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Prostate cancer (PCa) is a biologically heterogeneous disease that frequently progresses to castration-resistant prostate cancer
(CRPC), a challenging clinical stage. The underlying mechanisms driving CRPC progression and resistance to androgen receptor (AR)
signaling inhibition (ARSI) remain incompletely understood. Emerging evidence implicates the canonical Wnt pathway as a key
contributor to CRPC progression. This study elucidates the role of Wnt pathway activation in mediating resistance to ARSI and
identifies a robust molecular signature for predicting treatment outcomes. By integrating genomic and transcriptomic data from
PCa patients, patient-derived xenografts (PDXs), and experimental models harboring or not Wnt-activating mutations, we
performed differential expression analysis, unsupervised clustering, survival, and viability analysis to assess Wnt/β-catenin pathway
activation and its interaction with AR signaling. A specific Wnt transcriptional signature (AXIN2, RNF43, ZNRF3, NKD1) was found to
reliably reflect pathway activation in advanced PCa. AR was found to suppress mutation-driven Wnt signaling, which was
upregulated upon AR inhibition, contributing to treatment resistance. Targeting β-catenin interactions with co-activators p300/CBP
using selective inhibitors (IQ-1 and ICG-001) effectively mitigated Wnt-driven ARSI resistance, restoring sensitivity to therapy in
preclinical models. Thus, canonical Wnt pathway activation emerges as a critical mediator of resistance to ARSI in CRPC. The
identified Wnt signature holds potential as a biomarker for predicting and monitoring therapeutic outcomes. Concurrent targeting
of AR and Wnt signaling represents a promising strategy to overcome treatment resistance, particularly in patients with Wnt-
activating mutations.
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INTRODUCTION
The biological heterogeneous nature of prostate cancer (PCa)
accounts for the challenges in curing advanced disease [1, 2].
Despite recent advances in molecular classification and precision
oncology, the progression to castration-resistant PCa (CRPC) is
incompletely understood. Resistance mechanisms have been
linked to androgen receptor (AR) pathway reactivation as well as
other compensatory survival pathways, leading to treatment-
refractory progression [1]. However, the gap in the identification
of the drivers of CRPC progression is reflected in the significant
number of patients who do not benefit from current therapeutic
approaches. Several reports link the Wnt canonical pathway to
progression in different cancers, including PCa [3–7]. Wnt plays
pivotal roles in regulating key cellular processes, such as
proliferation, differentiation, and survival [8, 9]. Genomic studies
in metastatic PCa revealed that 10–20% of cases harbor mutations
in Wnt-related genes, most notably CTNNB1 (β-catenin) and APC

[10, 11]. These mutations, known to drive aberrant activation of
Wnt/β-catenin signaling, correlate with tumor progression, resis-
tance to AR signaling inhibition (ARSI) -a standard treatment for
advanced PCa- [3], and shorter progression-free and overall
survival [4]. However, the full impact of Wnt signaling in PCa
and its interaction with AR signaling is poorly understood. Cross-
regulation between the Wnt/β-catenin and AR pathways has been
proposed [12–14], but the nature of this interplay, especially in the
context of AR inhibition, is still under investigation. The purpose of
this study was to further assess the role of Wnt activation in CRPC
and its implications on ARSI resistance.
Integrating genomic and transcriptomic data from PDXs, clinical

samples, and experimental models, we identified a Wnt-specific
signature reflecting canonical pathway activation in advanced
PCa. The interplay between Wnt and AR signaling underscored a
novel resistance mechanism to AR-targeted therapies. Addition-
ally, β-catenin blockade restored responsiveness to ARSI,
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highlighting Wnt activation as both a clinically relevant biomarker
and a targetable vulnerability in advanced PCa.

METHODS
Cell culture
PC3 (CRPC AR-), C42B (AR + , sensitive to AR inhibition), and LNCaP
(androgen dependent, AR + ) cells were purchased from the American
Type Culture Collection (Manassas, VA, USA) and maintained in RPMI-1640
(Millipore-Sigma, Burlington, MA, USA) supplemented with 10% FBS
(Millipore-Sigma).

Genetically modified cell lines
β-catenin variant sublines were developed from parental cell lines by
stably transducing them with lentivirus carrying pLenti-C-mGFP-P2A-BSD
vectors for the expression of β-catenin WT or mutant variants D32G or
T41A, or with no insert (EV) as a control (OriGene, Rockville, MD). D32G and
T41A mutations are among the widely described β-catenin activating
mutations associated with pathogenicity that were present among the
MDA PCa PDX cohort [10, 15–20]. Stably transduced cells were selected
with blasticidin (8 µg/mL) (InvivoGen, San Diego, CA, USA).

