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Interleukin-2 Receptor Subunit Gamma (IL2RG) has been implicated in various cancers, but its role in
clear cell renal cell carcinoma (ccRCC) remains unclear. This study aimed to explore IL2RG expression,
its relationship with IL2RG -related IncRNAs (IRLs). Gene expression and clinical data for ccRCC were
obtained from The Cancer Genome Atlas (TCGA) and the Gene Expression Omnibus(GEO) database.
The IRL signature was constructed using Least Absolute Shrinkage and Selection Operator (LASSO)
regression analysis. Clinical data validated the diagnostic value of the signature. The prognostic value
of the signal was assessed using Kaplan-Meier analysis and Receiver Operating Characteristic (ROC)
curves. The prognostic value of the nomogram was further evaluated through calibration curves, ROC
curves, and Decision Curve Analysis (DCA). Gene set enrichment analysis (GSEA), single-sample GSEA
(ssGSEA), CIBERSORT algorithms, and TISCH2 database were applied to analyze immune function
and immune cell infiltration in different risk groups. Clinical treatment differences among populations
with varying risks and susceptibilities were predicted using R packages. The expression of IL2RG

and key IncRNAs was validated by quantitative real-time polymerase chain reaction (qQRT-PCR) and
immunohistochemistry (IHC). IL2RG was significantly upregulated in ccRCC tissues and correlated with
advanced clinical stages (p <0.001). High IL2RG expression was linked to worse overall survival (OS),
disease-specific survival (DSS), and progression-free interval (PFl) (p <0.05). A 6-IRLs signature was
identified, and the resulting model accurately predicted survival outcomes. Immune-related pathways
were enriched in high-risk patients, and drug sensitivity analysis indicated that high-risk patients were
more responsive to sunitinib and temsirolimus. IL2RG and its related 6-IRLs are potential biomarkers
for ccRCC progression. The 6-IRLs model provides a robust tool for predicting prognosis and guiding
therapeutic decisions.
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Renal cell carcinoma (RCC) is a highly malignant tumor originating from the renal tubular epithelium system!.
In developed countries, the annual incidence of RCC continues to rise?. Clear cell renal cell carcinoma (ccRCC) is
the most prevalent subtype, accounting for approximately 70-80% of all renal cancer cases®. It is notorious for its
aggressive behavior and high metastatic potential, making treatment and management particularly challenging®.
Clinically, ccRCC is often diagnosed at an advanced stage due to the lack of overt symptoms in its early phases.
Treatment options for ccRCC include surgical interventions such as radical nephrectomy®. However, advanced
or metastatic ccRCC often precludes surgical options, necessitating targeted therapies, immunotherapies, or a
combination of both. Yet, the tumor microenvironment is characterized by significant immune suppression,
leading to poor prognoses®. Therefore, unraveling the complex molecular mechanisms underlying ccRCC,
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identifying novel biomarkers for early detection, and exploring new therapeutic targets to enhance treatment
efficacy and overcome resistance are pressing issues.

Interleukin-2 Receptor Subunit Gamma (IL2RG) is a pivotal immune-related gene that encodes the y
subunit of the interleukin-2 receptor’. This receptor is a central component of several cytokine receptor
complexes, including IL-2, IL-4, IL-7, IL-9, IL-15, and IL-21%. The IL2RG gene is located on the X chromosome,
and its mutations are known to be associated with immunodeficiency disorders such as severe combined
immunodeficiency (SCID), underscoring its crucial role in the normal functioning of the immune system’.
In recent years, IL2RG has been identified as playing a significant role within the tumor microenvironment
(TME)!. The TME refers to the internal environment in which tumor cells exist, comprising not only the
tumor cells themselves but also microvasculature, immune cells, stromal cells, secreted signaling molecules,
and extracellular matrix components!!. The TME of ccRCC is abundant in immune cells, including T cells, B
cells, and natural killer (NK) cells, whose function and distribution profoundly influence tumor progression
and therapeutic response. These cells are also involved in antitumor immune responses and the mechanisms
of immune evasion'?. IL2RG may modulate the immune status of the TME by affecting the development and
function of immune cells.

For instance, in breast cancer research, the expression levels of IL2RG have been found to closely correlate
with immune cell infiltration within the tumor'3. The downregulation or functional loss of IL2RG may lead to
the suppression of T cell activity, thereby disrupting the immune equilibrium in the tumor microenvironment
and rendering tumor cells more adept at evading immune surveillance'?. Moreover, the interaction between
IL2RG and the IL-15 signaling pathway is considered a crucial mechanism in regulating NK cell function within
the TME, influencing both tumor progression and prognosis'”. Additionally, IL2RG has emerged as a potential
target in the field of immunotherapy for ccRCC. Several studies have investigated its application in immune
checkpoint inhibitors and other immunotherapeutic strategies, revealing that IL2RG may serve as a biomarker
for predicting treatment efficacy and patient outcomes'®. Given its pivotal role in modulating immune cell
function and maintaining immune homeostasis, research into IL2RG holds significant clinical importance.
Further exploration of the interplay between IL2RG and the TME in ccRCC not only sheds light on tumor
immune mechanisms but also presents potential targets for the development of novel immunotherapeutic
strategies. Therefore, studying the role of IL2RG in ccRCC is of paramount importance in advancing personalized
immunotherapy.

Long non-coding RNAs (IncRNAs) are RNA molecules exceeding 200 nucleotides in length that perform
a wide range of cellular functions. While they do not encode proteins, they are deeply involved in regulating
gene expression'”. IncRNAs can influence gene transcription and post-transcriptional processes through
various mechanisms, such as acting as ‘molecular sponges’ for miRNAs, altering chromatin states, and
modulating mRNA stability'®. In recent years, IncRNAs have been found to play pivotal roles in the onset and
progression of numerous diseases, particularly in cancer and immune system disorders'?. The role of the IL2RG
gene in the immune system has been extensively studied, demonstrating its crucial regulatory functions in
immunodeficiency disorders'’. In ccRCC, IncRNAs have been implicated in regulating key oncogenes and tumor
suppressor genes, influencing tumor proliferation, metastasis, and immune evasion?. Specifically, IncRNAs can
modulate the expression of immune-related genes within the TME, thereby impacting immune cell function
and tumor progression®!. Given the critical role of IL2RG in immune regulation, it is plausible that IncRNAs
may regulate IL2RG expression or function, either directly by interacting with its mRNA or indirectly through
signaling pathways that influence immune cell activity in the TME. For example, studies in other cancers, such
as colorectal cancer, have shown that IncRNAs may regulate IL2RG expression, potentially influencing tumor
progression, by acting as competing endogenous RNAs (ceRNAs)?2. This suggests a potential regulatory link
between IL2RG and IncRNAs in ¢ccRCC, which warrants further investigation to uncover novel molecular
mechanisms and therapeutic targets.

