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Abstract: Background: Prostate Cancer (PCa) is a globally prevalent malignancy with high heterogeneity and fre-
quent therapy resistance. Identifying novel causal drivers and understanding their roles in the tumor microenviron-
ment (TME) are crucial for developing new therapeutic strategies. Methods: We employed an integrative multi-omics
approach. First, we analyzed single-cell RNA sequencing (scRNA-seq) data from prostate tissues to identify differen-
tially expressed genes. Mendelian Randomization (MR) analysis was then performed using cis-expression quantita-
tive trait loci (cis-eQTLs) and cis-protein QTLs (cis-pQTLs) from the deCODE database to infer causal relationships
between gene/protein expression and PCa risk. Findings were validated using bulk transcriptomic and clinical data
from The Cancer Genome Atlas (TCGA) cohort. Functional enrichment, immune microenvironment analysis, and
drug sensitivity profiling were conducted to elucidate the oncogenic mechanisms of the candidate gene. Results: MR
analysis identified asparaginase-like 1 (ASRGL1) as a novel causal risk factor for PCa (OR = 1.074, 95% CI: 1.032-
1.118, P < 0.001). Consistently, ASRGL1 expression was significantly upregulated in PCa tumors and associated
with poor patient prognosis. sScRNA-seq analysis revealed that ASRGL1 was predominantly expressed in mast cells
within the TME. Functional studies indicated that high ASRGL1 expression correlated with activated cell cycle path-
ways, dysregulated cholesterol homeostasis, and an immunosuppressive TME. Furthermore, we identified several
potential therapeutic compounds (e.g., panobinostat, pevonedistat) that showed predicted efficacy against ASRGL1-
high PCa models. Conclusion: Our study establishes ASRGL1 as a causal oncogene in PCa, linking its expression
to mast cell function, metabolic reprogramming, and immune suppression. These findings nominate ASRGL1 as a
promising prognostic biomarker and a potential therapeutic target, offering new insights for PCa treatment.

Keywords: Single-cell RNA sequencing, Mendelian randomisation, asparaginase-like 1 gene, tumor microenviron-
ment, prostate cancer

Introduction antigen (PSA)-based screening, which has im-

proved early detection, the clinical manage-

Prostate cancer (PCa) has emerged as the
most prevalent malignant tumor among men
worldwide, imposing a substantial global health
burden. According to the latest GLOBOCAN sta-
tistics, PCa accounted for 1.46 million new
cases in 2022, representing 14.5% of all newly
diagnosed malignancies in males [1]. Driven by
population aging this figure is projected to
exceed 2.9 million by 2040, accompanied by a
continuous rise in mortality rates [2, 3]. Despite
the widespread adoption of prostate-specific

ment of PCa remains fraught with challenges,
including overdiagnosis, overtreatment, and
the inevitable development of resistance to
standard therapies [4, 5]. The etiology of PCa is
multifactorial, involving a complex interplay of
genetic predisposition, hormonal regulation,
chronic inflammation, and epigenetic altera-
tions. At the genetic level, high-penetrance
mutations (e.g., BRCA2, HOXB13) and numer-
ous low-penetrance susceptibility loci identified
via genome-wide association studies (GWAS)
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collectively shape an individual’'s baseline risk
[6]. Hormonally, androgens - particularly dihy-
drotestosterone (DHT) - serve as the primary
drivers of prostatic carcinogenesis. By binding
to the androgen receptor (AR), DHT activates
transcriptional programs that promote cell pro-
liferation and inhibit apoptosis. Chronic pros-
tatic inflammation, often triggered by infections
or dietary factors (e.g., high-fat diets), further
exacerbates genomic instability through the
generation of reactive oxygen species, thereby
facilitating tumor initiation [7]. Concurrently,
epigenetic modifications, such as aberrant DNA
methylation (e.g., silencing of the tumor sup-
pressor GSTP1) and histone modifications,
occur early in disease development, contribut-
ing to the malignant phenotype.

