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Abstract

Whnt signaling driven by genomic alterations in genes including APC and CTNNB, which encodes
[B-catenin, have been implicated in prostate cancer (PC) development and progression to metastatic
castration-resistant PC (mCRPC). However, nongenomic drivers and downstream effectors of Wnt
signaling in PC and the therapeutic potential of targeting this pathway in PC have not been fully
established. Here we analyzed Whnt/B-catenin signaling in PC and identified effectors distinct

from those found in other tissues, including AHR and RUNXZ1, which are linked to stem cell
maintenance, and ROR1, a noncanonical Wnt5a co-receptor. Wnt/p-catenin signaling-mediated
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increases in ROR1 enhanced noncanonical responses to Wnt5a. Regarding upstream drivers, APC
genomic loss, but not its epigenetic downregulation commonly observed in PC, was strongly
associated with Wnt/p-catenin pathway activation in clinical samples. Tumor cell upregulation of
the Wnt transporter Wntless (WLS) was strongly associated with Wnt/p-catenin pathway activity
in primary PC but also associated with both canonical and noncanonical Wnt signaling in mCRPC.
Immunohistochemistry confirmed tumor cell WLS expression in primary PC and mCRPC, and
patient-derived PC xenografts expressing WLS were responsive to treatment with Wnt synthesis
inhibitor ECT-159. These findings reveal that Wnt/p-catenin signaling in PC drives stem cell
maintenance and invasion and primes for noncanonical Wnt signaling through ROR1. They further
show that autocrine Wnt production is a nongenomic driver of canonical and noncanonical Wnt
signaling in PC, which can be targeted with Wnt synthesis inhibitors to suppress tumor growth.
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INTRODUCTION

Whnt/B-catenin signaling is required for prostate organogenesis, and accumulating evidence
indicates that alterations in this pathway contribute to prostate cancer (PC) in at least a
subset of cases (1). The frequency of these alterations appears to be higher in metastatic
castration-resistant prostate cancer (NCRPC), with APC alterations being most common (2—
6). Recent studies have further linked increased Wnt signaling to progression after treatment
with androgen receptor (AR) signaling inhibitors including abiraterone and enzalutamide
(ENZ) (6-10). In addition to genomic alterations, the APC gene is amongst the most
commonly hypermethylated genes in PC, and this epigenetic APC downregulation is
associated with higher grade and metastatic disease (11,12). Previous studies have also
identified additional nongenomic mechanisms that may drive Wnt/p-catenin activity in PC
(13-15).

Aberrant Wnt/B-catenin pathway activation has been linked to functions including cancer
stem cell maintenance and invasion, but its functions in PC remain to be established.
Transgenic expression of stable B-catenin in mouse prostate causes hyperplasia and
squamous differentiation (16-18), and can drive to PC when combined with PTEN loss
(19). In contrast, prostate-specific depletion of Apc results in adenocarcinomas with high
penetrance, possibly reflecting more potent Wnt pathway activation or additional APC
mechanisms of action (20). Studies from several groups also have shown that androgen
receptor (AR) can interact with p-catenin (21). Conversely, a study in men with mCRPC
found that circulating tumor cells with low AR signaling had high levels of noncanonical
Wht signaling that could be driven by WNT5a (22). Finally, prostate stromal cell production
of WNT16b can contribute to resistance to DNA damaging agents (23).

Drugs that suppress Wnt signaling are in clinical trials, but identifying Wnt-dependent
tumors that may be most responsive to these agents is a challenge. Expression of nuclear -
catenin is not a reliable indicator of Wnt signaling, and genes that are commonly associated
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with Wnt pathway activation (such as MYCand CCNDI) are also regulated by multiple
other mechanisms. There are Wnt signaling gene sets generated from a variety of sources,
including one generated in colorectal cancer (CRC) cells (24), but the relevance to PC has
not been assessed. In this study, we have identified a gene set reflecting Wnt/p-catenin
signaling in PC, and have exploited it to identify mechanisms that are driving this pathway
and downstream effectors in primary PC and mCRPC.

MATERIALS AND METHODS

Establishment of cells with transient/stable RNAi or a Wnt reporter

VCaP and CWR22Rv1 cells were from ATCC and were maintained under conditions
recommended by the provider. LAPC4 cells were from the Charles Sawyers lab and
maintained in RPMI-1640 medium with 10% FBS. Cell lines were authenticated by short
tandem repeat (STR) analysis (ATCC) and used within 20 passages, and were routinely
tested for Mycoplasma (R&D Systems). CWR22Rv1 cells with doxycycline-regulated APC
silencing shRNA (RV1_tet shAPC) or shNTC (Non_Target_Control, RV1 tet shNTC) were
established using lentiviral infection of pLKO-tet-on system. Oligos used to form shRNAs
are listed in Supplementary Materials. Transient APC or RNF43 knockdowns in VCaP

cells were performed as described previously (14). siRNAs used in this study are listed

in Supplementary Materials. RNA or protein was extracted at 72 hours after transfection.
CWR22-R1 is a PC cell line derived from CWR22 xenografts (25,26). R1-7TFP cell line
used in this study was established by lentiviral transduction with a p-catenin/TCF-regulated
luciferase reporter gene (Plasmid #24308, Addgene).

Quantitative reverse transcription PCR (RT-gPCR)

Total RNA was isolated using the RNeasy Mini Plus Kit (Qiagen). RT-gPCR used SYBR
Green reagents from the StepOnePlus Real-Time PCR system (Thermo Fisher Scientific) or
TagMan One-Step RT-PCR reagents (Thermo Fisher Scientific). Target mMRNA expression
was quantified using the AACt method and normalized to GAPDH expression. Primer
sequences and probe information are in Supplementary Materials.

RNA Sequencing Data Generation and Analysis

RNA-seq was performed on two biological replicates after 72 hours of knockdown with the
following conditions in VCaP cells: SINTC (non-target-control), SIAPC-2/3, SIRNF43-3/4,
SiRNF43-3/4 plus Wnt3a (100 ng/ml for 7 hrs before harvesting the cells). Details on the
RNA-seq and analysis are in Supplementary Materials. The GEO accession number for
RNA-seq data generated in this study is GSE188557.

Pathway analysis

Metacore pathway analysis (Clarivate Analytics, RRID:SCR_008653) was used to assess the
differentially regulated genes in VVCaP with APC knockdown or RNF43 knockdown plus
Whnt3a stimulation. Pathways enrichment was performed for commonly regulated genes as
well as uniquely regulated genes in APC knockdown or RNF43 knockdown plus Wnt3a
stimulation conditions. Ingenuity Pathway Analysis (IPA 9.0, Qiagen, RRID:SCR_008653)
was also applied to interrogate the pathways and interaction networks enriched in
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significantly differentially regulated genes in common. In addition, an upstream prediction
analysis was performed for the significantly differentially regulated genes in common. A
p-value for each pathway was generated according to the fit of input gene sets to the
corresponding database using a one-tailed Fisher exact test. The pathways with p-values
<0.05 were considered significantly affected.

