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Abstract: Background: De-regulation of Wnt signaling pathways has been shown to be associated with progression
of castration-resistant prostate cancer and more recently, studies indicate that both canonical and non-canonical
Wnt pathways may mediate resistance to anti-androgen therapies such as enzalutamide. However, the mechanisms
by which Wnt signaling is altered in prostate cancer remain poorly understood. Wnt pathway function begins with
Wnt biogenesis and secretion from Wnt signal sending cells. While previous studies have investigated downstream
mechanisms of Wnt pathway alterations in prostate cancer, little is known on the role of Wnt secretion mediating
proteins. Wntless (WLS) is thought to be essential for the secretion of all Wnts. In this study, we sought to under-
stand the role of WLS in prostate cancer. Methods: RNA-seq and gene set enrichment analysis were used to un-
derstand expression profile changes in enzalutamide-resistant C4-2B-MDVR (MDVR) cells versus parental C4-2B
cells. Quantitative-PCR and western blot were used to confirm RNA-seq data and to assess expression changes of
gene targets of interest. Rv1 cells were used as a separate model of enzalutamide-resistant prostate cancer. RNAi
was used to inhibit WLS expression. Cell viability, colony formation, and PSA ELISA assays were used to assess cell
growth and survival. Results: Transcriptomic profiling revealed enriched Wnt pathway signatures in MDVR versus
parental C4-2B cells. We further show that MDVR cells upregulate Wnt signaling and overexpress WLS. Inhibition
of WLS decreases Wnt signaling, markedly attenuates prostate cancer cell viability, induces apoptosis, and re-
sensitizes enzalutamide-resistant cells to enzalutamide treatment. Lastly, we show that inhibition of WLS reduces
AR and AR-variants expression and downstream signaling. Conclusions: Our findings support a role for WLS in the
progression of prostate cancer to a treatment-resistant state. Further efforts to understand Wnt signaling pathway
alterations in this disease may lead to the development of novel treatments.

Keywords: Wnt signaling, castration-resistant prostate cancer, enzalutamide resistance, wntless, wls, porcupine,
porcn

Introduction through two separate signaling cascades; 1)
the beta-catenin dependent canonical pathway

Castration-resistant prostate cancer (CRPC) is and 2) the beta-catenin independent non-

a significant cause of cancer-related death in
men worldwide. Next-generation anti-androgen
therapies (NGATs) such as enzalutamide have
improved outcomes [1-3]. However, resistance
to therapy persists as an impediment to further
progress. Understanding the mechanisms by
which tumors evade NGAT resistance will en-
hance our ability to treat patients with CRPC.

Wnt signaling has been shown to be altered in
the development and progression of cancer [4,
5]. Wnt signaling exerts downstream effects

canonical pathways. Both Wnt signaling path-
ways have been shown to be involved in pros-
tate cancer progression and recently, it was
demonstrated that both canonical and non-
canonical Wnt signaling may play a role in resis-
tance to NGATs [6, 7]. However, the mecha-
nisms underlying Wnt-dependent treatment
resistance remain poorly understood.

While studies suggest that altered Wnt sig-
naling may be responsible for progression to
an anti-androgen resistant state, these studies
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have largely focused on downstream pathway
components such as altered expression or
function of beta-catenin [6]. In contrast, little is
known regarding the putative role of altered
Wnt secretion in prostate cancer. Wnt secreti-
on is largely controlled by two key players, Por-
cupine (PORCN) and Wntless (WLS) [8]. Porcu-
pine is a membrane-bound-O-acyl-transfera-
se responsible for lipidation of Wnt proteins
[9-12]. Lipidated Wnts then become substrates
for WLS which mediates transport of Wnts for
extracellular export where they can engage var-
ious receptors to elicit downstream signaling
[10, 13]. Both PORCN and WLS have been
shown to play a role in different cancer con-
texts, but the role of both PORCN and WLS in
prostate cancer remains to be elucidated.