The clinical trajectory of PCa is highly heteroge-
neous, necessitating risk-adaptive treatment
strategies. For localized disease, management
hinges on risk stratification. Low-risk patients
are typically candidates for active surveillance,
a strategy designed to monitor indolent dis-
ease via serial PSA testing, digital rectal exami-
nations, and repeat biopsies, thereby deferring
curative intervention and avoiding treatment-
related morbidities such as urinary inconti-
nence and erectile dysfunction [8, 9]. Conver-
sely, intermediate-to-high-risk localized PCa is
primarily managed with curative intent through
radical prostatectomy or radiotherapy (includ-
ing intensity-modulated radiation therapy and
brachytherapy). While these modalities offer
excellent cancer-specific survival for organ-con-
fined disease, biochemical recurrence occurs
in approximately 20-30% of patients, signaling
the persistence of micrometastatic disease or
the emergence of treatment-resistant clones
[8, 9l.

For advanced or metastatic PCa, the corner-
stone of treatment is androgen deprivation
therapy (ADT) and next-generation AR pathway
inhibitors (e.g., enzalutamide, abiraterone).
However, nearly all patients eventually progress
to castration-resistant prostate cancer (CRPC),
a lethal phenotype driven by mechanisms such
as AR amplification, splice variants (e.g., AR-V7),
and ligand-independent AR activation [10, 11].
Furthermore, the efficacy of emerging immuno-
therapies remains limited in PCa, largely attrib-
utable to an immunosuppressive tumor micro-
environment (TME) characterized by paucity of
effector T cells, abundance of cancer-associat-
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ed fibroblasts (CAFs), and dysregulated stro-
mal-immune crosstalk [7, 12].

Current therapeutic limitations underscore the
urgent need to dissect the molecular underpin-
nings of PCa progression and therapy resis-
tance. While GWAS have successfully mapped
thousands of risk loci, the majority reside in
non-coding regions, obscuring their functional
impact on target genes and proteins. Integrating
single-cell transcriptomics with Mendelian ran-
domization (MR) offers a powerful solution to
bridge this gap. Single-cell RNA sequencing
(scRNA-seq) resolves the cellular and molecu-
lar architecture of the TME at unprecedented
resolution, while MR leverages genetic varia-
tion as instrumental variables to infer causality
between molecular phenotypes (e.g., gene/pro-
tein expression) and disease risk, effectively
circumventing confounding biases inherent to
observational studies [13].

In this study, we integrated scRNA-seq atlases,
cis-expression quantitative trait loci (cis-eQTL),
cis-protein quantitative trait loci (cis-pQTL), and
bulk RNA-seq data from The Cancer Genome
Atlas (TCGA) to systematically identify and vali-
date novel drivers of PCa. Our multi-omics ana-
lytical framework specifically focuses on deci-
phering the role of the asparaginase-like 1
(ASRGL1) gene. We elucidate how ASRGL1 con-
tributes to PCa pathogenesis through the regu-
lation of cholesterol homeostasis, cell cycle
progression, and the remodeling of the immu-
nosuppressive TME, thereby identifying it as a
promising prognostic biomarker and therapeu-
tic target.

Methods
Genome-wide association study (GWAS) data

Summary statistics for PCa were obtained
from the IEU Open GWAS project (https://
gwas.mrcieu.ac.uk/) under accession ebi-a-
GCSTO006085. This dataset was selected
because it represents one of the largest and
most recent GWAS meta-analyses for prostate
cancer in individuals of European ancestry,
providing robust statistical power for MR analy-
sis. The dataset includes 140,254 individuals
(79,148 cases and 61,106 controls) of Eur-
opean descent. Only summary-level data for
the PCa phenotype were downloaded. No indi-
vidual-level genotype or phenotype filtering was
performed by the authors, as the analysis used
publicly available summary statistics.
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Single-cell RNA sequencing (scRNA-seq) data

In this study, the scRNA-seq dataset GSE-
193337 was downloaded from the Gene Ex-
pression Omnibus (GEO) database. This datas-
et was specifically chosen because it contains
paired prostate tissue samples from four PCa
patients and four healthy donors, enabling a
direct and matched comparison of the TME cel-
lular landscape against normal tissue.