Gene Set Enrichment Analysis (GSEA) and single-sample GSEA (ssGSEA)

We used several WNT gene sets to assess WNT activity for each patient in TCGA,

SU2C, WCPCDT, and FHCRC datasets. We utilized a CRC-derived WNT signature

(24), the KEGG WNT signature (KEGG,RRID:SCR_012773), and the BIOCARTA WNT
signatures. WNT Pathway activity scores were calculated using the sSGSEA method
(https://www.genepattern.org/modules/docs/ssGSEAProjection/). To interrogate the unique
pathways regulated by APC in mCRPC samples, we selected cases with APC alterations,
or WNT activity scores more than 5000 (presumably with APC methylation), which were
classified as WNT activated samples in both SU2C and FHCRC datasets. We performed
gene set enrichment analysis using the GSEA tool developed by the Broad Institute
(https://www.gsea-msigdb.org/gsea/index.jsp) (SeqGSEA, RRID:SCR_006020). Candidate
gene sets include all members of the “hallmark gene sets” and “canonical pathways” from
the GSEA MSigDB database (version 7). To ensure that we only considered genes expressed
at reasonable levels in multiple samples, we only included genes with a TPM value of
greater than 1 in all samples. We then ranked genes from highest confidence enrichment in
WNT activated samples to highest confidence enrichment in the rest of the samples, which
serves as the input of the GSEAPreranked tool for pathway analysis, with a permutation of
1,000.

Wnt driver prediction

Samples from the TCGA dataset were stratified into Wnt high and low groups based on Wnt
activity score generated from the Wnt47 gene signature. The top and bottom quartiles were
selected and gene expression was compared between two groups and log2 transformed fold
change was calculated. A differential expression gene list was generated with an adjusted

P <0.05. We then filtered the list with curated Wnt component genes based on the WNT
homepage developed by the Nusse lab (http://web.stanford.edu/group/nusselab/cgi-bin/wnt/)
(Wnt Database, RRID:SCR_006020). Based on our previous study, SOX9 was also included
in the list. To select the genes abundantly expressed in patients, only genes with positive
average expression values were considered as potential drivers (highlighted in Fig. S5a). The
curated WNT component gene list used for analysis is in Supplemental Materials.

Random Forest Analysis

Random Forest analysis was performed to predict the most significant downstream effectors
of canonical WNT signaling in prostate cancer. The phenotype was defined based on WNT
activity status. In VCaP cells, the WNT high versus WNT low groups were classified as
APC knockdown or RNF43 knockdown plus Wnt3a stimulation versus controls. In TCGA
datasets, samples with top quartile WNT activity scores were binned into the WNT high
group, and the samples with bottom quartile WNT activity scores were binned into the
WNT low group. We then addressed which genes were most essential for the classification.

Cancer Res. Author manuscript; available in PMC 2022 October 15.


https://www.genepattern.org/modules/docs/ssGSEAProjection/
https://www.gsea-msigdb.org/gsea/index.jsp
http://web.stanford.edu/group/nusselab/cgi-bin/wnt/

1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Ma et al.

Page 5

The mean decrease in accuracy was used as measurement of importance in Random Forest
analysis, and lists of most informative genes for classifying the WNT high versus WNT
low groups were generated for both VVCaP and TCGA datasets. A multidimensional scaling
(MDS) plot was generated by intersecting important genes contributing to WNT activation
in the TCGA dataset and VVCaP cells with either APC knockdown or RNF43 knockdown
plus Wnt3a stimulation. Genes that fall in the upper right quadrant are the most significant
contributors.

Matrix Similarity Analysis

Matrix Similarity Analysis was performed to predict functional hubs for the WNT47
signature using Morpheus matrix visualization and analysis software developed by the Broad
Institute. Log2 Fold Change (Log2FC) data of the WNTA47 signature gene was used as

the feed data. In VCaP cells, log2FC of each gene was calculated by comparing APC
knockdown or RNF43 knockdown plus Wnt3a stimulation with controls. In clinical samples,
the Log2FC of each gene was calculated by comparing samples with top quartile WNT
activity scores and samples with bottom quartile WNT activity scores in each data set.

Survival Analysis

To compare outcomes in patients with high vs. low expression of APC gene (presumably
through APC methylation), Kaplan Meier survival analysis was conducted through the
c-Bioportal with log-rank testing for significance. Two datasets with disease-free survival
information, including TCGA and MSKCC (Memorial Sloan Kettering Cancer Center),
were selected for analysis. First, the expression profile of APC was assessed in each dataset.
In the TCGA dataset, the criteria of sample selection were set as such APC: EXP>0.7
EXP<-0.7 that most approximate group size could be achieved for both APC high (62)
and APC low (86) groups. Similarly, APC: EXP>0.7 EXP<-1.7 were applied to get a
comparable group size for both APC high (12) and APC low (11) groups in the MSKCC
dataset. Survival analysis was then performed based on APC expression in the defined
samples. The altered group is APC low, whereas the unaltered group represents APC high.

CellTiter-Glo Luminescent Cell Viability Assay

RV1 tet shAPC cells were cultured with or without doxycycline (400ng/ml) in 96 well
plates. Cells were treated with four doses of pan PLK inhibitor (BI2563) and six doses of
PLKZ1 inhibitor (PCMO075), ranging from 2 to 10uM. Triplicates were set up for each dose.
CellTiter-Glo luminescent cell viability assay (Promega, G7571) was performed after three
days of treatment according to the manufacturer’s protocol. The killing curve was plotted
based on the readout (Fig. S4C). All experiments were repeated at least three times, and
representative results were shown.

Immunoblotting and immunohistochemistry (IHC)

Immunoblotting and IHC experiments were performed as described before (14). Gels shown
are representative of at least three independent experiments. For immunoblotting, proteins
were extracted using RIPA buffer, and primary antibodies were incubated overnight. For
IHC, 5-um formalin-fixed, paraffin-embedded (FFPE) sections underwent epitope retrieval
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using the Dako PT Link platform. Staining was on the Dako Link 48 autostainer, with
amplification using EnVision FLEX mouse linkers, and visualization using the EnVision
FLEX high-sensitivity visualization system (Dako). For WLS, sections were stained with an
anti-WLS antibody YJ5 (Biolegand; 1:200). The mCRPC TMA in figure 4 contains 20 cases
from the University of Washington rapid autopsy program. PORCN staining was similarly
performed with anti-PORCN antibody (ab105543, Abcam, 1:200, RRID:AB_10860951).
Primary antibodies are detailed in Supplemental Materials.