In this current study, we present evidence for
increased Wnt signaling in a model of enzalu-
tamide resistant CRPC. We also show that both
PORCN and WLS are overexpressed in resis-
tant cells. As the increase in WLS was much
greater than that of PORCN, we focused on
WLS and further demonstrate that WLS me-
diates Wnt signaling and regulates cellular via-
bility. Inhibition of WLS re-sensitizes enzalu-
tamide-resistant cells to treatment. Finally, we
show that WLS regulates AR and AR-variant
expression and downstream signaling. These
findings expand our understanding of Wnt sig-
naling in advanced prostate cancer.

Materials and methods
Cell lines and reagents

C4-2B cells were kindly provided and authen-
ticated by Dr. Leland Chung (Cedars-Sinai Me-
dical Center, Los Angeles, CA). CWR22Rv1 cells
were obtained from the American Type Culture
Collection (ATCC). ATCC uses short tandem re-
peat profiling for testing and authentication of
cell lines. All cell lines are routinely tested for
mycoplasma every 6 months using ABM my-
coplasma PCR detection kit (Cat#: G238). All
experiments with these cell lines and their
derivatives were conducted within 6 months of
receipt or resuscitation after cryopreservation.
Cells were maintained in RPMI 1640 media
supplemented with 10% fetal bovine serum,
100 IU penicillin and 0.1 mg/ml streptomycin.
Enzalutamide-resistant C4-2B cells (C4-2B-MD-
VR) were described previously and maintained
in complete RPMI 1640 supplemented with 20
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UM enzalutamide [14]. C4-2B cells were cult-
ured alongside C4-2B-MDVR cells during their
creation as an appropriate control. All cells
were maintained at 37°C in a humidified incu-
bator with 5% carbon dioxide. Enzalutamide
(Cat#: S1250) was purchased from Selleck-
chem. All transfections were performed using
Lipofectamine RNAIMAX (Cat#: 13778150) pur-
chased from ThermoFisher according to man-
ufacturer’s instructions using 10-50 nM siRNA.
Non-targeting control siRNA (Cat#: 12935112)
and Stealth Wntless (WLS) targeting siRNA
were purchased from ThermoFisher. WLS-F-
Oligo (Cat#: 10620318): GGUAUUGGAGGAGGA-
UCACCAUGAU. WLS-R-0ligo (Cat#: 10620319):
AUCAUGGUGAUCCUCCUCCAAUACC.

Cell viability assay

Cells were plated at a density of 10,000-
40,000 cells/well in 24-well plates in complete
RPMI 1640 media without any selection agent.
After 24 hours, cells were subjected to indica-
ted treatments. At completion of assay, cell
growth was determined using CCK-8 reagent
(Dojindo) according to manufacturer’s instru-
ctions. For assays testing the effect of WLS-
targeting siRNA alone on cellular viability, assay
was performed 96 hours after transfection. For
assays combining siRNA transfection with drug
treatment, cells were transfected 24 hours
after plating, subsequently treated with indica-
ted drugs the following day, and viability assays
were conducted at 5 (MDVR) and 3 (Rv1) days
after drug treatment. Data is displayed as per-
cent of control cell growth. All conditions were
performed in triplicate. All experiments were
performed at least twice.

Colony formation assay

Cells were plated at 500 cells/well in 6-well
plates in complete RPMI 1640 with no selec-
tion agent. Plated cells were subsequently tr-
eated 24 hours later as indicated. Colonies
formed for 14 days. At the completion of the
assay, cell colonies were fixed and stained
using the following solution for 20 minutes;
0.05% w/v crystal violet, 1% of 37% formalde-
hyde, 1% methanol, 1X PBS. After staining, co-
lonies were rinsed, allowed to air dry, and co-
unted. Data is displayed as a percent of control
cell colony growth. All conditions were perfo-
rmed in duplicate. All experiments were perfo-
rmed at least twice.

