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Regulatory mechanism and
prognostic value of sex hormone
pathways connected with
metabolism and immune signaling
In clear cell renal cell carcinoma
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Clear cell renal cell carcinoma (ccRCC) represents a major subtype of kidney cancer with variable
prognosis. A comprehensive understanding of sex hormone-related pathways could potentially refine
the prediction of patient outcomes in ccRCC. Patients from TCGA-KIRC (n=528) and GSE22541 (n = 40)
cohorts were analyzed. Sex-hormone-associated pathways were manually collected and calculated
with the activated score, then subtypes were identified. Differential gene expression, pathway
enrichment, and tumor-infiltrating immunocytes were assessed. A prognostic signature was developed
using Cox analysis and LASSO regression. Immunohistochemistry (IHC) was performed to validate

the protein level of key model gene in ccRCC tissues. Three distinct subtypes (C1, C2, C3) based on sex
hormone pathway activation were discovered. C1 showed the most favorable prognosis (P= 0.00029).
1,094 genes were upregulated in C1 and 197 in C3. 20 risk-associated and 172 protective genes for
ccRCC prognosis were identified. LASSO regression narrowed down to 33 genes for the sex-hormone-
related-gene (SHAG) prognostic model. In the TCGA-KIRC cohort, the high-SHAG score group had a
worse prognosis with an HR of 3.26 (95% Cl: 2.334-4.555, P< 0.001). Validation in the GSE22541 cohort
corroborated these findings. The nomogram incorporating the SHAG model demonstrated robust
predictive accuracy higher than 0.75. IHC validation confirmed that ARHGEF17 protein levels were
higher in early-stage ccRCC (stage I-1l) compared to advanced-stage (stage Ill) tumors, supporting its
prognostic relevance. The SHAG signature serves as a promising prognostic tool for ccRCC, providing
insights into the role of sex hormone-related pathways in tumor progression. Further experimental and
clinical validation is warranted to explore its potential in personalized therapy.
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Cancer is currently one of the major factors affecting human life and health, and urological cancers are one of
the more common ones. renal cell carcinoma (RCC) is the most common type of cancer in the urinary system,
with clear cell RCC (ccRCC) being the most common subtype!2. ccRCC is usually divided into four pathological
stages, with the fourth stage having the worst prognosis and a survival rate of high to 20%. In the latest cancer
report, the number of new cases of RCC diagnosed in the United States has increased to 80,980 in 2025, also with
approximately 14,510 deaths, this shows that ccRCC has a high morbidity and mortality rate®. The distinguishing
characteristic of ccRCC is the polygonal morphologies containing clear cytoplasm rich in carbohydrates and
lipids. Available studies suggest that this is due to a deletion in the short arm of chromosome 3 and mutations
in the tumour suppressor gene (VHL) and its resulting overexpression of vascular endothelial growth factor
(VEGF)*%. ccRCC is usually treated with surgery and medication. For surgical treatment, chemotherapy is
administered postoperatively with cytokines including high-dose interleukin 2 (HDIL- 2) and interferon
(IFN)-a. ccRCC is usually cured by surgical resection if it has not metastasised, while metastatic ccRCC still has
a high mortality rate after surgery®. Current drug treatments work mainly by acting on targets and include the
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monoclonal antibody bevacizumab, which acts on VEGE, sorafenib, sunitinib, pazopanib, axitinib, cabozantinib
and lenvatinib, which act on the target of rapamycin (mTOR), and tesilomycin and everolimus inhibitors,
which act on the target of rapamycin (mTOR)”. Long-term use of existing drugs can cause cells to develop some
resistance to them. The identification of key pathways and key genes plays an important role in the diagnosis
of renal clear cell carcinoma and in the research of new drugs, as new therapeutic approaches and drugs are
urgently needed due to the limitations of existing treatments.