Xenografts and drug treatment

Male 5-6 week old ICR SCID mice (intact or castrated) were purchased from Taconic and
housed in the Animal Research Facility at Beth Israel Deaconess Medical Center (BIDMC,
Boston, MA). All procedures were approved by the BIDMC IACUC and conformed to NIH
guidelines. For all xenograft studies, after tumors were established, mice were randomly
assigned to experimental groups. For RV1 tumor growth studies, 5-6 weeks old ICR

SCID mice were injected subcutaneously with one million of either Rv1_tet shAPC or
RV1 tet shNTC cells in 50% Matrigel. Five mice were inoculated for each group, and mice
were fed with doxycycline chow (0.625 g/kg, Harlan Tekland) and water (1 mg/ml in 1%
dextrose), commencing at the initial implantation. Once tumors were established (tumor
volume, 100-200 mm3), tumor sizes were followed twice a week by directly measuring with
calipers.

For drug treatment studies in the R1-7TFP model, 5-6 week old ICR SCID mice (castrated)
were injected subcutaneously with one million R1-7TFP PC cells. When tumors reached
approximately 200 mm3, the host was randomly assigned to the control or to treatment

with the PORCN inhibitor ETC-1922159 (ETC-159, which is currently being evaluated in a
phase 1 clinical trial, NCT02521844). For drug treatment studies in BIDPC5, LuCaP70CR
and LuCaP77CR, 5-6 weeks old ICR SCID mice (castrated) were similarly injected
subcutaneously with the respective patient derived xenograft (PDX). When tumors reached
approximately 200 mm3, the host was randomly assigned to the control or treatment groups.
Tumor sizes were followed twice a week by directly measuring with a caliper. Fold changes
of the tumor volume were calculated by normalizing each tumor to its size measured on

day 1 (treatment starting point). The ETC-159 was kindly provided by A*STAR, Singapore.
ENZ was purchased from Selleckchem.com. The treatment group received 30 mg/kg of
ETC-159 (in 0.2 ml 0.5% carboxyl methyl-cellulose by oral gavage) every other day. The
control group received the carrier solution only. ENZ was added to the drinking water to
achieve a dose of 25 mg/kg/d.

ChlP-seq analysis

ChiIP-seq data for TCF7L2 was obtained from LNCaP (GSM1249449) and

HCT116 (GSM782123). H3K27Ac ChlP-seq data resources: LNCaP (GSM1902615),
VCaP (GSM2537221), SW480 (GSM2058027), HT29 (GSM2042876) and HCT116
(GSM1890730). ChlP-seq profiles of TCF7L2 and H3K27Ac flanking the ROR1 gene were
demonstrated using IGV reference to Hg38.
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GraphPad Prism 9 Software (GraphPad Software Inc., RRID:SCR_002798) was used for all
statistical analysis unless otherwise specified. The significance of the difference between the
two groups was determined by the 2-tailed Student’s #test. To assess the growth difference
in the treatment studies, Mann-Whitney tests were used to compare the control versus ETC
treatment groups. Pearson Correlation was used for all correlation analyses. The Log-rank
test was used for survival analysis. Statistical significance was accepted at < 0.05.

Data Availability Statement

RESULTS

The GEO accession number for RNA-seq data generated in this study is GSE188557.

Identification of Wnt/p-catenin signaling signature by transcriptome profiling in PC cells

Genomic alterations predicted to activate WNT/B-catenin signaling have been identified in
~10-26% of PC (Supplementary Fig. S1A, Supplementary Table S1). However, downstream
effectors of this pathway in PC, and the activity of this pathway in tumors without

these genomic alterations, remain unclear. We initially found that available Wnt/p-catenin
pathway signatures could not clearly identify PC with loss of APC or stabilizing mutations
in CTVNBI (Supplementary Fig. S1B). Therefore, we undertook to assess the response

to physiological stimulation of this pathway in PC cells with WNT3a in conjunction with
depletion of RNF43 or ZNRF3, the ubiquitin ligases that negatively regulate Wnt signaling.

Examination of the CCLE database showed that RNF43 and ZNRF3 were expressed

at comparable levels across a panel of PC cells lines (Supplementary Fig. S1C), but
knockdown of RNF43 or ZNRF3 did not enhance the responses to WNT3a in LNCaP,
RV1, or PC3 cells (using AXIN2 as a measure of Wnt/p-catenin signaling) (Supplementary
Fig. S1D). In VCaP cells, knockdown of RNF43, but not ZNRF3, potentiated the response
to WNT3a (Supplementary Fig. S1E, F). Therefore, we carried out RNA-seq in VCaP

cells depleted of RNF43 by siRNA and then stimulated with WNT3a, which altered the
expression of 340 genes (P<0.05, Fig. 1A).

In parallel we assessed effects of APC depletion, which was comparably expressed among
PC cell lines (Supplementary Fig. S1G). Treatment with 3 independent APC siRNA
increased AX/NZ expression to a much greater degree than WNT3a (Supplementary Fig.
S1H), which may reflect APC suppression of nuclear -catenin activity as well as its role in
the cytoplasmic destruction complex (27). VCaP cells depleted of APC by 2 different sSiRNA
caused the differential expression of 2436 genes (P<0.05, Fig. 1B). The greater number

of genes affected by APC depletion may reflect both increased Wnt/p-catenin pathway
activation and additional B-catenin independent activities of APC (28).

To enrich for direct downstream targets of WNT/p-catenin signaling, we intersected the two
datasets to obtain a common 124-gene set (Fig. 1C). The top enriched pathways for these
genes were Whnt signaling and several developmental pathways, all consistent with Wnt
signaling (Fig. 1D). These associations were significantly greater for the common 124-gene
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set than for the genes uniquely altered by either APC or RNF43/WNT 3a, consistent with this
gene set being more specific for Wnt/p-catenin signaling. In contrast, the gene sets uniquely
altered by APC depletion were associated with cell cycle and cytoskeleton-related processes
(Fig. 1E). Notably, previous studies have indicated that APC has Wnt pathway-independent
functions related to these processes (27,29).

Refinement of Wnt/B-catenin signature by integration with clinical datasets

To assess the clinical relevance of these 124 genes and refine the WNT/B-catenin signature,
we obtained the gene expression data from PC clinical datasets including TCGA (primary
PC), Stand Up to Cancer (SU2C) and West Coast Prostate Cancer Dream Teams (WCPCDT)
(mCRPC biopsies), and FHCRC (rapid autopsy samples) (1-3,30). Tumors in each dataset
were ranked for Wnt/B-catenin pathway activity based on the 124-gene signature. A 47-gene
subset of the 124 genes was then selected based on their association with Wnt signaling-high
status in at least three of the datasets (Fig. 2A), which showed only minimal overlap with
previously reported Wnt/p-catenin gene-sets (Supplementary Table S2). The top biological
processes associated with these 47 genes were related to Wnt signaling (Fig. 2B-D).
Notably, “negative regulators of Wnt signaling” was one of the prominent GO terms (Fig.
2B), consistent with increased Whnt signaling as these negative regulators (including AXIN2,
GREM2, NKD1, and ZNRF3) are strongly induced by Wnt signaling.