Animals
Practices involving laboratory animals were conducted under the approval
of the Institutional Animal Care and Use Committee of The University of
Texas MD Anderson Cancer Center and conform to the Animal Welfare
Committee (IACUC) and NIH Policy on Humane Care and Use of Laboratory
Animals.

In vivo relapse
Six-to-eight-week-old male CB17-SCID mice were subcutaneously
implanted with MDA PCa 173-2 (AR positive, treatment naive adenocarci-
noma derived from a primary PCa tumor displaying the T41A muta-
tion),183-A (AR positive, treatment naive adenocarcinoma derived from a
PCa bone metastasis), or 180-30 (CRPC primary adenocarcinoma) [16, 21].
When tumors reached 500 mm3, a subgroup underwent surgical
castration. Tumors from intact mice were harvested when they reached
1500 mm [3] (Control). A subgroup of castrated mice was harvested 14 d
after castration (early response to castration [ERC]). Remaining mice were
monitored over time and considered to have relapsed after 2 weeks of
continuous tumor growth (Relapse) after the initial response to the
castration [22].

PDX-derived organoids (PDXDO)
Organoids were developed from fresh PDXs as previously described [16].
Briefly, the tissue was chopped, collagenase-II digested, passed through
strainers (70/100 μm), centrifuged, and incubated with ACK buffer. Cells
were plated in PCM media [16] (2–4 d) and then placed in growth
factor–reduced Matrigel supplemented with PCM media.

Drug testing
Organoids were treated with enzalutamide (1–200 µM) or vehicle (DMSO)
for 72 h. Treatments with IQ-1 and ICG-001 at different concentrations (2, 5,
and 10 µM) were done to block β-catenin/p300 or β-catenin/CBP
interactions, respectively. Cell viability was evaluated with CellTiter-Glo®

3D Cell Viability Assay (Promega, Madison, WI).

TCF reporter
β-catenin–mediated transcription was evaluated by reporter assay, using a
TOP-flash reporter construct containing 4 consensus TCF-binding sites [23].
Cells were transfected with Lipofectamine 3000 (Invitrogen; Waltham, MA).
Reporter activity was assessed at 24 h by a luciferase reporter system
(Promega) and normalized to total protein content.

Genetically modified PDX/PDXDO
PDX-derived cells were plated in 24-well plates and transduced with
lentiviral particles (OriGene) to express dominant-negative TCF (dnTCF) or
empty vector (EV) (plasmids #24311 and #12252; Addgene, Watertown,
MA), following manufacturer’s protocol (multiplicity of infection: 20). Cells
were then processed for organoid formation as described above, under
antibiotic selection. Organoids were implanted in mice for propagation.

RNA extraction/RT-qPCR
RNA extraction and complementary DNA (cDNA) preparation were done as
reported elsewhere [24]. For PDX samples, RNA was extracted from fresh
frozen tissue at the Biospecimen Extraction Facility (MD Anderson). RNA was
extracted using Trizol® (Invitrogen) with RNeasy mini kit (QIAGEN; Hilden,
Germany), followed by TaqMan reverse transcription reagents (Applied
Biosystems), according to the manufacturer’s instructions. Real-time (RT)-PCR
with SYBR Green dye (Applied Biosystems) and human gene-specific primers
were used for cDNA amplification in a QuantStudio3 RT-PCR System (Thermo
Fisher Scientific; Waltham, MA). Primer sequences were as follows:
AXIN2.F_5’AGGCCAGTGAGTTGGTTGTC3’/AXIN2.R_5’ATCTCCTCAAA-
CACCGCTCC3’; RNF43.F_5’CAAGCTGGAGAGTCCTCGAC3’/RNF43.R_5’CCAT-
CAGCTTCTCAGCGTCA3’; ZNRF3.F_5’AGCCAGAATTGGACCCGAAA3’/
ZNRF3.R_5’ACCCTTCACATACACCACCG3’; NKD1.F_5’ACGTGTTGAGAGA-
CACGCTC3’/NKD1.R_5’CAGCCCGTCAGTCTTCTCAG3’. Data were normalized
to PPIA [25] and analyzed using the 2-ΔΔCT method [26].