RCC is among the most heavily immune-infiltrated tumors, with the characteristics of its tumor
microenvironment not only influencing tumor initiation and progression but also potentially affecting responses
to systemic therapies®®. Compared to untreated patients, ccRCC samples from those receiving bevacizumab
treatment exhibit reduced microvascular density, along with a decreased presence of CD68-positive macrophages
and chymase-positive mast cells'’. Additionally, in RCC patients, the overexpression of miR- 29b and miR- 198 in
CD8 +T cells downregulates JAK3 and MCL- 1, leading to immune dysfunction. A study analyzing multi-omics
data of ccRCC further confirmed that ccRCC constitutes a highly heterogeneous group of tumors. The immune-
exhausted subtype, characterized by a depleted immune microenvironment and activated hypoxic features, is
associated with the poorest prognosis; The immune “cold” subtype, predominantly defined by frequent VHL and
PBRMI mutations, exhibits a more favorable prognosis and responds well to sunitinib treatment; Meanwhile,
the immune “hot” subtype, marked by immune cell activation, is more responsive to anti-PD- 1 therapy'!.
The aberrant activation of multiple metabolic pathways in RCC further contributes to tumor progression. In
ccRCC, the kynurenine pathway enzymes and their catabolic metabolites are significantly upregulated and
serve as independent prognostic factors associated with poor outcomes!. A study revealed that patients with
ccRCC exhibit increased levels of creatine, alanine, lactate, and pyruvate, while hippuric acid, citric acid, and
betaine are significantly reduced!. Available studies show that RCC is much more common in men than in
women, about twice as common as in women'“. It is therefore speculated that RCC may be associated with sex
hormones including progesterone, estrogen and androgen. Existing studies have also confirmed the presence of
progesterone, estrogen and androgen loci in RCC tissue. For progestins we found that PAQRS5, which belongs
to the class II progestin and adipoQ receptor(PAQR) family, was downregulated in ccRCC and associated with
disease exacerbation and poor outcome'®. For androgens (AR) we found that AR exacerbates disease by altering
circHIAT1/miR- 195 -5p/29a- 3p/29¢- 3p/CDC42 signaling, promoting migration and invasion of ccRCC,
which may help open up new therapies to inhibit ccRCC metastasis'®!”. For estrogen receptor p (ERp), which
increases cancer stem cell (CSC) populations in ccRCC by altering ERB/circPHACTR4/miR- 34b- 5p/c-Myc
signaling, and targeting this newly discovered signaling pathway may help physicians better inhibit ccRCC
progression. Also promoting ccRCC cell invasion by altering the ERB/circATP2B1/miR- 204 -3p/FN1 axis,
therapeutic targeting of this newly discovered pathway may better halt ccRCC progression!'®'. It can be seen
that sex hormones play an important role in the pathological mechanism and prognosis of ccRCC, and the
existing models of sex hormone regulation of renal clear cell carcinoma development and prognosis prediction
are still immature, therefore we conducted a study on the mechanism of sex hormone pathway regulation of
renal clear cell carcinoma development and the construction of a prognosis prediction model.

In our research, we included 659 samples from the TCGA-KIRC and GSE22541 cohorts in this study, and
we used the TCGA-KIRC cohort to construct the model and then tested its validity with the GSE22541 cohort.
In the TCGA-KRIC cohort, we assessed differences in the activation of sex hormone-related pathways between
patients and ultimately selected 32 genes to construct a model to predict the prognosis of ccRCC, and this was
validated in the GSE22541 cohort.

Methods

Summary of patients

In this investigation, a total of 568 ccRCC patients were enrolled. Specifically, we sourced gene expression
profiles and associated clinical data for 528 patients from the TCGA-KIRC cohort via the UCSC Xena platform
(http://xena.ucsc.edu/). We used the GENCODE?27 annotation document to define mRNA gene symbols. The
TPM expression data of mRNA was first transformed by log2 calculation. In addition, we incorporated data
from 40 ccRCC patients from the GSE22541 cohort, retrieved from the Gene Expression Omnibus (GEO)
platform (http://www.ncbi.nlm.nih.gov/geo/). Comprehensive baseline data for patients across both cohorts are
presented in Table 1.

Remove batch effects between cohorts

To harmonize the datasets from the TCGA-KIRC and GSE22541 cohorts, we addressed and mitigated potential
non-biological biases to ensure comparability in gene expression profiles across cohorts. We employed the
ComBat algorithm from the R “SVA” package to correct for batch effects, subsequently adjusting all gene
expression profiles. Prior to this correction, the two cohorts were distinctly separate (Figure S1A). However,
post-adjustment, they coalesced into a unified dataset (Figure S1B).

