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Abstract

Objective
Metastatic Castrate Resistant Prostate Cancer (mCRPC), which is a major challenge in the treatment of
prostate cancer(PCa). This study aims to integrate multi-omics data to identify key immune genes
associated with mCRPC, reveal the remodeling characteristics of the immune microenvironment in
mCRPC.

Methods
Immune-related genes were obtained from the GEO, ImmPort and GeneCards databases. A transcription
factor-gene interaction network and a protein-protein interaction network were constructed. The
CytoHubba plugin in Cytoscape was used for further screening. Functional enrichment analysis (GO and
KEGG), clinical data analysis, and immune infiltration analysis were conducted on the identified hub
genes. Finally, the DrugBank database was utilized to identify potential therapeutic agents targeting the
hub genes.

Results
The 34 common genes were significantly enriched in immune-related pathways. Transcription factor
analysis revealed close associations between core transcription factors like RELA, NFKB1, and SP1.
Seven hub genes were ultimately identified. Among these, BRAF was upregulated in the mCRPC group
and significantly correlated with prostate cancer T stage, Gleason score, and progression-free interval.
Construction of a gene-miRNA interaction network revealed a close association between TNF and hsa-
miR-143-3p. STAT1, CCL2, TNF, and IL-6 play important roles in the signaling pathways of tumor-
associated macrophages (TAMs). Single-cell infiltration analysis demonstrates a significant association
between CD1D and SH2D1A, both of which are linked to natural killer T cells(NKT cells).

Conclusion
TAMs and NKT cells play key roles in the transformation from localized prostate cancer (LPC) to
mCRPC. The therapeutic implications of targeting BRAF overexpression in mCRPC warrant further
exploration.

Introduction
Prostate cancer (PCa) is a malignant tumor that has a high incidence and mortality rate worldwide
among men, posing a significant public health burden. According to 2020 global cancer statistics, there
were over 1.41 million new cases of PCa, with an age-standardized incidence rate of 31 per 100,000
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people. Additionally, there were over 375,000 deaths, corresponding to an overall mortality rate of 7.7 per
100,000 people[1]. In Asia, traditionally considered a low-incidence region, both incidence and mortality
rates have risen rapidly over the past few decades. For example, in China, the age-standardized
incidence rate of PCa increased by 95.2% between 1990 and 2019, which far exceeds the global increase
of 13.2% [2, 3]. Castrate-resistant prostate cancer (CRPC) refers to a disease state in which, despite
androgen deprivation therapy and serum testosterone levels maintained below 50 ng/dL or 1.7 nmol/dL
(castrate levels), clinical or biochemical progression occurs. Biochemical progression is typically defined
as a rise in prostate-specific antigen (PSA) levels by more than 25% above the nadir, with an absolute
value above 2.0 ng/mL, confirmed in two consecutive measurements at least one week apart. Clinical
progression is assessed using conventional imaging (such as CT and bone scans) based on Response
Evaluation Criteria in Solid Tumors, identifying new metastatic lesions or enlargement of existing
lesion[4]. Metastatic castrate-resistant prostate cancer (mCRPC) is considered the terminal stage of the
disease, with limited treatment options and poor patient prognosis. A nationwide study of U.S. veterans
showed that the age-adjusted incidence rate of mCRPC in 2022 was approximately 5 per 1,000 PCa
patients. The median overall survival after diagnosis improved over time, from 1.23 years during 2005–
2011 to 2.17 years during 2018–2024 [5], but this still represents a significant survival challenge.
Additionally, the treatment of mCRPC is accompanied by substantial humanitarian and economic
burdens, including high medical costs, reduced quality of life due to treatment-related adverse events,
and loss of productivity [6].

The mechanisms underlying CRPC are extremely complex. The core driving factors and key mechanisms
currently under extensive research are as follows: � Even with serum testosterone at castrate levels,
sustained amplification and overexpression of the androgen receptor (AR) signaling pathway remain
central factors. The expression of androgen receptor splice variant 7 (AR-V7), the conversion of adrenal
androgen precursors, alternative pathways, and the "backdoor pathway" that bypasses testosterone to
produce dihydrotestosterone have been shown to play roles in intratumoral steroidogenesis [7]. ②
Alterations in DNA damage repair pathway genes, such as BRCA1/2 and ATM mutations (present in
about 20% of advanced patients), render these patients sensitive to PARP inhibitors[8]. ③ Inactivation of
tumor suppressor genes, such as PTEN deletion [9].

The tumor immune microenvironment (TIME) is a complex ecosystem formed by dynamic interactions
among various cellular and non-cellular components. Its basic composition is far from a single entity but
rather a collection including cancer cells, fibroblasts, myofibroblasts, endothelial cells, and various
immune cells. The TIME in mCRPC typically exhibits an immunosuppressive state, characterized by
sparse infiltration of effector T cells, enrichment of immunosuppressive cells, and active multiple
immune evasion mechanisms, which constitute major obstacles to immunotherapy. This "immune cold
phenotype" is one of the key reasons for the limited efficacy of traditional immune checkpoint inhibitors
as monotherapy [10–12]. Existing research indicates that within this suppressive immune
microenvironment, tumor-associated macrophages (TAMs) and myeloid-derived suppressor cells
(MDSCs) form the primary immunosuppressive axis [13]. These cells not only suppress the function of
effector T cells by secreting immunosuppressive cytokines but also metabolically inhibit anti-tumor
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immune responses by competitively depleting essential amino acids such as arginine [14]. Furthermore,
regulatory T cells (Tregs) reinforce the local state of acquired immune tolerance through both contact-
dependent and independent mechanisms [15]. This microenvironment dominated by innate and adaptive
immunosuppressive cells makes it difficult for cytotoxic T lymphocytes (CTLs) to effectively infiltrate and
activate, thereby forming physical and functional barriers to immune escape [11]. The expression
patterns of immune checkpoint molecules in the mCRPC immune microenvironment are another
important feature.

This study conducted bioinformatics analyses on microarray datasets obtained from public databases.
Focusing on immune regulation, the study integrated multi-dimensional data, including genomics and
transcriptomics, to identify key immune regulatory genes driving the transition of PCa from localized to
metastatic and castration-resistant states. This study aims to facilitate future in-depth exploration of
their molecular functions, regulatory networks, and the identification of mCRPC-related
immunotherapeutic targets, thereby providing new research directions for clinical drug development.

Materials and Methods

1. Data Acquisition
Samples of benign prostate tissue (BPH), localized prostate cancer (LPC), and mCRPC were obtained
from the GSE 35988 dataset (platform GPL6480) in the GEO database (https://www.ncbi.nlm.nih.gov)
using the keywords "castration-resistant prostate cancer" and "human samples" [16]. This dataset
includes 12 normal prostate tissue samples, 49 castration-sensitive prostate cancer tissue samples, and
27 castration-resistant prostate cancer tissue samples. A total of 3,118 immune-related genes (IMGs)
were retrieved from the ImmPort database (https://www.immport.org/) [17]. Additionally, 176 immune
regulation-related genes (IR) were retrieved from the GeneCards database (https://www.genecards.org/)
using the keyword "immune regulation (IR)" [18]. For sample datasets obtained from public databases,
patient informed consent and approval from an ethics committee are not required.

2. Analysis of DEGs
Using R (version 4.2.1), data were cleaned and analyzed using UMAP via the UMAP package. The
analysis results were visualized using the ggplot2 package to generate the UMAP analysis plot for the
GSE 35988 (GPL6480) dataset. DEGs were analyzed using the GEO2R tool for differential analysis
results, visualized with ggplot2 (version 3.4.4) in the form of a gradient volcano plot, with conditions set
at P < 0.05 and |LogFC| > 1. Finally, genes with missing data and duplicate genes were removed to obtain
the Differential Genes (DEGs) dataset [19].

3. Intersection Genes and Their Functional Enrichment
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A Venn diagram was constructed using disease genes from DEGs, IR, and IMGs to analyze the
overlapping elements among the groups, referred to as common genes. The results were visualized
using the ggplot2 and VennDiagram packages in R. Gene Ontology (GO) and Kyoto Encyclopedia of
Genes and Genomes (KEGG) enrichment analyses were conducted for the common gene[20, 21]. Some
immune-related Molecular Functions, Biological Processes, and Cellular Components were visualized as
bubble plots. Some immune-related pathways were visualized using chord diagrams, with images
generated by the ggplot2 package.