Immunohistochemistry (IHC) and immunofluorescence (IF)
Formalin-fixed and paraffin-embedded PDX sections were processed,
antigen retrieved (citrate) and incubated with anti-β-catenin antibody
(1:100; Cell Signaling Technology, Danvers, MA; [#8480]). For IHC, samples
were stained with an anti-rabbit IgG (1:500; Invitrogen; #31820) and
peroxidase substrate (NovaRED®, Vector Laboratories; Newark, CA) and
counterstained with hematoxylin QS (Vector Laboratories). For IF, Alexa 594
anti-rabbit IgG (1:1000; Invitrogen; #A-11012) and 4’,6-diamidino-2-pheny-
lindole (DAPI) were used for staining and counterstaining, respectively.

Datasets
We used the following publicly available datasets.

● Stand-Up to Cancer (SU2C)/Prostate Cancer Foundation and Prostate
Cancer Dream Team Consortium [27]. It contains whole-exome
sequencing data of 444 CRPC/normal paired samples (429 patients),
and gene expression data, measured by RNA-seq, from 266 (polyA)/
208 (capture) samples. It includes the Gleason score (GS) at the time of
prostatectomy, age, and PSA level at the time of the biopsy. Overall
survival (OS) data are available for 128 patients. The dataset was
downloaded from cBioPortal using the code “prad_su2c_2019”.

● Prostate Adenocarcinoma Project of The Cancer Genome Atlas (TCGA-
PRAD) [28]. It contains gene expression information, measured by
RNA-seq using Illumina HiSeq (Illumina Inc., California, USA), from
548 samples (497 from primary PCa and 51 samples from adjacent
normal tissue) from patients who underwent radical prostatectomy.
The dataset includes information on age, PSA levels, GS, tumor stage,
exposure to molecular therapy, and radiation therapy. Available time-
to-event data includes the progression-free interval for 497 cases and
the disease-free interval for 337 cases.

● MDA PCa PDX series (MD Anderson) [16]. Whole-genome, targeted,
and RNA-sequencing in representative samples from 44 PDXs
derived from 38 patients with clinically annotated, potentially lethal,
hormone-naïve PCa or CRPC from primary or different metastatic
sites. Data is publicly available in cBioportal https://www.cbioportal.org/
study/summary?id=prad_msk_mdanderson_2023) and dbGaP (https://
www.ncbi.nlm.nih.gov/gap/), accession number phs003420.v1.p1. MDA
PCa PDXs are available through a material transfer agreement. Contact e-
mail: pcapdxprogram@mdanderson.org. From this cohort, MDA PCa 280-
9, 342-B, and 355-9 models were excluded from analysis based on the
following observations from the cohort characterization [16], which
interfere with a comprehensive comparison within the cohort: (1)
Relativeness analysis indicates that 280-9 and the pair 342-B/355-9 have
unique transcriptomic profiles, isolated from the cohort. (2) MDA PCa 342-
B and 355-9 are both derived from the same patient at different time
points and share a Wnt mutation. Since they are the only sarcomatoid
models in the cohort, the lack of “control”models within the morphology/
lineage makes them useless for the purpose of this work.

● Paired biopsies from 21 men with metastatic CRPC who underwent tissue
biopsy prior to starting enzalutamide treatment and at the time of
progression [29].

Bioinformatic analyses
The cBioportal [30] web tool was used to generateOncoPrint plots and differential
gene expression analysis. STRING [31] (version 12.0) was used to study interactions
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between proteins (last access: September 2024). Data processing, exploratory
analysis, statistical analysis, visualization, andmodeling were conducted using the
R programming language [32] through RStudio [33].

Survival analysis
Kaplan–Meier curves, log-rank tests, and Cox proportional hazards models
were employed for time-to-event analysis using the survminer package in R.

Gene set enrichment analysis (GSEA)
The Wnt-associated genes identified from the SU2C dataset were
subjected to GSEA (Broad Institute) (10,000 permutations were run), using

the clusterProfiler [34] and enrichplot [35] R packages, the KEGG pathway
collection [36], and the Gene Ontology (GO) database [37].

Logistic regressions
Multivariable logistic regression models were constructed using R to
investigate the relationship between a binary outcome variable
(“presence of activating Wnt mutation” or “Wnt transcriptomic cluster”)
and multiple predictor variables (previously selected gene set expression
levels and AR score). The glm() function (stats package) was employed
for model fitting [32]. For each dataset, a separate logistic regression
model was fitted.