Am J Clin Exp Urol 2019;7(4):203-214
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RNA-sequencing and GSEA analysis

Transcriptome analysis of the C4-2B and C4-
2B-MDVR cell lines was performed with next-
generation sequencing (NGS). For this, indexed
RNA-Sequencing (RNA-Seq) libraries were pre-
pared from 1 pg total RNA using the TruSeq
RNA Library Prep Kit purchased from lllumina
according to the manufacturer’s standard pro-
tocol, and as previously described [15]. The
libraries were then combined for multiplex
sequencing on an lllumina HiSeq 2500 System
(2x100 bp, paired-end; ~30 million reads/sam-
ple). A standard TopHat-Cufflinks workflow was
utilized for analysis of gene and transcript iso-
form expression [16]. For this, sequence reads
(FASTQ format) were aligned to the reference
human genomic sequence (Feb. 2009, GR-
Ch37/hg19) and splice junction mapping per-
formed with TopHat [17], and allowing for a
maximum of two mismatches. The Cufflinks
and Cuffdiff tools were used for transcript
assembly, quantitation, and differential expr-
ession [18]. Transcript abundance/expression
values were expressed as FPKM (fragments
per kilobase per million fragments mapped),
and were normalized with Cuffnorm [16]. GSEA
was performed using the Java desktop soft-
ware (http://software.broadinstitute.org/gsea/
index.jsp) [19, 20]. The PID_WNT_SIGNALING_
PATHWAY, KEGG_WNT_SIGNALING_PATHWAY,
and GO_WNT_SIGNALING_PATHWAY datasets
were downloaded from the Molecular Signa-
tures Database and were used in the GSEA
analysis.

Preparation of whole cell lysates

Cells were harvested, washed with PBS, and
lysed in RIPA buffer supplemented with 5 mM
EDTA, 1 mM NaV, 10 mM NaF, and 1X Halt
Protease Inhibitor Cocktail (Cat#: 78430) pur-
chased from ThermoFisher. Protein concentra-
tion was determined with Pierce Coomassie
Plus (Bradford) Assay Kit (Cat#: 23236) pur-
chased from ThermoFisher.

Western blot

Protein extracts were resolved by SDS-PAGE
and indicated primary antibodies were used.
Antibodies; LRP6 (CS-3395S, rabbit monoc-
lonal antibody, 1:1000 dilution), p-LRP6 (CS-
2568S, rabbit polyclonal antibody, 1:1000 di-
lution), and cleaved-PARP (CS-9541S, rabbit
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monoclonal antibody, 1:1000 dilution) were
purchased from Cell Signaling Technology. WLS
(MABS87, mouse monoclonal antibody, 1:1000
dilution) was purchased from Millipore Sigma.
AR-441 (SC-7305, mouse monoclonal antibody,
1:1000 dilution) was purchased from Santa
Cruz Biotechnology. GAPDH (MAB374, mouse
monoclonal antibody, 1:10000) and Tubulin
(T5168, mouse monoclonal antibody, 1:6000
dilution) were purchased from EMD Millipore
and Sigma-Aldrich respectively and were used
to monitor the amounts of samples applied.
Proteins were visualized with a chemilumines-
cence detection system (Cat#: WBLURO500)
purchased from Millipore.

Quantitative PCR (qPCR)

Total RNA was extracted using TRizol reagent
(Cat#: 15596018) purchased from ThermoFi-
sher. RNA was digested with RNase-free DNase
1 (Cat#: ENO5216101) purchased from Ther-
moFisher. cDNAs were prepared using ImProm-
Il reverse transcriptase (Cat#: M314C) purch-
ased from Promega. The cDNAs were subject-
ed to quantitative-PCR (qPCR) using SsoFast
EvaGreen Supermix (Cat#: 172-5205) purch-
ased from Bio-Rad according to the manufac-
turer’s instructions. Triplicates of samples were
run on default settings of Bio-Rad CFX-96 real-
time cycler. Each reaction was normalized by
co-amplification of Actin. Data was calculated
using the efficiency corrected method. Primers
used for qPCR were; ACTIN: F-CCCAGCCATGTA-
CGTTGCTA, R-AGGGCATACCCCTCGTAGATG; PO-
RCN: F-TACCTGAAGCATGCAAGCAC, R-CGGTG-
TCTACCATGTGCATC; WLS: F-TCATGGTATTTCAG-
GTGTTTCG, R-GCATGAGGAACTTGAACCTAAAA;
LEF1: F-CAGTCATCCCGAAGAGGAAG, R-AGGGC-
TCCTGAGAGGTTTGT; BAMBI: F-TGCACGATGTTC-
TCTCTCCT, R-GAAGTCAGCTCCTGCACCTT; AR:
F-CCTGGCTTCCGCAACTTACAC, R-GGACTTGTG-
CATGCGGTACTCA; AR-v7: F-AACAGAAGTACCTG-
TGCGCC, R-TCAGGGTCTGGTCATTTTGA; PSA: F-
GCCCTGCCCGAAAGG, R-GATCCACTTCCGGTAA-
TGCA; NKX3.1: F-CCGAGACGCTGGCAGAGACC,
R-GCTTAGGGGTTTGGGGAAG; UBE2C: F-TGGTC-
TGCCCTGTATGATGT, R-AAAAGCTGTGGGGTTTTT-
CC.