4. Construction of the Interaction Network Between Common Genes
and Transcription
Factors Transcription factors are major trans-acting factors involved in transcriptional regulation.
Transcription factors related to common genes were obtained from the TRRUST database
(https://www.grnpedia.org/trrust), and those with P < 0.05 were included in the study [22]. Cytoscape
V3.10.3 was used to visualize the collected genes and their transcription factors. The Analysis Network
function and the Betweenness Centrality algorithm were employed to arrange the color blocks and fonts
of each component from small to large based on relevance, transparency from semi-transparent to
opaque, and color from light to dark. The strength of associations between nodes was visualized by
varying the line color from light to dark, providing a more intuitive display of important common genes
and strongly associated transcription factors.

5. Construction of the Protein-Protein Interaction (PPI) Network for
Common Genes and Acquisition of Hub Genes
The 34 aforementioned common genes were input into the STRING 12 database (https://cn.string-
db.org/) using "Homo sapiens" as the search keyword, and the results were imported into Cytoscape
software for visual analysis (23). The Analysis Network function and the Degree algorithm were used to
order the nodes by size (small to large) and color intensity (light to dark). The connections between
nodes were arranged from light to dark using the EdgeBetweenness algorithm. Subsequently, the
Bottleneck and Betweenness algorithms in Cytoscape Hubba were each used to screen the top 10 hub
genes, and the intersection was taken to present the final hub genes in the form of a Venn diagram [24].
Expression profiles of the 7 hub genes were generated, and statistical analysis was performed using the
stats and car packages, with data visualization conducted using the ggplot2 package.

6. Enrichment Analysis of Hub Genes, Hub Gene-miRNA Interaction Network Diagram, and Clinical
Significance of the BRAF

Molecule GO and KEGG enrichment analyses were performed on the finally screened Hub genes, and
results related to immune regulation were selected and visualized using the ggplot2 package.
Simultaneously, the interaction relationships between hub genes and miRNAs were explored through the
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NetworkAnalyst website (https://www.networkanalyst.ca/), using miRNA data from "miRTarBase v9.0".
Conditions were set as: score > 0.90 and 3' untranslated region (UTR) as the target gene binding region,
with Degree > 1, and the results were imported into Cytoscape for visualization. The "edgebetweenness"
algorithm was applied to arrange the strength of connections between nodes from light to dark, while
node sizes were arranged based on the Degree values downloaded from the website [25]. RNAseq data
from the TCGA-PRAD (prostate cancer) project processed by the STAR pipeline were downloaded and
organized from the TCGA database (https://portal.gdc.cancer.gov), extracting FPKM format data and
clinical data. Normal samples and those without clinical information were removed. The Wilcoxon rank
sum test was used for statistical analysis to determine the relationship between BRAF expression and
PCa T stage and Gleason score, with data visualized using the ggplot2 package [26]. The survival
package was used to test the proportional hazards assumption and perform Cox regression; results
were visualized with the survminer and ggplot2 packages to evaluate the impact of high versus low
BRAF expression on progression-free interval.

7. Immune Infiltration Analysis and Exploration of Single-Cell
Infiltration of Hub Genes
The Wilcoxon rank sum test was used for statistical analysis of the GSE 35988 (platform GPL6480) data
to compare immune cell infiltration between the LPC and mCRPC groups, with data visualized using the
ggplot2 package. The Spearman method was used for correlation analysis of the proportion of immune
cells in samples for the hub genes, and the results were visualized using a heatmap.

Using TISCH2 (https://tisch.compbio.cn/), metastatic prostate cancer datasets GSE141445 (bone
metastasis samples), GSE143791 (mCRPC samples), and GSE137829 (CRPC samples) were identified.
The 7 hub genes were input into the "database" module for single-cell infiltration analysis, and UMAP
plots were generated using the median to display the infiltration of the 7 hub genes in metastatic
(castration-resistant) prostate cancer [27].

8. Drug Prediction for Hub Genes
DrugBank (https://go.drugbank.com) has now developed into a "gold standard" knowledge resource for
drugs, drug targets, and related drug information, currently updated to version 6.0 [28]. Drugs related to
the hub genes that have been confirmed to have pharmacological effects were selected and included in
the table.

Results

1. Analysis of the LPC group and mCRPC group to generate DEGs
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Expression information from 12 BPH group samples, 49 LPC group samples, and 27 mCRPC group
samples was obtained from the GSE 35988 (platform GPL6480) dataset, and UMAP analysis was
performed (Fig. 1A). Differences were observed between the LPC and mCRPC group datasets. Using
|logFC| ≥ 1 and p < 0.05 as thresholds, a total of 4,306 DEGs were identified. Among them, 2,869 were
upregulated (left side of the figure) and 2,180 were downregulated (right side), as visualized in a gradient
volcano plot (Fig. 1B).

2. Screening of common genes and functional enrichment
A total of 176 IR-related genes were obtained from the GeneCards database, 3,118 IMGs were retrieved
from the ImmPort database, and 4,306 genes were derived from the DEGs. Further screening for genes
common to all three databases, as shown in a Venn diagram, yielded 34 common genes (Fig. 1C). GO
and KEGG enrichment analysis of these 34 common genes revealed that they were primarily enriched in
immune-related pathways such as Cytokine-cytokine receptor interaction, IL-17 signaling pathway, TNF
signaling pathway, Natural killer cell mediated cytotoxicity, among others (Fig. 1D). GO enrichment
results indicated that the common genes involved in immune regulation mainly included signaling
receptor activator activity (GO:0030546), CXCR chemokine receptor binding (GO:0045236) in the
Molecular Function (MF) module; membrane raft (GO:0045121), external side of plasma membrane
(GO:0009897) in the Cellular Component (CC) module; and regulation of leukocyte cell-cell adhesion
(GO:1903037), leukocyte cell-cell adhesion (GO:0007159), regulation of leukocyte proliferation
(GO:0070663) in the Biological Process (BP) module (Fig. 1E). This suggests that these common genes
are involved in the progression from the LPC state to the mCRPC state.

3. Analysis of transcription factors related to common genes
To further explore the relationship between common genes and transcription factors, Cytoscape V3.10.3
was used to visualize each factor (Fig. 2A). The outer triangles represent transcription factors (53 in
total), and the inner circles represent the 34 common genes. As shown in the figure, PTGS2, IL1B, IL6,
VEGFA, and TNF have the closest relationships with transcription factors, while RELA, NFKB1, and SP1
are the top three core trans-acting elements, respectively. Notably, purple lines represent the closest
connections between genes and transcription factors.

4. Establishment of the PPI network and screening of hub genes
In the STRING 12 analysis platform, Cytoscape software was used to construct a PPI network map
(Fig. 2B). As shown in the figure, TNF, IL6, and CCL2 are the hub genes in the PPI network. The
interactions between UNC12D and SH2D1A, and between ITCH and BRAF are the strongest. The top 10
hub genes obtained through the Betweenness algorithm in Cytoscape Hubba are BRAF, TNF, STAT1, IL6,
SH2D1A, CD1D, CCL2, CD28, ICOS, FASLG; selecting the Bottleneck algorithm yielded the top 10 hub

Page 7/26



genes as STAT1, CCL2, BRAF, CD1D, IL1B, TNF, IL6, SH2D1A, TIGIT, CCR5. Therefore, the final hub genes
obtained are STAT1, CCL2, BRAF, CD1D, TNF, IL6, SH2D1A (Fig. 2C).

Based on the boxplot comparison, the 7 hub genes were statistically significant in both the LPC group
and the mCRPC group (P < 0.001). Among them, BRAF was upregulated in the mCRPC group, whereas
the other six genes were downregulated (Fig. 2D).

