The cancer-immunity cycle also suggests that increased CARD11 expression may enhance activation and recruitment of T cells augmenting their anti-tumor capabilities. Consequently, an elevated infiltration level of Treg cells is associated with shorter survival time in ccRCC [63]. Another pro-tumorigenic subset of T cells is Th2 cells, which share a common origin with Th1 cells but produce distinct cytokines and exert different functions. Th2 cells predominantly secrete IL-4, IL-5, and IL-13 and contribute to the development of allergic inflammatory diseases such as asthma and atopic dermatitis [64]. When tumors exhibit polarization towards Th2 cells among TIICs, they tend to have higher rates of metastasis and progression [65]. Therefore, although elevated CARD11 expression correlates with an immunologically enriched in ccRCC, it tends to be immunosuppressive and is associated with advanced tumor stage and poor prognosis.

Another potential mechanism contributing to the unfavorable prognosis observed in ccRCC with high CARD11 expression could be the upregulation of the inhibitory immune checkpoints. These inhibitory immune checkpoints, expressed on T lymphocytes, play a crucial role in maintaining immune homeostasis by inducing apoptosis of effector T cells and promoting the survival of Tregs [66]. Exploiting this feature, tumor cells develop immune resistance through mechanisms such as the PD-1 pathway [67]. Although ccRCC with high CARD11 expression was found to exhibit enhanced activation and recruitment of CD8+ T cells and Th1 cells, creating a pro-inflammatory microenvironment, their function is restricted due to increased expression of inhibitory immune checkpoints. Exhausted CD8+ T cells expressing multiple inhibitory immune checkpoints display weakened cytotoxic activity and are associated with poor prognosis in ccRCC [68]. Furthermore, Amarnath et al. demonstrated that PD-1 not only induces exhaustion in Th1 cells but also converts them into a regulatory phenotype capable of suppressing cell-mediated immunity [69]. Nonetheless, the abundance of inhibitory immune checkpoints observed in the high CARD11 expression group suggests a favorable response to immunotherapies. ICIs prevent tumor evasion from host immunity and restore the cytotoxicity of effector T cells [70]. During this process, the increased expression of immune checkpoints such as PD-1 has been considered as positive biomarkers for therapeutic response [71]. Moreover, the upregulation of multiple immune checkpoints offers a potential for a flexible selection of different ICIs combinations, which exhibit superior efficacy compared to monotherapy. For instance, the simultaneous blockade of PD-1 and LAG-3 demonstrates enhanced performance in advanced ccRCC [72]. In addition, throughout the immune cycle in ccRCC, elevated CARD11 expression correlates with heightened activation and recruitment of CD8+ T cells, thereby establishing a substantial reserve of effector T lymphocytes that critically influences the therapeutic effect of ICIs. Apart from immunotherapies, CARD11 could also assist in the selection of TKIs. The expression level of CARD11 was significantly associated with angiogenesis and immune cell infiltration, which were two crucial determinants of the therapeutic response to TKIs. High angiogenesis predicts improved susceptibility to TKIs like Sunitinib and Axitinib. Furthermore, patients receiving targeted therapies such as Sunitinib would benefit from a tumor microenvironment characterized by high-density levels of CD8+ T lymphocytes [73,74]. Furthermore, TKIs have been shown to expand the repertoire of anti-tumor CD8+ T lymphocytes in ccRCC patients through various functional mechanisms. For example, Sunitinib can eliminate the infiltration of inhibitory immune cells in the microenvironment. thereby enabling more CD8+ T lymphocytes to maintain their cytotoxic functions and creating a favorable environment for ICI therapies [75]. Recent studies also discovered the advantage of the combination therapy of TKIs and ICIs based on angiogenesis conditions, TME, and checkpoint expression [76]. In summary, CARD11 expression not only serves as a novel biomarker for selecting immunotherapeutic drugs and targeted therapies but also facilitates investigations into combination therapies in ccRCC.

