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Introduction: The role of cancer-associated fibroblasts (CAFs) in the
progression, therapeutic resistance, and metastasis of castration-resistant
prostate cancer (CRPC) remains incompletely understood. This study
aimed to investigate how CAFs regulate the stemness of prostate cancer
stem cells (PCSCs), with a focus on the Wnt/p-catenin and SDF-1/CXCR4
signaling pathways.

Methods: We assessed the expression of CAF and PCSC markers in xenograft
tumor tissues from hormone-sensitive prostate cancer and CRPC mouse
models using immunohistochemistry and immunofluorescence. The impact of
CAFs on stemness markers, SDF-1, CXCR4, and Wnt pathway activation was
evaluated both in vitro and in vivo.

Results: The expression levels of CAF and PCSC markers were significantly
elevated in CRPC tissues compared to hormone-sensitive tumors.
Bioinformatics analysis indicated high expression of CXCR4 and CTNNB1
(B-catenin) in CRPC, with positive correlations to disease progression. CAFs
enhanced PCSC stemness, while inhibition of Wnt3a or SDF-1 led to reduced
stemness and pathway activity. In vivo, CAFs promoted CRPC tumor growth
and significantly increased the expression of Wnt3a, p-catenin, TCF4, LEF1,
SDF-1, and CXCR4, along with an elevated p-GSK-3p/GSK-3 ratio. Conversely,
B-catenin and CXCR4 inhibitors suppressed tumor growth and downregulated
Wnt signaling components.

Discussion: p-Catenin and CXCR4 showed strong co-localization in xenograft
tumors. These findings suggest that CAFs promote PCSC stemness and CRPC
progression by activating the Wnt/p-catenin and SDF-1/CXCR4 pathways via
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Wnt3a and SDF-1 expression. These insights provide potential targets for

managing CRPC.
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1 Introduction

Prostate cancer (PCa) is the most common malignant tumor
affecting the male reproductive system. In 2022, there were
approximately 1.5 million new PCa cases globally, with 397,000
associated deaths (Bray et al., 2024). Recent data indicate an increase
in the incidence of PCa, especially among young individuals. A
2024 National Oncology Survey report showed that PCa is the
second leading cause of cancer-related deaths among men in
the United States (Siegel et al., 2024). This malignancy poses a
substantial threat to the health of men, highlighting the urgent need
for effective therapeutic strategies.

Recent findings suggest that prolonged PCa treatment may result
in varied clonal selection (Cheng et al., 2022) and acquisition of
stem-like features (Verma et al., 2020), eventually contributing to
the emergence of castration-resistant PCa (CRPC). CRPC represents
the refractory stage of PCa, where the tumor re-progresses and
develops resistance following castration surgery or anti-androgen
therapy, resulting in a poor prognosis, with a 5-year survival rate
of approximately 30% (Tang et al., 2022). Tumor heterogeneity, drug
resistance, recurrence, and limited therapeutic options complicate
CRPC treatment. A study classifying CRPC subtypes using a
transposase-accessible chromatin assay along with sequencing
(Mu etal., 2024) revealed that androgen receptor (AR)-low/negative
subtypes were mostly stem cell-like and Wnt-dependent, whereas
transcriptome analysis showed that stem cell-like subtypes were the
second most prevalent CRPC subtypes after AR-positive subtypes.
These findings highlight the heterogeneity of CRPC and indicate
that different subtypes may utilize distinct signaling pathways
to evade treatment effect. Additionally, PCa stem cells (PCSCs)
likely contribute considerably to the heterogeneity and therapeutic
resistance observed in CRPC (Menssouri et al., 2023).

PCSCs, a distinct subpopulation of cells residing within
the prostate “niche” (Sun et al, 2024), exhibit self-renewal
and multi-lineage differentiation potentials. Notably, these cells
exhibit intrinsic resistance to the cytotoxic effects of endocrine
therapies such as abiraterone and enzalutamide (Vlashi and Pajonk,
2015), as well as chemotherapeutic agents such as docetaxel
(Koukourakis et al., 2023). Additionally, PCSCs can adapt and
evolve in response to selective treatment pressures by employing
mechanisms such as enhanced expulsion of drugs and activation
of anti-apoptotic and DNA repair mechanisms (Chen C. Y. et al,
2024). CD133 and CD44 are specific markers of stem cell-like
properties in various cancer types; they have been widely studied
in PCa. Research has shown that these markers aid in the isolation
of PCSCs that show high drug resistance and strong tumorigenic
potential (Fang et al., 2024).

PCSCs rely on the tumor microenvironment (TME) for survival
and the maintenance of stem-like properties. Cancer-associated
fibroblasts (CAFs), essential elements of the TME, facilitate the
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survival, proliferation, and self-renewal of PCSCs by secreting
growth factors and cytokines, and remodeling the extracellular
matrix (Hou et al,, 2024). Recent research has indicated that
CAFs have the potential to augment cancer stem cell (CSC)
activity and promote tumor growth by activating the Wnt/[B-catenin
and human stromal cell-derived factor-1 (SDF-1)/C-X-C motif
chemokine receptor 4 (CXCR4) signaling pathways (Chen H. et al.,
2024). The Wnt/B-catenin pathway, a crucial regulatory mechanism
for PCSCs, enhances DNA repair capacity and reduces apoptosis,
thereby sustaining the stemness and self-renewal ability of PCSCs
(Li et al, 2013). Additionally, SDF-1 secreted by CAFs binds to
CXCR4, further activating downstream signaling pathways that
enhance the stemness and invasiveness of CSCs (Stuart et al,
2019). However, while the independent roles of these pathways
have been previously studied, only a few studies have systematically
investigated their potential synergistic effects on PCSC stemness
in the context of CRPC. To our knowledge, this the first study
to elucidate how CAFs may simultaneously coordinate Wnt/(-
catenin and SDF-1/CXCR4 signaling to sustain PCSC activity and
contribute to CRPC progression. By focusing on this dual-pathway
interaction, our preclinical research uncovers a novel mechanism
underlying therapeutic resistance and offers new potential targets for
the development of combination therapies for CRPC.

2 Materials and methods
2.1 Reagents and antibodies

Cell culture media and supplements, including RPMI 1640,
DMEM, and fetal bovine serum (FBS), were purchased from
Life Technologies (Thermo Fisher Scientific, Waltham, MA,
United States). The details of the reagents and antibodies are
presented in Supplementary Table S1.

2.2 Cell culture

Hormone-sensitive prostate cancer cells (LNCaP cells, RRID:
CVCL_0395) were procured from Servicebio (Wuhan, China),
castration-resistant prostate cancer cells (C4-2B cells, RRID: CVCL_
4784) from BeNA Culture Collection (Henan, China), and human
prostate stromal myofibroblast cell line (WPMY-1 cells, RRID:
CVCL_3814) from Gain Biological (Shanghai, China). Each cell line
was cultured in RPMI 1640 medium supplemented with 10% FBS,
100 U/mL penicillin, and 100 pg/mL streptomycin (Sigma-Aldrich,
St. Louis, MO, United States). The cells were incubated at 37°C in
an atmosphere containing 5% CO,. All cell lines used in this study
were authenticated via short tandem repeat (STR) profiling within
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the past 3 years. Furthermore, all experiments were conducted
using Mycoplasma-free cells to ensure the accuracy and reliability
of the data.

2.3 Induction and identification of CAFs

CAF formation was induced using TGF-B1, as previously
described (Zhang et al, 2020). Briefly, WPMY-1 cells were
seeded in a six-well plate at a density of 5 x 10* cells/well.
After 48 h of incubation, the medium was discarded and the
cells were incubated in complete medium containing TGF-B1 at
varying concentrations (0, 10, and 20 ng/mL). Cell morphology
was observed after 48 h of TGF-P1 treatment using an optical
microscope (BX51; OLYMPUS, Tokyo, Japan). Additionally, the
identity of the induced CAFs was confirmed by assessing the
expression of fibroblast activation protein (FAP) and a-smooth
muscle actin (a-SMA) using immunofluorescence and Western
blot assays.

2.4 Preparation of culture medium for CAFs

CAFs were treated with the Wnt inhibitor DKK-1 (20 ng/mL) or
an SDF-1 neutralizing antibody (1000 nmol/L) for 24 h. WPMY-1
cells, along with untreated and treated CAFs, were seeded separately
in six-well plates at a density of 1.5 x 10° cells/mL and cultured for
72 h. After incubation, the medium was collected and centrifuged at
300 g for 5 min at room temperature to remove cellular debris. The
resulting supernatants were collected as conditioned media (CM)
for further analysis: WPMY-1-CM, CAF-CM, CAP-Wnt_N T and
CAFanti—SDF-l _CM.