5. Functional enrichment of hub genes, Gene-miRNA network diagram, and correlation study between
BRAF and PCa clinicopathological features

Functional enrichment of the hub genes showed that the 7 hub genes play important roles in key nodes
(pathways) such as positive regulation of leukocyte mediated immunity, receptor signaling pathway via
STAT, and C-type lectin receptor signaling pathway (Fig. 3A). In the Gene-miRNA interaction diagram,
according to the Degree algorithm, the hub genes with the most intersections is IL-6. According to the
edge betweenness algorithm, IL6 with hsa-miR-98-5p, hsa-mir-335-5p, hsa-miR-124-3p are important hub
pathways, as is TNF with hsa-miR-143-3p (Fig. 3B).

BRAF expression was elevated in PCa cells, especially in the mCRPC group, and was closely related to T
stage and Gleason score. Furthermore, the PFI (Progress Free Interval) of the high BRAF expression
group was significantly lower than that of the low expression group (Figs. 3C-E).

6. Exploration of immune infiltration and single-cell infiltration of hub
genes in metastatic (castration-resistant) prostate cancer
Based on ssGSEA analysis of the GSE 35988 expression profile, significant differences were observed in
the infiltration of multiple immune cell types between the LPC group and the mCRPC group (Fig. 4A).
Among them, B cells, iDC cells, Macrophages, Mast cells, T cells, T helper cells, TFH, Tgd, Th1 cells, Th2
cells, and Tcm showed statistically significant downregulation, while NK CD56 bright cells and Th17 cells
showed statistically significant upregulation. The expression of CCL2 and CD1D showed significant
positive correlations with iDC cells, Macrophages, Mast cells, T cells, T helper cells, and Th1 cells. The
expression of TNF, SHD1A, STAT1, and IL-6 showed positive correlations with iDC cells, Macrophages, T
cells, T helper cells, and Th1 cells. In contrast, the infiltration pattern of BRAF in immune cells was more
complex, showing significant negative correlations with iDC cells, Macrophages, Mast cells, T cells, TFH,
T helper cells, and Th1 cells, but positive correlations with NK CD56 bright cells, NK cells, and TH17 cells
(Fig. 4B).

As seen in Figures C-E, in the three metastatic (castration-resistant) prostate cancer samples
GSE141445, GSE143791, and GSE137829, BRAF and STAT1 genes were expressed in malignant tumor
cells and infiltrating immune cells; TNF was mainly found in macrophages (Mono/Macro cells), CD8 + T
cells (mainly CD8Tex cells), and mast cells (Mast cells); CCL2 was mainly present in malignant tumor
cells, fibroblasts (Fibroblasts, including myofibroblasts (MyoFibroblasts)), and endothelial cells
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(Endothelial cells); CD1D was mainly present in macrophages (Mono/Macro cells) and dendritic cells
(DCs); SH2D1A was almost entirely found in CD8Tex cells and NK cells; IL6 was found in macrophages
(Mono/Macro cells), fibroblasts (Fibroblasts, including myofibroblasts (MyoFibroblasts)), and endothelial
cells (Endothelial cells), although the infiltration levels were generally low.

7. Prediction of potential therapeutic drugs targeting hub genes
We searched the DrugBank database to identify potential drugs targeting the hub genes, facilitating
further analysis of the LPC transformation to mCRCP. Dabrafenib and other inhibitors are available for
BRAF. Mimosine is an inhibitor of CCL2. The regulatory landscape for TNF is more complex because
multiple inhibitors, agonists, and neutralizers targeting TNF have been approved. All drugs targeting IL-6
are antagonists (Table 1).
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Table 1
Analysis of potential drugs targeting hub genes

GENE NAME GROUP ACTIONS Accession
Number

BRAF Dabrafenib approved,investigational inhibitor DB08912

BRAF Encorafenib approved,investigational inhibitor DB11718

BRAF PLX-4720 experimental inhibitor DB06999

BRAF Regorafenib approved,investigational inhibitor DB08896

BRAF Ripretinib approved,investigational inhibitor DB14840

BRAF Sorafenib approved,investigational inhibitor DB00398

BRAF Vemurafenib approved,investigational inhibitor DB08881

CCL2 Mimosine experimental inhibitor DB01055

TNF Adalimumab approved,investigational inhibitor/antibody DB00051

TNF/IL6 Foreskin
keratinocyte
(neonatal)

approved agonist DB10772

TNF Certolizumab pegol approved,investigational neutralizer DB08904

TNF Etanercept approved,investigational inhibitor/antibody DB00005

TNF Glycyrrhizic acid approved,investigational antagonist DB13751

TNF Golimumab approved,investigational antibody DB06674

TNF Infliximab approved,investigational inhibitor DB00065

TNF Pomalidomide approved,investigational inhibitor DB08910

IL6 Siltuximab approved,investigational antagonist/antibody DB09036

IL6 Olokizumab experimental antagonist DB13127

Discussion
Analysis of the GSE 35988 expression profile revealed a total of 4,306 differentially expressed genes
(DEGs) between the mCRPC and LPC groups, with 2,869 upregulated and 2,180 downregulated. By
integrating the ImmPort and GeneCards databases, 34 common genes were identified. These 34
common genes were primarily enriched in pathways such as cytokine-cytokine receptor interaction, IL-17
signaling pathway, TNF signaling pathway, and regulation of leukocyte cell-cell adhesion. T helper 17
(Th17) cells are a specialized subset of CD4 + T cells capable of simultaneously expressing the
cytokines IL-17 and TNF-α. Studies have shown that Th17 cells secreting IL-17 and TNF-α are
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significantly enriched in colon and PCa tissues. IL-17 and TNF-α can upregulate PD-L1 expression,
primarily through the induction of the NF-κB signaling pathway [29, 30]. TNF-α synergizes with FSH to
upregulate the expression of vascular cell adhesion protein 1 (VCAM-1) via two parallel pathways:
cAMP/PKA/CREB/c-Jun and PI3K/AKT/GSK-3β/GATA-6, thereby enhancing the inflammatory response
in castrated mice and leading to vascular atherosclerosis [31].

Regarding transcription factors and common genes, increasing evidence suggests that the NF-κB
pathway is involved in PCa progression, and this study appears to confirm this view. NF-κB is a family of
transcription factors involved in various physiological and pathological processes, with its most
common form being a heterodimer of the p50 (product of the NF-κB1 gene) and p65 (RELA) subunits.
The p65 subunit possesses a transcriptional activation domain and is involved in cell proliferation,
metastasis, and angiogenesis. The NF-κB pathway can promote PCa progression and castration
resistance [32]. Prostaglandin-endoperoxide synthase 2 (PTGS 2) catalyzes the rate-limiting step in
prostaglandin biosynthesis. It can interact with its receptors to inhibit downstream signaling, thereby
promoting cancer cell proliferation, survival, angiogenesis, and metastasis [33]. Furthermore, studies
have found that PTGS2 can activate the AKT/NF-κB pathway to promote PCa cell survival and
proliferation. miR-124-3p can directly and complementarily bind to its target PTGS2, reducing PTGS2
expression and thereby inhibiting the aforementioned processes. miR-124-3p can also interact with IL-6,
leading to disease progression in LPC patients (see below) [34]. VEGF inhibits the function and migration
capacity of CD8 + T cells expressing VEGFR2. MYC and p53 can synergistically induce VEGF expression.
VEGFR2 activation significantly increases the efficiency of Tregs and myeloid-derived suppressor cells
while reducing the antigen-presenting capacity of macrophages and dendritic cells, thereby reducing
interactions between antigen-presenting cells and T cells [35].