Deciphering central pathways in CcRCC patients

Utilizing the single-sample Gene Set Enrichment Analysis (ssGSEA) via the “GSVA” software, we meticulously
assessed 50 quintessential HALLMARK gene sets for each patient to elucidate pivotal biological pathway
activations. This rigorous analysis juxtaposed the activation dynamics of 50 tumor-associated trajectories with
gene compilations sourced from MsigDB?. The Enrichment Score (ES) epitomizes the primary outcomes of
the gene enrichment scrutiny. Within the hierarchical arrangement, gene sets with positive ES values ascend
to prominence, while those with negative ES values reside at the lower echelons. The Normalized Enrichment
Score (NES) stands as the paramount metric for evaluating gene set enrichment outcomes. Meanwhile, the False
Discovery Rate (FDR), delineating the proportion of erroneous identifications in all discerned results, adheres
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Prameters HR 95% CI P value
Age 1.031 1.016-1.046 | <0.001*
Female Reference
Gender
Male 1 0.718-1.394 | 0.998
Asian Reference
R Black of Aferican American | 2.183 0.274-17.426 | 0.461
ace
unknow 3.237 0.284-36.957 | 0.344
White 2.482 0.337-18.297 | 0.372
Stage I Reference
Stage II 0.881 0.464-1.672 | 0.698
Stage
Stage III 1.426 0.909-2.237 | 0.122
Stage IV 2.389 1.486-3.842 | <0.001*
G1+G2 Reference
G3 1.065 0.71-1.598 0.759
Grade
G4 1.097 0.666-1.805 | 0.717
GX 1.686 0.226-12.555 | 0.61
Tumor free Reference
Tumor status | unknow 3.043 1.55-5.974 0.001*
With Tumor 2.633 1.799-3.855 | <0.001*
SHAG score 2.574 1.909-3.471 <0.001*

Table 1. Multiple Cox regression analysis reveals the independent risk factors for CcRCC. *, P< 0.05.

to a stringent threshold of 0.05. To elucidate disparities in immune activation statuses, NES values across various

cohorts were derived from gene sets underscored by immune and stromal characteristics, as inferred from prior
21

research”'.

Collection sex-hormone-associated pathways and identifying distinct sex-hormone subtypes
We focused on the different activation status of sex hormone associated pathways in different ccRCC patients,
and aim to identify the inner connection between it and the molecular feature or prognosis of ccRCC. Therefore,
we collected several sex hormones associated signaling pathways reported in the MsigDB project, including
hallmark gene set, ontology gene sets, and reactome gene sets of human beings. The details of these pathways
listed in Table SI.

The distanceMatrix function of “ClassDiscovery” package, with the preset parameters of “euclidean”, “ward.D”
setting was applied to identify the most sex-hormone enriched and scarce subtypes.

Genomic pathway elucidation

Utilizing the ‘limma’ package in R, we meticulously identified differentially expressed genes (DEGs). Criteria for
DEG extraction were defined by an absolute log2(fold-change) surpassing 0.6, coupled with an adjusted P-value
falling beneath 0.05. For a comprehensive Gene Ontology (GO) analysis, we harnessed the capabilities of the ‘org.
Hs.eg.db’ and ‘msigdbr’ packages. To delve deeper into gene functionality and intricate pathway enrichment, the
‘ClusterProfiler’ tool was invoked??. Additionally, we employed the single-sample gene set enrichment analysis
(ssGSEA) to meticulously examine the tumor infiltration dynamics of 28 distinct immunocytes, subsequently
deriving an individualized infiltration score for each immunocyte subtype across every patient?>. The genetic
aberrations were gleaned from the Genomic Data Commons (GDC) using the “TCGAbiolinks” suite. A graphical
representation of these mutations was subsequently rendered utilizing the “maftools” R package?*.

Formulating the prognostic SHAG signature

We executed a univariate Cox regression to meticulously dissect prognostic genes across both TCGA-KIRC and
GSE22541 datasets. Following this, a Venn diagram was adeptly curated to spotlight intersecting prognostic
genes warranting deeper exploration. The sophisticated least absolute shrinkage and selection operator (LASSO)
regression analysis, facilitated by the ‘glmnet’ package?®, was pivotal in optimizing and streamlining all input
variables. This led to the construction of a statistical paradigm renowned for its unparalleled predictive acuity
and elucidative prowess. LASSO, a distinguished regularization approach, proficiently circumvents overfitting,
enhances feature selection prowess, and refines the regression model’s architecture with a finesse surpassing
conventional ordinary least squares subset selection methodologies. This modus operandi is especially germane
when confronted with a plethora of potential predictors, albeit with a mere subset anticipated to bear significance.
In our study, we selected lambda.min, which is the value of lambda that results in the lowest cross-validation
error. Genes discerned through LASSO analysis were integral in computing each patient’s risk quotient. This
amalgamated gene expression metrics with coeflicients to craft a quintessential sex-hormone-associated-gene
(SHAG) prognostic marker. The formula is articulated as:
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Here, X signifies the coefficient attributed to a gene, while B; delineates the expression magnitude of the
pertinent gene.