Fig. 1 SU2C database bioinformatics analysis. A Schematic representation of the criteria to group patients with (“Altered Group,” red
rectangle) or without (“Unaltered Group,” blue rectangle) Wnt-activating genomic alterations. B Volcano plot of differentially expressed genes
in samples with (altered group) or without (unaltered group) Wnt-activating mutations of CTNNB1 or APC from the SU2C dataset. Colored dots
are those with significant adjusted P values (Q values). NS: not significant. C Network of 104 genes associated with CTNNB1 and APC, obtained
by STRING analysis of differentially expressed genes. D Gene set enrichment analysis (GSEA) showing the main Gene Ontology (GO) terms
represented by the 104 differentially expressed genes. E Unsupervised clustering of SU2C samples based on the expression (heat map) of 104
genes differentially expressed among altered and unaltered groups. F Overall survival for patients with (red) or without (blue) alterations in
APC/CTNNB1.
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Receiver operating characteristic (ROC) curves
ROC curves were generated to evaluate the discriminative ability of gene
signatures or logistic regression models. The area under the ROC curve
(AUC) was calculated as a summary measure of model performance. To
statistically compare the performance of the models, DeLong’s test for two
correlated ROC curves was employed. This non-parametric test assesses
whether there is a significant difference between the AUCs of two models.
The pROC package [38] in R was used to perform DeLong’s test [39] and
obtain the corresponding P value.

R packages/functions
The tidyverse package [40] was used for general data analysis and
manipulation, and the ggplot2 [41], ggpubr [42], and RColorBrewer [43]
packages were used to create graphics.

RESULTS
Wnt-driven transcriptomic landscape in advanced PCa
Although the canonical Wnt pathway has been widely studied, the
specific targets and mechanisms triggered by uncontrolled Wnt/β-

catenin activation in PCa are poorly characterized. Using the SU2C
dataset (mCRPC) [27] we explored the differentially expressed
genes between samples with or without Wnt-activating alterations
in APC (7% of patients) or CTNNB1 (4% of patients) (Fig. 1A)
founding 221 significantly deregulated genes (Fig. 1B). Of those,
104 interact with APC and β-catenin in a protein-protein
interaction analysis (Fig. 1C) and associated with active Wnt
regulation by GSEA (Fig. 1D), consistently grouping APC/CTNNB1
mutated samples in an unsupervised clustering (Fig. 1E). In line
with clinical observations [4], patients in SU2C dataset harboring
Wnt alterations exhibited impaired OS (Fig. 1F). Thus, these results
delineate a clinically relevant Wnt canonical signature in advanced
PCa.

MDA PCa PDX models reveal functional Wnt pathway
activation
To explore the clinical and biological relevance of these genes, we
used previously molecularly characterized models from the MDA
PCa PDX series [16]. We determined their Wnt pathway status by

Fig. 2 Wnt canonical status in MDA PCa PDX series. A Principal component analysis of the MDA PCa PDX cohort based on Wnt-related genes
obtained from the SU2C dataset analysis. B Details of β-catenin IHC, morphology, APC or CTNNB1 alterations, AR status, and tumor-of-origin
hormone therapy status for MDA PCa 183-A, 173-2, 118b, 352-8, and 177-B.
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evaluating the presence of Wnt-activating mutations, β-catenin
cellular distribution by IHC, and expression of the 104 Wnt
canonical–associated genes identified in human samples (Fig. 1).
Interestingly, principal component analysis based on expression of
the Wnt-associated genes accurately grouped PDX according to
histopathological classification (adenocarcinoma [Adeno], neu-
roendocrine carcinoma [NE], and double negative models
-negative for both, AR and NE markers-[DN]) (Fig. 2A), resulting
in segregation of MDA PCa 118b and 177-B, which both harbor
known Wnt-activating mutations and cytoplasmic/nuclear β-
catenin immunostaining (Fig. 2B). These models grouped within
the NE cluster when the same analysis was performed using
random genes (Fig. S1), highlighting the capacity of Wnt-
associated genes to detect active Wnt pathway in these PDXs
models. Despite harboring Wnt-activating mutations, MDA PCa
173-2 and 352-8 clustered with models lacking Wnt alterations
(e.g., 183-A) (Fig. 2A), consistent with their β-catenin localization at
the plasma membrane. (Fig. 2B). Altogether, these results indicate
that the proposed genes accurately distinguish PCa tumors with
pathologic Wnt/β-catenin signaling, highlighting the importance
of functionally identifying Wnt activity beyond the presence of
mutations.