2.5 Enzyme-linked immunosorbent assay
(ELISA)

The aforementioned CAF-CM and WPMY-1-CM were
collected, and Wnt3a and SDF-1 levels were analyzed using
ELISA. Detailed experimental procedures can be found in the
Supplementary Methods.

2.6 Flow cytometry sorting and sphere
formation assay

C4-2B cells were washed 1-2 times with PBS containing 5%
FBS (staining solution). To the staining solution (50 pL), 1-2 pL of
anti-human Fc blocking antibody (1:100, eBioscience, San Diego,
CA, United States) was added, and the cells were incubated at 4°C
for 30 min. Next, 2 pL of APC anti-human CD133 antibody (1:100;
Biolegend, San Diego, CA, United States) and 2 pL of PE anti-human
CD44 antibody (1:100; Biolegend) or isotype control antibodies
(1:100; Biolegend) were added to the staining solution (50 uL), and
the samples were incubated at 4°C for 30 min. After incubation,
the cells were washed twice with PBS. The cell concentration was
adjusted to 1 x 10%/mL, and the CD133*CD44* C4-2 cells were
sorted using a flow cytometer (FACS Aria III; BD Biosciences,
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Franklin Lakes, NJ, United States). The sorted CD133*CD44"
cells were seeded in a serum-free tumor sphere culture medium
supplemented with EGF and bFGE, and cultured in suspension on
low-attachment plates. The cells were treated with WPMY-1-CM
or CAF-CM for 24 h, and treatments were repeated every 3 days.
After 14 days, sphere formation was observed under a microscope
(BX51; OLYMPUS). To assess stemness and self-renewal capacity,
the sphere formation rate was calculated based on the number of
cell aggregates with a diameter greater than 50 um and a compact,
rounded morphology.

2.7 Indirect CAF and PCSC Co-Culture
model

PCSCs were seeded in six-well plates at a density of 5 x
10* cells per well. CAFs were cultured separately on the 0.4-
pum polyester membrane of a 12-mm Transwell insert (Corning,
New York, NY, United States). After 24 h, the Transwell inserts
were transferred into the wells containing PCSCs to establish an
indirect co-culture system. PCSCs and CAFs were co-cultured at
ratios of 1:3, 1:6, and 1:9. Cell proliferation was evaluated using
the CCK-8 assay to determine the optimal ratio for subsequent
experiments.

2.8 TOPFlash/FOPFlash luciferase reporter
assay

TOPFlash and FOPFlash luciferase activities were measured
using a dual-luciferase reporter assay to assess the activity of the
Wnt/p-catenin signaling pathway after the treatment of PCSCs with
CAF-CM and CAF*-SPF1_CM, Detailed experimental procedures
are provided in the Supplementary Methods.

2.9 Animals and treatments

+

Male NSG mice
3g) were obtained from Vital River (Beijing, China). To

(4 weeks old, average weight 20

establish a subcutaneous tumor model mimicking the tumor
microenvironment, prostate cancer stem cells (PCSCs, 1 x 10%)
were injected alone or in combination with cancer-associated
fibroblasts (CAFs, 6 x 10°) at a 1:6 ratio into the right flank of each
mouse in 100 pL of PBS/Matrigel (1:1). This co-injection model
was designed to reflect the stromal support provided by CAFs in
vivo. The mice were randomly divided into four groups (n = 4 per
group). Group A received PCSCs alone. Groups B-D received PCSC
+ CAFs. Once tumor volumes reached approximately 50 mm?, the
mice were treated as follows: (a) PCSC alone + saline; (b) PCSC
+ CAFs + saline; (c) PCSC + CAFs + XAV939 (10 mg/kg, i.p.;
MedChemExpress, Monmouth Junction, NJ, United States); and
(d) PCSC + CAFs + AMD3100 (5 mg/kg, i.p.; MedChemExpress).
XAV939 and AMD3100 were administered daily for 21 consecutive
days. The drug concentrations were selected based on previously
published studies and validated through preliminary experiments
for determining dose range to ensure tolerability and efficacy. After
21 days of treatment, the mice were anesthetized with pentobarbital
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FIGURE 1
Comparative analysis of tumor growth, stromal activation, and cancer stem cell marker expression between C4-2B and LNCaP xenografts. (A) Tumor

growth and weight comparison. Tumor growth curves were analyzed using repeated-measures ANOVA, and final tumor weights were compared using
unpaired two-tailed Student’s t-test (n = 4 biological replicates per group). (B) Immunohistochemical and immunofluorescence analyses of the stromal
activation markers FAP and a-SMA. FAP and a-SMA levels were higher in C4-2B than in LNCaP tumors. Quantification was based on average
fluorescence intensity per mouse, and statistical analysis was performed using unpaired two-tailed t-test (n = 4 biological replicates). (C) Western
blotting indicated significantly higher levels of FAP, a-SMA, CD133, and CD44 in C4-2B than in LNCaP tumors. Blots were derived from three
independent protein extractions and quantified using densitometry normalized to GAPDH expression (n = 3 technical replicates); statistical
comparisons were performed using an unpaired two-tailed t-test. (D) Dual immunofluorescence staining for a-SMA and CD133, or CD44. C4-2B
tumors displayed significantly higher fluorescence intensities for CD133 and CD44 than LNCaP tumors. Quantification was based on per-mouse
averages and analyzed using an unpaired two-tailed t-test (n = 4 biological replicates). Data are presented as mean + SD.
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FIGURE 2

Characterization of cancer-associated fibroblasts (CAFs) and their effects on prostate cancer stem cell (PCSC) proliferation and stemness. (A)
Immunofluorescence staining for FAP and a-SMA in WPMY-1 cells and CAFs. Representative images show significantly higher expression of FAP and
a-SMA in CAFs than in WPMY-1 cells. Quantification was based on three independent experiments, and statistical comparisons were performed using
unpaired two-tailed t-test (n = 3 technical replicates). (B) Western blotting showed that FAP and a-SMA protein levels were significantly higher in CAFs
than in WPMY-1 cells. Blots were derived from three independent protein extractions and analyzed using an unpaired two-tailed t-test (n = 3 technical
replicates). (C) Flow cytometry analysis of CD44*CD133* subpopulations in LNCaP and C4-2B cells. Compared with LNCaP (0.91%) and unsorted
C4-2B cells (5.30%), CD44*CD133* cells were highly enriched post-sorting (97.56%). (D) Co-culture of PCSCs with CAFs at ratios of 1:3, 1:6, and 1:9.
Cell proliferation was assessed based on OD450 measurement using the CCK-8 assay. PCSCs co-cultured with CAFs at a 1:6 ratio showed significantly
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FIGURE 2 (Continued)
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increased proliferation compared to PCSCs alone. Data were obtained from three independent experiments (n = 3 technical replicates), and
analyzed using one-way ANOVA followed by post hocTukey's test. (E) Sphere formation assay showed that co-culturing with CAFs significantly
enhanced the number of spheres formed by PCSCs (108.43 +9.66 spheres/well) compared with that in the PCSC-only group (76.13 +4.33
spheres/well). Sphere numbers were counted from three independent experiments and analyzed using an unpaired two-tailed t-test (n = 3 technical

replicates). Data are presented as mean +SD.

sodium (80 mg/kg, i.p.) and euthanized. Tumors were excised
and measured; their volumes were calculated as V = 0.5 x H? x
L, where H is the shorter diameter and L is the longer diameter.
All animal procedures were approved by the Ethics Committee of
Guanganmen Hospital (Approval No.: IACUC-GAMH-2024-058-
SQ) and conducted in accordance with institutional and national
guidelines.

2.10 Immunofluorescence and
immunohistochemical assays

Immunofluorescence was used to determine Wnt, p-catenin,
SDF-1, CXCR4, and p-GSK-3p expression in excised tumor tissues,
and immunohistochemistry was employed to assess the expression
of FAP and a-SMA in tumor tissues. Detailed experimental steps can
be found in the Supplementary Methods.

2.11 Bioinformatic analysis

Publicly available single-cell RNA sequencing data (GSE193337)
(Song et al., 2015) and transcriptome sequencing data (GSE32269)
(Zhao et al,, 2014) were obtained from the Gene Expression
Omnibus database. The GSE193337 dataset contains data of human
tumor and benign prostate adenocarcinoma samples, including both
single-cell and bulk RNA sequencing data. The GSE32269 dataset
contains gene expression data of primary localized and castration-
resistant bone metastatic PCa samples. For the GSE193337 dataset,
analysis was performed using the Seurat package (Lu et al., 2015).
The analysis steps included quality control (removal of low-quality
cells and genes), dimensionality reduction (principal component
analysis and t-SNE), cell clustering, and differential gene expression
analysis. For the GSE32269 dataset, differential expression analysis
was conducted using the edgeR software package (version 4.0.2).
First, the raw data were normalized, followed by quantitative
analysis to identify genes with significant expression differences
between groups. mRNA expression data for correlation analysis
were obtained from the UCSC XENA database. The data were
converted into transcripts per million format and standardized
using log, transformation. To preprocess raw RNA-seq count data
(GSE32269), low-quality reads were removed, gene expression was
calculated, and a count matrix was generated. These preprocessing
steps were performed using STAR software for genome alignment
and featureCounts for counting reads mapped to genes. The
final count matrix was used as input for differential expression
analysis.
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2.12 RNA isolation and reverse
transcription quantitative real-time PCR
(RT-gPCR)

Tumor tissues were sectioned and promptly cryopreserved
in liquid nitrogen. Briefly, tissue samples were pulverized into
powder using a tissue grinder, followed by RNA extraction using
an adequate quantity of TRIzol reagent. cDNA was generated from
the extracted RNA using reverse transcriptase. Thereafter, RT-qPCR
was performed using ABI 7500 RT-PCR equipment (Thermo Fisher
Scientific) with specific reagents and primers. The PCR sequences
are listed in Supplementary Table S2.