Post-download, standard quality control (QC)
was applied at the cell level using the Seurat
package (v4.0.2). Cells were retained if they
met the following criteria: (1) expression
between 200 and 5,000 genes, and (2) had a
mitochondrial gene content percentage below
20%. Genes detected in fewer than 3 cells were
filtered out. This QC process ensured the analy-
sis was based on high-quality, viable single-cell
transcriptomes.

We employed the Scale-Controlled Transfor-
mation (SCT) method to normalize the data and
correct for batch effects across samples.
Dimensionality reduction was then performed
via Principal Component Analysis (PCA), with
the number of principal components set to 50,
to capture the major sources of variation in the
dataset and to simplify downstream analysis.
Subsequently, the Uniform Manifold Approxi-
mation and Projection (UMAP) technique was
applied to visualize the reduced dimensions
and the resulting cell clusters. Finally, cell types
were comprehensively annotated based on
established cell type-specific surface marker
genes.

Bulk transcriptome and clinical data

RNA-seq expression data (FPKM-UQ) and cor-
responding clinical information for Prostate
Adenocarcinoma (PRAD) were retrieved from
TCGA (https://www.cancer.gov/tcga) via the
Genomic Data Commons (GDC) portal. TCGA-
PRAD is the largest and most comprehensive
publicly available cohort for PCa, providing the
necessary sample size for survival, differential
expression, and immune infiltration analyses.
Only primary tumor samples (sample_type.
samples = “Primary Tumor”) and solid tissue
normal samples (sample_type.samples =
“Solid Tissue Normal”) from the PRAD project
were included. Samples with missing overall
survival (0S) or progression-free interval (PFI)
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data were excluded from the respective surviv-
al analyses. This resulted in a final cohort of
490 primary tumor samples and 52 adjacent
normal samples for expression comparison.

Gene set enrichment analysis (GSEA) was per-
formed to identify significantly enriched biologi-
cal pathways. The analysis utilized gene sets
from the Kyoto Encyclopedia of Genes and
Genomes (KEGG) and Gene Ontology (GO) data-
bases, which were obtained from the Molecu-
lar Signature Database (MSigDB; files: “c2.
cp.-kegg.v2022.1.Hs.symbols.gmt” and “c5.go.
v2022.1.Hs.symbols.gmt”). Enrichment com-
putations were carried out using the clusterPro-
filer and GSEA packages in R. Additionally, sin-
gle-sample GSEA (ssGSEA) was conducted to
quantify immune cell infiltration levels in each
sample.

MR studies using cis-eQTL as IVs for differen-
tial gene expression

In the single-cell data analysis, we identified
1,761 differentially expressed genes. For each
gene, we conducted cis-eQTL analysis, identify-
ing 134 genes with potential causal associa-
tions with prostate cancer.

Plasma protein quantitative trait loci (pQTL)
data

Genetic instruments for plasma protein levels
were derived from pQTL study by Ferkingstad et
al (2021). This study was selected as it consti-
tutes the largest-to-date GWAS of the plasma
proteome, measuring 4,179 proteins in 35,559
Icelandic individuals, offering extensive cover-
age for cis-pQTL discovery. For each protein of
interest, we extracted cis-pQTLs (single nucleo-
tide polymorphisms, SNPs, located within + 1
Mb of the protein-coding gene) that were asso-
ciated with protein abundance at a genome-
wide significance level (P < 5x10%). Only inde-
pendent SNPs (linkage disequilibrium, LD, r? <
0.05 within a 10,000 kb window) were used as
instrumental variables (IVs) in the MR analysis
to ensure independence and avoid bias from
correlated genetic variants.

Sensitivity analyses for multi-IV exposure
variables

We performed comprehensive sensitivity analy-
ses to assess the robustness of the MR esti-

Am J Clin Exp Urol 2026;14(5):189-203



ASRGL1 in Pca

mates. For exposure variables instrumented by
multiple SNPs, we evaluated heterogeneity
across variant-specific estimates using the mr_
heterogeneity function from the TwoSampleMR
package. The potential for horizontal pleiotropy
was examined using MR-Egger regression,
which provides a test for directional pleiotropy
via its intercept term. Exposure variables with
a statistically significant MR-Egger intercept
(P-value < 0.05) were considered to have poten-
tial pleiotropic bias and were subsequently
excluded. To further ensure that the overall
causal estimate was not disproportionately
driven by any single genetic variant, we con-
ducted a leave-one-out sensitivity analysis for
exposures with more than two instrumental
variables. This involved iteratively removing
each SNP and recalculating the MR estimate
with the remaining set.