AXIN2, RNF43, ZNRF3, and NKD1 reflect Wnt/β-catenin
status in PCa
To further tune the transcriptional signature of Wnt activation in
PCa, we performed ROC curves associated with the presence of
APC or CTNNB1 mutations for each Wnt-associated gene (Fig. 3A).
Notably, ZNRF3, RNF43, AXIN2, and NKD1 (modulators of β-catenin
activity) [44–46] emerged as the most robust predictors,
consistently achieving the highest AUCs in both the SU2C and
PDX datasets (Fig. 3A, B). The combined predictive capacity of
these genes using multivariable logistic regression (Fig. S2)
achieved AUC values of 0.909 and 0.929 for the SU2C (Fig. 3C.I)
and PDX (Fig. 3C.II) datasets, respectively. These results underscore
the accuracy of ZNRF3, RNF43, AXIN2, and NKD1 as reliable
indicators of Wnt activation status.

The role of Wnt/β-catenin in regulating these genes was verified
by inhibiting β-catenin transcriptional activity using a dnTCF
variant (missing the β-catenin binding domain) (Figs. 4A.I and S4)
[27]. We genetically engineered MDA PCa 118b-derived organoids
to express dnTCF or EV as a control. Organoids were then
reimplanted into mice to establish modified PDXs (Fig. 4A.II).
Immunofluorescence revealed reduced β-catenin nuclear immu-
nostaining in dnTCF models compared with the EV group,
indicating impairment of β-catenin activity (Fig. 4A.III). Consis-
tently, dnTCF expression significantly reduced AXIN2, RNF43,
ZNRF3, and NKD1 expression (Fig. 4B).

AR suppression activates Wnt signaling in mutant β-catenin
prostate cancer
Cross-regulation between AR and Wnt/β-catenin pathways has
been proposed by others [12–14] and us [24]; however, results are
controversial, highlighting the complexity of this interaction [12].
Interestingly, among the four PDX models harboring Wnt driver

mutations (118b, 173-2, 177-B, 352-8), only the AR-negative
models (118b, 177-B) showed active Wnt signaling (Fig. 2B), in
line with a recent report indicating that androgen deprivation
therapy (ADT) elevates Wnt/β-catenin signaling activation in DN
PCa cells [47], and suggesting that AR can influence Wnt signaling
even in the presence of Wnt-activating mutations. Consistent with
that, OS and samples clustering based on Wnt-associated genes
expression did not show correlation with APC/CTNNB1 alterations
in the TCGA-PRAD dataset (primary non-metastatic treatment-
naïve PCa) [28] (Fig. S3B, C) despite having a similar alteration
frequency as SU2C (Figs. 1A and S3A), suggesting a null/slight
impact of these alterations in early disease despite the presence of
mutations.
Thus, we investigated how AR inhibition affects mutant β-

catenin activity. Enzalutamide treatment (30 µM, 24 h) increased β-
catenin activity only when expressing mutant β-catenin variants,
as measured by TCF reporter assays in C42B and LNCaP cells
(Fig. 5A.I-II); accompanied by the induction of Wnt signature
(Fig. 5A.III-IV). These findings indicate that AR inhibition can

Fig. 3 AXIN2, RNF43, ZNRF3 and NKD1 reflect Wnt canonical status in PCa. A Heatmap for the 104 Wnt-associated genes obtained from
SU2C, based on the area under the curve (AUC) of the ROC curve, testing the capacity of these genes to predict the presence of Wnt-
activating mutations of APC or CTNNB1 in the SU2C and PDX datasets. Unsupervised clustering was used to group the genes based on their
AUC value. B ROC curve for the genes with the highest AUC in both SU2C and PDX datasets (ZNRF3, RNF43, AXIN2, NKD1). C ROC curve for the
multivariable logistic regression integrating AXIN2, RNF43, ZNRF3, and NKD1 for the I. SU2C and II. PDX datasets.
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enhance β-catenin activity in PCa models with mutant β-catenin,
thereby amplifying Wnt pathway signaling.
Since Wnt-activating mutations have been associated with