2.13 Western blot analysis

Proteins were extracted on ice using RIPA lysis buffer containing
protease inhibitors, and protein concentration was measured using
a BCA protein assay kit (Thermo Fisher Scientific). Protein samples
(20-50 pg) were separated using SDS-PAGE and transferred onto
PVDF membranes. The membranes were blocked with 5% non-
fat milk for 1h and incubated overnight with primary antibody
(1:1000) at 4°C, and then with secondary antibody (1:2000) for
1h at 20°C-25°C. Immunoreactive bands were detected using a
ChemiDoc XRS + chemiluminescence detection system (Bio-Rad,
Hercules, CA, United States) and analyzed using Image] software.
Protein expression was normalized to the expression of the internal
control GAPDH.

2.14 Statistical analysis

Statistical analysis was performed using GraphPad Prism 9
(GraphPad Software, San Diego, CA, United States). All data
are presented as mean + standard deviation from at least three
independent experiments. For comparisons among multiple groups,
one-way analysis of variance (ANOVA) was conducted, followed
by appropriate post hoc tests, including Tukey’s, Sidak’s, and
Dunnett’s multiple comparison tests. For comparisons between
groups, independent sample ¢-tests were used. Results with p-value
<0.05 were considered statistically significant.

3 Results

3.1 High expression of CAF and PCSC
markers in CRPC

To investigate the role of CAFs in PCSC stemness regulation
during CRPC progression, we established mouse models bearing
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Analysis of expression patterns and correlations of genes involved in the Wnt/p-catenin and SDF-1/CXCR4 pathways in prostate cancer, focusing on
their differential expression in CAFs. (A) t-SNE clustering showing the distribution of various cell types in the tumor microenvironment. The distinct
clustering of fibroblasts suggests a potential regulatory role in the castration-resistant prostate cancer microenvironment. (B) Dot plot illustrating
elevated expression of genes related to Wnt/B-catenin and SDF-1/CXCR4 signaling in fibroblasts. Dot size represents gene expression level; color
reflects statistical significance. Differential expression was assessed using the Wilcoxon rank-sum test. (C) Correlation analysis between CXCR4
expression and key Wnt/p-catenin pathway genes (CTNNBI, FZD1, and GSK3-p). Pearson correlation coefficients and corresponding p-values were
calculated. (D) Immunofluorescence staining for Wnt3a, SDF-1, and a-SMA in C4-2B and LNCaP tumor tissues. The CAF-associated markers Wnt3a and
SDF-1 showed higher expression and co-localization with a-SMA in C4-2B tumors. Quantification was based on fluorescence intensity per mouse and
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analyzed using an unpaired two-tailed t-test (n = 4 biological replicates). (E) RT-qPCR analysis of Wnt3a and SDF-1 mRNA levels in CAFs and WPMY-1
cells. mRNA expression was normalized to GAPDH expression and analyzed using an unpaired two-tailed t-test from three independent experiments

(n = 3 technical replicates). Data are presented as mean +SD

hormone-sensitive prostate cancer (HSPC) (LNCaP) or CRPC cells
(C4-2B). In vivo, C4-2B tumors grew significantly faster and larger
(p=0.0105) than LNCaP tumors; C4-2B and LNCaP tumor volumes
reached 1092.78 + 154.71 and 720.00 + 84.49 mm?>, respectively, by
27 days post-inoculation (Figure 1A).

Further immunohistochemical analysis showed that the CAF
markers FAP and a-SMA exhibited significantly higher expression
in C4-2B tumor tissues than in LNCaP tumors (FAP: p = 0.0047,
a-SMA: p = 0.0262) (Figure 1B). Similarly, immunofluorescence
staining confirmed that the expression of FAP (p = 0.0024) and
a-SMA (p = 0.0092) was significantly higher in C4-2B than in
LNCaP tumors (Figure 1B). Additionally, Western blotting showed
that FAP (6.88 + 0.45 vs. 4.80 £ 0.53; p = 0.0014) and a-SMA
(8.61 £ 0.33 vs. 552 = 0.93; p < 0.0001) protein levels were
significantly higher in C4-2B than in LNCaP tumors (Figure 1C).
Moreover, the expression of the CSC markers CD133 (4.76 + 0.49
vs. 3.46 = 0.47; p = 0.0475) and CD44 (5.20 + 0.44 vs. 3.64 *
0.28; p = 0.0144) was significantly higher in C4-2B than in LNCaP
tumors (Figure 1C).

Notably, a-SMA expression and the relative fluorescence
intensities of CD133 (p = 0.0359) and CD44 (p = 0.0156)
were significantly higher in C4-2B than in LNCaP tumors.
Additionally, dual staining revealed spatial proximity between the
CAF marker a-SMA and tumor stem cell markers CD133 and CD44
(Figure 1D).

3.2 Induced transformation of CAFs and
their role in maintaining PCSC stemness

TGF-p1 is known for its essential role in the induction
of CAFs (Pan et al, 2024). In this study, WPMY-1 cells were
treated with 10 ng/mL TGF-B1, a concentration selected based on
optimization experiments using different TGF-P1 concentrations
(Supplementary Figure S1). Immunofluorescence staining revealed
a marked increase in FAP and a-SMA expression following TGF-p1
treatment compared with that in the untreated group (Figure 2A).
Western blotting confirmed the increased expression of FAP (p <
0.0001) and a-SMA (p < 0.0001) in CAFs, highlighting that the
induced cells displayed typical CAF characteristics (Figure 2B).
Overall, these results indicate that TGF-f1 successfully
induced the transformation of WPMY-1 cells into highly
activated CAFs.

The stem cell markers CD44 and CD133 can be used to sort
cell subtypes among C4-2B cells (Li and Mu, 2023; Wang et al.,
2023). Flow cytometry analysis showed that CD44"CD133" prostate
cancer stem-like cells accounted for 0.86% of the LNCaP population
and 5.30% of the unsorted C4-2B population. After sorting, the
proportion of CD44*CD133" cells in C4-2B increased to 97.56%,
indicating successful enrichment of the stem-like subpopulation
(Figure 2C). In the Transwell co-culture system, the CCKS8 assay
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indicated a marked increase in the proliferation rate of PCSCs
cultured with CAFs (1:6 ratio) (Figure 2D). To further investigate
the effect of CAFs on PCSC stemness, we examined the spheroid
formation rate in the PCSC and PCSC-CAF (1:6) groups. Compared
with that in the PCSC-only group (76.13 + 4.33 spheroids/well),
spheroid formation increased significantly (p = 0.0125) to an
average of 108.43 + 9.66 spheroids/well in the PCSC-CAF co-
culture group, underscoring the essential role of CAFs in sustaining
PCSC stemness (Figure 2E).

3.3 Distribution characteristics of CAFs in
PCa and correlation analysis between
CXCR4 and the Wnt/p-catenin signaling
pathway

To explore the cell-type-specific expression landscape of
key signaling molecules in PCa, we performed dimensionality
reduction using the t-SNE algorithm based on single-cell
transcriptomic data (Figure 3A). This analysis enabled visualization
of diverse stromal and immune subpopulations within the
PCa microenvironment. Among these, CAFs formed a distinct
cluster, prompting further investigation of their molecular
characteristics.

A dot plot analysis of key genes related to Wnt signaling
and stemness regulation revealed that CXCR4 and CTNNBI (the
gene encoding (-catenin) were widely expressed across multiple
cell types, including fibroblasts, with particularly high levels in
CRPC (Figure 3B). The high variability in expression suggests their
dynamic involvement in tumor progression. Furthermore, analysis
of TCGA data revealed a statistically significant but weak positive
correlation between CXCR4 and CTNNBI expression (R = 0.3,
p < 0.0001), as well as modest correlations between CXCR4 and
other Wnt-related genes, such as FZDI and GSK-3f (Figure 3C),
suggesting that these molecules may be co-regulated within a shared
signaling axis.