Statistical analysis

All statistical analysis was conducted in R
(Version 4.1.2). Associations between two con-
tinuous variables were assessed using Pear-
son’s or Spearman’s correlation analyses as
appropriate. Survival outcomes were analyzed
using the Kaplan-Meier method, and differenc-
es between groups were compared with the
log-rank test. A two-sided P-value of less than
0.05 was considered statistically significant for
all tests unless otherwise specified.

Results

Single-cell transcriptomic landscape of normal
and cancerous human prostate tissue

Single-cell transcriptome sequencing (SCRNA-
seq) data from four tumor and four benign sam-
ples were utilized to delineate the single-cell
transcriptome landscape of the human pros-
tate. Following stringent quality control mea-
sures, cells with mitochondrial gene content
less than 20% and expressing between 200
and 5000 genes were retained. Notably, clear
cell clusters were evident in the Uniform
Manifold Approximation and Projection (UMAP)
visualization (Figure 1A, 1B). After standard-
ized quality control and UMAP clustering, all
single cells were annotated into nine subtypes:
epithelial cells, CD3+ T cells, B cells, macro-
phages, mast cells, endothelial cells, fibro-
blasts, smooth muscle cells and myeloid den-
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dritic cells (Figure 1D). The Wilcoxon rank-sum
test was used to quantify cell proportion differ-
ences between tumor and normal groups (P <
0.05). Mast cells, T cells, tumor epithelial cells,
macrophages and myeloid dendritic cells occu-
pied significantly higher proportions in PCa tis-
sues, while B cells, smooth muscle cells, endo-
thelial cells and fibroblasts were enriched in
benign prostate samples (Figure 1C, 1E).

Mendelian randomization identifies ASRGL1
as a causal risk gene of PCa

Differentially expressed genes (DEGs) between
tumor and normal cell populations were calcu-
lated via Seurat FindMarkers function with
fixed statistical cutoffs: absolute log,(fold
change) > 0.25, adjusted false discovery rate
(FDR) < 0.01. Under these clear statistical crite-
ria, a total of 1,761 DEGs were screened out
across all prostate cell subsets (Figure 2A). Cis-
eQTL filtering for all 1,761 DEGs generated 134
candidate genes with genome-wide significant
genetic variation signals associated with PCa
risk (P < 5x108). Among these genes, ASRGL1
possessed qualified independent cis-pQTL
instrumental SNPs eligible for two-sample MR
analysis (Figure 2B, 2C). IVW MR result showed
genetically upregulated ASRGL1 protein expres-
sion causally increased PCa risk (OR = 1.074,
95% Cl: 1.032-1.118, P < 0.001) (Figure 3D).
Multiple sensitivity tests verified stable causal
estimation: 1. Cochran’s Q heterogeneity test:
Q = 12.46, P = 0.271, no significant heteroge-
neity across SNPs; 2. MR-Egger regression
intercept test: intercept = 0.0012, P = 0.683,
no directional horizontal pleiotropy (Figure 3C);
3. Leave-one-out analysis: sequential removal
of each SNP generated OR values ranging from
1.061 to 1.087, all 95% Cls excluded 1.0
(Figure 3A, 3B, 3E).

Clinical expression pattern and pathway en-
richment signatures of ASRGL1 in TCGA-PRAD
cohort