Establishment of a predictive nomogram

The prognostic prowess of the SHAG score across each dataset was rigorously evaluated using the Kaplan-Meier
(K-M) plot and the receiver operating characteristic (ROC) curve. Additionally, a multivariate Cox regression
analysis was judiciously carried out to mitigate the influences introduced by other clinical variables, with findings
elegantly illustrated within a forest plot. To further refine our diagnostic tools, we harnessed the capabilities of
the “regplot” software, culminating in the formulation of a clinical prognostic nomogram. Variables emerging
as salient from the multivariate Cox regression analysis were seamlessly integrated into the nomogram’s design.
To ensure the nomogram’s clinical reliability and precision, we embarked on a series of evaluations, leveraging
calibration curves, decision curve analysis, and clinical impact curve assessments. This meticulous verification
process was facilitated by the “rms” and “rmda” toolKkits.

Immunohistochemistry validation

To confirm the correlation between ARHGEF17 expression and the pathological stages of ccRCC, we employed
an immunohistochemistry (IHC) assay to assess the protein expression levels of the aforementioned genes in
a ccRCC tissue array obtained from Outdo Biotech Co., Ltd. (Shanghai, China). IHC staining was performed
using ARHGEF17 antibodies (Cat. #: BD-PT3494, Biodragon LTD., Suzhou, China) at a dilution of 1:300.

Statistical analysis

To discern disparities between subgroups characterized by continuous variables, we deployed either the T-test
or the Mann-Whitney U test. The Kaplan-Meier technique was instrumental in illustrating survival trajectories,
with the log-rank methodology further validating these findings. In Chap. 5 “Assessing the Fit of the Model” of
“Applied Logistic Regression’, it emphasized that “there is no “magic” number, only general guidelines”. Therein,
the following values are given: ROC =0.5 This suggests no discrimination; 0.5 <ROC <0.7 We consider this
poor discrimination; 0.7 <ROC <0.8 We consider this acceptable discrimination; 0.8 <ROC <0.9 We consider
this excellent discrimination; ROC >0.9 We consider this outstanding discrimination®®. Through a univariate
Cox regression framework, we determined hazard ratios (HR) and their corresponding 95% confidence intervals
(CI) for prospective genes. To evaluate the autonomous prognostic influence of the SHAG score, we engaged
in multivariate Cox analyses, post-adjustment for an array of clinical determinants. Adhering to a significance
benchmark of P< 0.05, our statistical evaluations were two-tailed in nature. All analytical endeavors were
facilitated using the R software platform (version 4.2.2).

Results

Sex hormone-related signaling pathways exert a protective role in the prognosis of CcRCC
patients

To ascertain the signaling pathways most intimately linked with tumor prognosis in ccRCC, we initially
employed the GSVA technique. Upon assessing the activation levels of 50 hallmark tumor signaling pathways
across all TCGA-KIRC patients, a comparative analysis was executed between those who succumbed to the
disease and those who survived. Remarkably, among the deceased patients, there was a pronounced activation
of pathways related to the cell cycle and gene repair, including G2M_CHECKPOINT, DNA_REPAIR, MYC_
TARGETS_V1, and E2 F_TARGETS. Conversely, among surviving patients, there was evident activation of
hormone-related pathways such as ESTROGEN_RESPONSE_EARLY and ANDROGEN_RESPONSE, in
addition to immune response pathways like TNFA_SIGNALING_VIA_NFKB, NOTCH_SIGNALING, and
IL2_STAT5_SIGNALING (Fig. 1A).