PSA ELISA
PSA levels were measured in conditioned me-

dia from MDVR cellular viability assay test-
ing WLS-targeting siRNA against non-targeting

Am J Clin Exp Urol 2019;7(4):203-214
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siRNA using a PSA ELISA Kit (KA0O208, Abnova,
Inc.) according to the manufacturer’s instruc-
tions. Data is displayed as percent of control
well PSA either with or without normalization to
well cell count. All conditions were performed in
triplicate. All experiments were performed at
least twice.

Statistical analysis

All quantitated data is displayed as percent of
control mean + standard deviation. Significance
was assessed using a two tailed two sample
equal variance students t-test. A p-value of <
0.05 was accepted as significant.

Results

Wnt signaling is up-regulated in enzalutamide-
resistant prostate cancer cells

We have previously created and characterized
the C4-2B-derived enzalutamide-resistant cell
line C4-2B-MDVR (MDVR) as a model of CRPC
with acquired resistance to enzalutamide treat-
ment [14, 21]. We performed RNA-sequencing
to assess transcriptomic changes between
MDVR and parental C4-2B cells and utilized
gene set enrichment analysis (GSEA) to deter-
mine pathway alterations which may mediate
resistance to enzalutamide [19, 20]. Notably,
we found Wnt signaling pathway gene sets were
significantly enriched in MDVR cells from three
separate data bases; PID_WNT_SIGNALING_
PATHWAY, KEGG_WNT_SIGNALING_PATHWAY,
and GO_WNT_SIGNALING_PATHWAY (Figure
1A). Enrichment of these gene sets suggests
increased Wnt signaling activity in MDVR cells
versus parental C4-2B cells. In line with this
finding, we indeed found several key Wnt tar-
gets up-regulated in our RNA-sequencing data
(Figure 1B). We also found increased LRP6 and
phospho-LRP6, which is a key component in
transmission of Wnt signaling (Figure 1C).
These data indicate that increased Wnt signal-
ing may play a role in enzalutamide resistance
and suggest that upregulated autocrine Wnt
signaling may mediate this change.

WLS regulates Wnt signaling in prostate can-
cer

We next sought to determine how Wnt signaling

may be altered in MDVR cells. For Wnt proteins
to be secreted for induction of downstream sig-
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naling, they must first be modified and trans-
ported out of signaling cells. PORCN is respon-
sible for lipidation of Wnts, which makes them
substrates for WLS, which has been found to
play a critical, if not indispensable, role in the
secretion of all Wnts [22]. We hypothesized that
an increase in PORCN and WLS expression may
be involved in the Wnt signaling pathway phe-
notype observed in MDVR cells. Indeed, both
PORCN and WLS were found represented in
gene sets used for our GSEA analysis. Inter-
estingly, we did find increased expression of
both PORCN and WLS in our RNA-sequencing
data comparing MDVR to C4-2B cells (Figure
2A). These results were confirmed by qPCR
(Figure 2B). We chose to focus on WLS and
show by western blot that WLS protein level is
markedly increased in MDVR cells (Figure 2C).
Analysis of publicly available data comparing
enzalutamide-resistant LNCaP and C4-2 cells
to parental controls is consistent with our data
showing WLS expression is increased 3.8 and
1.5 fold (data not shown) [6]. We also found
that increased WLS expression is associated
with high Gleason score prostate cancer in an
Oncomine dataset (Figure 2D). These data sug-
gest that WLS may play a key role in prostate
cancer progression.