ASRGL1 mRNA abundance was significantly
higher in primary tumor samples compared
with unpaired normal adjacent tissues (Wil-
coxon test, P < 0.001) and paired normal tis-
sues (paired t-test, P < 0.001) (Figure 4A, 4B).
Samples were split into high/low subgroups by
median ASRGL1 expression for survival analy-
sis. Kaplan-Meier OS comparison showed high
ASRGL1 expression correlated with worse sur-
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Figure 1. Single-cell transcriptome landscape. A. t-distributed stochastic neighbor embedding (t-SNE) plot colored by cell types. B. t-distributed stochastic neighbor
embedding (t-SNE) plot colored by patients. C. Cell percentages in normal and prostate cancer (PCa) samples. D. Dot plot showing gene markers for major cell types.
E. Line chart showing Ratio of observed to expected (Ro/e) scores for each cell type.
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Figure 3. The relationship between ASRGL1 and PCa was confirmed by MR analysis. A. Forest plot illustrating MR
effect size for ASRGL1 in PCa. B. Forest plot illustrating MR leave-one-out sensitivity analysis for ASRGL1 on PCa.
0Odds ratios (ORs) and 95% confidence intervals (Cls) are illustrated. C. Funnel plot estimating horizontal pleiotropy
of single nucleotide polymorphisms (SNPs). D. Scatter plot showing the SNP effect on prostate cancer. E. Forest plot

showing the SNP effect on ASRGL1 and prostate cancer.
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vival outcome (HR = 1.42, 95% CI: 1.08-1.87,
log-rank P = 0.012) (Figure 4D). ssGSEA
Spearman correlation coefficients (r) between
ASRGL1 expression and hallmark pathway
activity scores were listed below: Positively cor-
related pathways: PI3K/AKT/mTOR signaling (r,
= 0.31, FDR < 0.001), G2/M cell cycle check-
point (r, = 0.36, FDR < 0.001), cholesterol
homeostasis (r, = 0.28, FDR < 0.001), andro-
gen response (r, = 0.22, FDR < 0.001); Ne-
gatively correlated pathways: epithelial-mesen-
chymal transition (r, = -0.24, FDR < 0.001),
myogenesis (r, = -0.20, FDR < 0.001) (Figure
4E). Global GSEA results displayed pathways
significantly enriched in ASRGL1-high tumors
(FDR < 0.05): spliceosome (NES = 1.84, FDR =
0.007), proteasome (NES = 1.72, FDR = 0.011),
cell cycle (NES = 1.68, FDR = 0.014). Pathways
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suppressed in ASRGL1-high tumors included
fatty acid metabolism (NES = -1.59, FDR
0.022) and oxidative phosphorylation (NES
-1.53, FDR = 0.030) (Figure 4C).

Immune microenvironment features stratified
by ASRGL1 expression

ESTIMATE algorithm scores, TIDE scores, cyto-
toxic marker expression and ssGSEA immune
cell infiltration scores were quantified for
ASRGL1 high/low subgroups. No statistical
difference of ESTIMATE immune score was
detected between groups (P = 0.106). The
ASRGL1-high subgroup had significantly elevat-
ed stromal score (median difference = 0.13,
Wilcoxon P = 0.028) and reduced TIDE score
(median difference =-0.21, Wilcoxon P = 0.019)
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Figure 5. Immune infiltration analysis for ASRGL1. A. Boxplot showing the Estimation of STromal and Immune cells
in MAlignant Tumor tissues using Expression data (ESTIMATE) scores in high- and low-ASRGL1 groups. B. Boxplot
showing the Tumor Immune Dysfunction and Exclusion (TIDE) scores in high- and low-ASRGL1 groups. C. Boxplot
showing the expression of representative immune markers in high- and low-ASRGL1 groups. D. Gene Set Enrich-

ment Analysis (GSEA) scores of immune cells in high- and low-

(Figure 5A, 5B). Two core cytotoxic effector
genes were downregulated in ASRGLZ1-high
tumors: GZMB (log,FC = -0.32, P < 0.001),
PRF1 (log,FC = -0.28, P < 0.001) (Figure 5C).
ssGSEA enrichment scores of CD8* effector T
cells (r, = -0.23, FDR < 0.001) and NK cells (r,
-0.18, FDR = 0.003) showed significant nega-
tive correlation with ASRGL1 expression (Figure
5D).