In this study, we first employed bioinformatics analysis using R software to examine the The Cancer Genome
Atlas Kidney Renal Clear Cell Carcinoma (TCGA-KIRC) database, investigating the expression differences
of the IL2RG gene between ccRCC and normal tissues, as well as its correlation with clinicopathological
features and prognosis. Subsequently, we assessed the mRNA and protein expression levels of IL2RG in
ccRCC and adjacent normal tissues through Quantitative real-time polymerase chain reaction(qRT-PCR) and
Immunohistochemistry (IHC) experiments. Finally, we developed a signature comprising 6 IL2RG-related
IncRNAs (IRLs) and evaluated its diagnostic, prognostic, and therapeutic value for ccRCC. Key IncRNAs were
further validated using qQRT-PCR. The results indicate that this signature holds significant potential for clinical
application, providing guidance for precise diagnosis and offering new perspectives on immunotherapy for
ccRCC.

Materials and methods

Data acquisition, processing, and clinical sample collection

IL2RG pan-cancer analysis was conducted using the GEPIA2 database?® (http://gepia2.cancer-pku.cn/).
TCGA datasets were obtained from The Cancer Genome Atlas (TCGA) database?!and the transcriptomic gene
expression matrix from the TCGA-KIRC project was downloaded and organized in transcripts per million
(TPM) format. This dataset includes RNA sequencing (RNA-seq) data from 533 ccRCC tissues and 72 normal
kidney tissues. The inclusion criteria were as follows: @ the kidney as the primary site of disease; @ availability
of complete IncRNA sequencing data and clinical information for the patients. Logarithmic transformation of
the gene expression matrix data was performed to achieve normalization. We utilized the “limma” package® in
R software to correct the downloaded gene expression matrix. Tumors were classified according to the TNM
staging system into stages I through IV, reflecting tumor size and spread. Based on the International Society of
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Urological Pathology (ISUP) grading system, tumors were graded from 1 to 4 (G1 to G4), indicating increasing
levels of malignancy. Samples with insufficient details were excluded.

Fifty specimens were collected between January 2023 and October 2023 from the Department of Urology
at the First Hospital of Shanxi Medical University, where patients underwent radical nephrectomy. Tissue
samples from patients pathologically diagnosed with ccRCC, along with adjacent non-cancerous tissues, were
used as the study subjects. Exclusion criteria included any preoperative tumor-suppressive treatments, such as
radiotherapy or chemotherapy, and incomplete clinical information. Immediately after excision, the specimens
were immersed in liquid nitrogen and subsequently stored in an ultra-low temperature freezer at — 80 °C. A
total of 50 specimens were included in this study.The study was conducted in accordance with the Declaration
of Helsinki, and approved by the Ethics Committee of the First Hospital of Shanxi Medical University (No.
2021K034,2021-04-26).

Analysis of the clinical correlations of IL2RG expression

To identify the differential expression levels of IL2RG in ccRCC tissues compared to normal kidney tissues,
the “limma” package?® in R software was employed. P<0.05 was considered statistically significant. The R
packages “pheatmap” and “boxplot” were utilized to display the expression levels and differences of IL2RG, while
the “survival” package was used to assess the prognostic value of the IL2ZRG gene, with prognostic outcomes
including Overall Survival (OS), Disease-Specific Survival (DSS), and Progression-Free Interval (PFI).

Screening of potential requlatory IRLs

Given the strong association between IL2RG and immunity, we first retrieved 3,178 immune-related genes from
the Immport database?® (https://www.immport.org/) and the InnateDB database?’ (https://www.innatedb.ca/).
We then conducted a Pearson correlation analysis to identify genes associated with IL2RG (r>0.8 and P<0.001)
and intersected these with the retrieved genes, yielding 26 immune genes strongly correlated with IL2RG.
Subsequently, we performed Pearson correlation analysis to identify IncRNAs co-expressed with these IL2RG-
related genes (r>0.5 and P<0.001). Using these IL2RG-co-expressed IncRNAs, we employed the “limma”
package to analyze differential expression of IncRNAs between 72 normal kidney tissues and 533 ccRCC tissues.

We conducted a co-clustering analysis to categorize the IRLs. Clustering was performed using the “limma”?

and “ConsensusClusterPlus” packages®® with results visualized through “survminer,” “survival,” and “pheatmap”
packages, including survival curves and heatmaps of clinical-pathological features (age, gender, metastasis, and

histological malignancy).

Construction of the IRLs signature

To establish a robust prognostic model, we randomly divided 530 ccRCC patients with survival data into
training and testing cohorts at a 1:1 ratio, with the features listed in Table 1. We constructed an IncRNA risk
score formula using least absolute shrinkage and selection operator (LASSO) regression analysis and selected
the optimal A with the minimal bias in partial likelihood to determine the most suitable genes. The formula is as
follows: Risk Score = Z (Exp[IncRNA] x coef[IncRNA]), where coef[IncRNA] denotes the regression coefficient
and Exp[IncRNA] reflects the expression level of the corresponding IncRNA. Each sample was classified into
high-risk or low-risk groups based on the median risk score. An IRLs prognostic model was established using
the TCGA-KIRC training set, and a correlation heatmap was generated. Validation was performed in both the
internal testing set and the entire TCGA-KIRC cohort.

To further assess the generalizability of the signature, we additionally validated its prognostic performance
in an independent external cohort (GSE167573) from the Gene Expression Omnibus (GEO) database. Risk
scores for the external samples were calculated using the same formula derived from the TCGA training set, and
survival analysis was conducted accordingly, with P<0.05 indicating statistical significance.

Evaluation of the prognostic model’s efficacy and clinical value

Using the median risk score of each sample as a threshold, the samples were categorized into low-risk and high-
risk groups, and the OS between these groups was compared using the log-rank test. Principal Component
Analysis (PCA) was employed to assess the clustering capability of the IRL model risk scores. Combining risk
scores with clinical data such as age, sex, tumor grade, and stage of ccRCC patients, Cox regression analysis was
performed to determine whether the model could serve as an independent prognostic factor.

Construction of a nomogram

To construct the prognostic nomogram, we first selected key features from clinical data, such as age, gender,
tumor stage, and grade, using Cox proportional hazards regression analysis, along with six IncRNA biomarkers
that were significantly associated with patient prognosis in univariate analysis. The coefficients of the clinical and
IncRNA features in the regression model reflected their impact on patient prognosis. The weight of each feature
was calculated based on its regression coeflicient, and scores were assigned accordingly. In the nomogram, each
variable was given a score, and the total score was used to predict the patient’s prognostic risk.We constructed
a nomogram using the “rms” package in R software to predict the survival rates of ccRCC patients at 1, 3,
and 5 years. The reliability and accuracy of the nomogram were assessed through calibration curves, Receiver
Operating Characteristic (ROC) curves, and Decision Curve Analysis (DCA).