Proceeding with our investigation, we meticulously curated 21 signaling pathways from the GO and
REACTOME databases that reflect the activation levels of estrogen and androgen. By leveraging the ssGSEA
approach, each pathway was scored. Employing unsupervised cluster analysis based on these activation levels,
patients were segregated into three subtypes (Fig. 1B). Patients of subtype C1 exhibited pronounced activation
of pathways related to sex hormone action, encompassing gene expression, transcription, and intra- and inter-
cellular signal transduction. The C3 subtype manifested strong activation in pathways concerning sex hormone
metabolism and biosynthetic. Meanwhile, the C2 subtype demonstrated a moderate activation level across
all pathways. Evaluating the prognosis of these subtypes, we discerned that subtype C1 patients had the most
favorable outcomes, while C3 patients fared the worst (P =0.00029, Fig. 1D).

Identification of pivotal genes linked to CcRCC prognosis concerning sex hormones

Our subsequent research delved into the differential gene expression between C1 and C3 subtypes. We
identified 1,094 genes significantly upregulated in the C1 subtype, and 197 genes markedly elevated in the C3
subtype (Fig. 1C). These genes were predominantly involved in extracellular matrix regulation, endothelial
cell differentiation, and GTPase activation (Figure S2). Utilizing univariate cox regression analysis across both
TCGA-KIRC and GSE22541 cohorts, we pinpointed genes that either posed risks or conferred protective
effects on the prognosis of ccRCC patients (Fig. 2A-B). By intersecting prognostic genes from both cohorts, we
ultimately unveiled 20 risk-associated genes and 172 protective genes pertaining to ccRCC prognosis (Fig. 2C).
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Fig. 1. Molecular landscape and clinical relevance of sex hormone signaling in ccRCC patients. (A) GSVA
analysis of 50 hallmark tumor signaling pathways in TCGA-KIRC patients; (B) Unsupervised clustering based
on the activation scores of 21 curated signaling pathways related to estrogen and androgen action; (C) Volcano
plot presenting the differential gene expression between C1 and C3 subtypes; (D) Kaplan-Meier survival curves
for the three subtypes.
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Fig. 2. Prognostic gene identification and expression profiling in ccRCC cohorts. (A) Univariate Cox
regression analysis of the TCGA-KIRC cohort highlighting genes with prognostic value. (B) Univariate Cox
regression analysis for the GSE22541 cohort. (C) Venn diagrams displaying the overlap of risk-associated genes
(upper diagram) and protective genes (lower diagram) between the TCGA-KIRC and GSE22541 cohorts.

(D) Expression heatmap of the 192 intersected prognostic genes in the TCGA-KIRC cohort. (E) Expression
heatmap of the 192 intersected prognostic genes in the GSE22541 cohort.
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The expression profile of these 192 genes across individual patients is depicted in Fig. 2D (for the TCGA-KIRC
cohort) and Fig. 2E (for the GSE22541 cohort).

LASSO regression analysis identifies genes most reflective of CcRCC patient prognosis

We incorporated the 192 selected genes into a LASSO Cox regression analysis (Fig. 3A-B). Using a predetermined
optimal lambda value 0.026, 33 genes and their respective coeflicients were finalized for the model. Subsequently,
we computed the SHAG scores for 528 patients in the TCGA-KIRC cohort (Fig. 3C), visualizing the relationship
between SHAG scores and overall survival (OS), as well as the expression distribution of the 33 genes.
Simultaneously, SHAG scores for 40 patients in the GSE22541 cohort were calculated (Fig. 3D), highlighting
their association with OS and the expression distribution of the 33 genes within each patient.

Cause the prognostic value of ARHGEF17 is less validated in real-world sample. We used ccRCC tissue
samples to validate the protein level of ARHGEF17 with IHC staining. We present the 8 represantative results,
and showing that ARHGEF17 protein displayed a higher level in stage I-II samples, as compared to stage III
samples. And we also observed that the ARHGEF17 protein most presented in cytosol (Fig. 4).