Activating BRAF mutations are most common in melanoma and papillary thyroid carcinoma. The overall
prevalence of activating BRAF alterations in PCa is 3.3%. The most common BRAF mutation is a valine-
to-glutamic acid substitution at position 600 (V600E), with alterations primarily consisting of class II
mutations and rearrangements [36, 37]. In this study, high BRAF gene expression was significantly
associated with high Gleason scores, advanced T stages, and shorter progression-free intervals (PFI).
Studies have confirmed the role of amplified BRAF in increasing Gleason scores and reducing overall
survival (OS) and failure-free survival [38, 39], indicating that the BRAF gene plays an important role in
PCa progression. RAF family protein kinases play a central role in mediating MEK/ERK oncogenic
signaling pathways. ITCH has been shown to be a versatile ubiquitin E3 ligase that promotes K48-, K29-,
K33-, and K63-linked polyubiquitination on different substrates. Qing et al. [40] demonstrated that
endogenous BRAF is predominantly modified by K27-linked ubiquitin chains. ITCH interacts with BRAF
via its kinase domain, promoting ubiquitination of all three RAF isoforms, thereby driving MAPK
activation in melanoma cells and promoting tumorigenesis. However, research on the ITCH-mediated
BRAF ubiquitination process in PCa, especially mCRPC, is limited and holds promise as a new research
target. Regarding immune infiltration, research on BRAF has mostly focused on melanoma, particularly
dendritic cells (DC) and T cells. Protein phosphatase 2A (PP2A) is essential for T cell development and
function. Ablation of the PP2A catalytic subunit alpha (PPP2CA) in double-positive thymocytes leads to
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a significant increase in apoptosis, resulting in abnormal thymocyte development. The catalytic subunit
beta isoform (PPP2CB) shares 97% sequence similarity with PPP2CA. Unlike the critical role of PPP2CA
in thymocyte development, PPP2CB deletion has little impact on normal T cell development.
Furthermore, PPP2CB deletion results in augmented T-cell activation induced by phorbol 12-myristate
13-acetate (PMA) plus ionomycin without affecting T cell receptor (TCR) or cytokine-induced T-cell
responses. PPP2CB deletion enhances the activation of the PI3K/Akt/mTOR signaling pathway
stimulated by PMA plus ionomycin [41]. Currently, drugs targeting BRAF are mainly applied in melanoma,
such as PLX4032 and Vemurafenib. Notably, multiple studies have reported that the SND1-BRAF fusion
gene is a new therapeutic target for advanced PCa patients. Patients treated with trametinib (a MEK
inhibitor) have seen their PSA levels drop from over 900 ng/mL to below 0.6 ng/mL [42–44].

This study found that during the evolution from LPC to mCRPC, the transformation of the immune
microenvironment primarily occurs in the macrophage activation process centered on TNF, IL-6, CCL2,
and STAT, as well as in NK cells (including invariant natural killer T (iNKT) cells) centered on SH2D1A and
CD1D. TNF, IL-6, CCL2, and STAT are closely linked in the process of macrophage polarization. In bone
metastasis samples, TAMs promote PCa proliferation in bone tissue. TNF-α and IL-1 secreted by
macrophages are strong stimulators of IL-6 production by tumor cells. Reducing IL-6 expression
significantly decreased bone tumor size, osteolysis, and the incidence of lymph node metastasis [45].
Metastatic tumor cells stimulate osteoblasts, which in turn stimulate osteoclasts via the TNF family
member receptor activator of nuclear factor kappa-B ligand (RANKL). Activated osteoclasts degrade the
bone matrix by producing strong acids and proteases. Transforming growth factor-beta (TGF-β) released
by osteoclasts and other growth factors stored in the bone matrix further stimulate tumor cells, a
process termed the "vicious cycle" of bone metastatic tumors [46]. Additionally, Han et al. indicated that
IL-6 stimulates M2 macrophage polarization and is associated with PCa cell development. M1
macrophages have pro-inflammatory properties. M1 macrophages typically exhibit anti-tumor properties
by secreting pro-inflammatory cytokines such as interferon-gamma (IFN-γ) and tumor necrosis factor-
alpha (TNF-α), thereby enhancing the immune response. The gene expression of these inflammatory
factors is regulated by STAT1. Phosphorylation and activation of STAT1 mediate the skewing of
macrophages towards the M1 phenotype. In contrast, M2 macrophages are associated with tissue repair
and immunosuppression. In the nucleus, the IL-6-triggered NF-κB/STAT3/JAK signaling pathway
activates STAT3. STAT3 can bind to specific DNA sequences, activating the transcription of multiple
genes related to M2 polarization. Activation of these factors can significantly enhance CRPC signaling
[47–49], a process that may be related to the simultaneous loss of Pten and p53 [50]. Specific JAK-STAT
small molecule inhibitors (ruxolitinib and fludarabine) have shown effective efficacy in the treatment of
castration-resistant PCa [51]. This process is reflected in the GO enrichment analysis in this paper.

Furthermore, IL-6 has a similar effect on NK cells. Xu et al. [52] found that IL-6 acts by upregulating PD-
L1 and downregulating NK group 2D (NKG2D) ligand levels in CRPC cells, with its downstream signal
transduction primarily through JAK-Stat3. In this study, IL-6 was found in macrophages (Mono/Macro
cells), fibroblasts (MyoFibroblasts), and endothelial cells in mCRPC, but the degree of infiltration was not
high, which is highly consistent with the findings of Yu et al. [53]. Their research suggests that CRPC
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cells themselves do not express IL-6 mRNA. IL-6 mRNA expression is almost exclusively limited to cells
in the stromal compartment (such as endothelial cells, fibroblasts, smooth muscle cells, and infiltrating
macrophages). These cells influence the signaling pathways of PCa cells in a paracrine manner, thereby
affecting tumor progression.

CCL2, as a potent chemokine, binds to the CCR2 receptor on the macrophage surface, activating
downstream signaling pathways such as PI3K/Akt, thereby influencing macrophage polarization
(primarily towards M2). miR-124-3p acts as a post-transcriptional regulator of CCL2, binding to the 3'
UTR of CCL2 and inhibiting its expression. This regulation may inhibit the M2 polarization process of
TAMs [54, 55]. After anti-androgen therapy, AR signaling blockade induces LPC cells to secrete CCL2,
which activates the cancer cells themselves in an autocrine manner, leading to transformation into
CRPC. Therefore, PCa cells themselves express CCL2, which is consistent with the findings of this study.
There is a positive feedback effect between CCL2 and STAT3, and it is also positively correlated with
PTGS2 upregulation. Aoyama et al.'s research also confirmed the inhibitory effect of miR-124-3p on CCL2
[56–58]. Additionally, CCL2 may directly or indirectly (through a macrophage-dependent manner) induce
tumor neovascularization, with the indirect process related to the aforementioned VEGF [59]. SPDEF, a
SAM pointed domain-containing ETS transcription factor, can inhibit CCL2 and PCa epithelial-
mesenchymal transition mediated by AR signaling, which may become a new research direction [60].

Deichaite et al. [61] observed that IL-6 is strongly expressed in localized disease and downregulated in
metastatic disease, which aligns with the conclusions of this study. Primary localized disease is
characterized by M1-dominated local inflammation and adaptive immunity (regulated by STAT1), while
metastatic disease features an M2-dominated immunosuppressive microenvironment and a shift toward
the resolution of inflammation and tissue repair (regulated by STAT3). Studies have shown that samples
from patients with high Gleason scores exhibit significant accumulation of M2-like TAMs [62]. In the
conclusions of this paper, STAT1 expression is higher in the LPC group compared to BPH, but
significantly decreases during the transformation from LPC to mCRPC. Regarding therapeutic
approaches, TAMs reprogrammed using the glutamine antagonist JHU 083 can exhibit increased tumor
cell phagocytosis, reduced pro-angiogenic capacity, and can induce apoptosis in PCa cells in vitro [63].
Toll-like receptor 2 ligand peptidoglycan (PGN)-activated DCs induce a strong host immune response,
and PGN-treated antigen-sensitized DCs also enhance the function of CD8 + T cells mediated by IFN-γ
and TNF-α, thereby increasing cytotoxic T lymphocyte (CTL) function [64]. Additionally, research by Wang
et al. [65] suggests that adoptive allogeneic natural killer (NK) cell therapy offers new insights for
treating CRPC. The conclusion section of the paper mentions that drugs targeting TNF and IL6 are more
commonly used in other diseases (such as skin diseases, autoimmune diseases, hematological
diseases, etc.), with fewer studies in PCa patients, but this also provides new ideas for PCa cytokine
therapy.