Whnt activity scores based on the 47-gene signature were then generated for each tumor

in the clinical datasets, which revealed a continuum of Wnt activty in both primary

and metastatic PC (Supplementary Fig. S2). Notably, while tumors with APC loss had
comparable high Wnt activity scores in each dataset (with more modest increases in the
CTNNBI-mutant tumors), the mCRPC groups had lower Whnt activity scores in cases
without APC or CTNNBLI alterations (Fig. 2E-H). The LuCaP series of PC patient-derived
xenografts (PDXs) also showed markedly higher Wnt activity scores in the tumors with
APC losses (Fig. 21). This range of Wnt activity in tumors without Wnt-related genomic
alterations indicates that Wnt activity in these tumors may be driven by nongenomic
mechanisms.

Epigenetic downregulation of APC is not associated with Wnt/B-catenin signaling

As noted above, APC loss was strongly associated with Wnt/p-catenin pathway activity.
Interestingly, deep deletions of APC appear more common in primary PC, versus truncating
mutations in mCRPC (Supplementary Fig. S3A). Similar to APC alterations in CRC,
truncating mutations are clustered in the p-catenin interacting region, and in at least a
subset of cases are associated with loss of the second copy (Supplementary Fig. S3B). The
prevalence of these truncating mutations in CRC is presumed to reflect a requirement for
some residual APC activity, and may confer responsiveness to tankyrase inhibitors (31). The
more frequent genomic loss via deletion in primary PC indicates that such residual activity
may be more important for metastatic growth.

APC is amongst the most highly methylated genes in PC (11,12), and this is associated
with decreased mRNA (Fig. 3A), although effects on protein remain to be established.
Survival analysis in the TCGA and MSKCC datasets show a trend of decreased disease-free
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survival with reduced APC expression (Fig. 3B), suggesting that epigenetic downregulation
of APC may confer a more aggressive phenotype. Interestingly, acute downregulation of
APC by siRNA (~80% reduction), which markedly induced Wnt signaling, suppressed

cell proliferation (Supplementary Fig. S4A) (28). In contrast, stably expressing an APC
shRNA had only ~50% reduction, which is in the range of reduction seen /n vivo due to
increased methylation (Fig. 3A), and did not have impaired proliferation (Supplementary
Fig. S4B). Therefore, we generated subcutaneous xenografts from these cells expressing
APC shRNA versus control RV1 cells expressing a nontargeting sShRNA. Consistent with

a more aggressive phenotype, the APC knockdown xenografts developed earlier and grew
more rapidly (Fig. 3C). Analysis of individual xenografts confirmed that APC mRNA was
reduced to ~50% of control levels, and also showed a variable ~2-5-fold increase in AXIN2
(Fig. 3C).

These results indicated that enhanced tumor growth after downregulation of APC mRNA
(and presumably APC protein, but reliable antibodies to assess this are not available)

may reflect increases in Wnt/p-catenin pathway activation. However, analysis of the
TCGA primary PC dataset showed that APC mRNA expression was positively, rather than
negatively, correlated with Wnt/p-catenin pathway activity (Fig. 3D). Similarly, there was
not a consistent inverse correlation in the mMCRPC data sets (Fig. 3D). These findings
indicate that the epigenetic downregulation of APC in PC /n vivo does not activate Wnt/pB-
catenin signaling, and suggest this APC downregulation may be oncogenic through distinct
Whnit/B-catenin-independent mechanisms. As noted in figure 1, gene sets related to mitosis
were strongly associated with APC downregulation, but not with WNT3a stimulation. This
is consistent with studies indicating a mitotic spindle scaffold function for APC (28), but
oncogenic effects of loss of this function are unclear.

To further explore alternative oncogenic mechanisms, we integrated the cell cycle genes
associated with APC depletion (but not with WNT3a stimulation) in \VCaP cells and
associated with high Wnt/p-catenin signaling in mCRPC (as these are predominantly
APC-deficient) (Supplementary Table S3). We then further tested for association with
APC expression, which yielded four genes (CDK®6, PLK1, BUBIand CDC25C) that were
inversely correlated with APC mRNA in mCRPC datasets (Fig. 3E). RT-qPCR confirmed
the induction of these genes by APC siRNA (Supplementary Fig. S5A). One interpretation
of these results is that APC downregulation is driving cells through cell cycle and thereby
increasing expression of these genes. Alternatively, if APC downregulation has deleterious
effects on the mitotic spindle, then these increases may be compensatory and reflect an
increased dependence on PLK1, BUB1, and CDC25C. In support of the latter hypothesis,
we found that APC downregulation /n vitro enhanced sensitivity to a pan-PLK inhibitor
(B12536) and a PLK1-specific inhibitor (PCMOQ75), although the differences were modest
(Supplementary Fig. S5B). Overall these results indicate that epigenetic downregulation of
APC is not driving Wnt/B-catenin signaling, but may contribute to aggressive behavior by
distinct mechanisms.
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Non-genomic mechanisms mediating Wnt pathway activation in clinical samples

Importantly, the initial 124-gene and the subsequently derived 47-gene set reflect
downstream responses to Wnt pathway activation, but not upstream activators. To identify
nongenomic upstream activators in primary PC, we stratified TCGA primary PC tumors
into Wnt-signature-high and -low quartiles, and obtained 3356 genes that were differentially
expressed between the two groups (absolute fold change >1.5 at p<0.05). We then filtered
this list for all Wnt pathway related genes (Supplementary Table S4). Two genes on this
filtered list are established downstream targets of Wnt signaling (AX/N2and LEFI), and 7
(in addition to AX/NZ2) are negative regulators of Wnt signaling (DKKI-4, SFRP1,2,5). The
remaining genes expressed at substantial levels were WLS (Wntless, a ligand transporter
required for Wnt production), WNTZ2B, FZD1/3/7, LRP6, RSPO3, TCF7L2, and SOX9
(Figure 4A).