SHAG risk score differentiates CcRCC patient prognosis

Within the TCGA-KIRC cohort, based on the median of SHAG scores, patients were divided into two groups:
high-SHAG and low-SHAG score groups. We observed that patients in the high-SHAG score group had a
significantly worse prognosis compared to those in the low-SHAG score group (HR =3.26, 95% CI: 2.334-4.555,
P <0.001, Fig. 5A). Furthermore, employing ROC curves to evaluate the model’s predictive capabilities, the
model’s AUC was 0.768 at 1 year, 0.747 at 3 years, and 0.751 at 5 years (Fig. 5B), indicating its robust prognostic
value. Additionally, the model’s predictive ability was compared against other clinical parameters, revealing
superior prognostic prediction. When combined with other clinical markers to form a new model, its predictive
power improved to an AUC of 0.836 (95% CI: 0.793-0.879, Fig. 5C). We further assessed the variance in SHAG
scores across different tumor stages, discovering that as tumor staging increased, so did the SHAG scores (P
<0.001, Fig. 5D). This trend was consistent across different tumor grades (P <0.001, Fig. 5E). In the GSE22541
cohort, after grouping patients based on the median of SHAG scores, it was observed that those with high-SHAG
score had poorer prognosis (HR =3.22, 95% CI: 1.549-6.693, P =0.002, Fig. 5F). In this cohort, the model’s
AUC was 0.791 at 1 year, 0.801 at 3 years, and 0.858 at 5 years (Fig. 5G). Moreover, the newly developed model
displayed enhanced prognostic prediction capabilities over metrics like tumor type and gender (Fig. 5H).

Investigating differentially activated signaling pathways and genetic alterations between
patients with high and low SHAG score in CcRCC

To provide a more comprehensive assessment of the disparities between patients with high and low SHAG scores
during the tumorigenesis process of ccRCC, we initially evaluated the differences in pathway activation between
these two groups. In high-SHAG score patients, several pathways were significantly upregulated, including
INTERFERON_ALPHA_RESPONSE, INTERFERON_GAMMA_RESPONSE, TNFA_SIGNALING_VIA_
NFKB, P53_PATHWAY, ALLOGRAFT_REJECTION, IL6_JAK_STAT3_SIGNALING, INFLAMMATORY_
RESPONSE, G2M_CHECKPOINT, and E2 F_TARGETS. In contrast, in low-SHAG score patients,
alternative pathways such as ANDROGEN_RESPONSE, MITOTIC_SPINDLE, TGF_BETA_SIGNALING,
UV_RESPONSE_DN, NOTCH_SIGNALING, WNT_BETA_CATENIN_SIGNALING, and HEDGEHOG_
SIGNALING were more prominently activated (Fig. 6A). Concurrently, we further analyzed the infiltration
of immune cells and found that high-SHAG score patients exhibited more extensive immune cell infiltration,
predominantly consisting of various T cells, B cells, natural killer cells, and macrophages (Fig. 6B).

Moreover, we compared the genetic alterations between the two groups. We discerned a notably higher
tumoral mutation burden in the high-SHAG score cohort (P =0.012, Fig. 7A), potentially correlated with copy
number variations. High-SHAG score patients manifested more extensive copy number alterations, whether
genome loss or gain (P <0.0001, Fig. 7B). Delving deeper into specific gene mutations, low-SHAG score
patients exhibited a higher frequency of PBRM1 gene mutations (47.3% vs. 30.6%, P =0.00124, Fig. 7C, Table
S2), whereas the high-SHAG score group was characterized by more mutations in SETD2, BAP1, MUC16, and
KDMS5 C (Fig. 7C, Table S2). Additionally, we evaluated differentially expressed genes between patients with
and without genomic alterations (Fig. 7D), noting a significant upregulation of the SCGN gene in patients with
genomic alterations (P <0.001, Fig. 7E). Elevated SCGN gene expression correlates with a favorable prognosis
(HR =0.52, P <0.001, Fig. 7F), establishing SCGN as a protective prognostic factor for ccRCC patients.