We next asked whether WLS regulates Wnt sig-
naling in MDVR cells. Inhibition of WLS by siRNA
decreased both LRP6 and phospho-LRP6 pro-
tein levels, suggesting a decrease in autocrine
Wnt signaling (Figure 3A). Using gPCR, we
found that inhibition of WLS lead to decreased
transcript levels of two highly expressed Wnt
targets found in MDVR cells, LEF1 and BAMBI
(Figure 3B). Taken together, these data sugge-
st that increased WLS expression mediates
upregulated Wnt signaling in enzalutamide-re-
sistant prostate cancer cells.

Inhibition of WLS decreases proliferation and
induces apoptosis

Currently, no other studies have tested the role
of WLS in prostate cancer. Thus, we sought to
understand how WLS may regulate prostate
cancer cell viability. Using cell growth assays,
we found that siRNA mediated inhibition of WLS
expression significantly decreased MDVR cellu-
lar viability (Figure 4A). Decreased viability in
response to WLS knockdown was also coinci-
dent with significantly lower levels of secreted

Am J Clin Exp Urol 2019;7(4):203-214
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Figure 1. Enzalutamide-resistant MDVR cells display increased Wnt signaling. A. GSEA analysis of RNA-sequencing data comparing MDVR to C4-2B demonstrates
that MDVR cells display enrichment of Wnt pathway gene sets. B. RNA-sequencing FPKM values were compared and show increased expression of several Wnt
pathway targets in MDVR versus C4-2B cells. C. Western blot shows that LRP6 and phospho-LRP6 expression is increased in MDVR cells versus C4-2B cells. GAPDH
served as a loading control.
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Figure 3. Inhibition of WLS decreases Wnt signaling in MDVR cells. A. West-
ern blots were used to assay for protein levels of WLS, LRP6, and phos-
pho-LRP6 in MDVR cells transfected with WLS targeting siRNA (siWLS) or a
non-targeting control siRNA (siC) for 72 hours. GAPDH served as a loading
control. B. MDVR cells were transfected with siC or siWLS and harvested
after 48 hours. qPCR demonstrates that siRNA mediated inhibition of WLS
results in decreased expression of WLS, LEF1, and BAMBI in MDVR cells. *

= p-value < 0.05.

PSA (Figure 4B). Colony formation assays were
performed and show that inhibition of WLS
markedly decreases clonogenic potential of
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MDVR cells (Figure 4C). We
also found increased levels of
cleaved-PARP in response to
WLS inhibition in MDVR cells,
indicating induction of apopto-
sis (Figure 4D).

Our previous work has demon-
strated that 22Rv1 (Rv1) pros-
tate cancer cells harbor intrin-
sic resistance to enzalutami-
de. Interestingly, we found th-
at Rv1 cells also have increa-
sed WLS expression versus
C4-2B cells (Figure 4E). Simi-
lar to MDVR cells, inhibition of
WLS significantly decreases
Rv1 cellular viability and leads
to increased cleaved-PARP in-
dicating apoptosis (Figure 4F,
4G). These data demonstrate

that WLS is a critical component to maintaining
viability and promoting survival in enzalu-
tamide-resistant prostate cancer cells.

Am J Clin Exp Urol 2019;7(4):203-214
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Figure 4. Inhibition of WLS attenuates cellular viability and induces apoptosis in enzalutamide-resistant prostate
cancer cells. A. Cell viability assay demonstrates that siRNA-mediated inhibition of WLS (siWLS) versus non-target-
ing siRNA (siC) decreases MDVR cellular viability. B. PSA ELISA shows that inhibition of WLS reduces PSA secretion
in MDVR cells. C. Colony formation assays demonstrate that inhibition of WLS reduces clonogenic potential of MDVR
cells. D. MDVR cells were treated with siC or siWLS and harvested after 72 hours. Western blot for cleaved-PARP
suggests induction of apoptosis in response to decreased WLS expression in MDVR cells. GAPDH served as a load-
ing control. E. Western blot shows that Rv1 cells have increased WLS expression versus C4-2B cells. GAPDH served
as a loading control. F. Cell viability assay demonstrates that siRNA-mediated inhibition of WLS decreases Rv1
cellular viability. G. Rv1 cells were treated with siC or siWLS and harvested after 72 hours. Western blot for cleaved-
PARP suggests induction of apoptosis in response to decreased WLS expression in Rvl cells. GAPDH served as a
loading control. * = p-value < 0.05.
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Figure 5. Inhibition of WLS re-sensitizes enzalutamide-resistant prostate
cancer cells to enzalutamide treatment. A. Cell viability assay was used to
test MDVR cell response to control treatment (C = non-targeting siRNA (siC)
and drug vehicle (DMSOQ)), inhibition of WLS (siWLS), enzalutamide (Enz =
20 pM), or a combination of both. B. Cell viability assay was used to test Rv1
cell response to inhibition of WLS, enzalutamide (20 uM), or a combination
of both. * = p-value < 0.05.