The relationship between the IRLs model risk score and immune analysis

To investigate the pathway differences between high-risk and low-risk groups, Kyoto Encyclopedia of Genes
and Genomes? (KEGG) pathway enrichment analysis®® was performed based on risk scores, employing Gene
Set Enrichment Analysis (GSEA)®L. In R software, we utilized the “GSVA” package®? to compute the activity of
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Training cohort | Testing cohort | TCGA cohort
Characteristic | (N=266) (N=264) (N=530)
Age (years), n (%)
<65 182 (68.4%) 178 (67.4%) | 360 (67.9%)
>65 84 (31.6%) 86 (32.6%) 170 (32.1%)
Gender, n (%)
Female 98 (36.8%) 88 (33.3%) 186 (35.1%)
Male 168 (63.2%) 176 (66.7%) 344 (64.9%)
Grade, n (%)
G1-2 122 (45.9%) 119 (45.1%) | 241 (45.5%)
G3-4 140 (52.6%) 141 (53.4%) 281 (53.1%)
Unknown 4 (1.5%) 4 (1.5%) 8 (1.5%)
Stage, n (%)
Stage I-T1 168 (63.2%) 154 (58.3%) 322 (64.1%)
Stage III-IV 95 (35.7%) 110 (41.7%) 205 (38.7%)
Unknown 3(1.1%) 0 (0%) 3(0.5%)
T stage, n (%)
T1-2 178 (66.9%) 162 (61.4%) 340 (64.2%)
T3-4 88 (33.1%) 102 (38.6%) 190 (35.8%)
M stage, n (%)
MO 211 (79.3%) 209 (79.2%) 420 (79.2%)
M1 41 (15.4%) 37 (14.0%) 78 (14.7%)
Unknown 14 (5.3%) 18 (6.8%) 32 (6.0%)
N stage, n (%)
NO 113 (42.5%) 126 (47.7%) 239 (45.1%)
N1 10 (3.8%) 6 (2.3%) 16 (3.0%)
Unknown 143 (53.8%) 132 (50.0%) 275 (51.9%)

Table 1. Clinical characteristics included in this study from the TCGA database. TCGA:The Cancer Genome
Atlas.

13 immune-related pathways through single-sample GSEA (ssGSEA)*l. Immune scoring, including ESTIMATE
score>? immune score, and stromal score, was conducted to assess variations in immune infiltration levels between
the groups. The CIBERSORT algorithm was employed to calculate immune cell infiltration levels, and Pearson
correlation analysis was used to explore the relationship between risk scores and immune cell infiltration levels.
Furthermore, to investigate the cell-type-specific distribution of the 6-IRLs in the tumor microenvironment,
we analyzed their expression profiles in ccRCC-related datasets using the Tumor Immune Single-cell Hub 2

(TISCH2) database (http://tisch.compbio.cn/home)3.

The relationship between IRLs model risk scores and drug sensitivity

Based on the constructed scoring model, we employed the “pRRophetic” package®® in R to predict the half-
maximal inhibitory concentration (IC50) of targeted drugs commonly used in the treatment of ccRCC. These
drugs include Sunitinib, Temsirolimus, Sorafenib, Pazopanib, Axitinib.Subsequently, we visualized the drug
sensitivity data using the “ggplot2” package and compared the IC50 values between the high-risk and low-risk
groups using the two-sample Wilcoxon test to evaluate the correlation between drug sensitivity and risk scores.
Statistical significance was set at P<0.05.

Cell culture

Human renal epithelial cells (293T) and human c¢cRCC cells (7860, 769P, ACHN) were purchased from the
Shanghai Cell Bank of the Institute of Life Sciences. These cells were cultured in DMEM (Procell, China)
supplemented with 10% fetal bovine serum (Gibco, USA) and 1% penicillin/streptomycin (Solarbio, China). All
cells were maintained at 37 °C in a 5% CO, incubator and kept at 80%-90% confluence. The culture medium was
changed every 2-3 days to ensure optimal cell growth.

Quantitative real-time polymerase chain reaction (QRT-PCR)

The tissue samples were stored in a cryogenic freezer.Total RNA was extracted from frozen tissue samples using
TRIzol reagent (TransGen Biotech, Beijing, China) according to the manufacturer’s instructions.First-Strand
cDNA for qPCR was prepared according to the manufacturer’s instructions, and subsequent qPCR reactions
were conducted using the appropriate kits. Specifically, the First-Strand cDNA Synthesis SuperMix for qPCR
kit and the Green qPCR SuperMix kit were both procured from TransGen Biotech (Beijing, China). GAPDH
was used as an internal control, The primer sequences are shown in Table 2.The Gene expression levels were
calculated using the 2"-22Ct method.
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Gene name | Forward Primer(5'>3") Reverse Primer(5'>3’)

GAPDH GCTCTCTGCTCCTCCTGTTC ACGACCAAATCCGTTGACTC

IL2RG GTGCAGCCACTATCTATTCTCTG GTGAAGTGTTAGGTTCTCTGGAG
LINC00944 | GTGGAGAAGATGAGGAAACTGAGGAA | AAGGGATGATGGAAATAAGCAAGAAG
AC016773.2 | TCAGTCCTCCAACTTTGTTCTTCTCC CACACTTACCTCTTCCTCCACTCCAC
LINC02446 | ACATAAGGTGTAAACCAAGTAACCAA | CCAAAAATAAGAAAAGAGTAAAAAAA
LINC02328 | TGTGGAAAGTAGTTTGGCGATTTGTC | TGGATTCTGTATTAGGGTATGGGCTC
U62317.2 TTTCTGGATTGTAGTTCTAATTGGGT TGTTTTTGAGTTGTTATCATTTGCCT
KIF1C-AS1 | CCTCAATCTGCGACACATCTTCTACC TCTAACCCTCCTTCTGCTCTTCCTTT

Table 2. Primer sequences used for qRT-PCR analysis.

Immunohistochemistry (IHC)

The tissues were processed through paraffin embedding, sectioning, deparaffinization, rehydration, antigen
retrieval, and endogenous peroxidase blocking. Subsequently, the sections were stained with IL2RG antibody
(abcam, USA) diluted to 1:300, followed by a secondary antibody. Color development was achieved using
diaminobenzidine (DAB), and counterstaining was performed with hematoxylin to assess the protein expression
of IL2RG.

Statistical analysis

Statistical analyses were conducted using R software (version 4.1.3) and GraphPad Prism (version 9.0). The
two-sample Wilcoxon rank-sum test was employed to evaluate differences in the expression of IL2RG mRNA
and its associated IncRNAs. Univariate Cox regression analysis was utilized to determine the prognostic value
of key genes and IncRNAs. LASSO regression analysis was applied to identify crucial IncRNAs associated with
IL2RG, and Pearson correlation tests were conducted to explore the relationships among clinical features, risk
scores, immune checkpoint inhibitors, and immune infiltration levels. Survival analysis was performed using
the Kaplan-Meier method. Inter-group differences were assessed using t-tests, while variance analysis was used
to compare differences among three or more groups. Statistical significance was set at P<0.05 (*: P<0.05, **:
P<0.01, ***: P<0.001).

Results

The expression levels of IL2RG and their relationship with the clinical and pathological
characteristics

First, we conducted a pan-cancer analysis of IL2RG and found that IL2RG expression was dysregulated in the
majority of cancers. Specifically, IL2ZRG was upregulated in BRCA, CHOL, HNSC, KIRC, PCPG, and STAD,
and downregulated in COAD, KICH, LUAD, and LUSC (Fig. 1A). The varied expression profile of IL2RG across
different tumors suggests its involvement in tumorigenesis and progression through distinct mechanisms.