The association of WLS mRNA with Wnt signaling was found in groups of samples with
both low or high cellularity, indicating this association was not just a reflection of tumor
content (Supplementary Fig. S6A). The WLS association with Wnt signaling indicated that
tumor cell autocrine Wnt synthesis, or potentially paracrine Wnt synthesis by adjacent
stromal cells, might be driving Wnt pathway activity. To investigate the source of Wnt, we
performed immunohistochemistry for WLS. The specificity of the WLS antibody was first
confirmed using cell blocks with WLS knockdown (Supplementary Fig. S6B). Staining of
human prostate revealed WLS expression in basal epithelium, but not luminal epithelium,

of normal glands (Figure 4B, upper left panel). There was a similar pattern in Prostatic
Intraepithelial Neoplasia (PIN) lesions, with WLS in the discontinuous basal cell layer

and minimal staining in the luminal cells (Figure 4B, upper right panel). These findings
indicate that basal cells are the primary source of Wnts in normal prostate. In contrast, WLS
in tumor foci was expressed primarily in tumor cells (Figure 4B, upper right and bottom
panels), although we also observed scattered and variable staining in the surrounding stroma
in some cases. WLS expression was also heterogeneous in some tumors (Figure 4B, bottom
right panel). Overall these observations indicate that tumors acquire the capacity to produce
Wnts.

The enzyme mediating Wnt palmitoylation (PORCN), was also correlated with Wnt
activity in TCGA, although more weakly (Supplementary Fig. S6C). IHC showed PORCN
expression in PC cells (Supplementary Fig. S6D), further supporting autocrine Wnt
synthesis in primary PC. In contrast to primary PC, WLS mRNA expression was more
weakly associated with Wnt/p-catenin signaling in mCRPC (Figure 4C). Nonetheless, WLS
mRNA levels in primary PC and mCRPC were comparable, and by IHC we observed
intermediate to high WLS expression in ~70% of mCRPC cases (Figure 4D), suggesting
WLS may be driving more noncanonical Wnt signaling in mCRPC.

Downstream effectors of Wnt/B-catenin signaling in PC mediate diverse functions

Many of the genes in the 47-gene Wnt signature for PC are known negative regulators

of Wnt signaling. Additional genes in common with other Wnt signatures were LEFI and
CD44. Analyses for biological processes associated with these 47 genes did not suggest any
further specific functions. Therefore, we next used Random Forest Analysis to identify the
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subset of genes that were most associated with Wnt pathway activation. The most important
genes driving the Wnt score were negative regulators of Wnt signaling (ZNRF3, AXINZ,
and NKDJ) (Fig 5A). The next highest-ranking gene was ROR1. Significantly, ROR1 (along
with ROR2 and RYK) is a receptor for WNT5a and mediator of noncanonical Wnt signaling
(32), suggesting that an important function for canonical Wnt/p-catenin signaling in PC may
be to prime cells for responsiveness to noncanonical Wnt signaling (see below).

Further genes that were highly predictive of Wnt/pB-catenin signaling were AHR, DST,
RAPH1I, and MICALZ (Fig. 5A). Aryl hydrocarbon receptor (AHR) has been implicated as
a Wnt/p-catenin target gene in several cancers (33), and may play a role in maintaining stem
cells (34). The latter three genes are involved in cell adhesion and migration. This analysis
also identified RUNXZ as a significant Wnt downstream effector in PC. One study indicated
that RUNX1 contributes to PC growth (35), but it has not been linked to Wnt signaling.

We confirmed Whnt regulation of AHR, ROR1, and RUNX1 by RT-qPCR (Fig. 5B) and
immunoblotting (Fig. 5C).

As a further approach, we used a TCF-regulated luciferase reporter gene, which revealed
substantial basal canonical Wnt signaling in R1 cells, a subline derived from CWR22
xenografts. Activity of the reporter gene and the expression of endogenous AXIN2 were
markedly decreased by siRNA targeting WLS, indicating that it was driven by autocrine Wnt
synthesis (Supplementary Fig. S7A). Notably, treatment with ETC-159 (PORCN inhibitor)
suppressed the expression of ROR1, AHR and RUNX1 (Supplementary Fig. S7B). Finally,
the growth of R1 xenografts was significantly suppressed by ETC-159 (Supplementary Fig.
S7C), indicating that these tumors were dependent /7 vivo on autocrine Wnt synthesis.

Noncanonical Wnt signaling in mCRPC

The expression of WLS in mCRPC that is not strongly correlated with Wnt/p-catenin
signaling suggested that Wnt synthesis may be preferentially driving noncanonical Wnt
signaling in these cancers. However, an analysis of gene expression data in primary PC
versus mCRPC did not reveal any clear alterations in relative expression of WNT5a or

other Wnts (Supplementary Fig. S8A), or expression of Wnt receptors (Supplementary

Fig. S8B). To further address the relationship between WLS expression and canonical
Whnt/B-catenin signaling, we compared for all genes their correlation with WLS versus the
Wht activity score. There was a storng correlation in the TCGA primary PC dataset (Fig.
6A). In contrast, genes in the mMCRPC datasets showed more divergence, with many genes
being associated with WLS expression but not canonical Wnt/B-catenin signaling, consistent
with WLS-dependent Wnt synthesis driving expression of additional noncanonical signaling
pathways in mCRPC (Fig. 6A).

We then further interrogated clinical samples for genes associated with high Wnt activity.
Among the top 1000 genes, 71 genes were shared in both primary PC and mCRPC
(Supplementary Fig. S9A, B). Pathway analysis showed that no pathway other than

Whnt signaling was represented in these 71 genes. AXINZ2, AHR, RORI, and RUNX1
were included in these 71 genes, and they were more strongly correlated with WLS in
the TCGA versus mCRPC datasets (Supplementary Table S5). Notably, we also found
46 genes commonly associated with high Wnt activity in mCRPC, but not in primary
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PC (Supplementary Fig. S9C). These include genes related to the TGFp pathway and
TNFRSF19 (previously described as a B-catenin target gene in human mesenchymal stem
cells and prognostic marker in clinically localized PC for risk of metastatic progression)
(36,37), which could represent canonical Wnt signaling functions related to metastasis or
castration-resistance.

Conversely, we selected the top 1000 genes associated with WLS expression, but not the
Whnt signature, in the mCRPC datasets. We identified 5 genes in common (ER/3, HSDL 1,
CEACAMS, CEP41, and SCP2) as potential targets of noncanonical Wnt signaling in
mMCRPC (Fig. 6B). H#SDL 1 was reported to be increased in PC compared to normal prostate
(38), but was also found to be highly methylated or have copy humber loss in mMCRPC

(39). CEACAMS5 was reported as a tumor-associated surface antigen in neuroendocrine PC
(40), and showed outlier levels of expression in neuroendocrine PC (41). To assess whether
these five genes may be noncanonical Wnt effectors, we first surveyed WNT5a protein
expression in PC cell lines to identify a model that may have basal autocrine noncanonical
Whnt signaling, and found the highest level in LAPC4 cells (Fig. 6C). Stimulation of LAPC4
cells with WNT5a increased expression of all five genes, while CEACAMS5 and ER/3 were
induced by WNT5a in VVCaP cells (Fig. 6D).