resistance to AR-targeting treatments [3, 4], we evaluated the
in vitro effect of AR inhibition with enzalutamide on the viability of
organoids derived from 173-2 (AR+; β-cateninmut) and 183-A (AR+;
β-cateninWT) (Figs. 5B and S5A). Of note, among the genomic
alterations of known PCa-associated genes, both models have
PTEN deletion and TMPRSS2-ERG fusion, only differing in CTNNB1
(β-catenin) status [16]. Consistent with our hypothesis, organoids

derived from 173-2 exhibited null sensitivity, while 183-A
responded to drug treatment in a dose-dependent manner
(Fig. 5B.II). To assess response to impaired AR activity in vivo, we
surgically castrated mice bearing MDA PCa 173-2 or 183-A
growing subcutaneously (Fig. 5C.I). Following an initial response
(ERC), only 50% of 183-A tumors relapsed upon castration
(Fig. S5B.I), while 86% of 173-2 tumors progressed (Fig. 5C.II) as
AR-indifferent PCa (Fig. 5D), consistent with PDXDO results in vitro
and resembling an AR-/CRPC model (Fig. S5B.II). Consistently,
expression of Wnt signature genes was significantly induced in

Fig. 4 Functional validation of β-catenin implication on signature modulation. A I. Schematic representation of the effect of dominant-
negative TCF (dnTCF) variant on β-catenin signaling. II. Schematic representation of the procedure for the establishment of genetically
engineered PDX models. Briefly, PDXs were processed, cultured in vitro as PDX-derived organoids (PDXDO), and transduced with lentivirus.
Modified organoids underwent selection with antibiotics in vitro and were reimplanted in mice. During 3 passages, modified PDXs underwent
antibiotic selection in vitro and then were reimplanted in mice. III. Immunofluorescence staining for β-catenin in MDA PCa 118b expressing
either empty vector (EV) or dnTCF. In merged images, β-catenin is shown in red and the nucleus (DAPI) in blue. Green arrows indicate the
nuclei of specific cells in the images. The squares at the bottom left of each panel show a magnified view of the boxed area. B Expression of
AXIN2, RNF43, ZNRF3, and NKD1 (top Wnt-associated genes) evaluated by RT-qPCR in 118b-EV and 118b-dnTCF. Statistical significance assessed
by t test. Statistical significance: *** P < 0.001.
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Fig. 5 Crosstalk between AR inhibition and β-catenin activaiton. A TCF reporter activity (left panels) and expression of AXIN2, RNF43, ZNRF3,
and NKD1 evaluated by RT-qPCR (right panels) on C42B and LNCaP cells expressing or not β-catenin WT or mutant variants D32G or T41A
under DMSO (vehicle) or enzalutamide treatment (30 µM, 24 H). Statistical significance for TCF reporter activity was assessed by two-way
ANOVA and Šídák’s multiple comparisons test. Statistical significance for gene expression analysis was assessed by t test. B I. Schematic
representation of PDX-derived organoid drug testing experimental design. II. CellTiter-Glo® 3D Cell Viability Assay of organoids derived from
MDA PCa 173-2 or 183-A treated with enzalutamide (0–200 µM; 72 H; DMSO as vehicle). Statistical significance assessed by non-linear
regression comparison. C I. Schematic representation of in vivo castration experimental design. II. MDA PCa 173-2 tumor volume curves over
time for each mouse in each experimental group. D Serum PSA levels measured at endpoint, from mice in each group on castration
experiment. E Expression of AXIN2, RNF43, ZNRF3, and NKD1 evaluated by RT-qPCR on 173-2 tumors from each experimental group. Statistical
significance assessed by one-way ANOVA. F Evaluation of the Wnt signature genes on paired patient samples pre and post enzalutamide
treatment. I. AXIN2, RNF43, ZNRF3, and NKD1 expression before and after treatment. II. Principal component analysis based on AXIN2, RNF43,
ZNRF3, and NKD1 expression levels. Cases harboring a CTNNB1 driver mutation are depicted in red. WT: wild type; Mut: mutant. Statistical
significance: * P < 0.05; ** P < 0.01; *** P < 0.001.
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tumors growing in castrated mice (ERC and Relapse) compared
with Control (Fig. 5E), indicating activation of the Wnt pathway
upon castration and relocating it as a potential driver of
progression in an AR-independent scenario.
Consistent with our experimental results, by analyzing long-