Subsequently, we analyzed the expression of IL2RG in c¢cRCC concerning its clinical and pathological
relevance. We observed that IL2RG expression levels were significantly associated with T stage, N stage, M
stage, AJCC stage, and WHO/ISUP grade (P<0.001). Moreover, logistic regression analysis revealed a positive
correlation between IL2RG expression and ccRCC progression (Fig. 1B-D), though no association was found
with age or gender (Fig. S1). Kaplan-Meier survival analysis indicated that high IL2RG expression was correlated
with poorer OS, DSS, and PFI (P <0.05, Fig. 1E-I).

Using qRT-PCR, we assessed IL2RG mRNA expression in samples (n=50) and cell lines, with results
presented as 2"24Ct, We then performed THC to examine IL2RG protein expression in ccRCC tissues. The results
demonstrated that IL2RG mRNA expression was significantly higher in ccRCC tissues compared to normal
tissues (P<0.05, Fig. 2A). Similarly, IL2RG mRNA levels in 7860, 769P, and ACHN cells were significantly
elevated compared to 293T cells (Fig. 2B). IHC results further revealed that IL2RG protein was predominantly
localized in the cell membrane and cytoplasm of ccRCC cells (Fig. 2C), and its expression was significantly
higher in ccRCC tissues compared to normal tissues (P<0.0001, Fig. 2D).

These findings suggest that IL2RG may play a role in ccRCC tumor progression and could serve as a potential
prognostic biomarker for ccRCC patients.

Critical IRLs screening

Through the InmPort and InnateDB databases, we identified 3178 immune-related genes in humans, and using
Pearson correlation analysis, we filtered 67 genes that were highly correlated with IL2RG (r>0.8, P<0.001)
(Table S1). Ultimately, 26 immune genes significantly associated with IL2RG were confirmed (Fig. S2A). The
results revealed that IL2RG-related immune genes were generally dysregulated in ccRCC (Fig. S2B). We further
generated a heatmap, visually demonstrating the upregulation of these 26 genes in ccRCC tissues (Fig. S2C),
suggesting that these genes may play pivotal roles in the initiation and progression of ccRCC.

Subsequently, we continued with Pearson correlation analysis to explore the association between these
genes and IncRNAs (r>0.8, P<0.001), identifying key IncRNAs co-expressed with IL2RG and associated with
prognosis (Fig. 3A). The analysis revealed 63 IRLs that were closely related to patient survival outcomes and
showed statistical significance (Table S2). We then constructed a forest plot for the top 20 IncRNAs positively
correlated with prognosis (Fig. 3B). Through the creation of heatmaps and differential expression plots, we
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Fig. 1. Pan-cancer analysis of the IL2RG expression and its relationship with clinical characteristics in the
TCGA database. (A) Pan-cancer analysis; (B-F) ILZRG mRNA expression vs. histologic grade, T stage, N
stage, M stage, and pathologic stage; (G-I). Correlation between IL2RG expression and overall survival
(OS), disease-specific survival (DSS), and progression-free interval (PFI). (*P<0.05; **P<0.01; **P<0.001;
%P <0.0001). IL2RG: Interleukin-2 Receptor Subunit Gamma; TCGA: The Cancer Genome Atlas.

filtered the top 20 IncRNAs most strongly associated with survival and prognosis. The results demonstrated
significant differences in the expression of these IncRNAs between groups (Fig. 3C, D).

Consensus clustering based on IRLs

Based on the expression profiles of the 63 key IRLs, we performed consensus clustering analysis*® on 530
ccRCC patients. Furthermore, the IRL model was constructed with guidance from a consensus clustering
analysis, this clustering strategy aimed to simplify clinical testing by selecting a model with a relatively small
number of IncRNAs while ensuring robust performance.The results indicated that when k=2, the cumulative
distribution function (CDF) value was relatively low (Fig. 4A, B). Subsequently, we analyzed the correlation
between the clustering results and clinical characteristics, revealing significant associations between different
clusters and several clinical parameters, including TNM stage, histological grade of malignancy, and clinical
staging (Fig. 4C). Further analysis demonstrated that there were significant differences in prognosis among the
patient clusters (P<0.001, Fig. 4D). Moreover, using the CIBERSORT algorithm, we assessed the immune cell
infiltration status of each group and found notable differences in the infiltration levels of B cells, CD8+ T cells,
resting CD4 + memory T cells, monocytes, and M2 macrophages between the clusters (Fig. 4E). The ESTIMATE
algorithm was further applied to analyze the tumor microenvironment, revealing significant differences
in immune scores and microenvironment scores between the clusters (P<0.001), although no significant
difference was observed in stromal scores between the two clusters (Fig. 4F). Collectively, these findings suggest
that clustering based on key IRLs is closely related to patients’ clinical characteristics and prognosis, offering
potential novel biomarkers for the clinical diagnosis and prognostic evaluation of ccRCC, warranting further
investigation.
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Fig. 2. Tissue validation of IL2RG expression. (A) qRT-PCR assessment of ILZRG mRNA expression in ccRCC
tissues compared to normal tissues (n=>50); (B) qRT-PCR evaluation of ILZRG mRNA expression in ccRCC
cell lines versus normal cell lines; (C, D) THC assessment of IL2RG expression and localization in ccRCC and
normal tissues. (*,P<0.05;**,P<0.01;**,P<0.001;****,P<0.0001). ccRCC, Clear Cell Renal Cell Carcinoma;
THC, Immunohistochemical.

Development of a prognostic model based on IRLs

In this study, 530 ccRCC patients were randomly divided into a training cohort (266 cases) and a testing cohort
(264 cases). We performed LASSO regression analysis on the 63 IRLs, constructing a prognostic model comprising
6-IRLs (Fig. 5A-C). The formula for calculating the risk score of the model is: Risk score = (LINC00944 x 0.066)
+ (AC016773.2x0.100) + (LINC02446x0.002) + (LINC02328x0.018) + (U62317.2x0.001) + (KIF1C-
AS1x0.041). We then plotted the forest plots of univariate and multivariate Cox regression analyses for these
6-IRLs (Fig. S3). Using this formula, we calculated each patient’s risk score and categorized them into low-
risk and high-risk groups based on the median risk score. Survival analysis of the total cohort, training set,
and validation set revealed that the survival time of the high-risk group was significantly shorter than that
of the low-risk group (Fig. 5D-F), with this difference being statistically significant (P <0.05). Furthermore,
ROC curve analysis demonstrated that the 6-IRL model exhibited high accuracy in predicting survival rates
(Fig. 5G-I). Survival status curves and scatter plots indicated that as the risk score increased, patient survival
time significantly decreased (Fig. 5]-L). t-SNE analysis also revealed a marked distinction between the high-
risk and low-risk groups (Fig. 5M-0). To further evaluate the generalizability of our model, we performed
external validation using the GSE167573 dataset from the GEO database (n=>54). Notably, Kaplan-Meier
survival analysis revealed a trend toward poorer survival in the high-risk group, although the difference did not
reach statistical significance (P=0.065). This result confirms that the signature retains a degree of applicability
in external populations (Fig. S4).