Research on the SH2D1A gene has primarily focused on its mutations causing X-linked
lymphoproliferative disease (XLP1). The SH2D1A gene encodes the SLAM-associated protein (SAP), an
adaptor molecule involved in the signal transduction of SLAM family immune cell receptors. Its
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mutations alter CD4 + T cell function, reduce CD8 + T cell cytotoxicity, decrease NK cell (including NKT
cell) cytotoxicity, and lead to reduced antibody production and impaired memory B cell generation. SAP
binds to the intracellular domains of SLAM family signaling receptors and supports the activation or
inhibition of immune cell signaling. XLP1 is strongly associated with Epstein-Barr virus (EBV), and EBV
infection significantly increases the probability of patients developing hemophagocytic
lymphohistiocytosis (HLH) [66–68]. Studies have found that CD4 and CD8 T cells lacking SAP have a
reduced ability to differentiate into IL-17-producing Th17 and cytotoxic cells [69]. Additionally, in the
absence of SAP, invariant natural killer T (iNKT) cell precursors cannot differentiate through the double-
positive stage of thymocyte development. This is because the homotypic interaction between iNKT cell
precursors and CD1d-expressing cortical thymocytes, mediated by SAP/Fyn signaling downstream of
SLAM and Ly108, is necessary for mature NKT cells. Therefore, in XLP patients, mature NKT cells are
almost absent [70, 71]. In this study, the SH2D1A gene is also downregulated in mCRPC patients and is
highly expressed in inactive CD8 + T cells and some NK cells, which is consistent with previous research.
We propose the possibility that similar mutations in the SH2D1A gene also occur during the
transformation from LPC to mCRPC. Many previous studies have confirmed that EBV plays a role in
various tumor diseases, where T cell expansion is a key component of EBV immunity. In PCa, EBV-
positive samples exhibit higher Gleason scores, perineural invasion (PNI), and lymphocyte infiltration [72,
73]. Furthermore, the latest Mendelian randomization analysis suggests that genetically predicted
Epstein-Barr virus (EBV) EA-D antibody (Early Antigen-Diffuse Antibody) and EBNA-1 antibody (Epstein-
Barr Nuclear Antigen 1) are highly correlated with PCa onset [74].

As mentioned earlier, the CD1d molecule plays a key role in the maturation of iNKT cells. iNKT cells
recognize lipid antigens presented by the monomorphic MHC-like molecule CD1d, with a relatively well-
established antigen being alpha-galactosylceramide (a-GalCer). In vitro experiments show that the
presence of this antigen can enhance the efficacy of granulocyte-macrophage colony-stimulating factor
(GM-CSF) tumor vaccines [75]. Additionally, artificial adjuvant vector cell (aAVC) therapy can induce
multiple antigen-specific CD8 + T cells, providing preventive and therapeutic effects against tumor
development [76]. Unlike MHC-restricted T cells, iNKT cells exhibit an effector memory phenotype
independent of foreign antigen exposure and are acquired in the thymus through a unique developmental
pathway (as described earlier). The lack of iNKT cells leads to the emergence of aggressive tumors and
significantly reduces animal survival. Transgenic adenocarcinoma mice lacking iNKT cells develop
tolerance to tumor-associated antigens at a relatively rapid rate. iNKT cells can directly exert cytotoxicity
against CD1d+ tumor cell targets; they are not involved in controlling the induction of CTL tolerance or in
anti-tumor effector T cell responses. iNKT cells also have antigen-presenting functions, and their
migration and infiltration in PCa cells in vitro are mediated by CCL2 [77, 78]. Furthermore, iNKT cells
regulate macrophages through the synergistic effects of CD1d, Fas, and CD40, reducing tumor
angiogenesis, promoting selective killing of M2-like macrophages, and enhancing the survival of M1-like
macrophages, thereby promoting tumor immunity [62]. In this study, the CD1d molecule shows a
significant decrease during the transformation from LPC to mCRPC, which is consistent with previous
research findings. In the GSE143791 (mCRPC samples) dataset, it mainly infiltrates DCs and
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macrophages, with minor infiltration in NK cells. Unfortunately, none of the three datasets—GSE141445,
GSE143791, and GSE137829—performed single-cell infiltration analysis specifically for iNKT cells.

Conclusion
This study focuses on the immune regulatory mechanisms of mCRPC. It aims to screen immune-related
hub genes that play a key role in the transformation from LPC to mCRPC and to explore their clinical
significance and potential therapeutic value. By integrating multi-omics data with bioinformatic analysis,
we systematically identified seven hub genes closely associated with disease progression and
performed an in-depth analysis of their roles in remodeling the immune microenvironment, clinical
prognosis, and drug response. This article emphasizes the roles of these seven hub genes in TAMs, iNKT
cells, and their involvement in additional immune-related processes during the development of mCRPC.
This study is the first to propose the BRAF gene as a potential therapeutic target, providing a theoretical
basis and direction for developing or repurposing existing drugs to treat mCRPC.

This study has some limitations. For example, it did not validate the specific regulatory mechanisms of
these genes in the immune microenvironment, particularly the molecular pathways involved in the
interaction between tumor cells and immune cells. Further functional validation and mechanistic
exploration through in vitro and in vivo experiments are needed, and future research could further deepen
the study of the functional mechanisms of these hub genes. Although this study predicted potential
therapeutic drugs targeting genes such as BRAF, CCL2, TNF, and IL6, these predictions have not yet been
experimentally validated. Subsequent studies could be based on the screened hub genes to conduct
drug sensitivity experiments and animal model studies. They could also evaluate the efficacy of
monotherapy or combination therapies targeting these genes in the treatment of CRPC and explore their
synergistic effects with existing therapies (such as immune checkpoint inhibitors).

Declarations

Funding
This study was supported by a grant from the Science and Technology Project Plan of Jiaxing
(2024AY10005) Disclosure

All the authors have approved the final manuscript.

Conflicts of Interest The authors declare no conflicts of interest.

Author Contribution
H.Ldesign, data collection, data analysis, manuscript writing, Q. Z.manuscript revision, manuscript
writing. C .T.data analysis, funding acquisition, manuscript writing. X. G.manuscript revision, and

Page 15/26



supervision. X .W. data analysis, manuscript writing.All authors reviewed the manuscript.

Data Availability
These data were derived from the folowing resources available in the public domain:1.Gene Expression
Omnibus database(GEO database) :https://www.ncbi.nlm.nih.gov/GSE 35988 dataset:Accession:
GSE35988 ID: 200035988 https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE35988platform
GPL6480:Accession: GPL6480 ID: 100006480https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?
acc=GPL6480GSE141445: Accession: GSE141445 ID: 200141445https://www.ncbi.nlm.nih.gov/gds/?
term=GSE141445%5BAccession%5DGSE143791:Accession: GSE143791 ID:
200143791https://www.ncbi.nlm.nih.gov/gds/?term=GSE143791[Accession]GSE137829 Accession:
GSE137829 ID: 200137829https://www.ncbi.nlm.nih.gov/gds/?
term=GSE137829+%5BAccession%5D2.The Cancer Genome Atlas Program(TCGA)
(https://portal.gdc.cancer.gov)3.TRRUST database (version 2)
(https://www.grnpedia.org/trrust)4.STRING database (version 12) (https://cn.string-
db.org/)5.NetworkAnalyst website (https://www.networkanalyst.ca/)6.TISCH2
(https://tisch.compbio.cn/)7.DrugBank (version6) (https://go.drugbank.com)

References
1. Gandaglia G, Leni R, Bray F, Fleshner N, Freedland SJ, Kibel A, Stattin P, Van Poppel H, La Vecchia C:

Epidemiology and Prevention of Prostate Cancer. European urology oncology 2021, 4(6):877-892.

2. Zhu Y, Mo M, Wei Y, Wu J, Pan J, Freedland SJ, Zheng Y, Ye D: Epidemiology and genomics of
prostate cancer in Asian men. Nature reviews Urology 2021, 18(5):282-301.

3. Wang F, Wang C, Xia H, Lin Y, Zhang D, Yin P, Yao S: Burden of Prostate Cancer in China, 1990-2019:
Findings From the 2019 Global Burden of Disease Study. Frontiers in endocrinology 2022, 13:853623.

4. Morote J, Aguilar A, Planas J, Trilla E: Definition of Castrate Resistant Prostate Cancer: New
Insights. Biomedicines 2022, 10(3).