Constructing a prognosis prediction nomogram based on independent risk factors

Subsequently, incorporating various clinical indicators in the TCGA-KIRC cohort, we conducted a multifactorial
cox regression analysis. The findings illuminated age (HR =1.031, 95% CI: 1.016-1.046, P <0.001), tumor
stage (Stage IV: HR =2.389, 95% CI: 1.486-3.842, P <0.001), tumor status (With tumor: HR =2.633, 95%
CI: 1.799-3.855, P <0.001), and SHAG score as independent prognostic factors (HR =2.574, 95% CI: 1.909-
3.471, P <0.001, Table 1). Based on this analysis, we established a prognostic nomogram incorporating
these independent factors (Fig. 8A). Utilizing the nomogram, we computed points for all included patients,
discovering a significant negative correlation between nomogram points and survival duration for deceased
patients (R=— 0.27, P =0.00043, Fig. 8B). Furthermore, deceased patients had notably higher average points
than survivors (P <0.001, Fig. 8C). We validated the predictive capability of the nomogram through calibration
analysis, revealing its accurate reflection of actual outcomes when forecasting 1-year (Hosmer-Lemeshow P
=0.195, Fig. 8D), 3-year (Hosmer-Lemeshow P =0.306, Fig. 8E), and 5-year prognoses (Hosmer-Lemeshow
P =0.193, Fig. 8F). Based on the calculated points, patients were bifurcated into high and low point groups.
Kaplan-Meier curves demonstrated a markedly worse prognosis for the high-point group compared to the
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Fig. 3. LASSO Cox regression analysis and construction of SHAG prognostic model. (A) LASSO coefficient
profiles of the 192 selected genes. Each curve corresponds to a gene, and the plot showcases changes in
coefficients as the penalty parameter lambda increases on a log scale. (B) Plot of partial likelihood deviance
against the log scale of lambda, highlighting the optimal lambda value (0.026) for model selection, indicated
by the vertical dotted line. (C) Risk map showing the SHAG score for each patient and distribution of overall
survival time in TCGA-KIRC cohort, with the heatmap illustrating the expression profiles of the 33 prognostic
genes across patients. (D) Risk map showing the SHAG score for each patient and distribution of overall
survival time in GSE22541 cohort, with the heatmap illustrating the expression profiles of the 33 prognostic
genes across patients.
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Fig. 4. Validation of the ARHGEF17 protein level in ccRCC samples by immunohistochemistry staining.

low-point group (HR =5.280, 95% CI: 3.576-7.787, P <0.001, Fig. 8G). The ROC curve further showcased the
commendable predictive capacity of the nomogram (AUC: 1-year, 0.861; 3-year, 0.843; 5-year, 0.842, Fig. 8H).
A DCA curve was performed, underscoring the high clinical net benefit of the nomogram model across almost
the entire threshold probability compared to other features (Fig. 8I).

Discussion

The intricate and multivariate processes underlying cancer prognosis have long been a subject of investigation,
especially in relation to ccRCC, given its unpredictable disease course?’?. RCC is fundamentally a metabolic
disorder characterized by the reprogramming of energy metabolism®*.. It has been reported that the tyrosine
kinase Abl2 facilitates the activation of the TGFP1/Smad signaling pathway, thereby promoting ccRCC cell
invasion and the maturation of invadopodium®. ccRCC cells expressing MUCI exhibit distinct metabolic
reprogramming features, and the suppression of MUCI1 expression leads to decreased cell motility and viability
while enhancing cisplatin sensitivity*®. Additionally, NDUFA4L2 is highly expressed in renal cancer cells, and
its silencing impairs cell viability, increases mitochondrial mass, and induces ROS generation under hypoxic
conditions®*.

In our comprehensive study, we delved deeply into the signaling pathways and their association with the
prognosis of ccRCC patients. Our analysis, leveraging the GSVA technique, provided evidence that pathways
associated with the cell cycle and gene repair are prominently activated in deceased patients. This aligns
with prior studies emphasizing the involvement of these pathways in various cancers. Particularly, cell cycle
regulation disruption is pivotal in tumor development®*~¥, and elevated DNA repair capacity can provide tumors
resistance against genotoxic treatments®®°. In stark contrast, our data suggested a protective effect for hormone-
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cohorts. (A) Kaplan-Meier survival analysis of the TCGA-KIRC cohort. (B) Time-dependent ROC curves of
the SHAG score model for 1-year, 3-year, and 5-year overall survival prediction in the TCGA-KIRC cohort.
(C) Comparison of the prognostic accuracy between the SHAG score model and other clinical parameters in
the TCGA-KIRC cohort. (D) Box plot showing the distribution of SHAG scores across different tumor stages
in the TCGA-KIRC cohort. (E) Distribution of SHAG scores across various tumor grades in the TCGA-KIRC
cohort. (F) Kaplan-Meier survival curve for the GSE22541 cohort. (G) Time-dependent ROC curves of the
SHAG score model for 1-year, 3-year, and 5-year overall survival prediction in the GSE22541 cohort. (H)
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Fig. 6. Disparities in pathway activation and immune cell infiltration between high and low-SHAG score
patients in ccRCC. (A) Heatmap displaying the differential pathway activation between low- and high-SHAG
score patients. (B) Heatmap illustrating the differences in immune cell infiltration between the two patient

groups.