Subsequently, we analyzed the expression of the risk score in ccRCC based on clinical and pathological data
from the TCGA database (Fig. 6A). We found that the risk score was significantly associated with T stage,
M stage, AJCC stage, and WHO/ISUP grade, with higher risk scores correlating with more advanced T stage,
M stage, AJCC stage, and WHO/ISUP grade (Fig. 6B-E) (P<0.05), while no correlation was found with age,
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Fig. 3. Screening of key IncRNAs co-expressed with IL2RG. (A) The network diagram of key IncRNAs and
IL2RG; (B) The forest plot of the top 20 IncRNAs positively associated with prognosis; (C, D). The expression
of the top 20 IncRNAs. (**,P<0.01; ***,P<0.001).

Gene expression

gender, or N stage (Fig. S5). Univariate and multivariate Cox regression analyses indicated that the 6-IRLs model
could serve as an independent prognostic factor, with the results supported by both the validation set and the
total TCGA cohort (Fig. S6). This suggests that the scoring model holds promise as a crucial indicator for clinical
prognostic assessment in ccRCC patients.

The stratified prognostic value of the 6-IRL signature

We further evaluated the prognostic predictive capability of the 6-IRLs signature across various clinical strata,
including gender (female vs. male), age (<65 years vs. >65 years), AJCC stage (I-II vs. III-IV), ISUP grade
(I-II vs. III-IV), T stage (T1-2 vs. T3-4), M stage (MO vs. M1), and N stage (NO vs. N1). The results revealed
a significant difference in survival prognosis between high-risk and low-risk patients in most clinical groups,
with high-risk patients exhibiting notably poorer outcomes (Fig. 7). However, in subgroups of patients aged > 65
years, with ISUP grade I-II, M1, and N1, the survival differences were not statistically significant (Figure S7).

Development and validation of the prognostic nomogram

We integrated multiple clinical factors closely associated with patient prognosis, including age, AJCC stage, ISUP
grade, and the 6-IRL signature, to develop a practical clinical prediction tool aimed at enhancing the accuracy
of survival predictions for ccRCC patients. This predictive model, represented by a nomogram, estimates the
1-year, 3-year, and 5-year survival probabilities of ccRCC patients (Fig. 8A). To further validate the accuracy of
the Nomogram model, we constructed calibration curves (Fig. 8B). The calibration curves compare the predicted
survival rates with the actual observed survival rates. The results show that the Nomogram performs well in
predicting survival, with predicted values closely aligning with actual survival outcomes. The calibration curve
is close to the diagonal, indicating high predictive accuracy. Additionally, we employed decision curve analysis
(DCA) to further assess the clinical utility of the tool. The DCA results indicated that the nomogram provided
greater net benefits and a wider range of threshold probabilities in predicting 1-year, 3-year, and 5-year survival.
Compared to the 6-IRL signature alone, the nomogram exhibited superior clinical applicability (Fig. 8C-F).

Immune analysis via 6-IRLs markers

According to the results of Gene Set Enrichment Analysis (GSEA), we observed significant enrichment differences
in multiple KEGG pathways between the high-risk and low-risk groups (Fig. 9A). In the high-risk group, the T-cell
receptor (TCR) signaling pathway and Toll-like receptor (TLR) signaling pathway exhibited positive enrichment
scores, suggesting that cells in the high-risk group may rely on enhanced innate immune receptor signaling to
cope with greater metabolic and inflammatory stress. Conversely, the glutathione metabolism pathway, fatty
acid metabolism, and TGF-p signaling pathway were significantly enriched in the low-risk group, implying that
cells in this group might shift towards fatty acid oxidation metabolism, accompanied by augmented TGF-p
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signaling, which was suppressed in the high-risk group. This enrichment could indicate that cells in the low-risk
group maintain metabolic homeostasis and altered immune suppression signals, making them less prone to
severe disease progression, a capacity lacking in the high-risk group. Furthermore, the P53 signaling pathway
and autophagy regulation also showed differential enrichment across the risk spectrum, hinting at a complex
regulatory network involving tumor suppression and autophagic processes that may influence the phenotypic
transition between high-and low-risk groups.

Subsequently, we delved deeper into the enrichment levels and activities of immune cells, relevant pathways,
and their functions in ccRCC. The results revealed significant differences in immune marker expression between
the low-risk and high-risk groups (Fig. 9B). Further analysis of immune checkpoint expression between the two
groups indicated substantial differences across several immune checkpoint molecules (Fig. 9C). Additionally,
we evaluated the correlation between risk scores and immune cell infiltration. The analysis showed a positive
correlation between risk scores and Memory B cells, Neutrophils, M1 macrophages, CD8 + T cells, Regulatory
T cells, and Follicular helper T cells. In contrast, M2 macrophages, resting Mast cells, naive B cells, Monocytes,
Eosinophils, activated Dendritic cells, and resting Dendritic cells were negatively correlated with risk scores
(Fig. 9D-G, Fig. S8).

To further investigate the cellular localization of the 6-IRLs within the TME, we utilized the Tumor Immune
Single-cell Hub 2 (TISCH2) database, which provides curated single-cell RNA sequencing data with annotated
immune and stromal cell types. Five ccRCC-related datasets (GSE111360, GSE139555, GSE121636, GSE159115,
and GSE171306) were analyzed. The results showed that multiple IRLs within the signature were predominantly
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Operating Characteristic; t-SNE: t-distributed Stochastic Neighbor Embedding.

enriched in immune effector populations, particularly CD4* T cells, CD8* T cells, and NK cells (Fig. S9),
indicating their potential immune-related distribution patterns in the ccRCC microenvironment.

Drug sensitivity analysis
In our study, we focused on five commonly used targeted drugs in clinical practice: Sunitinib, Temsirolimus,
Sorafenib, Pazopanib, and Axitinib. These drugs were selected due to their frequent use in the treatment of

advanced ccRCC and other cancers.
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The sensitivity analysis of commonly used targeted drugs revealed that the high-risk group exhibited
greater sensitivity to Sunitinib and Temsirolimus (Fig. 10A, C), while the low-risk group demonstrated higher
sensitivity to Sorafenib and Pazopanib (Fig. 10B, E). Conversely, Axitinib showed no significant difference
between the two groups (p=0.55) (Fig. 10D). It is possible that the lack of a significant difference is due to
the multifaceted mechanism of action of Axitinib, which depends on the complex interplay of various factors,
including the tumor immune microenvironment. Specifically, the high-risk group may have an immune-
suppressive microenvironment (e.g., regulatory T cells), which could potentially diminish the effectiveness of
Axitinib, whereas the immune environment in the low-risk group may be more conducive to its action. This
result highlights the complexity of drug sensitivity.
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These results suggest a correlation between risk group stratification and drug sensitivity. Furthermore, the
6-IRLs signature could serve as an independent predictor of drug efficacy, potentially holding significant clinical
value.