Subsequently, functional enrichment analysis was conducted to explore the underlying mechanism of CARD11 expression in ccRCC. Upregulated CARD11 expression was enriched in adaptive immune response pathways, especially the T lymphocyte differentiation and activation, which may involve the chemokine signaling pathway and cytokine-cytokine receptor interaction. Chemokines are a family of chemotactic cytokines functioning to recruit a variety of cells including immune cells [77]. The interaction of chemokines and their cognate receptors is a critical regulatory mechanism in TME and is associated with tumor development, progression, and treatment outcomes [78]. Utilizing TISIDB allowed us to identify potential immune chemokines and receptors associated with CARD11. CCL4 and CCL5 both are CC chemokines that likely exert their function by interacting with CCR5. It has been demonstrated that CCL4 can recruit Tregs along with other pro-tumorigenic immune cells leading to tumor progression [79]. Similarly, CCL5 plays a crucial role in driving CD8+ T cell exhaustion and Tregs engagement within the TME. The interaction between CXCL13 and its specific receptor CXCR5 facilitates the delivery of immune cells to TME, exerting either anti-tumor or pro-tumorigenic activity. CXCR5 has been recognized as one of the determinants of the cytotoxic activity of CD8+ T cells while CXCL13-CXCR5 interaction may contribute to the suppressive function of Tregs through the induction of IL-10 [80]. The CXCL16-CXCR6 axis was also revealed to participate in the infiltration of Tregs. Additionally, some studies have pointed out that the increased activity of this axis may be related to decreased tumor cell proliferation, invasion, and metastasis, which is worth further investigation [81]. Overall, these findings enhance our understanding of CARD11 expression’s functionality and provide potential therapeutic targets for ccRCC.

Furthermore, the amino terminus CARD domain (caspase recruitment domain) of CARD11 and is essential for mediating interactions with numerous other proteins that also possess the CARD domain. The NF-κB pathway’s activation [82] and the control of apoptosis [83] rely on these connections. In this investigation, we found that when CARD11 was knocked down in cells, there was a drop in the ratio of Bcl2/BAX with a notable rise in the proportion of apoptosis. The functional studies demonstrated that the gain of function in CARD11 could enhance the transcriptional activity of anti-apoptotic BCL2A1, thereby exerting regulatory control over apoptosis levels [83,84]. Additionally, the CBM complex, which is made up of mucosa associated lymphoid tissue lymphoma translocation gene 1 (MALT1), B cell leukemia/lymphoma 10 (BCL10), and CARD11, modifies the NF-κB pathway’s activity. Dysregulation of CBM signaling has been implicated in immune deficiencies, autoimmune disorders, and cancer development [85–87]. This mechanism may elucidate how CARD11 enhances the malignant biological behavior of tumor cells and promotes ccRCC development.

In summary, the present research identified the upregulated CARD11 expression in ccRCC and comprehensively investigated its correlation with the TME, highlighting its potential as a personalized therapy biomarker. However, certain limitations were encountered during this investigation. First, reliance on publicly available databases and online tools whose data may introduce unknown defects. Second, due to the data restriction, only specific drugs were selected for therapeutic response analysis. Further research involving clinical samples and additional clinically proven beneficial drugs should be conducted to further elucidate the role of CARD11 expression as a therapeutic biomarker.

Conclusion

This study represents the first investigation into CARD11 expression in ccRCC, revealing a significant correlation between upregulated CARD11 expression and advanced stage as well as poor prognosis of ccRCC. Moreover, it was observed that ccRCC with elevated CARD11 expression exhibited heightened levels of immune cell infiltration and immune checkpoint expression, thereby displaying a more favorable response to immunotherapy and targeted therapy. Additionally, several chemokine-receptor axes associated with CARD11 function were identified, potentially serving as promising therapeutic targets. These findings hold great potential for guiding clinicians in tailoring individualized immunotherapies for ccRCC patients while also shedding light on future research endeavors about drug therapy for ccRCC.
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