Cell-specific localization of ASRGL1 and inter-
cellular communication of mast cell subsets

scRNA-seq feature plots showed ASRGL1 tran-
scripts were mainly detected in mast cell clus-

197

ASRGL1 groups.

ter, with negligible expression in epithelial, T
cell, fibroblast and endothelial populations
(Figure 6A, 6B). Mast cells were divided into
ASRGL1" and ASRGL1 subsets based on tran-
script expression status. Cell-cell communica-
tion analysis (CellPhoneDB v3) calculated
weighted outgoing ligand-receptor interaction
strength: ASRGL1" mast cells had higher medi-
an interaction strength (2.17 vs. 1.39, Wilcoxon
P < 0.001). The top enriched ligand-receptor
axes included VEGF, LIFR, OSM and CSF signal-
ing (Figure 6C-E). ssGSEA metabolic pathway
analysis within mast cell subpopulations show-
ed steroid biosynthesis pathway NES = 1.51
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r <-0.30 for CTRP or -0.35 for

02 PRISM). These rigorous analy-
ses culminated in the identifi-
cation of five CTRP-derived
compounds (including CR-1-
31B, paclitaxel, SB-743921,

o1 leptomycin B, and panobino-
stat) and eight PRISM-derived
compounds (including floxuri-
dine, canertinib, AZD8931, pe-
vonedistat, dacomitinib, tacal-

o0 citol, poziotinib, and SGI-1027).
Notably, all identified com-
pounds exhibited reduced esti-
mated AUC values in the high
PPS group and manifested a
negative correlation with PPS
(Figure 8B and 8C).

Discussion

pathways in ASRGL1-positive (ASRGL1*) mast cells and ASRGL1-negative

(ASRGL1) mast cells. B. Correlation between translation factors and AS-

RGL1.

(FDR =0.016) in ASRGL1* mast cells. Spearman
correlation within mast cell transcriptome
revealed positive linear correlations between
ASRGL1 and three transcription factors: ELK1
(r, = 0.42, P < 0.001), RELB (r, = 0.37, P <
0.001), NFKB1 (r, = 0.34, P < 0.001) (Figure
7A, 7TB).

High-throughput screening of targeted com-
pounds for ASRGL1-high PCa

To discern potential therapeutic agents exhibit-
ing heightened sensitivity in patients with high
ASRGL1 expression, we employed two distinct
methodologies (Figure 8A). Our analyses lever-
aged drug response data derived from the
Cancer Therapeutics Response Portal (CTRP)
and the Profiling Relative Inhibition Simultane-
ously in Mixtures (PRISM) database. Initially,
we conducted a comparative analysis of drug
responses between cohorts exhibiting high
ASRGL1 expression (top decile) and low
ASRGL1 expression (bottom decile). This
endeavor aimed to identify compounds demon-
strating diminished estimated Area Under the
Curve (AUC) values in the high ASRGL1 group
(log,FC > 0.10). Subsequently, Spearman cor-
relation analysis between AUC values and
Patient-derived Prognosis Score (PPS) was
undertaken to discern compounds exhibiting a
negative correlation coefficient (Spearman’s

199

Our study, by integrating sin-
gle-cell transcriptomic atlases,
Mendelian randomisation an-
alysis, clinical cohort verification, and drug sen-
sitivity data, systematically investigates the
pathological functions of ASRGL1 in PCa. First,
we constructed a cell atlas of human prostatic
tissue, revealing a significant expansion of
mast cells, T cells and myeloid-dendritic cells
within the PCa TME, suggesting their crucial
roles in disease progression. Using MR for
causal inference, we provide, for the first time,
direct genetic evidence that elevated levels of
the ASRGL1 protein constitute an independent
risk factor for PCa (OR = 1.074, P < 0.001). The
robustness of this causal association is strong-
ly supported by the results of pleiotropy tests
and leave-one-out sensitivity analysis, effec-
tively mitigating potential confounding biases
from individual dominant SNPs.

ASRGL1, a member of the asparaginase family
with B-asparaginase activity, has been linked to
tumor progression and patient outcomes in
other cancers. Its overexpression is known to
directly promote tumor cell proliferation and
inhibit apoptosis [14]. For instance, in cervical
cancer models, ASRGL1 knockdown led to
reduced levels of cyclin-dependent kinase 2
(CDK2) and cyclin A2, causing significant cell
cycle disruptions [15]. Similarly, in hepatocellu-
lar carcinoma, ASRGL1 knockdown increased
p53 expression, decreased Cyclin B1 and
CDK1 levels, induced G2/M phase arrest, and
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Figure 8. Drug response analysis. A. Schematic outlining the strategy to identify agents with higher drug sensitivity in
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and differential drug response analysis of eight Profiling Relative Inhibition Simultaneously in Mixtures (PRISM)-
derived compounds. Note that lower values on the y-axis of boxplots imply greater drug sensitivity.