Clinical sample validation

QRT-PCR was used to evaluate the -IncRNAs expression levels in 50 paired sets of ccRCC tissues and the
adjacent normal tissues. Tissue sections of pathological origin were obtained from patients with confirmed
ccRCC through pathological assessment.The results indicated that the relative expression levels of 6-IncRNAs
were significantly elevated in ccRCC tumor tissues compared to adjacent normal tissues, with all differences
being statistically significant (Fig. 11A-F) (P <0.05). These experimental findings corroborate our bioinformatics
analysis, reaffirming the accuracy of our study through the confirmed expression levels of the 6-IncRNAs.

Discussion

Renal cell carcinoma (RCC), commonly referred to as kidney cancer, comprises a group of heterogeneous
epithelial tumors with malignant characteristics, with clear cell carcinoma being the predominant subtype,
accounting for approximately 80%>°. Given that ccRCC often presents with subtle early clinical symptoms, it is
frequently diagnosed only after metastasis has occurred, with a five-year overall survival rate for metastatic RCC
patients falling below 10%%”. Consequently, it is crucial to explore new diagnostic approaches for ccRCC patients
and to enhance overall survival rates. The intricate interactions between tumor cells and immune components
within the tumor microenvironment (TME) shape the tumor’s immune response, which can both promote
and inhibit tumor growth®. Therefore, investigating immune-related factors within the TME is of significant
importance for developing effective cancer immunotherapies.
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IL2RG is a single-pass transmembrane protein, with its intracellular segments responsible for activating
downstream signaling pathways, particularly the JAK/STAT pathway, which plays a pivotal role in immune
regulation®. In recent years, the role of IL2RG in tumor immune modulation has been increasingly elucidated.
IL2RG mediates the signaling of IL-2 and other cytokines, playing a crucial role in the activation and function
of immune cells within the tumor microenvironment*’. The interaction between IL-2 and IL2RG enhances the
cytotoxicity of T cells and NK cells, promoting their ability to target and kill tumor cells*!. However, in melanoma,
tumor cells employ various mechanisms to suppress IL2RG-related signaling pathways, leading to immune
evasion and subsequently promoting tumor growth and metastasis*2. IncRNAs play a significant regulatory role
in tumor initiation and progression®*?!. As biomarkers, they are becoming increasingly important in clinical
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treatment, yet there is limited reporting on IRLs related to ccRCC prognosis. Therefore, constructing a prognosis
model based on IRLs from the TCGA database and exploring new biomarkers and therapies holds significant
promise for the treatment of ccRCC.

In this study, we thoroughly investigated the role of IL2RG in ccRCC and its potential as a prognostic biomarker.
Pan-cancer analysis revealed dysregulation of IL2RG across various cancers, suggesting its involvement in
tumorigenesis through diverse mechanisms. Specifically, in ccRCC tissues and cells, QRT-PCR and IHC assays
demonstrated a significant upregulation of IL2RG expression compared to normal tissues, underscoring its
crucial role in ccRCC progression. Furthermore, IL2RG expression levels were closely associated with tumor
progression, including T staging, N staging, M staging, and patient prognosis. This suggests that ILZRG may
play a pivotal role in the onset, development, and prognosis of ccRCC. Subsequent research on immune-related
genes revealed significant correlations between IL2RG and several immune genes, particularly highlighting the
dysregulation of 26 key immune-related genes in ccRCC. This emphasizes the intricate interplay between IL2RG
and the tumor immune microenvironment. After performing consistent clustering of ccRCC patients using
63 key IRLs, we found that grouping patients into two clusters based on these IRLs was feasible. 63 IRLs are
associated with patient prognosis, further supporting the potential of these immune-related genes as therapeutic
targets.

By identifying 63 key IRLs and utilizing LASSO regression analysis to construct a prognostic model based
on 6-IRLs (LINC00944, AC016773.2, LINC02446, LINC02328, U62317.2, KIF1C-AS1), the pivotal role of
IncRNAs in ¢ccRCC has been underscored. They are involved in regulating IL2RG expression and modulating
the TME.LINC00944, for instance, may interact with miRNAs to regulate IL2RG, influencing immune responses
and potentially promoting immune evasion in ccRCC*®. Although the direct interaction between the IncRNA
and IL2RG has not been fully elucidated, they may indirectly regulate IL2RG via upstream signaling pathways,
such as the JAK/STAT pathway and the NF-kB pathway, which are involved in immune cell activation and
cytokine secretion?’. LINC00944 and other immune-related IncRNAs may also contribute to shaping the
immunosuppressive microenvironment by modulating the expression of immune checkpoint molecules (e.g.,
PD-L1) or regulating the secretion of pro-inflammatory cytokines*®. For instance, LINC00944 might alter the
balance between immune activation and suppression by influencing the infiltration of CD8 + T cells or Tregs. By
affecting cytokine secretion, such as IL-2 and TNF-q, these IncRNAs could impair tumor immune surveillance,
thereby promoting immune evasion and metastasis*6.while Chen et al. experimentally showed that knocking
down LINC00944 significantly reduces proliferation and migration, and enhances Akt phosphorylation®’.
Furthermore, Pamela’s sequencing work revealed that LINC00944 might be associated with tumor-infiltrating T
lymphocytes and apoptotic pathways in breast cancer®®. Similarly, AC016773.2 and LINC02446 might regulate
immune cell infiltration and function, contributing to the formation of an immunosuppressive TME. Liu et al.
found that AC016773.2 could be related to m6A methylation?®. Wu et al. identified that LINC02446 is linked to
epithelial-mesenchymal transition (EMT) in bladder cancer*’and Zhang et al. demonstrated that LINC02446
regulates the mTOR signaling pathway by binding to EIF3G, thereby inhibiting bladder cancer cell proliferation
and metastasis, and potentially correlates with ferroptosis®>>!. LINC02328 may be associated with endoplasmic
reticulum stress in osteosarcoma, while U62317.2 has been confirmed to be potentially related to EMT in bladder
cancer, and may also be involved in regulating interferon response and RNA surveillance through nonsense-
mediated decay (NMD)>>3.
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Taken together, these findings suggest that the 6-IRLs incorporated into the prognostic model may participate
in a coordinated regulatory network affecting tumor progression and immune modulation in ccRCC. Several of
these IncRNAs, such as LINC00944, LINC02328, and U62317.2, appear to engage in immune-related signaling,
including the regulation of cytokine secretion, immune checkpoint molecules, and immune cell infiltration—all
of which are closely tied to the function of IL2RG. Moreover, their involvement in canonical immune-related
pathways, such as JAK/STAT and NF-«B signaling, further implies a potential convergence on ILZRG-mediated
immune regulation. Consistent with their predicted functional roles, our experimental validation demonstrated
that these six IRLs exhibit significantly dysregulated expression in ccRCC tissues compared to adjacent normal
tissues, supporting their relevance in tumor biology. While direct mechanistic links remain to be fully elucidated,
these IRLs may act through ceRNA interactions or epigenetic mechanisms to influence IL2RG expression and
downstream immune activity. This integrative role highlights their potential as both prognostic markers and
modulators of the immunosuppressive tumor microenvironment. Understanding the precise mechanisms by
which these IncRNAs regulate IL2RG and the TME will provide valuable insights into cancer immunology and
offer potential therapeutic targets for immune modulation.