Additionally, immunofluorescence staining was performed to
investigate whether Wnt3a, SDF-1, and a-SMA are co-localized
to C4-2B and LNCaP tumors. In the immunofluorescence co-
localization experiment, the expression of Wnt3a and SDF-1 was
significantly higher in C4-2B tumors than in LNCaP tumors.
Moreover, Wnt3a/a-SMA (p = 0.0125) and SDF-1/a-SMA (p =
0.0073) co-localization ratios were significantly higher in C4-2B
(4.31% + 2.85% and 20.02% + 3.30%, respectively) than in LNCaP
tumors (Figure 3D). Furthermore, RT-qPCR indicated that the
Wnt3a (p < 0.0001) and SDF-1 (p < 0.0001) mRNA levels were
significantly higher in CAFs than in WPMY-1 cells (Figure 3E).
Collectively, these results suggest that CAF activation enhanced the
tumorigenicity of CRPCs by secreting or locally overexpressing
Wnt3a and SDF-1, potentially
pathways.

activating  downstream
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Effect of cancer-associated fibroblast-conditioned medium (CAF-CM) on sphere formation, protein expression, and signaling in prostate cancer stem
cells (PCSCs). (A) Sphere formation assay of PCSCs cultured in different conditioned media, including WPMY-1-CM, CAF-CM, CAF-CM with the Wnt
inhibitor DKK-1 (CAFa"i-Wnt3a_CM), and CAF-CM with an anti-SDF-1 monoclonal antibody (CAF2Mi-SPF-L_CM). CAF-CM significantly increased sphere
formation compared to WPMY-1-CM, while both CAF"-WntSa_CM and CAF?™i->PF1_CM significantly reduced sphere formation. Quantification was
based on three independent experiments, and the results were analyzed using one-way ANOVA followed by Tukey's post hoc test (n = 3 technical
replicates). (B) ELISA was performed to measure Wnt3a and SDF-1 levels in conditioned media from WPMY-1 and CAFs. CAFs secreted significantly
higher levels of Wnt3a and SDF-1 than WPMY-1 cells. Data were analyzed using an unpaired two-tailed t-test (n = 3 technical replicates). (C) Western
blotting for p-catenin, CXCR4, CD133, and CD44 expression in PCSCs exposed to different CM. Quantification was based on three independent protein
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extractions. Band intensities were normalized to GAPDH expression and analyzed using one-way ANOVA with Tukey's post hoctest (n = 3 technical
replicates). (D) TOP/FOPFlash reporter gene assay was used to assess Wnt/B-catenin signaling activity in PCSCs. Treatment with CAF"1-SPF-1.C M
significantly reduced TOPFlash and FOPFlash activities compared to that with CAF-CM. Data were analyzed using an unpaired two-tailed t-test (n =

3 technical replicates). Data are presented as mean + SD.

3.4 CAF-derived Wnt and SDF-1 regulate
key pathways in PCSCs

that CAF-CM
significantly enhanced the sphere-forming ability of PCSCs
compared to WPMY-1-CM (Figure 4A). Western blotting showed
the marked upregulation of CD133 and CD44 expression in PCSCs
treated with CAF-CM (Figure 4C), suggesting that CAFs enhanced
stem cell-like properties in PCa via a paracrine pathway.

The ELISA showed that the Wnt3a and SDF-1 levels were
markedly higher in CAF-CM than in WPMY-1-CM (Figure 4B).
Upon inhibition of Wnt3a and SDF-1 expression in CAFs-
CM, the number of spheres formed by PCSCs was significantly
decreased (Figure 4A). Additionally, inhibition of Wnt or SDF-1
expression in CAF-CM significantly downregulated CD133 and
CD44 expression in PCSCs (Figure 4C), indicating that CAF-
derived Wnt3a and SDF-1 were essential for promoting stem cell-like

Microscopic images showed treatment

characteristics in PCSCs.

Notably, CAF-CM treatment markedly upregulated B-catenin
and CXCR4 expression in PCSCs. Compared to CAF-CM treatment,
CAF®-Wt_CM treatment significantly reduced p-catenin level in
PCSCs, whereas CAF*™=SPF-1_CM treatment significantly inhibited
both CXCR4 and B-catenin expression (Figure 4C). Considering the
strong association between the SDF-1/CXCR4 axis and p-catenin
in PCa, this result suggests that CXCR4 enhanced stem cell-like
properties in PCa by activating -catenin.

To test this hypothesis, we used the TOPFlash luciferase
assay to evaluate the effect of SDF-1/CXCR4 signaling on
B-catenin downstream transcriptional activity. Importantly,
TOPFlash and FOPFlash activities were significantly downregulated
in PCSCs in CAF-CM treated with an SDF-1

neutralizing antibody (Figure 4D), further supporting the role of

incubated

SDF-1 in driving Wnt/B-catenin pathway activation in PCSCs.
Collectively, these findings suggest that activated CAFs may be
crucial in maintaining stemness and promoting CRPC progression
by expressing Wnt3a and SDF-1, thereby activating the Wnt/f-
catenin and SDF-1/CXCR4 signaling pathways.

3.5 3.5 CAFs promote PCSC stemness in
vivo via the Wnt/B-catenin and
SDF-1/CXCR4 signaling pathways

Tumor growth was faster and tumor weight was significantly
higher (p = 0.00413) in mice co-implanted with CAF-PCSC than in
those implanted with PCSCs only. However, treatment with the Wnt
inhibitor XAV939 (p = 0.0008) and the CXCR4 inhibitor AMD3100
(p = 0.0117) significantly reduced tumor weight in the CAF-PCSC
co-implantation group (Figure 5A). Immunofluorescence staining
showed that Ki-67 expression was significantly higher in the
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CAF-PCSC group than in the PCSC group, indicating that CAFs
enhanced the in vivo growth of PCSCs. Similarly, XAV939 and
AMD3100 treatments significantly suppressed Ki-67 expression in
PCSCs in vivo (Figure 5A).

Western blotting showed that Wnt3a, p-catenin, SDF-1,
and CXCR4 expression and the p-GSK-3B/GSK-3p ratio were
significantly higher in the CAF-PCSC group than in the PCSC
group (Figure 5B). RT-qPCR demonstrated that CAF treatment
increased the expression of Wnt3a, P-catenin, TCF/LEF (the
primary downstream effector of the Wnt pathway), SDF-1, and
CXCR4 in PCSCs in vivo. Additionally, Wnt3a, B-catenin, p-GSK-
3, SDF-1, and CXCR4 fluorescence intensities were higher in the
CAF-PCSC group than in the PCSC group (Figure 6A).

Notably, XAV939 treatment suppressed Wnt3a, (-catenin,
p-GSK-3, and TCF/LEF expression but did not affect SDF-1
or CXCR4 expression compared with that in the CAF-PCSC
group. Additionally, AMD3100 treatment markedly decreased
SDF-1, CXCR4, p-catenin, p-GSK-3, and TCF/LEF expression
(Figures 5B, 6A,B).

Immunofluorescence staining showed a significant increase in
the fluorescence intensities of -catenin (p = 0.0160) and CXCR4 (p
=0.0345) in the CAF-PCSC group. Additionally, the co-localization
ratio of P-catenin and CXCR4 was significantly higher (p = 0.0023)
in the CAF-PCSC (39.71% * 3.71%) group than in the PCSC group
(21.32% + 4.56%; Figure 5C). Moreover, XAV939 and AMD3100
treatments significantly reduced the relative expression and co-
localization of B-catenin and CXCR4. XAV939 and AMD3100
treatments significantly decreased the co-localization ratios of B-
catenin and CXCR4 to 11.04% * 2.27% (p = 0.0001) and 6.96% +
1.95% (p < 0.0001), respectively.

Based on the results of the in vitro and in vivo experiments,
CXCR4 promoted prostate cancer stem-like properties by activating
B-catenin and its downstream pathways. Conclusively, CAFs
promoted PCSC proliferation and tumor growth by enhancing the
Wnt/B-catenin and SDF-1/CXCR4 signaling pathways. Inhibitors
targeting these pathways effectively suppressed the CAF-induced
maintenance of cancer stemness.