itudinal samples pre/post enzalutamide treatment [29], AXIN2,

RNF43, ZNRF3, and NKD1 increased expression following enzalu-
tamide treatment was observed in apatient with a lymph node
(LN) metastasis harboring a CTNNB1 mutation, while no changes
were observed in other LN/LN longitudinal pairs without CTNNB1
alterations (Fig. 5F.I). Furthermore, the post-treatment mutated
sample was distinctly segregated from the others in a principal
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component analysis based on the expression of this signature
(Fig. 5F.II), highlighting the clinical impact of ARSI treatment on
Wnt pathway activity in PCa with mutant β-catenin.
Together, these results show that PDX/PDXDO models recapi-

tulate clinical observations, highlighting the critical role of Wnt
signaling in ARSI treatment outcomes. This suggests that
mutation-driven Wnt activation can be triggered upon AR
inhibition, underscoring the need to consider this pathway in
therapeutic strategies.

Targeting β-Catenin/co-factors interaction to overcome Wnt-
driven resistance in PCa
Different programs can be triggered downstream of β-catenin
activation depending on its interaction with different co-activators,
including p300 and CREB-binding protein (CBP) [42, 43]. These
factors can also interact with nuclear receptors, including AR [48].
Thus, p300 and CBP emerge not only as potential mediators of β-
catenin/AR cross-regulation but also as attractive targets for halting
Wnt-driven progression. We tested two different compounds, IQ-1
(β-catenin/p300 interaction blocker) and ICG-001 (β-catenin/CBP
interaction blocker), at different concentrations (2, 5, and 10 µM).
Both compounds significantly downregulated TCF reporter activity
in PC3 cells expressing mutant β-catenin variants (Fig. 6A).
Consistently, mRNA expression levels of AXIN2, RNF43, ZNRF3, and
NKD1 were significantly suppressed upon treatment with both IQ-1
and ICG-001 in these cells (Fig. 6B). Strikingly, co-treating LNCaP and
C42B cells harboring β-catenin active variants with enzalutamide
and IQ-1 or ICG-001 significantly repressed the induction of TCF
reporter activity (Fig. 6C) and Wnt signature expression (Fig. 6D)
caused by single-agent enzalutamide (Fig. 5A). Moreover, combin-
ing enzalutamide, either with IQ-1 or ICG-001 exerted a significant
reduction in cell viability compared with enzalutamide monother-
apy (Fig. 6E). Consistently, either IQ-1 or ICG-001 sensitized MDA
PCa PDX 173-2 (harboring endogenous β-catenin activating-
mutation) derived organoids to enzalutamide under a co-
treatment regimen (Fig. 6F), alongside Wnt signature modulation
(Fig. S6). This suggests that impairing β-catenin signaling by
targeting its interaction with CBP or p300 can effectively overcome
intrinsic resistance to enzalutamide, thereby restoring drug efficacy
in PCa models with Wnt alterations. Altogether, these findings
suggest that targeting β-catenin signaling by blocking its interac-
tion with p300 or CBP is a promising therapeutic strategy for Wnt-
driven tumors and could enhance the anti-tumor efficacy of
enzalutamide by preventing Wnt-driven resistance in PCa.

DISCUSSION
PCa is characterized by significant interpatient heterogeneity of
treatment response [1, 2]. The Wnt canonical pathway has emerged
as a candidate that may support CRPC progression in patients with
specific mutations [3, 4], but the implications and underlying
mechanisms of Wnt pathway alterations are still being deciphered.
This study provides new insights into the role ofWnt canonical pathway
activation in PCa progression and its interaction with AR signaling.

In this study, we identified a discrete transcriptional gene
signature (AXIN2, RNF43, ZNRF3, and NKD1) that accurately reflects
mutation-driven Wnt pathway activation in PCa. Of note, Tang and
colleagues [49] proposed an epigenomic Wnt signature encom-
passing AXIN2, RNF43, CTNNB1 and TCF7L2. However, we did not
find an association between CTNNB1 and TCF7L2mRNA levels with
mutation-driven-pathway activation.
Moreover, we showcased that mutation-driven Wnt/β-catenin