Subsequently, this prognostic model was validated in both the testing cohort and the TCGA cohort, with
the scoring formula serving as a reliable prognostic indicator. Analysis of various clinical parameters in relation
to the 6-IRLs signature revealed significant differences between high- and low-risk groups, underscoring its
clinical predictive value. The 6-IRLs signature was found to be closely associated with overall survival (OS).
We constructed a nomogram for risk scoring, predicting the 1-, 3-, and 5-year survival rates of ccRCC patients,
with calibration and decision curve analyses confirming its high accuracy and sensitivity.Although our model
demonstrated robust prognostic performance within the TCGA-KIRC cohort through internal validation,
we also sought to assess its generalizability in an independent external dataset. However, due to the limited
coverage of IncRNA expression in public datasets, only four of the 6 IRLs (LINC00944,LINC02446,LINC023
28,KIF1C-AS1) were available in the GSE167573 cohort. Despite this limitation, we applied a 4-IRLs-based
model and observed a trend toward worse overall survival in the high-risk group, though the difference did
not reach statistical significance (P=0.065), likely due to the small sample size (n=54) and broad confidence
intervals.While the findings from this external validation are preliminary, they suggest the potential of the model
to stratify patients beyond the training dataset. More importantly, this highlights a broader challenge in the
field—namely, the lack of high-quality, IncRNA-complete and clinically annotated ccRCC cohorts suitable for
independent validation of IncRNA-based models.

Although the proposed 6-IRLs model demonstrated promising survival prediction capabilities, we further
assessed its clinical utility by comparing it with widely used prognostic tools. Specifically, we compared it with
the traditional TNM staging system. The results indicated that the 6-IRLs model showed superior prognostic
accuracy in survival prediction, providing a more refined risk stratification compared to TNM staging, as
evidenced by Cox regression analysis and Kaplan-Meier survival curves.

Moreover, although existing IncRNA-based prognostic models have shown some predictive value, they often
face limitations in differentiating ccRCC subtypes or molecular characteristics. In contrast, our 6-IRLs model
integrates the expression profiles of multiple IncRNAs, offering a more personalized prognostic assessment for
ccRCC patients. Therefore, our findings suggest that the 6-IRLs model could serve as a valuable supplementary
tool, potentially enhancing the accuracy of clinical diagnosis and therapeutic decision-making when combined
with traditional TNM staging.

Exploration of TME-related pathways through GSEA revealed distinct enrichment patterns between the
high- and low-risk groups, with high-risk patients exhibiting increased activity in innate immune pathways,
while low-risk patients displayed a greater tendency towards metabolic homeostasis. This suggests that targeted
therapies focusing on specific metabolic or immune pathways may provide therapeutic benefits for the distinct
ccRCC subtypes defined by the risk score groups. The immune-related findings of this study also highlight the
profound impact of IRLs on the immune landscape of ccRCC. Consensus clustering based on IRL expression
uncovered two distinct subtypes of ccRCC, each characterized by unique immune cell infiltration patterns.
Differential infiltration of CD8+T cells, M1 and M2 macrophages, B cells, and regulatory T cells between
the groups indicates that the immune response within the TME is intricately linked to the expression of these
IncRNAs. These immune cell types play crucial roles in both tumor suppression and immune evasion.

Interestingly, our study revealed that the TME of high-risk patients is characterized by an increase in
immunosuppressive cells, such as regulatory T cells, which are often associated with poor prognosis and
resistance to immunotherapy>. The enrichment of TLRs and TCRs signaling pathways in the high-risk group
suggests that these patients may exhibit an active but dysregulated immune system. The heightened presence of
TLRs signaling could reflect a stronger inflammatory response>>while the aberrant activation of TCRs signaling
implies that effector T cells might be in a state of functional exhaustion®®. This indicates that the TME in high-
risk patients may favor tumor progression rather than an effective anti-tumor immune response. These findings
underscore the pivotal role of immune pathways in high-risk patients and offer a new direction for future
research aimed at improving prognosis through targeted immunotherapies.

In contrast, the enrichment of glutathione metabolism and TGF- signaling pathways in the low-risk group
suggests stronger antioxidant and immunosuppressive capabilities®”*8. This may indicate that the TME in low-
risk patients is in a more quiescent immune state, with reduced oxidative stress and inflammatory responses,
allowing the immune system to better maintain tissue homeostasis. Enhanced glutathione metabolism helps
mitigate oxidative damage, while active TGF-f signaling points to strengthened immunosuppressive and tissue
repair mechanisms®”8. Collectively, the enrichment of these pathways may contribute to preventing tumor
progression and lead to a more favorable prognosis in ccRCC.

Analysis of the immune microenvironment in ccRCC revealed significant differences in immune cell
infiltration patterns between the low and high-risk groups, which may influence clinical outcomes and

Scientific Reports |

(2025) 15:29651 | https://doi.org/10.1038/s41598-025-15439-1 nature portfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

therapeutic responses. Further analysis of immune checkpoint expression further highlighted the differences
in immune microenvironment between the two groups. Specifically, the high-risk group exhibited elevated
expression of immune checkpoints, suggesting an immunosuppressive state in the tumor microenvironment
that may promote immune evasion.

We also assessed the correlation between risk scores and immune cell infiltration, which provided valuable
insights into the immune cell composition across different risk groups. Notably, we found a positive correlation
between risk scores and multiple immune cell populations, including memory B cells, neutrophils, M1
macrophages, CD8 + T cells, regulatory T cells (Tregs), and follicular helper T cells. These immune cells often
play dual roles in both anti-tumor immunity and immune suppression®’suggesting the presence of such dual
roles in the progression of ccRCC. For instance, while CD8 + T cells and M1 macrophages are typically associated
with anti-tumor responses®’their presence in the high-risk group might indicate an ongoing immune response
in the tumor microenvironment, which could be suppressed or regulated by other factors.

On the other hand, the risk score negatively correlated with certain immune cell types (e.g., M2 macrophages,
resting mast cells, naive B cells, monocytes, eosinophils, activated dendritic cells, and resting dendritic cells),
suggesting altered immune dynamics in the high-risk group. In particular, M2 macrophages, widely recognized
for their role in promoting tumor progression, immune suppression, and tissue remodeling, were reduced or
functionally impaired in the high-risk group®!. This may reflect a mechanism of tumor escape from immune
surveillance, often associated with poor prognosis and treatment resistance.

The immune microenvironment in the high-risk group revealed concerns regarding treatment resistance,
particularly in immunotherapy. High expression of immune checkpoint molecules and skewed immune cell
composition may diminish the effectiveness of immune checkpoint inhibitors by creating an immunosuppressive
tumor microenvironment®2. For example, the increased presence of Tregs is closely related to immune suppressive
responses, which may limit the activation of the immune system, thus reducing the efficacy of immunotherapy®.
Moreover, the reduced presence of activated dendritic cells and eosinophils in the high-risk group suggests that
the tumor may evade immune attack by suppressing the activation pathways of these cells, further supporting
the link between immune evasion and treatment resistance®’. These immune features may also help explain the
clinical phenomenon of treatment resistance in ccRCC patients undergoing immunotherapy or other targeted
therapies.