suppressed proliferation, migration, and inva-
sion [14]. While these studies show variations
in the specific cell cycle arrest phase, they col-
lectively demonstrate ASRGL1's core oncogen-
ic function: maintaining rapid cell-cycle pro-
gression by stabilizing key CDK-Cyclin proteins,
thereby fueling tumor proliferation and malig-
nancy. Our study aligns with and extends this
understanding, confirming a significant correla-
tion between ASRGL1 overexpression and poor
prognosis in PCa, a relationship further sub-
stantiated by our MR analysis.

To investigate the mechanism underlying
ASRGL1-driven PCa progression, we performed
single-sample gene set enrichment analysis
(ssGSEA). The results revealed that high
ASRGL1 expression positively correlates with
increased activity of the PISK/AKT/MTOR sig-
naling pathway, interferon response, G2M
checkpoint, and notably, cholesterol homeo-
stasis. We posit that this link to cholesterol
metabolism is particularly significant. Dysregu-
lated cholesterol homeostasis in PCa may
theoretically provide abundant substrate for
endogenous testosterone synthesis, potentially
enabling tumors to bypass androgen depriva-
tion therapy (ADT) and sustain androgen recep-
tor (AR) signaling pathway activation [16, 17].
Therefore, we propose that ASRGL1-mediated
dysregulation of cholesterol homeostasis rep-
resents a key mechanism promoting both
tumor progression and endocrine therapy resis-
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tance, offering a novel perspective on its onco-
genic function.

Given prior evidence linking ASRGL1 overex-
pression to alterations in the TME and immune
cell infiltration in other cancers [18], we per-
formed detailed immune profiling. Our analysis
indicates that high ASRGL1 expression induces
complex, functionally suppressive changes in
the TME. Specifically, ASRGL1 overexpression
was associated with marked upregulation of
the immune checkpoint molecule CD276 (B7-
H3) and suppression of CD28/CD40 co-stimu-
latory signaling, collectively appearing to
impair T cell-mediated anti-tumor immunity.
Furthermore, key NK cell functional molecules
(CD244, CD48) were downregulated, likely
dampening cytotoxic activity. Elevated levels
of Neuropilin-1 (NRP1) alongside suppressed
TNFSF15 may synergistically enhance tumor
angiogenesis [19]. Interestingly, while the
ESTIMATE Stromal score was decreased in the
ASRGL1-high group, the immune score did not
show a significant reduction. This suggests that
ASRGL1 may not globally reduce immune infil-
tration but rather primarily suppresses the
effector functions of key immune cells, includ-
ing memory T cells, effector T cell and NK cells,
thereby sculpting a profoundly immunosup-
pressive TME. This overall immunosuppressive
state may be a critical driver of PCa progres-
sion and therapy resistance. Consequently, tar-
geting ASRGL1 or its downstream effects (e.g.,
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on CD276, NRP1), represents a promising ave-
nue for exploration in PCa immunotherapy.

Mast cells are integral yet complex components
of the TME, with conflicting roles reported in
PCa progression [20-24]. Our scRNA-seq analy-
sis revealed that ASRGL1 expression is pre-
dominantly enriched in the mast cell popula-
tion. We subsequently stratified mast cells into
ASRGL1* and ASRGLZ1 functional subsets.
Notably, ASRGL1* mast cells exhibited signifi-
cantly enhanced outgoing interaction strength,
primarily involving VEGF, LIFR, oncostatin M
(OSM), and CSF signaling pathway. Mechanisti-
cally, OSM binding to its receptor OSMR acti-
vates the JAK-STAT3 pathway [25], and can
upregulate VEGF expression through PI3K-Akt,
ERK1/2 MAPK, and JAK-STAT signaling, thereby
promoting angiogenesis and tumor growth
[26]. Our data support a model wherein the
ASRGL1* MC subset likely drives PCa progres-
sion through an OSM-VEGF axis-mediated pro-
angiogenic phenotype. First, a higher propor-
tion of ASRGL1" cells corresponded to greater
activations of PI3K-Akt and JAK-STAT signal
pathways. Second, the MAPK pathway, activat-
ed downstream of OSM signaling, can induce
phosphorylation of the transcription factor
Elk-1, a known regulator of VEGF [27]. Finally,
cell-cell interaction analysis demonstrated sig-
nificantly enhanced communication between
ASRGL1* mast cells and endothelial cells, fur-
ther corroborating the pro-angiogenic function-
al role of this subset.