4 Discussion

HSPC progression to CRPC presents a considerable challenge
in PCa treatment (Tuxhorn et al., 2002). Notably, this progression
involves complex mechanisms associated with various contributing
factors, with PCSCs regarded as the primary driving force (Bisson
and Prowse, 2009). PCSCs possess self-renewal and multi-lineage
differentiation abilities (Chen H. et al., 2024) and can adapt
to selective therapeutic pressures through mechanisms such as
increased drug efflux, anti-apoptotic gene expression, and active
DNA repair (Maitland and Collins, 2008). Importantly, PCa
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FIGURE 5

Effects of cancer-associated fibroblasts (CAFs) on prostate cancer stem cell (PCSC) growth and proliferation through Wnt/p-catenin and SDF-1/CXCR4
signaling. (A) In vivo tumor growth in the PCSC-only and CAF—PCSC groups (1:6 ratio) and treated with or without the Wnt inhibitor XAV939 and the
CXCR4 inhibitor AMD3100. Treatment with XAV939 and AMD3100 significantly inhibited tumor growth in the CAF-PCSC group. At the endpoint, tumor
weight was significantly higher in the CAF—PCSC group than in the PCSC-only group. In contrast, treatment with XAV939 and AMD3100 significantly
decreased tumor weight. Ki-67 immunofluorescence staining (red) was used to assess tumor cell proliferation, and the nuclei were stained with DAPI
(blue). The relative intensity of Ki-67 was markedly reduced in the XAV939 and AMD3100 groups, indicating decreased tumor proliferation. (B) Protein
expression in PCSCs incubated in different conditioned media was analyzed using Western blotting. Wnt3a, p-catenin, SDF-1, and CXCR4 levels
and the p-GSK-3p/GSK-3 ratio were significantly higher in the CAF-PCSC group than in the PCSC-only group. XAV939 significantly inhibited Wnt3a and
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B-catenin and CXCR4. The data are presented as mean +SD (n = 3).

B-catenin expression and the p-GSK-38/GSK-3pratio. In contrast, AMD3100 treatment significantly inhibited g-catenin, SDF-1, and CXCR4 expression
and the p-GSK-3p/GSK-3pratio. (C) The immunofluorescence assay demonstrated that the CAF-PCSC group had significantly higher f-catenin and
CXCR4 fluorescence intensities than the PCSC-only group, with a co-localization rate of 39.71% +3.71%. Additionally, XAV939 treatment significantly
decreased the relative fluorescence intensity of f-catenin and the co-localization rate of 3-catenin and CXCR4 compared with those in the
CAF-PCSC group. Similarly, AMD3100 treatment significantly reduced the relative fluorescence intensity of f-catenin and the co-localization rate of

progression to CRPC may be related to paracrine signaling from
the stroma, mainly originating from CAFs (Westaby et al., 2022;
Banerjee etal,, 2023). Asan important component of the TME, CAFs
regulate PCSC stemness via paracrine pathways and extracellular
matrix remodeling (Hou et al., 2024). The heterogeneity and
plasticity of PCa, along with the complex interactions between CAFs
and PCSCs, pose major challenges for the effective implementation
of targeted therapies. In this study, we investigated the mechanisms
through which CAF-mediated PCSC proliferation contributes to
CRPC progression.

Our findings showed that the CAF-mediated stemness of
CSCs is critical for CRPC. The immunohistochemistry and
immunofluorescence assays indicated a significant increase in the
expression of the CAF markers FAP and a-SMA in the CRPC group.
Additionally, the expression of the CSC markers CD133 and CD44
was significantly upregulated in CRPC tumors, further supporting
the hypothesis that CAFs promote tumor progression by regulating
PCSC properties.

Research indicates that CAF-CM or co-culture with CAF
systems can augment cancer cell stemness; stimulate the expression
of CD44 and CD133; enhance spheroid formation in vitro; and
facilitate the self-renewal and proliferation of CSCs in malignancies
such as lung (Liu et al,, 2022), prostate (Giridharan et al., 2022),
breast (Cui et al., 2023), and colorectal cancers (Owen et al.,
2022). These pro-stemness effects are mediated through multiple
mechanisms. CAFs secrete cytokines such as IL-6, CXCL12, and
TGF-B1, which activate oncogenic pathways including the STAT3,
Wnt/B-catenin, and CXCR4 pathways to maintain CSC traits
(Yang et al., 2023). Moreover, CAF-derived extracellular vesicles,
including exosomes and microvesicles, have been shown to deliver
functional RNAs and proteins to tumor cells, promoting stemness,
therapy resistance, and microenvironmental remodeling (Li et al.,
2021). Together, these findings highlight the multifaceted role of
CAFs in modulating CSC behavior through both paracrine signaling
and vesicle-mediated communication. Giannoni et al. reported that
CAFs co-cultured with PCa cells developed a phenotype necessary
for the maintenance of tumor stemness following the activation
of specific signaling pathways by signals originating from cancer
cells or the TME (Su et al, 2018; Li et al, 2020). Similarly,
CAFs enhanced the proliferation and spheroid-formation abilities
of PCSCs in the present study, with the most pronounced effect
observed at a CAF/PCSC ratio of 1:6. Additionally, we generated
a murine model via the subcutaneous co-injection of PCSCs and
CAFs (1:6) to investigate the in vivo effect of CAFs on PCSCs.
Notably, CAFs significantly promoted tumor formation in vivo. It
is widely recognized that PCSCs derived from C4-2B cells exhibit
stronger stemness properties than those from LNCaP cells. In this
study, rather than re-evaluating these phenotypic differences, we
focused on exploring the underlying mechanisms and found that
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CAF-derived signals play a key role in promoting PCSC enrichment
and activity.

CAFs are crucial in sustaining PCSC stemness through
the Wnt/B-catenin and SDF-1/CXCR4 signaling pathways. The
Wnt/B-catenin pathway is essential for modulating PCSC activity,
enhancing DNA repair, and suppressing apoptosis in CSC (Ren etal.,
2019). CAF activation induces stemness through Wnt activation,
thereby promoting the expression of CSC markers (Liu et al,
2019). Importantly, the binding of Wnt ligands to Frizzled receptors
and LRP5/6 co-receptors induces [B-catenin dephosphorylation,
resulting in [B-catenin accumulation and translocation to the
nucleus, where it interacts with target genes to activate their
expression and regulate CSC activity (Giannoni et al, 2011;
Giannoni et al., 2010) reported that Wnt ligands secreted by CAFs
can induce CSC characteristics and differentiation resistance in
tumor cells. Moreover, the expression of Wnt genes (Wnt2, Wnt3a,
Wnt7a, and Wntl6) was upregulated in a 3D co-culture of tumor
cells and CAFs, with Wnt3a and Wntl6 activating Wnt signaling
in both cancer cells and CAFs and promoting the CSC phenotype
(Song etal., 2024; Yu et al., 2024) showed that Wnt5a expression was
upregulated in SLC14A1* irCAFs and that it positively correlated
with the generation of CD133" and CD447CD24" epithelial cells,
indicating that Wnt5a from SLC14A1" irCAFs can promote the
formation of stem cell-like phenotypes in bladder cancer cells.
In addition to the Wnt/B-catenin pathway, the SDF-1/CXCR4
chemokine pathway is essential for modulating PCSCs. CAF-
derived SDF-1 activates downstream CXCR4 signaling to promote
epithelial-mesenchymal transition, thereby contributing to CSC
activity (Stuart et al.,, 2019). Moreover, the CXCL12y isoform has
been shown to accelerate tumor progression in CRPC by promoting
the PCSC phenotype via CXCR4-mediated PKCo/NF-kB activation,
resulting in an increase in the population of CD133"CD44" CSC-
like cells in CXCLI12y-overexpressing tumors (Koushyar et al.,
2022). In this study, the ELISA revealed that the levels of the
stemness-associated proteins Wnt3a and SDF-1 were significantly
higher in CAF-CM than in WPMY-1-CM. Notably, inhibiting
the related signaling pathways using the Wnt inhibitor DKK-
1 and an SDF-1 neutralizing antibody significantly decreased
spheroid formation and the expression of stem cell markers
(CD133 and CD44) in PCSCs. Additionally, treatment with
B-catenin and CXCR4 inhibitors (XAV939 and AMD3100,
respectively) inhibited tumor growth in mice co-injected with
CAFs and PCSCs.