Therefore, future studies should further explore strategies to modulate these immune cell populations
to enhance treatment responses. Specifically, targeted approaches aimed at immune evasion mechanisms,
particularly by reducing the role of immunosuppressive cells (such as M2 macrophages and Tregs) or enhancing
the activity of pro-inflammatory immune cells (such as CD8 + T cells and M1 macrophages), could significantly
improve clinical outcomes in high-risk patients.

Subsequently, our research revealed that IRLs play a crucial role in guiding clinical treatment for cancer
patients. We identified a significant correlation between the IRL gene risk model and drug sensitivity.

In our study, we focused on five commonly used targeted drugs in clinical practice: Sunitinib, Temsirolimus,
Sorafenib, Pazopanib, and Axitinib. These drugs were selected because they are frequently employed in the
treatment of advanced ccRCC and other cancers®. Sunitinib, for example, is widely used in the first-line treatment
of metastatic ccRCC due to its anti-angiogenic effects through inhibition of VEGF receptors®. Temsirolimus, an
mTOR inhibitor, is often applied to patients with poor prognosis or in advanced stages of ccRCC, particularly
when resistance to other therapies is observed®. Sorafenib and Pazopanib are multi-targeted kinase inhibitors
that have been shown to be effective in ccRCC treatment, particularly in advanced stages and when there is
metastasis®’. Axitinib, another VEGF receptor inhibitor, is often considered for patients who have progressed
after first-line treatments like Sunitinib or Sorafenib®®.

Our findings revealed that high-risk patients demonstrated heightened sensitivity to Sunitinib and
Temsirolimus, whereas low-risk individuals responded more favorably to Sorafenib and Pazopanib. Although all
four agents exert anti-angiogenic effects—either directly or indirectly—through inhibition of VEGF receptors,
they differ substantially in their target spectra®7?signaling pathway modulation, and pharmacodynamic
profiles, which may underlie the observed heterogeneity in therapeutic responses across risk groups.

Specifically, both Sunitinib and Temsirolimus act not only on VEGEFR but also converge on the mTOR
pathway—a critical signaling axis implicated in immune suppression, tumor angiogenesis, and metabolic
reprogramming in highly aggressive malignancies.High-risk individuals may exhibit a greater dependence on
this VEGF/mTOR-driven circuitry, rendering them more susceptible to agents that co-target these axes’®’%73,
In contrast, Sorafenib and Pazopanib, while also targeting VEGFR, possess broader kinase inhibition profiles
encompassing the RAF/MEK/ERK cascade, c-KIT, PDGFR, and other metabolism-associated molecules’*”>.
In the low-risk group, pathway enrichment analysis revealed upregulation of multiple metabolic programs—
particularly those related to fatty acid metabolism—accompanied by a marked suppression of pro-inflammatory
signaling, which may establish a tumor microenvironment more amenable to multi-targeted kinase inhibition.
These findings suggest that IRLs may modulate drug responsiveness by orchestrating immune-metabolic states
and pathway dependencies in a risk-dependent manner.

Collectively, these results highlight that despite overlapping mechanisms of action, the clinical efficacy of
targeted therapies can be profoundly shaped by the underlying molecular landscape, signaling dynamics, and IRL-
mediated regulatory networks.From a translational perspective, the 6-IRL-based risk signature offers a clinically
actionable stratification tool that not only predicts prognosis but also informs therapeutic decision-making.For
instance, patients classified as high-risk who may exhibit greater reliance on VEGF/mTOR signaling—might
derive more benefit from Sunitinib or Temsirolimus, whereas low-risk patients with metabolic enrichment and
attenuated inflammatory signaling may respond better to Sorafenib or Pazopanib.This risk-adapted treatment
paradigm holds promise for improving therapeutic precision, minimizing unnecessary toxicity, and ultimately
enhancing survival outcomes in ccRCC.
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Overall, the 6-IRLs signature offers a promising tool for enhancing personalized treatment strategies in
ccRCC, guiding clinicians in selecting the most appropriate targeted therapies based on an individual patient’s
risk profile and predicted drug sensitivity. This approach could improve treatment efficacy, reduce adverse
effects, and ultimately improve patient survival outcomes.

In addition, Compared the prognostic performance of the 6-IRLs with six previously published representative
prognostic models for ccRCC: immune-related gene signatures’’EMT-related IncRNA signatures’’machine
learning-based ceRNA network models’®immune-related IncRNA pair signatures’’a four-IncRNA panel
validated in an external cohort®®and immune gene-based predictors of immunotherapy response®!,our 6-IRLs
model demonstrated superior or comparable performance in multiple survival indicators, including AUC and
C-index, and remained an independent prognostic factor in multivariate analyses.

Notably, our model was constructed based on IL2RG, a pivotal immune regulatory gene implicated in multiple
cytokine signaling pathways and T-cell homeostasis. The six IRLs included in the model were systematically
identified as IL2RG-related and immune-associated IncRNAs, reflecting their potential roles in shaping the
tumor immune microenvironment. This mechanistically grounded approach distinguishes our model from
other IncRNA-based signatures that rely on statistical selection alone. Furthermore, the concise structure of the
6-IRLs model enhances its interpretability and clinical feasibility, offering a biologically informed and practically
valuable tool for prognostic stratification and immunotherapy decision-making in ccRCC.

In conclusion, the 6-ILRs signature developed in this study provides a powerful tool for risk stratification
and treatment decision-making in ccRCC, highlighting the critical role of the 6-ILRs in shaping the immune
landscape, influencing patient prognosis, and determining treatment outcomes. The immune microenvironment
analysis based on the 6-ILRs signature not only offers more accurate prognostic assessments for ccRCC patients
but may also become a key tool for personalized immunotherapy. By further investigating the role of these
immune-related IncRNAs in immune evasion mechanisms, the 6-ILRs signature holds promise in providing
new insights for the development of immunotherapy targets, ultimately advancing the realization of precision
treatment.

However, the clinical utility of this model requires further validation in larger, independent cohorts.
Additionally, mechanistic studies are needed to elucidate the precise roles of these IncRNAs in regulating
immune responses and influencing drug sensitivity. Integrating multi-omics data, including epigenomics and
proteomics, may offer deeper insights into how these IncRNAs orchestrate complex tumor-immune interactions.

Conclusions

This study elucidates the expression profile of IL2RG in ccRCC and its potential role as a prognostic marker,
validated through qRT-PCR and IHC. Based on the expression characteristics of IL2RG and its immune-related
genes, we identified and constructed a 6-IRLs signature model. The findings demonstrate that this model can
serve as an effective tool for diagnosing and predicting the prognosis of renal cell carcinoma patients. This
research offers new insights into the regulatory mechanisms of renal cell carcinoma and provides a novel
reference framework for the development of clinical immunotherapies and personalized targeted treatment
strategies.

Data availability
The datasets generated during and/or analysed during the current study are available from the corresponding
author on reasonable request.
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