Inhibition of WLS sensitizes resistant cells to
enzalutamide treatment

We've shown increased WLS expression in mo-
dels of enzalutamide-resistant prostate cancer.
Whether higher levels of WLS potentiate enza-
lutamide resistance is unknown. To test this,

nation is significantly more ef-
fective than either single tre-
atment in both MDVR and Rv1l
cells. These data indicate th-
at increased WLS expression
represents a novel mechani-
sm of enzalutamide resistan-
ce.

WLS regulates expression of AR and down-
stream signaling

The AR is the primary target for treatment of
prostate cancer. It has been demonstrated that
there is interplay between Wnt signaling and
the AR and downstream AR signaling. Fur-

209 Am J Clin Exp Urol 2019;7(4):203-214
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Figure 6. WLS regulates AR expression and AR signaling. (A) MDVR cells were treated with non-targeting siRNA (siC)
or WLS-targeting siRNA (siWLS) and harvested after 72 hours. Western blot shows decreased AR (top panel, light
exposure) and AR-variant (AR-V) expression (lower panel, darker exposure) in response to siWLS in MDVR cells.
Tubulin served a loading control. gPCR shows decreased (B). AR and AR-v7 expression and (C). PSA, NKX3.1, and
UBE2C expression in response to siWLS in MDVR cells harvested 48 hours after treatment. (D) PSA ELISA with
normalizing PSA by cell number demonstrates decreased PSA secretion in MDVR cells transfected with siWLS. (E)
Western blot shows decreased AR and AR-variant expression in response to siWLS treatment in Rv1 cells. GAPDH
served as a loading control. (F) gPCR shows decreased AR and AR-v7 expression in response to siWLS treatment in

Rv1 cells. * = p-value < 0.05.

thermore, Wnt signaling has been demonstrat-
ed to positively regulate AR expression [23].
Thus, we sought to test whether WLS may re-
gulate the AR and AR signaling. Western blot
demonstrates that siRNA knockdown of WLS
inhibits AR protein expression (Figure 6A). Inter-
estingly, we also found decreased levels of
AR-variants, which have been demonstrated to
mediate enzalutamide resistance through con-
stitutive AR signaling. qPCR further demonst-
rates that WLS inhibition results in decreased
AR expression and also AR-v7 expression (Fi-
gure 6B). Inhibition of WLS results in down-reg-
ulation of key AR target genes, PSAand NKX3.1,
as well as AR-v7 target gene UBE2C (Figure 6C).
PSA ELISA results from Figure 4B normalized to
numbers of cells remaining in the wells at the
time of the assay show that despite lower cell
numbers in siWLS wells, PSA secretion is still
significantly decreased, in line with qPCR re-
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sults (Figure 6D). We also found that inhibition
of WLS decreases both AR and AR-variants
expression (including that of AR-v7) in Rv1 cells
(Figure 6E, 6F). These data demonstrate that
WLS potentiates both AR expression and sig-
naling and may regulate transition to enzalu-
tamide resistance in part through regulation of
AR-variants.

Discussion

Despite progress in the field of CRPC treat-
ment, resistance to therapy appears inevitable.
Wnt signaling has been implicated in resistance
to anti-androgen therapy but the underlying
mechanisms remain largely unknown. In the
current study, we present evidence that Wnt
signaling and resistance to enzalutamide can
be potentiated by increased expression of the
Wnt secretion mediator WLS. We specifically

Am J Clin Exp Urol 2019;7(4):203-214



Whntless promotes viability and confers resistance to enzalutamide

show that WLS regulates Wnt signaling and pro-
motes tumor cell viability and resistance to
treatment. We also show that WLS plays a key
role in regulating AR expression and signaling.
These results further our understanding of Wnt
signaling in advanced prostate cancer and
highlight a potential new therapeutic target for
this disease.