Our findings demonstrated that the SDF-1/CXCR4 axis
promotes tumor stemness by directly acting on CXCR4, as well
as by potentially enhancing PCSC stemness via downstream f3-
catenin signaling pathway activation. For example, inhibition of
CXCL12 activity in CAF-CM significantly decreased TOPFlash
luciferase activity in PCSCs. Additionally, inhibition of CXCR4
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Effects of cancer-associated fibroblasts (CAFs) on prostate cancer stem cell (PCSC) growth and proliferation through the Wnt/p-catenin and
SDF-1/CXCR4 signaling pathways. (A) Immunofluorescence analysis of PCSCs co-cultured with CAFs (6:1 ratio) and treated with the Wnt inhibitor
XAV939 or the CXCR4 inhibitor AMD3100. Wnt3a (red), SDF-1 (green), and p-GSK-3 (red) expression levels were significantly higher in the CAF-PCSC
group than in the PCSC-only group. Treatment with XAV939 significantly decreased Wnt3a and p-GSK-3p expression, whereas that with AMD3100
significantly reduced the expression of Wnt3a, SDF-1, and p-GSK-3p. Quantification of fluorescence intensity was performed based on three
independent experiments (n = 3 technical replicates), and statistical comparisons were made using one-way ANOVA followed by Tukey's post hoc test
(B) RT-gPCR analysis of Wnt3a, f-catenin, TCF4, LEF1, SDF-1, and CXCR4 mRNA levels in PCSCs under various treatment conditions. Co-culture

with CAFs significantly increased the expression of all six genes compared with that in the PCSC-only group. Treatment with XAV939 significantly reduced
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FIGURE 6 (Continued)

Wnt3a, f-catenin, TCF4, and LEFlexpression, whereas that with AMD3100 significantly reduced p-catenin, TCF4, LEF1, SDF-1, and CXCR4expression.
Data were obtained from three independent experiments (n = 3 technical replicates) and analyzed using one-way ANOVA with Tukey's post hoctest.
Data are presented as mean +SD.
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FIGURE 7

Schematic illustration of the mechanisms through which cancer-associated fibroblasts (CAFs) promote stemness in prostate cancer stem cells (PCSCs)
via the Wnt/B-catenin and SDF-1/CXCR4 signaling pathways. In hormone-sensitive prostate cancer, CAFs secrete Wnt3a and SDF-1, which activate the
Wnt/p-catenin and SDF-1/CXCR4 pathways, respectively. Wnt3a binds to Frizzled receptors, leading to the stabilization and nuclear translocation of
B-catenin. This process promotes the transcription of stemness-related genes through the TCF/LEF complex. Concurrently, SDF-1 interacts with
CXCR4 on PCSCs, further enhancing their stemness properties. These interactions contribute to castration-resistant prostate cancer progression by
maintaining the stemness and survival of PCSCs. This schematic highlights the critical role of CAFs in regulating PCSC behavior through these signaling
pathways. Created with BioRender.
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activity in vivo significantly downregulated (-catenin, p-GSK-
3B, and TCF/LEF expression, suggesting that the inhibition of
CXCR4 activity can effectively suppress GSK-3p phosphorylation
and downstream TCF/LEF gene activity, thereby inhibiting Wnt/f-
catenin signaling and target gene expression. Importantly, the
synergy between these dual signaling pathways (Wnt/[p-catenin and
SDF-1/CXCR4) has been reported in other cancers, including breast
(Hu et al,, 2019), bladder (Le et al,, 2019), lung (Ma et al., 2022),
ovarian (Jung et al., 2018), and colorectal cancers (Zhang et al.,
2019); intrahepatic cholangiocarcinoma (Todaro et al., 2014); and
osteosarcoma (Wang et al., 2021).

Thus, the present study showed that the CAF-mediated
paracrine regulation of PCSC stemness is involved in CRPC
development and progression. CAFs promote [-catenin
accumulation by activating the Wnt/B-catenin and CXCL12/CXCR4
pathways in PCSCs, thereby upregulating the Wnt pathway
and promoting PCSC stemness (Figure 7). Our study provides
a theoretical basis for the development of targeted therapies
against CRPC progression. Moreover, while the activation of
Wnt/B-catenin and SDF-1/CXCR4 signaling was supported by
molecular evidence, the precise functional consequences of
pharmacological inhibition of these pathways in different prostate
cancer subtypes and stromal contexts warrant further investigation.
These aspects will be important directions for future studies
aimed at refining the therapeutic potential of targeting the
CAF-PCSC axis.

CAFs play an essential role in maintaining PCSC stemness
during CRPC progression. They enhance PCSC self-renewal
and proliferation through the Wnt/B-catenin and SDF-1/CXCR4
signaling pathways, with the SDF-1/CXCR4 axis synergistically
stimulating the Wnt/B-catenin  pathway. Future
should explore additional signaling pathways and potential

research

therapeutic combinations targeting CAF-PCSC interactions to
further improve treatment efficacy and overcome resistance
in CRPC.

Data availability statement

The datasets presented in this study can be found in online
repositories. The names of the repository/repositories and accession
number(s) can be found below: https://www.ncbi.nlm.nih.gov/,
GSE193337 https://www.ncbi.nlm.nih.gov/, GSE32269.

Ethics statement

The animal study was approved by Ethics Committee of
Guanganmen Hospital (Approval No.: IACUC-GAMH-2024-058-
SQ). The study was conducted in accordance with the local
legislation and institutional requirements.

Author contributions

HC: Formal Analysis, Conceptualization, Methodology, Writing
- review and editing, Data curation, Writing - original draft,
Investigation, Resources, Visualization. ZL: Writing - review and

Frontiers in Cell and Developmental Biology

15

10.3389/fcell.2025.1617200

editing, Funding acquisition, Formal Analysis, Data curation,
Resources. YY: Writing — review and editing, Software. XZ: Formal
Analysis, Writing - original draft, Data curation. JW: Methodology,
Investigation, Writing — original draft. YC: Writing - original
draft, Formal Analysis, Data curation. YW: Writing - original
draft, Formal Analysis, Data curation. ZL: Resources, Funding
acquisition, Writing -
Writing - review and

review and editing. HL: Visualization,
editing, Conceptualization, Supervision,
administration,

Funding Resources,

Validation.

acquisition, Project

Funding

The author(s) declare that financial support was received
for the research and/or publication of this article. This work
was supported by the National Natural Science Foundation of
China (Grant No. 81873171); a Research Grant for Health
Science and Technology of Pudong Municipal Commission of
Health, Shanghai (Grant No. PW2024A-81); the Anhui Province
Graduate Quality Project-Graduate Academic Innovation (Grant
No. 2023xscx101); the Project of the Anhui Provincial Education
Department (Grant No. 2022AH050492); and the 2021 High-
level Talent Introduction Scientific Project of Anhui University of
Chinese Medicine (Grant No. 2022rcyb012). The sponsor or funder,
represented by Hao Liu, was involved in the study design, data
collection and analysis, decision to publish, and preparation of the
manuscript.

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

Generative Al statement

The author(s) declare that no Generative Al was used in the
creation of this manuscript.

Publisher’s note

All claims expressed in this article are solely those of the
authors and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or claim
that may be made by its manufacturer, is not guaranteed or endorsed
by the publisher.

Supplementary material

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/fcell.2025.
1617200/full#supplementary-material

frontiersin.org


https://doi.org/10.3389/fcell.2025.1617200
https://www.ncbi.nlm.nih.gov/
https://www.ncbi.nlm.nih.gov/
https://www.frontiersin.org/articles/10.3389/fcell.2025.1617200/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fcell.2025.1617200/full#supplementary-material
https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org

Chen et al.

References

Banerjee, P, Kapse, P, Siddique, S., Kundu, M., Choudhari, J., Mohanty, V., et al.
(2023). Therapeutic implications of cancer stem cells in prostate cancer. Cancer Biol.
Med. 20, 401-420. doi:10.20892/j.issn.2095-3941.2022.0714

Bisson, I, and Prowse, D. M. (2009). WNT signaling regulates self-renewal and
differentiation of prostate cancer cells with stem cell characteristics. Cell Res. 19,
683-697. d0i:10.1038/cr.2009.43

Bray, E, Laversanne, M., Sung, H., Ferlay, J., Siegel, R. L., Soerjomataram, L,
et al. (2024). Global cancer statistics 2022: GLOBOCAN estimates of incidence and
mortality worldwide for 36 cancers in 185 countries. CA Cancer J. Clin. 74, 229-263.
doi:10.3322/caac.21834

Chen, C. Y., Yang, S. H., Chang, P. Y,, Chen, S. E, Nieh, S., Huang, W. Y,
et al. (2024a). Cancer-associated-fibroblast-mediated paracrine and autocrine SDF-
1/CXCR4 signaling promotes stemness and aggressiveness of colorectal cancers. Cells
13, 1334. doi:10.3390/cells13161334

Chen, H., Fang, S., Zhu, X,, and Liu, H. (2024b). Cancer-associated fibroblasts
and prostate cancer stem cells: crosstalk mechanisms and implications for disease
progression. Front. Cell Dev. Biol. 12, 1412337. doi:10.3389/fcell.2024.1412337

Cheng, Q., Butler, W, Zhou, Y., Zhang, H., Tang, L., Perkinson, K, et al.
(2022). Pre-existing castration-resistant prostate cancer-like cells in primary
prostate cancer promote resistance to hormonal therapy. Eur. Urol. 81, 446-455.
doi:10.1016/j.eururo.2021.12.039

Cui, D, Li, ], Zhu, Z,, Berk, M., Hardaway, A., McManus, J., et al. (2023).
Cancer-associated fibroblast-secreted glucosamine alters the androgen biosynthesis
program in prostate cancer via HSD3B1 upregulation. J. Clin. Invest. 133, e161913.
doi:10.1172/JCI161913