activation is intricately linked to resistance to ARSI, a standard
therapeutic approach for advanced disease. We demonstrated that
AR suppression amplifies β-catenin activity in tumors harboring Wnt-
activating mutations, revealing a clinically relevant crosstalk between
both pathways that drives ARSI resistance. The cross-regulation
between AR and Wnt/β-catenin has been proposed in previous
studies [12–14, 50–56], but results are controversial, reflecting the
complexity of this interaction affecting both pathways in a context-
dependent manner [12]. Nevertheless, those studies were mainly
focused on the impact on AR activity and did not consider Wnt
mutations, which are the primary context for pathological Wnt
activation in PCa [10, 11, 55]. Our findings strengthen the hypothesis
that Wnt signaling drives tumor progression in a subset of patients
when AR is suppressed, supporting its role as a crucial player in the
development of treatment resistance.
CBP and p300, downstream coactivators of β-catenin signaling,

emerged as potential mediators of the β-catenin/AR cross-
regulation. These coactivators play nonredundant roles in β-
catenin–driven transcription but also interact with nuclear
receptors, including AR [48, 57, 58]. Of note, targeting β-catenin/
CBP significantly reduced tumor stemness and treatment resis-
tance in cervical cancer and leukemia [59, 60], while CBP and p300
expression levels have been associated with the development of
ADT resistance in both primary and metastatic PCa [61].
Our data shows that pharmacologic blockade of β-catenin/CBP

or β-catenin/p300 interactions restores sensitivity to ARSI in
models harboring Wnt-activating mutations, underscoring their
potential therapeutic relevance. The differential response within
different PCa models to enzalutamide combined with CBP/p300
inhibition emphasizes how lineage context and intrinsic drug
sensitivity shape Wnt-transcriptional output. These findings high-
light that therapeutic strategies must account not only for
β‑catenin variants but also for coactivator availability and ARSI
responsiveness when interpreting Wnt pathway activity in PCa.
Altogether, these findings strengthen the hypothesis that Wnt

signaling drives tumor progression in a subset of patients when
AR is suppressed and support the development of combination
strategies targeting AR and Wnt pathways. Such approaches may
expand treatment options for patients with ARSI resistance and
Wnt-activating mutations.

CONCLUSION
This study uncovers a critical crosstalk between canonical Wnt
signaling and ARSI in PCa, mediated by CBP and p300 as
nonredundant coactivators of β-catenin/AR cross-regulation. AR

Fig. 6 β-catenin co-factors as actionable targets against resistance. A TCF reporter activity on PC3 cells expressing β-catenin mutant
variants I. T41A or II. D32G under IQ-1 or ICG-001 treatment (2, 5 or 10 µM, 24 H. DMSO as vehicle). B AXIN2, RNF43, ZNRF3, and NKD1 (top Wnt
signature genes) expression evaluated by RT-qPCR in PC3 cells expressing β-catenin D32G mutant variant treated with IQ-1 or ICG-001 (2 or
5 µM, 24 H. DMSO as vehicle). C TCF reporter activity from I. C42B and II. LNCaP cells expressing β-catenin T41A and D32G mutant variants,
respectively, under enzalutamide treatment (30 µM, 24 H) combined or not combined with IQ-1 or ICG-001 (2, 5, or 10 µM, 24 H. DMSO as
vehicle). D Expression of AXIN2, RNF43, ZNRF3, and NKD1 (top Wnt signature genes) evaluated by RT-qPCR in I. C42B and II. LNCaP cells
expressing β-catenin T41A and D32G mutant variants, respectively, treated with enzalutamide (30 µM, 24 H) combined or not combined with
IQ-1 or ICG-001 (2, 5, or 10 µM, 24 H. DMSO as vehicle). E CellTiter-Glo® Cell Viability Assay of I. C42B and II. LNCaP cells expressing β-catenin
T41A and D32G mutant variants, respectively, under enzalutamide treatment (30 µM, 24 H) combined or not combined with IQ-1 or ICG-001 (2,
5, or 10 µM, 72 H). DMSO as vehicle). F CellTiter-Glo® 3D Cell Viability Assay of organoids derived from MDA PCa 173-2 treated with
enzalutamide (0–150 µM), combined or not combined with I. IQ-1 or II. ICG-001 (2, 5, or 10 µM) (72 H; DMSO as vehicle). Statistical significance
was assessed by one-way ANOVA or non-linear regression comparison. Statistical significance: * P < 0.05; ** P < 0.01; *** P < 0.001.
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suppression enhances β-catenin activity in tumors with Wnt-
activating mutations, driving resistance to AR-targeted therapies.
Pharmacologic disruption of β-catenin interactions with CBP or

p300 restores ARSI sensitivity in preclinical models, providing a
strong rationale for co-targeting AR and Wnt pathways.
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