Previous studies have implicated canonical Wnt/B-catenin signaling in PC progression to
mMCRPC and resistance to ENZ or abiraterone (6-10,21,42), but have also found increased
WNT5a and implicated increased noncanonical Wnt signaling (22,43). We addressed this
further by assessing the canonical 47-gene WNT score in a set of CRPC patients stratified
based on ENZ treatment (9). We did not find an increased WNT score in the ENZ-resistant
versus naive tumors, but did find WLS expression was elevated in the ENZ-resistant cases,
with a trend toward increased CEACAMDS and CEP41 (Supplementary Fig. S10A). This
analysis was also extended to sScRNA-seq on a series of tumor biopsies from ENZ-exposed
versus -naive tumors (44). Both the 47-gene WNT score and WLS expression were
heterogeneous in cells from the same biopsies, and consistent with the analysis of bulk
sequencing in mMCRPC, WLS expression was not correlated with the 47-gene WNT score
(Fig. 6E). Moreover, the WNT score was not increased in cells from ENZ-exposed tumors
(Fig. 6F). Finally, in one case where tumor biopsies were obtained before ENZ initiation and
at progression, scRNA-seq showed an increase in WLS without an increase in the 47-gene
WNT score (Supplementary Fig. S10B). Taken together these findings indicate that WNT
synthesis is progressively skewed toward driving noncanonical signaling with progression to
MCRPC and ENZ-resistance.

Canonical Wnt signaling primes for noncanonical signaling by increasing ROR1

We next carried out a matrix analysis of genes in the 47 gene Wnt signature to determine
whether particular functions may predominate in some tumors. This identified clusters
associated with noncanonical Wnt signaling (ROR1, KIF26b), metastasis (ODAM), a
RUNX1 hub, and a stem cell hub headed by AHR and CD44 (Supplementary Fig. S11A).
Notably, gene clusters comprised of canonical Wnt targets, including AXIN2, GPC4 and
NKD1, may also interact with the noncanonical cluster represented by ROR1, KIF26b, the
metastasis cluster (MICHEAL2 and ODAM), or with the AHR and CD44 stem hub.
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The identification of a noncanonical Wnt signaling cluster including RORL1, a receptor for
noncanonical Wnts, suggested that canonical WNT/B-catenin signaling may be priming
for responsiveness to noncanonical Whts. To test this hypothesis, we carried out APC
knockdown in VCaP cells to increase the expression of ROR1, and then assessed responses
to WNT5a. Indeed, after APC knockdown, cells became more responsive to WNT5a based
on increased phosphorylation of Smad and CaMKII (Fig. 7A, B), which are downstream
markers of noncanonical Wnt signaling (45). Moreover, the WNT5a treatment did not
increase expression of AXIN2, KIF26b, or ROR1, indicating that it was not acting through
canonical Wnt signaling (Fig. 7C).

To further assess whether ROR1 is directly regulated by Wnt/p-catenin in PC, we examined
available TCF7L2TCF4 ChIP-seq data in LNCaP cells, and in a CRC cell line with
genomic Wnt/B-catenin pathway activation (HCT116 cells). Two TCF7L2 binding peaks
were identified in both cell lines upstream of the ROR1 gene (Supplementary Fig. S11B).
Notably, ChiP-seq showed an H3K27Ac peak overlapping the major TCF7L2 binding site in
both VCaP and LNCaP PC cells, but not in two of three CRC lines. Together these findings
support the conclusion that ROR1 is Wnt/p-catenin regulated in PC, but not consistently in
CRC.

In vivo assessment of WNT dependence and the therapeutic effect of PORCN inhibition

We next examined a castration-resistant PDX (BIDPC5) generated from our rapid autopsy
program (46). Immunohistochemistry revealed that WLS was highly expressed in multiple
metastatic sites in this case (Fig. 7D) and in the PDX (Fig. 7E). Subcutaneous PDXs were
generated and mice were then treated with vehicle, ENZ, or ETC-159 (47) for 3 weeks.
Consistent with its castration-resistance, the PDX was not responsive to ENZ, while tumor
growth was markedly suppressed by ETC-159 (Fig. 7F). Immunoblotting showed that LEF1,
as well as ROR1, AHR, and RUNX1, were reduced in response to the PORCN inhibition,
consistent with the latter genes being Wnt/p-catenin regulated in vivo (Fig. 7G).

To further assess Wnt dependence and the therapeutic effect of PORCN inhibition,

we surveyed WLS expression by IHC in a series of LuCaP PDXs and identified two
additional PDXs (LuCaP70CR and LuCaP77CR) with WLS expression (Supplementary Fig.
S12A). Growth of LUuCaP70CR, which expresses higher levels of WLS, was arrested by
ETC-159 treatment (Supplementary Fig. S12B). LuCaP77CR PDXs were also suppressed
by ETC-159, although this did not reach statistical significance.

DISCUSSION

Genomic alterations that activate Wnt/p-catenin signaling are relatively common in mCRPC
(2-6), and activation of this pathway may drive resistance to AR-targeted therapies (6-10),
but nongenomic activators of this pathway and its downstream effectors in PC remain to be
established. We used WNT3a stimulation and APC depletion to identify downstream targets
of Wnt/B-catenin signaling in a PC cell line, which were then integrated with clinical data to
derive a 47-gene signature indicative of Wnt/B-catenin pathway activity in PC. Primary PC
and mCRPC with genomic APC loss had comparable high Wnt scores based on this gene-
set, but overall Wnt scores were lower in mCRPC, suggesting relatively lower activation
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of this pathway by nongenomic mechanisms in CRPC. In addition to genomic alterations,
APC expression may be decreased by methylation (11,12), but its decreased expression by
this mechanism was not associated with increased Wnt score in clinical samples. Analysis
for other potential upstream activators of Wnt signaling in primary PC identified WLS,
which by IHC was found to be primarily expressed in tumor cells, indicating autocrine Wnt
production as a driver of Wnt/p-catenin activity in primary PC. Notably, IHC showed that
WLS was also highly expressed in the majority of mMCRPC cases, but it was more weakly
associated with the canonical WNT score, indicating that it may be more substantially
driving noncanonical WNT signaling in mCRPC.

Consistent with noncanonical Wnt signaling in mCRPC, some previous studies have found
increased expression of WNT5a in mCRPC (22,43). Notably, amongst the genes most highly
associated with Wnt/B-catenin signaling was ROR1, a coreceptor for noncanonical Wnt
signaling (32), indicating that one function of Wnt/p-catenin signaling in PC may be to
prime tumor cells for noncanonical Wnt signaling. Indeed, we confirmed that increased
ROR1 enhanced the response to WNT5a. Of note, while Wnt/B-catenin signaling is

essential for prostate stem cell generation and proximal ductal outgrowth during prostate
development, WNT5a and noncanonical Wnt signaling also play key roles in regulating
these processes (48-50). We suggest this early Wnt/p-catenin developmental pathway,
including priming for response to noncanonical Whnts, is reactivated in the microenvironment
of primary PC.