Fang, Y., Xiao, X., Wang, J., Dasari, S., Pepin, D., Nephew, K. P, et al. (2024). Cancer-
associated fibroblasts serve as an ovarian cancer stem cell niche through noncanonical
Wnt5a signaling. Precis. Oncol. 8, 7. doi:10.1038/541698-023-00495-5

Giannoni, E., Bianchini, F, Calorini, L., and Chiarugi, P. (2011). Cancer associated
fibroblasts exploit reactive oxygen species through a proinflammatory signature
leading to epithelial mesenchymal transition and stemness. Antioxid. Redox Signal. 14,
2361-2371. doi:10.1089/ars.2010.3727

Giannoni, E., Bianchini, E, Masieri, L., Serni, S., Torre, E., Calorini, L., et al.
(2010). Reciprocal activation of prostate cancer cells and cancer-associated fibroblasts
stimulates epithelial-mesenchymal transition and cancer stemness. Cancer Res. 70,
6945-6956. doi:10.1158/0008-5472.CAN-10-0785

Giridharan, M., Rupani, V., and Banerjee, S. (2022). Signaling pathways and targeted
therapies for stem cells in prostate cancer. ACS Pharmacol. Transl. Sci. 5, 193-206.
doi:10.1021/acsptsci.2c00019

Hou, Y., Zhao, Z., Li, P, Cao, Y., Zhang, Y., Guo, C,, et al. (2024). Combination
therapies with wnt signaling inhibition: a better choice for prostate cancer treatment.
Biochim. Biophys. Acta Rev. Cancer. 1879, 189186. doi:10.1016/j.bbcan.2024.189186

Hu, Y. B, Yan, C,, Mu, L., Mi, Y. L., Zhao, H., Hu, H., et al. (2019). Exosomal
Whnt-induced dedifferentiation of colorectal cancer cells contributes to chemotherapy
resistance. Oncogene 38, 1951-1965. d0i:10.1038/s41388-018-0557-9

Jung, Y., Cackowski, E C., Yumoto, K., Decker, A. M., Wang, J.,, Kim, J. K,
et al. (2018). CXCL12y promotes metastatic castration-resistant prostate cancer by
inducing cancer stem cell and neuroendocrine phenotypes. Cancer Res. 78, 2026-2039.
doi:10.1158/0008-5472.CAN-17-2332

Koukourakis, I. M., Platoni, K., Kouloulias, V., Arelaki, S., and Zygogianni, A. (2023).
Prostate cancer stem cells: biology and treatment implications. Int. J. Mol. Sci. 24, 14890.
doi:10.3390/ijms241914890

Koushyar, S., Meniel, V. S., Phesse, T. J., and Pearson, H. B. (2022). Exploring
the wnt pathway as a therapeutic target for prostate cancer. Biomolecules 12, 309.
d0i:10.3390/biom 12020309

Le, P. N, Keysar, S. B, Miller, B., Eagles, J. R., Chimed, T. S., Reisinger, J., et al.

(2019). Wnt signaling dynamics in head and neck squamous cell cancer tumor-stroma
interactions. Mol. Carcinog. 58, 398-410. doi:10.1002/mc.22937

Li, C,, Teixeira, A. F, Zhu, H. J., and Ten Dijke, P. (2021). Cancer associated-fibroblast-
derived exosomes in cancer progression. Mol. Cancer. 20, 154. doi:10.1186/5s12943-021-
01463-y

Li, J., Pu, T, Yin, L., Li, Q.,, Liao, C. P, and Wu, B. J. (2020). MAOA-Mediated
reprogramming of stromal fibroblasts promotes prostate tumorigenesis and cancer
stemness. Oncogene 39, 3305-3321. doi:10.1038/s41388-020-1217-4

Li, Q, Zhang, D., Wang, Y., Sun, P, Hou, X,, Larner, J, et al. (2013). MiR-
21/Smad 7 signaling determines TGF-P1-induced CAF formation. Sci. Rep. 3, 2038.
doi:10.1038/srep02038

Li, X., and Mu, P. (2023). The critical interplay of CAF plasticity and resistance in
prostate cancer. Cancer Res. 83, 2990-2992. doi:10.1158/0008-5472.CAN-23-2260

Liu, M. L,, Zang, F, and Zhang, S. J. (2019). RBCK1 contributes to chemoresistance
and stemness in colorectal cancer (CRC). Biomed. Pharmacother. 118, 109250.
doi:10.1016/j.biopha.2019.109250

Frontiers in Cell and Developmental Biology

16

10.3389/fcell.2025.1617200

Liu, X., Li, W. J., Puzanov, I, Goodrich, D. W,, Chatta, G., and Tang, D. G. (2022).
Prostate cancer as a dedifferentiated organ: androgen receptor, cancer stem cells, and
cancer stemness. Essays Biochem. 66, 291-303. doi:10.1042/EBC20220003

Lu, Y., Hu, B,, Guan, G. E, Chen, J., Wang, C. Q., Ma, Q,, et al. (2015). SDF-1/CXCR4
promotes F5M2 osteosarcoma cell migration by activating the Wnt/p-catenin signaling
pathway. Med. Oncol. 32, 194. d0i:10.1007/s12032-015-0576-0

Ma, Z., Li, X., Mao, Y., Wei, C., Huang, Z., Li, G., et al. (2022). Interferon-dependent
SLC14A1+ cancer-associated fibroblasts promote cancer stemness via WNT5A in
bladder cancer. Cancer Cell. 40, 1550-1565.e7. doi:10.1016/j.ccell.2022.11.005

Maitland, N. J., and Collins, A. T. (2008). Prostate cancer stem cells: a new target for
therapy. J. Clin. Oncol. 26, 2862-2870. doi:10.1200/JCO.2007.15.1472

Menssouri, N., Poiraudeau, L., Helissey, C., Bigot, L., Sabio, J., Ibrahim, T., et al.
(2023). Genomic profiling of metastatic castration-resistant prostate cancer samples
resistant to androgen receptor pathway inhibitors. Clin. Cancer Res. 29, 4504-4517.
doi:10.1158/1078-0432.CCR-22-3736

Mu, J, Li, R., Zheng, Y., Lu, Y., Ma, L., Yin, L., et al. (2024). Human intermediate
prostate cancer stem cells contribute to the initiation and development of prostate
adenocarcinoma. Stem Cell Res. Ther. 15, 296. d0i:10.1186/s13287-024-03917-8

Owen, J. S., Clayton, A., and Pearson, H. B. (2022). Cancer-associated fibroblast
heterogeneity, activation and function: implications for prostate cancer. Biomolecules
13, 67. d0i:10.3390/biom13010067

Pan, S., Yin, R, Zhu, H., Shen, S., Li, Z., and Liu, B. (2024). Prostate cancer
cancer-associated fibroblasts with stable markers post-androgen deprivation therapy
associated with tumor progression and castration resistant prostate cancer. Cancer Sci.
115, 2893-2907. doi:10.1111/cas.16267

Ren, J., Smid, M., laria, J., Salvatori, D. C. E, van Dam, H., Zhu, H. ], et al. (2019).
Cancer-associated fibroblast-derived gremlin 1 promotes breast cancer progression.
Breast Cancer Res. 21, 109. d0i:10.1186/s13058-019-1194-0

Siegel, R. L., Giaquinto, A. N., and Jemal, A. (2024). Cancer statistics, 2024. CA Cancer
J. Clin. 74, 12-49. d0i:10.3322/caac.21820

Song, P,, Gao, Z., Bao, Y., Chen, L., Huang, Y, Liu, Y., et al. (2024). Wnt/B-catenin
signaling pathway in carcinogenesis and cancer therapy. J. Hematol. Oncol. 17, 46.
doi:10.1186/513045-024-01563-4

Song, Z.Y., Gao, Z. H., Chu, . H., Han, X. Z., and Qu, X. J. (2015). Downregulation of
the CXCR4/CXCL12 axis blocks the activation of the Wnt/-catenin pathway in human
Colon cancer cells. Biomed. Pharmacother. 71, 46-52. doi:10.1016/j.biopha.2015.01.020

Stuart, T., Butler, A., Hoffman, P, Hafemeister, C., Papalexi, E., Mauck, W. M.,
et al. (2019). Comprehensive integration of single-cell data. Cell 177, 1888-1902.
doi:10.1016/j.cell.2019.05.031

Su, S., Chen, J., Yao, H., Liu, J., Yu, S., Lao, L., et al. (2018). CD10+GPR77+ cancer-
associated fibroblasts promote cancer formation and chemoresistance by sustaining
cancer stemness. Cell 172, 841-856. doi:10.1016/j.cell.2018.01.009

Sun, X, Zhang, Y., Xin, S., Jin, L., Cao, Q., Wang, H,, et al. (2024). Notch3 promotes
docetaxel resistance of prostate cancer cells through regulating TUBB3 and MAPK
signaling pathway. Cancer Sci. 115, 412-426. doi:10.1111/cas.16040

Tang, E, Xu, D., Wang, S., Wong, C. K., Martinez-Fundichely, A., Lee, C. J., et al.
(2022). Chromatin profiles classify castration-resistant prostate cancers suggesting
therapeutic targets. Science 376, eabe1505. doi:10.1126/science.abe1505

Todaro, M., Gaggianesi, M., Catalano, V., Benfante, A., Iovino, E, Biffoni, M., et al.
(2014). CD44v6 is a marker of constitutive and reprogrammed cancer stem cells driving
Colon cancer metastasis. Cell Stem Cell 14, 342-356. d0i:10.1016/j.stem.2014.01.009

Tuxhorn, J. A, Ayala, G. E., Smith, M. J., Smith, V. C,, Dang, T. D., and Rowley,
D. R. (2002). Reactive stroma in human prostate cancer: induction of myofibroblast
phenotype and extracellular matrix remodeling. Clin. Cancer Res. 8,2912-2923.