5. Candelieri-Surette D, Lee J, Lynch JA, Chang NN, Nelson TJ, Teerlink CC, Pimentel C, Schoen MW,
Berlowitz D: Epidemiology of Metastatic Castration-Resistant Prostate Cancer in Veterans
Nationwide. Journal of the National Comprehensive Cancer Network : JNCCN 2025, 23(8):307-313.

6. Lin S, Lin D, Li Y, Zhong L, Zhou W, Wu Y, Xie C, Luo S, Huang X, Xu X et al: Disease burden of prostate
cancer from 2014 to 2019 in the United States: estimation from the Global Burden of Disease Study
2019 and Medical Expenditure Panel Survey. Epidemiology and health 2023, 45:e2023038.

7. Shiota M, Endo S, Blas L, Fujimoto N, Eto M: Steroidogenesis in castration-resistant prostate cancer.
Urologic oncology 2023, 41(5):240-251.

8. Tripathi A, Balakrishna P, Agarwal N: PARP inhibitors in castration-resistant prostate cancer. Cancer
treatment and research communications 2020, 24:100199.

Page 16/26



9. Henriques V, Wenzel M, Demes MC, Köllermann J: [Metastatic castration-resistant prostate cancer].
Der Pathologe 2021, 42(4):431-441.

10. Stultz J, Fong L: How to turn up the heat on the cold immune microenvironment of metastatic
prostate cancer. Prostate cancer and prostatic diseases 2021, 24(3):697-717.

11. Rajbhandary S, Dhakal H, Shrestha S: Tumor immune microenvironment (TIME) to enhance
antitumor immunity. European journal of medical research 2023, 28(1):169.

12. Brea L, Yu J: Tumor-intrinsic regulators of the immune-cold microenvironment of prostate cancer.
Trends in endocrinology and metabolism: TEM 2025, 36(9):855-866.

13. Zhang W, Zhang W, Wu H, Han X: Harnessing innate immunity against glioblastoma
microenvironment. Frontiers in immunology 2025, 16:1648601.

14. Cao H, Gao S, Jogani R, Sugimura R: The Tumor Microenvironment Reprograms Immune Cells.
Cellular reprogramming 2022, 24(6):343-352.

15. Shan M, Wang Y: Viewing keloids within the immune microenvironment. American journal of
translational research 2022, 14(2):718-727.

16. Grasso CS, Wu YM, Robinson DR, Cao X, Dhanasekaran SM, Khan AP, Quist MJ, Jing X, Lonigro RJ,
Brenner JC et al: The mutational landscape of lethal castration-resistant prostate cancer. Nature
2012, 487(7406):239-243.

17. Ding S, Zhang Y, Tang Y, Zhang Y, Liu M: Combining gene expression microarrays and Mendelian
randomization: exploring key immune-related genes in multiple sclerosis. Frontiers in neurology
2024, 15:1437778.

18. Franz M, Rodriguez H, Lopes C, Zuberi K, Montojo J, Bader GD, Morris Q: GeneMANIA update 2018.
Nucleic acids research 2018, 46(W1):W60-w64.

19. Barrett T, Wilhite SE, Ledoux P, Evangelista C, Kim IF, Tomashevsky M, Marshall KA, Phillippy KH,
Sherman PM, Holko M et al: NCBI GEO: archive for functional genomics data sets--update. Nucleic
acids research 2013, 41(Database issue):D991-995.

20. Kanehisa M, Goto S, Kawashima S, Nakaya A: The KEGG databases at GenomeNet. Nucleic acids
research 2002, 30(1):42-46.

21. Kanehisa M, Furumichi M, Sato Y, Kawashima M, Ishiguro-Watanabe M: KEGG for taxonomy-based
analysis of pathways and genomes. Nucleic acids research 2023, 51(D1):D587-d592.

22. Han H, Cho JW, Lee S, Yun A, Kim H, Bae D, Yang S, Kim CY, Lee M, Kim E et al: TRRUST v2: an
expanded reference database of human and mouse transcriptional regulatory interactions. Nucleic
acids research 2018, 46(D1):D380-d386.

23. Szklarczyk D, Nastou K, Koutrouli M, Kirsch R, Mehryary F, Hachilif R, Hu D, Peluso ME, Huang Q,
Fang T et al: The STRING database in 2025: protein networks with directionality of regulation.
Nucleic acids research 2025, 53(D1):D730-d737.

24. Chin CH, Chen SH, Wu HH, Ho CW, Ko MT, Lin CY: cytoHubba: identifying hub objects and sub-
networks from complex interactome. BMC systems biology 2014, 8 Suppl 4(Suppl 4):S11.

Page 17/26



25. Zhou G, Soufan O, Ewald J, Hancock REW, Basu N, Xia J: NetworkAnalyst 3.0: a visual analytics
platform for comprehensive gene expression profiling and meta-analysis. Nucleic acids research
2019, 47(W1):W234-w241.

26. Colaprico A, Silva TC, Olsen C, Garofano L, Cava C, Garolini D, Sabedot TS, Malta TM, Pagnotta SM,
Castiglioni I et al: TCGAbiolinks: an R/Bioconductor package for integrative analysis of TCGA data.
Nucleic acids research 2016, 44(8):e71.

27. Han Y, Wang Y, Dong X, Sun D, Liu Z, Yue J, Wang H, Li T, Wang C: TISCH2: expanded datasets and
new tools for single-cell transcriptome analyses of the tumor microenvironment. Nucleic acids
research 2023, 51(D1):D1425-d1431.

28. Knox C, Wilson M, Klinger CM, Franklin M, Oler E, Wilson A, Pon A, Cox J, Chin NEL, Strawbridge SA
et al: DrugBank 6.0: the DrugBank Knowledgebase for 2024. Nucleic acids research 2024,
52(D1):D1265-d1275.

29. Wang X, Yang L, Huang F, Zhang Q, Liu S, Ma L, You Z: Inflammatory cytokines IL-17 and TNF-α up-
regulate PD-L1 expression in human prostate and colon cancer cells. Immunology letters 2017,
184:7-14.

30. Dunne MR, Ryan C, Nolan B, Tosetto M, Geraghty R, Winter DC, O'Connell PR, Hyland JM, Doherty GA,
Sheahan K et al: Enrichment of Inflammatory IL-17 and TNF-α Secreting CD4(+) T Cells within
Colorectal Tumors despite the Presence of Elevated CD39(+) T Regulatory Cells and Increased
Expression of the Immune Checkpoint Molecule, PD-1. Frontiers in oncology 2016, 6:50.

31. Wang Q, Han J, Liang Z, Geng X, Du Y, Zhou J, Yao W, Xu T: FSH Is Responsible for Androgen
Deprivation Therapy-Associated Atherosclerosis in Mice by Exaggerating Endothelial Inflammation
and Monocyte Adhesion. Arteriosclerosis, thrombosis, and vascular biology 2024, 44(3):698-719.

32. Liu X, Lin Y, Long W, Yi R, Zhang X, Xie C, Jin N, Qiu Z, Liu X: The kinesin-14 family motor protein
KIFC2 promotes prostate cancer progression by regulating p65. The Journal of biological chemistry
2023, 299(11):105253.

33. Kunzmann AT, Murray LJ, Cardwell CR, McShane CM, McMenamin UC, Cantwell MM: PTGS2
(Cyclooxygenase-2) expression and survival among colorectal cancer patients: a systematic review.
Cancer epidemiology, biomarkers & prevention : a publication of the American Association for Cancer
Research, cosponsored by the American Society of Preventive Oncology 2013, 22(9):1490-1497.

34. Zhang Z: MiR-124-3p Suppresses Prostatic Carcinoma by Targeting PTGS2 Through the AKT/NF-κB
Pathway. Molecular biotechnology 2021, 63(7):621-630.

35. Murphy KC, DeMarco KD, Zhou L, Peura J, Giwa HK, Lopez-Diaz Y, Ho YJ, Li J, Bai S, Simin K et al:
MYC and p53 Alterations Cooperate through VEGF Signaling to Repress Cytotoxic T-cell and
Immunotherapy Responses in Prostate Cancer. Cancer research 2025, 85(22):4359-4379.