related pathways, such as the ESTROGEN_RESPONSE_EARLY and ANDROGEN_RESPONSE. Interestingly,
hormone pathways, especially those related to estrogen and androgen, have been implicated in various cancer
types, with diverse roles. For instance, estrogen is known to promote breast cancer?’, but it exhibits suppressive
effects in colon cancer*"*2. Our findings suggest a protective role of these pathways in ccRCC, which is an

intriguing avenue for future investigations.
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Fig. 7. Genetic alterations and their implications in low and high-SHAG score ccRCC patients. (A) Tumoral
mutation burden comparison between low- and high-SHAG score patients. (B) Representation of the extent
of copy number alterations in low- and high-SHAG score. (C) Mutation frequency of specific genes including
PBRM], SETD2, BAP1, MUCI16, and KDM5 C. (D) Volcano plot highlighting differentially expressed genes
between patients with genomic alterations and those without. (E) SCGN gene expression distribution between
patients with and without genomic alterations. (F) Kaplan-Meier survival curve elucidating the relationship
between SCGN expression levels and overall survival.

Through a systematic and meticulous analysis, our study stratified patients based on activation levels of
hormone-related signaling pathways, enabling the identification of distinct patient subtypes. Intriguingly, those
with pronounced activation of pathways pertinent to sex hormone action fared better in terms of prognosis.
The identification of pivotal genes associated with ccRCC prognosis in the context of sex hormones further
augmented the depth of our analysis. While a myriad of models has been proposed for predicting the prognosis
of ccRCC, the incorporation of 192 pivotal genes in a LASSO regression model culminated in SHAG model
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that offers robust prognostic value. Intriguingly, some of these genes have previously been reported with roles
in various cancers, cementing their importance in tumor biology. For instance, MMP9, a member of the matrix
metalloproteinase family, has been recognized for its role in tissue remodeling and, in the context of cancer,
in promoting metastasis*>**. Furthermore, NOTCH3 signaling has been implicated in RCC progression®’.
Conversely, genes such as ATP10D, which appeared as protective factor in our model, might serve as potential
therapeutic targets to enhance the survival prospects of ccRCC patients.

Such a nuanced approach ensures that the derived risk score encapsulates the multifaceted genetic
underpinnings of the disease. An essential aspect of our study was the examination of differences in pathway
activation, immune cell infiltration, and genetic alterations between high and low SHAG score patients. High-
SHAG score patients exhibited an amplified activation of inflammatory and immune response pathways. Such
insights might pave the way for harnessing immunotherapies tailored to specific patient groups. Another pivotal
finding was the establishment of the SCGN gene as a protective prognostic factor for ccRCC patients. Some
studies have indicated that SCGN might be involved in processes that influence tumor progression. For example,
the expression of SCGN correlates with an increased risk of suffering disease relapse after radical prostatectomy*.

Lastly, the prognostic nomogram developed in this study stands as an epitome of integrating various clinical
indicators to furnish a holistic picture of patient prognosis. With its impressive predictive capability, this
nomogram might soon find its way into clinical settings, aiding clinicians in tailoring therapies and counseling
patients.

Despite the promising findings of this study, several limitations should be acknowledged. First, the number
of samples and cohorts included in the analysis is relatively limited, which may impact the generalizability of
our conclusions. Although the TCGA-KIRC and GSE22541 cohorts provided valuable insights, larger and more
diverse independent datasets are needed for further validation. Second, our model incorporates a relatively large
number of genes, which may require an extensive sequencing panel for clinical application, potentially limiting
its feasibility in routine clinical practice. Future studies should aim to refine the gene set while maintaining
its predictive accuracy. Additionally, while we identified key pathways and prognostic markers, experimental
validation in independent cohorts and functional studies are necessary to further confirm their biological
significance and clinical utility.

Conclusion

In summary, our study elucidates the protective role of sex hormone signaling pathways in ccRCC prognosis.
The identification of pivotal genes and the subsequent development of SHAG score formula offer a novel
stratification tool, which, when combined with traditional clinical markers in our nomogram, presents a robust
prognostic predictor. Our findings pave the way for further investigations into the therapeutic targeting of these
pathways and genes, potentially altering the therapeutic landscape of ccRCC.

Data availability

The datasets used in this study can be found in the GEO database, and TCGA database. The datasets generated
and/or analysed during the current study are available in the GitHub repository (https://github.com/Changbao
yuan/SHAG).
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