Verma, S., Shankar, E., Kalayci, £ N. C., Mukunda, A., Alassfar, M., Singh,
V., et al. (2020). Androgen deprivation induces transcriptional reprogramming in
prostate cancer cells to develop stem cell-like characteristics. Int. J. Mol. Sci. 21, 9568.
doi:10.3390/ijms21249568

Vlashi, E., and Pajonk, F. (2015). Cancer stem cells, cancer cell plasticity and radiation
therapy. Semin. Cancer Biol. 31, 28-35. doi:10.1016/j.semcancer.2014.07.001

Wang, H., Li, N,, Liu, Q,, Guo, J., Pan, Q., Cheng, B., et al. (2023). Antiandrogen
treatment induces stromal cell reprogramming to promote castration resistance in
prostate cancer. Cancer Cell 41, 1345-1362.€9. doi:10.1016/j.ccell.2023.05.016

Wang, Y., Lan, W, Xu, M., Song, J., Mao, J., Li, C, et al. (2021). Cancer-
associated fibroblast-derived SDF-1 induces epithelial-mesenchymal transition of lung
adenocarcinoma via CXCR4/B-catenin/PPARS signalling. Cell Death Dis. 12, 214.
doi:10.1038/s41419-021-03509-x

Westaby, D., Fenor de La Maza, M. L. D,, Paschalis, A., Jimenez-Vacas, J. M., Welti, J.,
de Bono, J., et al. (2022). A new old target: androgen receptor signaling and advanced
prostate cancer. Annu. Rev. Pharmacol. Toxicol. 62, 131-153. doi:10.1146/annurev-
pharmtox-052220-015912

frontiersin.org


https://doi.org/10.3389/fcell.2025.1617200
https://doi.org/10.20892/j.issn.2095-3941.2022.0714
https://doi.org/10.1038/cr.2009.43
https://doi.org/10.3322/caac.21834
https://doi.org/10.3390/cells13161334
https://doi.org/10.3389/fcell.2024.1412337
https://doi.org/10.1016/j.eururo.2021.12.039
https://doi.org/10.1172/JCI161913
https://doi.org/10.1038/s41698-023-00495-5
https://doi.org/10.1089/ars.2010.3727
https://doi.org/10.1158/0008-5472.CAN-10-0785
https://doi.org/10.1021/acsptsci.2c00019
https://doi.org/10.1016/j.bbcan.2024.189186
https://doi.org/10.1038/s41388-018-0557-9
https://doi.org/10.1158/0008-5472.CAN-17-2332
https://doi.org/10.3390/ijms241914890
https://doi.org/10.3390/biom12020309
https://doi.org/10.1002/mc.22937
https://doi.org/10.1186/s12943-021-01463-y
https://doi.org/10.1186/s12943-021-01463-y
https://doi.org/10.1038/s41388-020-1217-4
https://doi.org/10.1038/srep02038
https://doi.org/10.1158/0008-5472.CAN-23-2260
https://doi.org/10.1016/j.biopha.2019.109250
https://doi.org/10.1042/EBC20220003
https://doi.org/10.1007/s12032-015-0576-0
https://doi.org/10.1016/j.ccell.2022.11.005
https://doi.org/10.1200/JCO.2007.15.1472
https://doi.org/10.1158/1078-0432.CCR-22-3736
https://doi.org/10.1186/s13287-024-03917-8
https://doi.org/10.3390/biom13010067
https://doi.org/10.1111/cas.16267
https://doi.org/10.1186/s13058-019-1194-0
https://doi.org/10.3322/caac.21820
https://doi.org/10.1186/s13045-024-01563-4
https://doi.org/10.1016/j.biopha.2015.01.020
https://doi.org/10.1016/j.cell.2019.05.031
https://doi.org/10.1016/j.cell.2018.01.009
https://doi.org/10.1111/cas.16040
https://doi.org/10.1126/science.abe1505
https://doi.org/10.1016/j.stem.2014.01.009
https://doi.org/10.3390/ijms21249568
https://doi.org/10.1016/j.semcancer.2014.07.001
https://doi.org/10.1016/j.ccell.2023.05.016
https://doi.org/10.1038/s41419-021-03509-x
https://doi.org/10.1146/annurev-pharmtox-052220-015912
https://doi.org/10.1146/annurev-pharmtox-052220-015912
https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org

Chen et al.

Yang, D,, Liu, ], Qian, H., and Zhuang, Q. (2023). Cancer-associated fibroblasts: from
basic science to anticancer therapy. Exp. Mol. Med. 55, 1322-1332. d0i:10.1038/s12276-
023-01013-0

Yu, M., Qin, K., Fan, J, Zhao, G., Zhao, P, Zeng, W, et al. (2024). The
evolving roles of wnt signaling in stem cell proliferation and differentiation, the
development of human diseases, and therapeutic opportunities. Genes Dis. 11, 101026.
doi:10.1016/j.gendis.2023.04.042

Zhang, E, Cui, J. Y, Gao, H. F, Yu, H, Gao, E E, Chen, J. L, et al. (2020).
Cancer-associated fibroblasts induce epithelial-mesenchymal transition and cisplatin

Frontiers in Cell and Developmental Biology

17

10.3389/fcell.2025.1617200

resistance in ovarian cancer via CXCL12/CXCR4 axis. Future Oncol. 16, 2619-2633.
doi:10.2217/fon-2020-0095

Zhang, J., Chen, J., Wo, D,, Yan, H,, Liu, P,, Ma, E,, et al. (2019). LRP6 ectodomain
prevents SDF-1/CXCR4-induced breast cancer metastasis to lung. Clin. Cancer Res. 25,
4832-4845. doi:10.1158/1078-0432.CCR-18-3557

Zhao, S., Wang, J., and Qin, C. (2014). Blockade of CXCL12/CXCR4 signaling
inhibits intrahepatic cholangiocarcinoma progression and metastasis via inactivation
of canonical wnt pathway. J. Exp. Clin. Cancer Res. 33, 103. doi:10.1186/s13046-014-
0103-8

frontiersin.org


https://doi.org/10.3389/fcell.2025.1617200
https://doi.org/10.1038/s12276-023-01013-0
https://doi.org/10.1038/s12276-023-01013-0
https://doi.org/10.1016/j.gendis.2023.04.042
https://doi.org/10.2217/fon-2020-0095
https://doi.org/10.1158/1078-0432.CCR-18-3557
https://doi.org/10.1186/s13046-014-0103-8
https://doi.org/10.1186/s13046-014-0103-8
https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org

	1 Introduction
	2 Materials and methods
	2.1 Reagents and antibodies
	2.2 Cell culture
	2.3 Induction and identification of CAFs
	2.4 Preparation of culture medium for CAFs
	2.5 Enzyme-linked immunosorbent assay (ELISA)
	2.6 Flow cytometry sorting and sphere formation assay
	2.7 Indirect CAF and PCSC Co-Culture model
	2.8 TOPFlash/FOPFlash luciferase reporter assay
	2.9 Animals and treatments
	2.10 Immunofluorescence and immunohistochemical assays
	2.11 Bioinformatic analysis
	2.12 RNA isolation and reverse transcription quantitative real-time PCR (RT-qPCR)
	2.13 Western blot analysis
	2.14 Statistical analysis

	3 Results
	3.1 High expression of CAF and PCSC markers in CRPC
	3.2 Induced transformation of CAFs and their role in maintaining PCSC stemness
	3.3 Distribution characteristics of CAFs in PCa and correlation analysis between CXCR4 and the Wnt/β-catenin signaling pathway
	3.4 CAF-derived Wnt and SDF-1 regulate key pathways in PCSCs
	3.5 3.5 CAFs promote PCSC stemness in vivo via the Wnt/β-catenin and SDF-1/CXCR4 signaling pathways

	4 Discussion
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Conflict of interest
	Generative AI statement
	Publisher’s note
	Supplementary material
	References