It is thought that WLS is an essential compo-
nent for the trafficking of all Wnts and thus, it
represents a critical player in downstream Wnt
signaling. In support of this, inhibition of WLS
results in Wnt loss-of-function phenotypes in
several models. Relatively little is known regard-
ing the role of WLS in disease states, but stud-
ies have demonstrated a role for WLS in vari-
ous cancer contexts. Astrocytic gliomas were
shown to overexpress WLS and inhibition of
WLS decreased tumor viability and in vivo
tumor growth [24]. WLS was shown to play a
role in bladder cancer progression presumably
through regulation of the canonical Wnt signal-
ing pathway [25]. WLS was also shown to 1) be
overexpressed in a subset of ovarian, gastric,
and breast cancers, 2) be associated with a
poor clinical outcome in gastric cancer, and 3)
be associated with HER2 expression, although
the significance of this last association is poor-
ly understood [26]. Additional studies further
implicate WLS in the progression of leukemia
and colorectal cancer [27, 28].

In our study, we demonstrate that WLS inhibi-
tion decreases Wnt signaling, inhibits prostate
cancer cell viability, and re-sensitizes resistant
cells to treatment. As WLS is thought to regu-
late the secretion and subsequent function of
all Wnts, it is reasonable to hypothesize that
WLS serves as a master regulator of both
canonical and non-canonical Wnt signaling in
prostate cancer [22]. Both canonical and non-
canonical Wnt signaling are thought to play a
role in prostate cancer and progression to a
castration and therapeutic resistant state [29].
Zhang et al presented evidence for increased
beta-catenin expression and downstream sig-
naling in enzalutamide resistant prostate can-
cer, resulting in blunted response to treatment
[6]. Miyamoto et al utilized single-cell RNA-
sequencing of circulating tumor cells to show
that non-canonical Wnt signaling was activated
in those patients progressing after treatment
[7]. Additional studies to fully understand how
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WLS regulates Wnt signaling in advanced pros-
tate cancer are warranted.

Our studies further demonstrated that inhibi-
tion of WLS results in decreased AR expression
and downstream signaling. Interplay between
the AR and Wnt signaling pathways has been
documented in prostate cancer [30]. Wnt sig-
naling has been shown to promote AR expres-
sion and a physical interaction involving the AR
and beta-catenin has been demonstrated and
well characterized [23, 31-34]. Interestingly,
the interplay between the AR and beta-catenin
signaling pathways may differ by stage of the
disease [29, 30, 35]. In androgen sensitive
prostate cancer, it is thought that AR binding to
beta-catenin leads to increased AR signaling
with a subsequent decrease in Wnt targets ex-
pression possibly due to preferential beta-
catenin binding to AR rather than TCF/LEF tran-
scription factors. However, in CRPC, itis thought
that AR and beta-catenin signaling positively
work together to promote expression of a gene
signature which potentiates a castration-resis-
tant phenotype. Our work suggests that Wnt/
beta-catenin signaling continues to work with
AR signaling in enzalutamide-resistant prostate
cancetr.

Recent efforts have highlighted the important
role of AR-variants in mediating a resistant phe-
notype in CRPC patients [36-38]. Our data indi-
catesthatinhibition of WLS results in decreased
AR-variant expression and suggests that it also
decreases downstream AR-variant signaling.
This novel and exciting finding suggests that
targeting Wnt signaling may alleviate AR-variant
mediated therapeutic resistance making it a
highly attractive therapeutic strategy. Underst-
anding how Wnt signaling promotes the expres-
sion of AR-variants will require further study.

Conclusions

Our findings show that WLS is upregulated in
enzalutamide-resistant prostate cancer and
potentiates viability and a resistant phenotype.
While further study is needed to fully under-
stand the complex role of Wnt signaling in pros-
tate cancer progression, our data suggests
that targeting Wnt secretion and downstream
signaling may represent an attractive strategy
for the treatment of resistant CRPC.
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