36. Chehrazi-Raffle A, Tukachinsky H, Toye E, Sivakumar S, Schrock AB, Bergom HE, Ebrahimi H, Pal S,
Dorff T, Agarwal N et al: Unique Spectrum of Activating BRAF Alterations in Prostate Cancer. Clinical
cancer research : an official journal of the American Association for Cancer Research 2023,
29(19):3948-3957.

Page 18/26



37. Weng CC, Ding PY, Liu YH, Hawse JR, Subramaniam M, Wu CC, Lin YC, Chen CY, Hung WC, Cheng
KH: Mutant Kras-induced upregulation of CD24 enhances prostate cancer stemness and bone
metastasis. Oncogene 2019, 38(12):2005-2019.

38. Sonpavde G, Agarwal N, Pond GR, Nagy RJ, Nussenzveig RH, Hahn AW, Sartor O, Gourdin TS,
Nandagopal L, Ledet EM et al: Circulating tumor DNA alterations in patients with metastatic
castration-resistant prostate cancer. Cancer 2019, 125(9):1459-1469.

39. Cho NY, Choi M, Kim BH, Cho YM, Moon KC, Kang GH: BRAF and KRAS mutations in prostatic
adenocarcinoma. International journal of cancer 2006, 119(8):1858-1862.

40. Yin Q, Han T, Fang B, Zhang G, Zhang C, Roberts ER, Izumi V, Zheng M, Jiang S, Yin X et al: K27-linked
ubiquitination of BRAF by ITCH engages cytokine response to maintain MEK-ERK signaling. Nature
communications 2019, 10(1):1870.

41. Gao R, Li X, Gao H, Zhao K, Liu X, Liu J, Wang Q, Zhu Y, Chen H, Xiang S et al: Protein phosphatase 2A
catalytic subunit β suppresses PMA/ionomycin-induced T-cell activation by negatively regulating
PI3K/Akt signaling. The FEBS journal 2022, 289(15):4518-4535.

42. Wozniak DJ, Hitchinson B, Gilic MB, Bie W, Gaponenko V, Tyner AL: Vemurafenib Inhibits Active PTK6
in PTEN-null Prostate Tumor Cells. Molecular cancer therapeutics 2019, 18(5):937-946.

43. Fenor MD, Ruiz-Llorente S, Rodríguez-Moreno JF, Caleiras E, Torrego JC, Sevillano-Fernández E,
Navarro P, Yagüe-Fernández M, Amarilla-Quintana S, Barquín A et al: MEK inhibitor sensitivity in
BRAF fusion-driven prostate cancer. Clinical & translational oncology : official publication of the
Federation of Spanish Oncology Societies and of the National Cancer Institute of Mexico 2022,
24(12):2432-2440.

44. Sottile R, Pangigadde PN, Tan T, Anichini A, Sabbatino F, Trecroci F, Favoino E, Orgiano L, Roberts J,
Ferrone S et al: HLA class I downregulation is associated with enhanced NK-cell killing of melanoma
cells with acquired drug resistance to BRAF inhibitors. European journal of immunology 2016,
46(2):409-419.

45. Kim SW, Kim JS, Papadopoulos J, Choi HJ, He J, Maya M, Langley RR, Fan D, Fidler IJ, Kim SJ:
Consistent interactions between tumor cell IL-6 and macrophage TNF-α enhance the growth of
human prostate cancer cells in the bone of nude mouse. International immunopharmacology 2011,
11(7):862-872.

46. Futakuchi M, Fukamachi K, Suzui M: Heterogeneity of tumor cells in the bone microenvironment:
Mechanisms and therapeutic targets for bone metastasis of prostate or breast cancer. Advanced
drug delivery reviews 2016, 99(Pt B):206-211.

47. Han IH, Song HO, Ryu JS: IL-6 produced by prostate epithelial cells stimulated with Trichomonas
vaginalis promotes proliferation of prostate cancer cells by inducing M2 polarization of THP-1-
derived macrophages. PLoS neglected tropical diseases 2020, 14(3):e0008126.

48. Han J, Zhou Y, Zhang C, Feng J, Wang J, Guo K, Chen W, Li Y: Intratumoral immune heterogeneity of
prostate cancer characterized by typing and hub genes. Journal of cellular and molecular medicine
2023, 27(1):101-112.

Page 19/26



49. Duprat F, Robles C, Castillo MP, Rivas Y, Mondaca M, Jara N, Roa F, Bertinat R, Toledo J, Paz C et al:
LOX-1 Activation by oxLDL Induces AR and AR-V7 Expression via NF-κB and STAT3 Signaling
Pathways Reducing Enzalutamide Cytotoxic Effects. International journal of molecular sciences 2023,
24(6).

50. Nowak DG, Cho H, Herzka T, Watrud K, DeMarco DV, Wang VM, Senturk S, Fellmann C, Ding D,
Beinortas T et al: MYC Drives Pten/Trp53-Deficient Proliferation and Metastasis due to IL6 Secretion
and AKT Suppression via PHLPP2. Cancer discovery 2015, 5(6):636-651.

51. Lo UG, Chen YA, Cen J, Deng S, Luo J, Zhau H, Ho L, Lai CH, Mu P, Chung LWK et al: The driver role of
JAK-STAT signalling in cancer stemness capabilities leading to new therapeutic strategies for
therapy- and castration-resistant prostate cancer. Clinical and translational medicine 2022,
12(8):e978.

52. Xu L, Chen X, Shen M, Yang DR, Fang L, Weng G, Tsai Y, Keng PC, Chen Y, Lee SO: Inhibition of IL-6-
JAK/Stat3 signaling in castration-resistant prostate cancer cells enhances the NK cell-mediated
cytotoxicity via alteration of PD-L1/NKG2D ligand levels. Molecular oncology 2018, 12(3):269-286.

53. Yu SH, Zheng Q, Esopi D, Macgregor-Das A, Luo J, Antonarakis ES, Drake CG, Vessella R, Morrissey
C, De Marzo AM et al: A Paracrine Role for IL6 in Prostate Cancer Patients: Lack of Production by
Primary or Metastatic Tumor Cells. Cancer immunology research 2015, 3(10):1175-1184.

54. Wang YF, Yu L, Hu ZL, Fang YF, Shen YY, Song MF, Chen Y: Regulation of CCL2 by EZH2 affects
tumor-associated macrophages polarization and infiltration in breast cancer. Cell death & disease
2022, 13(8):748.

55. Gu Q, Qi A, Wang N, Zhou Z, Zhou X: Macrophage dynamics in prostate cancer: Molecular to
therapeutic insights. Biomedicine & pharmacotherapy = Biomedecine & pharmacotherapie 2024,
177:117002.

56. Izumi K, Fang LY, Mizokami A, Namiki M, Li L, Lin WJ, Chang C: Targeting the androgen receptor with
siRNA promotes prostate cancer metastasis through enhanced macrophage recruitment via
CCL2/CCR2-induced STAT3 activation. EMBO molecular medicine 2013, 5(9):1383-1401.

57. Hardaway AL, Herroon MK, Rajagurubandara E, Podgorski I: Bone marrow fat: linking adipocyte-
induced inflammation with skeletal metastases. Cancer metastasis reviews 2014, 33(2-3):527-543.

58. Aoyama S, Izumi K, Hiratsuka K, Inaba T, Koketsu Y, Nakagawa R, Toriumi R, Kamijima T, Kano H,
Makino T et al: Androgen Receptor-Controlled microRNA-124-3p.2 Suppresses Prostate Cancer
Progression via CCL2 Inhibition. Cancer science 2025, 116(10):2797-2807.

59. Midavaine É, Côté J, Sarret P: The multifaceted roles of the chemokines CCL2 and CXCL12 in
osteophilic metastatic cancers. Cancer metastasis reviews 2021, 40(2):427-445.

60. Tsai YC, Chen WY, Abou-Kheir W, Zeng T, Yin JJ, Bahmad H, Lee YC, Liu YN: Androgen deprivation
therapy-induced epithelial-mesenchymal transition of prostate cancer through downregulating
SPDEF and activating CCL2. Biochimica et biophysica acta Molecular basis of disease 2018, 1864(5
Pt A):1717-1727.