AHR and RUNXI are two additional genes we found to be highly associated with
Whnit/B-catenin signaling. AHR is most commonly associated with driving the metabolism
of xenobiotic ligands, but also has context-dependent oncogenic and tumor-suppressive
functions, the former including maintenance of cancer stem cells. One previous study
found that it could be increased by B-catenin activation in some PC cell lines (33), while
data from another group found that it was constitutively active and that its suppression

by an inhibitor could decrease PC cell line growth (51). RUNX1 fusion proteins have
been characterized as drivers of AML, but recent studies have established roles in the
development of many tissues including prostate (52), and context-dependent oncogene

or tumor-suppressor roles in several solid tumors. These findings indicate that AHR and
RUNX1 are downstream effectors of Wnt/p-catenin signaling in PC that may contribute to
oncogenic effects including stem cell maintenance and invasion.

Significantly, we confirmed that Wnt synthesis inhibition with a PORCN inhibitor /n
vitroand in vivoin PC models expressing WLS caused marked growth arrest and

decreased expression of LEF1, AHR, RUNX1, and ROR1, consistent with suppression

of Wnt/B-catenin signaling. While the decrease in ROR1 would also presumably suppress
noncanonical Wnt signaling, its role in driving tumor growth is less clear. WNT5a signaling
has been implicated in cancer cell invasion and metastasis, but it has also been reported to
inhibit expansion of tumor-initiating cells and to induce PC dormancy (45,53). In any case,
while suppression of Wnt/B-catenin and/or noncanonical Wnt signaling may be contributing
to responses, we suggest that expression of WLS may be a biomarker of mCRPC that will
respond to Whnt synthesis inhibition.
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PC with genomic alterations upstream of the -catenin destruction complex (R-Spondin
gene fusions, loss of RNF43 or ZNRF3) may also respond to agents including Wnt synthesis
inhibitors or tankyrase inhibitors that stabilize the destruction complex. In contrast, the
potential efficacy of these agents in tumors driven by alterations in APC s less clear. APC
alterations in CRC are predominantly truncating mutations in the region that mediates
[B-catenin binding. Tumors with these truncating mutations may respond to tankyrase
inhibitors, which is presumed to reflect some residual ability of the truncated APC (31).
APC mutations in PC are similarly enriched for truncations in this region, and a subset may
similarly respond to tankyrase inhibition. Surprisingly, a recent study in a GEM model of PC
indicated that even tumors with biallelic loss of APC may respond to tankyrase inhibition,
which presumably reflects some residual function of the destruction complex in the absence
of APC (54). This could be a feature of PC that is distinct from CRC, as deep deletions of
APC are rare in CRC, but appear more common in PC.

A further surprising finding was that epigenetic downregulation of APC was not associated
with increased Wnt/p-catenin pathway activation, suggesting distinct tumor suppressor
functions. Consistent with this hypothesis, while stable moderate downregulation of APC
by shRNA only weakly increased Wnt/B-catenin pathway activity, it markedly enhanced
xenograft establishment. Notably, amongst genes that are recurrently altered in PC,

only APC alterations are enriched in metastatic versus primary castration-sensitive PC,
indicating that these APC alterations confer metastatic potential rather than just resistance
to AR-targeted therapies (4). Significantly, while alterations in APC may be oncogenic
through several mechanisms, they may also create vulnerabilities that can be exploited
therapeutically. However, further studies are needed to establish these additional oncogenic
mechanisms and therapeutic vulnerabilities.

Previous studies have indicated that Wnt/B-catenin signaling is increased in mCRPC and
may contribute to resistance to more intensive AR blockade (6-10), with one study finding
that WLS was increased in PC cells treated with ENZ (55). While our data do not support

a general increase in Wnt/p-catenin signaling in mCRPC, direct or indirect interactions with
AR signaling are likely in a subset of tumors. Therefore, further studies into the efficacy of
Whnt signaling inhibition, alone or in combination with AR targeted therapy, are warranted.
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Significance Statement

This work provides fundamental insights into Wnt signaling and prostate cancer cell
biology and indicate that a subset of prostate cancer driven by autocrine Wnt signaling is
sensitive to Wnt synthesis inhibitors.
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Figure 1. Transcriptome profiling of canonical Wnt/p-catenin signaling in PC cells.
A, Differentially expressed genes between VVCaP with (n=2) or without (n=2) WNT3a/

RNF43 knockdown (p-value <0.05). B, Differentially expressed genes between VCaP with
control siRNA (n=2) and APC siRNA (n=2) (p-value <0.05). C, Overlap of differentially
expressed genes from the two treatments. D, Enriched pathways based on shared genes. E,
Enriched pathways for genes regulated only by APC. Enrichment was by Metacore Pathway
Enrichment Analysis, p<0.01. Blue stripes, enrichment for the common 124 genes; Orange
solid bars, enrichment for genes uniquely regulated with RNF43i/WNT3a; blue solid bars,
enrichment for genes uniquely regulated upon APC knockdown.
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Figure 2. Wnt signature derived by integrative analysis of VCaP cells and clinical datasets
predicts Wnt activities.

A, Fold change of 47-geneset between Wnt-high versus Wnt-low status in clinical datasets
and VCaP with APC knockdown (APCi) and WNT3a/RNF43 knockdown. Patients were
stratified into Wnt-high (WH, top 10% Whnt activity score based on 124 gene set) and
Wht-low (WL, bottom 10% of the Wnt activity score) within TCGA (WH, n=55 vs WL,
n=105), SU2C (WH, n=14 vs WL, n=14), WCPCDT (WH, n=14 vs WL, n=11) and
FHCRC (WH, n=28 vs WL, n=16) datasets. B, C, GO biological processes or Pathway
enrichment for 47-geneset with P value <0.01. D, Upstream prediction analysis. E-I, Scatter
plots, with lines at median and interquartile ranges, show Whnt activity score distributions
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in cases with or without APC/ CTNNBI alterations in the following clinical datasets and
one PDX dataset: E, TCGA (Rest, n=449; APC, n=10; CTNNBI, n=15); F, SU2C (Rest,
n=118; APC, n=9, CTNNBL, n=4); G, WCPCDT (Rest, n=141; APC, n=3; CTNNBI,
n=5); H, FHCRC (Rest, n=141; APC, n=3; CTNNBI1, n=5); |, LuCaP PDX series (Rest,
n=34; APC-deleterious stands for APC loss/truncation mutations, n=10; APC-nonsym is
nonsynonymous mutations of unclear functional significance, n=4). Mann-Whitney tests,
cutoff p<0.05. **** = p<0.0001, *** = p<0.001, ** = p<0.01, * = p<0.05, nNs =no
significance.
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Figure 3. Epigenetic downregulation of APC promotestumor growth but does not correlate with
Wnt/B-catenin pathway activation.