In addition, the NF-kB family transcription fac-
tors RELB and NFKB1 (p105/p50) showed rela-
tively high expression in ASRGL1" mast cells.
RELB, a key component of the non-canonical
NF-kB pathway, can promote PCa progression
under androgen-deprivation conditions by acti-
vating AR splice variants such as AR-V7 and
upregulating PD-L1/PD-1 to induce immuno-
suppression [28-30]. NFKB1, primarily acting
through the canonical NF-kB pathway, can
dimerize with RELA (p65) to activate pro-surviv-
al (e.g., Bcl-2) and inflammatory (e.g., IL-6, IL-8)
genes, fostering an inflammatory microenviron-
ment conducive to CRPC progression [31]. The
enrichment of these factors in ASRGL1" mast
cells suggests a potential role for this subset in
promoting therapy resistance.

Our drug sensitivity analysis identified five com-
pounds from the CTRP database (e.g., panobi-
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nostat, paclitaxel) and eight from the PRISM
database (e.g., pevonedistat, floxuridine) as
potential therapeutics for ASRGL1-high PCa.
Importantly, the targets and mechanisms of
these compounds (e.g., histone deacetylase
inhibition, cell cycle disruption, nucleotide me-
tabolism interference) exhibit high concor-
dance with ASRGL1's implicated oncogenic
functions - such as epigenetic regulation, cell
cycle progression, and metabolic reprogram-
ming. This congruence provides a solid mecha-
nistic rationale for their therapeutic efficacy in
ASRGL1-high PCa and highlights promising
candidates for further experimental validation.

A key novel insight of our study is the specific
enrichment of ASRGL1 in mast cells within the
PCa TME. While previous studies linked ASRGL1
to tumor cell-autonomous proliferation in other
cancer [14, 15], our single-cell resolution anal-
ysis suggests a paradigm shift: ASRGL1 may
exert its oncogenic effects significantly through
modulating stromal-immune crosstalk. We
hypothesize that ASRGL1-high mast cells act
as “orchestrators” of an immunosuppressive
and pro-angiogenic niche. The observed upreg-
ulation of OSM and VEGF pathways in these
cells, coupled with their enhanced communica-
tion with endothelial cells and the associated
immunosuppressive landscape, likely facili-
tates tumor growth and therapy resistance by
inhibiting effective anti-tumor immunity. This
perspective underscores the therapeutic
potential of targeting stromal components like
ASRGLZ1* mast cells to remodel the TME, mov-
ing beyond a sole focus on epithelial tumor
cells.

Our study has several limitations. Firstly, the
analyses are primarily based on computational
interrogation of public databases. Secondly,
our conclusions, particularly the proposed
mechanistic roles of ASRGL1 in mast cells and
cholesterol metabolism, require direct experi-
mental validation using in vitro and in vivo mod-
els. Future studies should employ genetic
manipulation in mast cells and prostate cancer
models to definitively establish causality and
elucidate the precise molecular mechanisms.

Conclusion

In summary, our multi-omics investigation iden-
tifies ASRGL1 as a novel oncogene in prostate
cancer, with elevated expression causally
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linked to increased disease risk and associated
with a poorer prognosis. We propose that
ASRGL1 contributes to PCa progression th-
rough multiple interconnected mechanisms: by
potentially dysregulating cholesterol homeosta-
sis to fuel therapy resistance, by orchestrating
an immunosuppressive TME via mast cells, and
by promoting a pro-angiogenic niche. These
findings not only position ASRGL1 as a promis-
ing prognostic indicator but also reveal its role
within the stromal-immune axis, offering fresh
perspectives and potential therapeutic targets
for the treatment of prostate cancer.
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