Page 20/26



61. Deichaite I, Sears TJ, Sutton L, Rebibo D, Morgan K, Nelson T, Rose B, Tamayo P, Ferrara N,
Asimakopoulos F et al: Differential regulation of TNFα and IL-6 expression contributes to immune
evasion in prostate cancer. Journal of translational medicine 2022, 20(1):527.

62. Cortesi F, Delfanti G, Grilli A, Calcinotto A, Gorini F, Pucci F, Lucianò R, Grioni M, Recchia A, Benigni F
et al: Bimodal CD40/Fas-Dependent Crosstalk between iNKT Cells and Tumor-Associated
Macrophages Impairs Prostate Cancer Progression. Cell reports 2018, 22(11):3006-3020.

63. Praharaj M, Shen F, Lee AJ, Zhao L, Nirschl TR, Theodros D, Singh AK, Wang X, Adusei KM, Lombardo
KA et al: Metabolic Reprogramming of Tumor-Associated Macrophages Using Glutamine Antagonist
JHU083 Drives Tumor Immunity in Myeloid-Rich Prostate and Bladder Cancers. Cancer immunology
research 2024, 12(7):854-875.

64. Patidar A, Selvaraj S, Chauhan P, Guzman CA, Ebensen T, Sarkar A, Chattopadhyay D, Saha B:
Peptidoglycan-treated tumor antigen-pulsed dendritic cells impart complete resistance against
tumor rechallenge. Clinical and experimental immunology 2020, 201(3):279-288.

65. Wang F, Dong X, Wang J, Yang F, Liu D, Ma J, Liu S, Chang D, Xing N: Allogeneic Expanded Human
Peripheral NK Cells Control Prostate Cancer Growth in a Preclinical Mouse Model of Castration-
Resistant Prostate Cancer. Journal of immunology research 2022, 2022:1786395.

66. Chen Y, Wang Z, Luo Z, Zhao N, Yang S, Tang Y: Comparison of Th1/Th2 cytokine profiles between
primary and secondary haemophagocytic lymphohistiocytosis. Italian journal of pediatrics 2016,
42(1):50.

67. Veillette A, Dong Z, Latour S: Consequence of the SLAM-SAP signaling pathway in innate-like and
conventional lymphocytes. Immunity 2007, 27(5):698-710.

68. Ayoub PG, Gensheimer J, Lathrop L, Juett C, Quintos J, Tam K, Reid J, Ma F, Tam C, McAuley GE et al:
Lentiviral vectors for precise expression to treat X-linked lymphoproliferative disease. Molecular
therapy Methods & clinical development 2024, 32(4):101323.

69. Huang YH, Tsai K, Ma C, Vallance BA, Priatel JJ, Tan R: SLAM-SAP signaling promotes differentiation
of IL-17-producing T cells and progression of experimental autoimmune encephalomyelitis. Journal
of immunology (Baltimore, Md : 1950) 2014, 193(12):5841-5853.

70. Tangye SG: XLP: clinical features and molecular etiology due to mutations in SH2D1A encoding SAP.
Journal of clinical immunology 2014, 34(7):772-779.

71. Bediako Y, Bian Y, Zhang H, Cho H, Stein PL, Wang CR: SAP is required for the development of innate
phenotype in H2-M3--restricted Cd8(+) T cells. Journal of immunology (Baltimore, Md : 1950) 2012,
189(10):4787-4796.

72. Ahmed K, Sheikh A, Fatima S, Ghulam T, Haider G, Abbas F, Sarria-Santamera A, Ghias K, Mughal N,
Abidi SH: Differential analysis of histopathological and genetic markers of cancer aggressiveness,
and survival difference in EBV-positive and EBV-negative prostate carcinoma. Scientific reports 2024,
14(1):10315.

73. Ahmed K, Sheikh A, Fatima S, Haider G, Ghias K, Abbas F, Mughal N, Abidi SH: Detection and
characterization of latency stage of EBV and histopathological analysis of prostatic

Page 21/26



adenocarcinoma tissues. Scientific reports 2022, 12(1):10399.

74. Ding XB, Ren SY, Wen HZ, Zhang ZB, Ye JA, Pan WK, Ye JQ: A Bidirectional Mendelian
Randomization Study on the Causal Relationship Between Epstein-Barr Virus Antibodies and
Prostate Cancer Risk. Cancer control : journal of the Moffitt Cancer Center 2025,
32:10732748251320842.

75. Varghese B, Lynch L, Vriend LE, Draganov D, Clark JM, Kissick HT, Varghese S, Sanda MG, Dranoff G,
Arredouani MS et al: Invariant NKT cell-augmented GM-CSF-secreting tumor vaccine is effective in
advanced prostate cancer model. Cancer immunology, immunotherapy : CII 2022, 71(12):2943-2955.

76. Yamasaki S, Shimizu K, Fujii SI: Tumor epitope spreading by a novel multivalent therapeutic cellular
vaccine targeting cancer antigens to invariant NKT-triggered dendritic cells in situ. Frontiers in
immunology 2024, 15:1345037.

77. Bellone M, Ceccon M, Grioni M, Jachetti E, Calcinotto A, Napolitano A, Freschi M, Casorati G,
Dellabona P: iNKT cells control mouse spontaneous carcinoma independently of tumor-specific
cytotoxic T cells. PloS one 2010, 5(1):e8646.

78. Nowak M, Arredouani MS, Tun-Kyi A, Schmidt-Wolf I, Sanda MG, Balk SP, Exley MA: Defective NKT
cell activation by CD1d+ TRAMP prostate tumor cells is corrected by interleukin-12 with α-
galactosylceramide. PloS one 2010, 5(6):e11311.

Figures

Page 22/26



Figure 1

Common genes and functional analysis. A. UMAP plot of three sample groups in dataset GES 35988
(platform GPL6480). B. Volcano plot displaying a total of 4,306 differentially expressed genes (DEGs),
including 2,869 up-regulated (left) and 2,180 down-regulated (right) genes, identified using criteria of P <
0.05 and |LogFC| > 1. C. Of the 4,306 DEGs, 176 were identified as immune-related (IR) genes and 3,118
as immune module genes (IMGs), with their intersection yielding 34 common genes as shown in the
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Venn diagram. D. KEGG pathway enrichment analysis of the 34 common genes. E. Gene Ontology (GO)
enrichment analysis of the 34 common genes.

Figure 2

The GO/KEGG analysis of hub genes, the interaction network diagram between hub genes and microRNA
(miRNA), and the clinical significance of BRAF. A. GO/KEGG analysis of hub genes. B. Interaction
network diagram between hub genes and microRNA (miRNA), where larger nodes indicate a higher
number of connections in biological processes, and darker lines represent stronger molecular
associations. C-E. Correlation of BRAF expression with low-to-medium risk and high-risk PCa,
extracapsular invasion, and shortened PFI (*p < 0.05, **p < 0.01, ***p < 0.001).
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Figure 3

Immune infiltration and validation of hub genes in metastatic (castration-resistant) prostate cancer
datasets. A-B. sssGSEA analysis of hub genes in the GSE35988 dataset (*p<0.05, **p<0.01, and
***p<0.001). C-E. Single-cell infiltration maps of the validation datasets GSE141445, GSE143791, and
GSE137829.
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Figure 4

Overview of common gene and transcription factor interactions, protein-protein interaction networks,
hub gene screening, and group-wise comparisons of hub genes. A. 34 common genes and their related
transcription factors, with darker colors representing common transcription factors and common genes;
darker connecting lines indicate closer relationships between genes and transcription factors. B. Protein-
protein interaction (PPI) network of common genes, in which darker nodes represent genes with high
connectivity, and darker edges indicate stronger molecular associations. C. Identification of the top 10
hub genes via Bottleneck and Betweenness algorithms; the Venn diagram illustrates the intersection of
these sets, yielding 7 final hub genes. D. Comparative analysis of hub gene expression across the BPH,
LPC, and mCRPC groups (* p < 0.05, ** p < 0.01, *** p < 0.001).
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