A, Expression correlation analysis of APC with promoter methylation in TCGA (n=436,
cases with genomic APC alterations excluded). B, Kaplan Meier survival analysis of cases
with different APC expression levels in MSKCC (Memorial Sloan Kettering Cancer Center)
and TCGA datasets. Left panel: MSKCC (Unaltered group represents APC expression
z>0.7, n=12; Altered group represents APC expression z<-1.7, n=11). Right panel: TCGA
(Unaltered group represents APC expression z>0.7, n=62; Altered group represents APC
expression z<-0.7, n=86). Statistics: Log-rank Test performed. C, Left panel: Growth
curves of xenografts derived from RV1 cells with either doxycycline-inducible shAPC
(RV1_shAPC_DOX, red curves) or shNTC (non-target control, Rv1_shNTC_DOX, black
curves). Middle and right panels: gRT-PCR for APC (middle panel) or AXIN2 (right panel)
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in RV1_shAPC_DOX (red dots) and RV1_shNTC_DOX (black dots) harvested at indicated
endpoints. D, Expression correlation of APC with WNT activity scores in TCGA (n=548),
FHCRC (n=149), SU2C (n=89) and WCPCDT (n=99) datasets. E, Expression correlation of
APC with cell cycle genes PLKI1, BUB1, CDK6and CDC25C in FHCRC (n=149) dataset.
A, D and E statistics: Pearson correlation and linear regression. C statistics: Mann-Whitney
test. P<0.05 deemed significant.

Cancer Res. Author manuscript; available in PMC 2022 October 15.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Maetal. Page 26

A 100007 =0, 5064 r=0.5587 r=0.4511 C 0000, r=-0 2zo§HCRc
° P<0.0001 . P<0.0001 . P<0.0001 e
g . . ° P=0.0069
= - £ 4o
@ 5000- S 5000 )
z. n
2 2
] £ o
LI 5
- s
H § -5000
5000 2 4 2 0 2 4 6 1000
0 8 10 6 2 2 o0 2z a
wLS TCF7L2 LRP6
WCPCDT
100007 =0, 6068 r=0.4968 r=0.5237 60003 r=0.2858
® P<0.0001 P=0.0010 P<0.0001 : o P=0.0041
2 F . 5 4000
Q ‘ I3
9 5000- 4
£ 2 2000
2 H
g 8 0
= o =
Z 4
2 2 2000
2 0 2 4 6 8 2 0 2 Y 0 2 2 & 2 4 6 8 10
FzD7 FzD3 FzD1 su2c
10000 10,5028 r=0.3750 r=0.3973 100007 r=-0.4541
® P<0.0001 P<0.000 P<0.0001 ° P<0.0001
Q . " . S 8000 .
[*3 . o
® 5000 @
2 2 6000
2 >
3 8 4000
[ o =
< 4
H 2 2000
o
2 4 6 8 10

n=9/20,45%

Intermediate
n=5/20,25%

6/20,30%

n=

Figure 4. Wnt/B-catenin activity is correlated with tumor cell expression of WLS.
A, Expression correlation between potential Wnt drivers and WNT activity in TCGA

(n=448) dataset. B, Representative IHC of WLS in prostate. Upper left, normal prostate
glands with magnified focus area. Upper right, PIN lesions (black dashed line circles a

PIN focus, black arrows indicate luminal tumor cells; green arrows indicate basal cells; red
circles and arrows indicate surrounding tumor foci and lack ok basal cells). Lower panels
show WLS in primary PC, with heterogeneous WLS expression shown in lower right (tumor
area with positive WLS staining indicated by a red arrow). C, Correlation between WLS
mMRNA and Wnt activity in FHCRC (n=149), WCPCDT (n=99) and SU2C (n=89) datasets.
D, Representative IHC of WLS in a TMA of mCRPC (n=20), showing a range from negative
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to strong staining patterns. A and C statistics: Pearson correlations with linear regression,
correlation scores (r) and p values are shown. Significant: P<0.05.
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Figure 5. Downstream effector s of canonical Wnt/p-catenin signaling in PC.

A, Random forest analysis intersecting genes most correlated with Wnt/B-catenin pathway
activation in TCGA dataset and in VVCaP cells with APC knockdown and RNF43i/WNT3a
stimulation. B, gRT-PCR for downstream effectors of Wnt/B-catenin signaling in VCaP and
RV1 cells with RNF43i/WNT3a stimulation (40 or 100 ng/ml) or APC knockdown. C,
Immunoblotting of Wnt/p-catenin targets in VCaP (left panel) and RV1 (right panel) after
RNF43i/WNT3a stimulation or APC knockdown (representative of at least 3 replicates).
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Figure 6. WL S association with canonical ver sus noncanonical Wnt signalingin mCRPC.
A, Plot comparing for all genes their correlation with WLS expression versus WNT47

signature using the corresponding correlation coefficients (WLS_CE and WNT47_CE). The
correlations were assessed for TCGA, FHCRC, WCPCDT and SU2C datasets. B, Left panel,
overlap of the top thousand genes correlating with WLS expression and not the WNT47
signature in mCRPC datasets: FHCRC, WCPCDT and SU2C. Right panel, common five
potential noncanonical effectors and their corresponding correlation coefficients with WLS.
C, WNTH5A across a panel of PC cell lines by both RT-qgPCR and immunablotting. D,
RT-gPCR quantification of the five potential noncanonical effectors in response to WNT5a
stimulation in LAPC4 and VCaP. E, Distribution of WLS from scRNA-seq analysis of
mCRPC tumor biopsies and its association with Wnt activity defined by WNT47 signature.
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F, Scatter plots with lines at median and interquartile ranges of Wnt activity between
ENZ-naive (n=337) and ENZ-exposed (n=139) cells from scRNA-seq dataset.
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Figure 7. WNT/B-catenin signaling increases ROR1 in vivo and primesfor noncanonical Wnt

signaling.

A-C, VCaP cells were treated with control or APC siRNA for 3 days followed by
stimulation with WNT5a for 6 hours and immunoblotting or gRT-PCR. A and B, show
p-Smad and p-CAMKII responses to WNT5a with increased ROR1 (representative of at
least 3 replicates). C, gRT-PCR confirming APC depletion and showing that WNT5a is
not increasing canonical Wnt/B-catenin target genes. D, Representative images of H&E
and WLS IHC from multiple metastatic sites in ENZ-resistant rapid autopsy case. E,
Representative image of WLS IHC from PDX BIDPCS5 (BID5) generated from the case
in (D). F, Growth curves of PDX treated with vehicle (black, n=3), ENZ (green, n=3), or
ETC-159 (red, n=9). Statistics: Mann-Whitney test compared the difference between the
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ETC-159 and control arms. G, WNT/B-catenin effectors in response to PORCN inhibition
compared with untreated controls from tumors collected at the treatment endpoints.
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