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Wntless expression promotes lineage plasticity  
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Abstract: Resistance to androgen receptor (AR) targeted therapies remains as the main reason for most prostate 
cancer related deaths. Lineage plasticity resulting in altered, treatment insensitive prostate tumor cell phenotypes 
such neuroendocrine differentiated prostate cancer is a common manifestation within resistant tumors upon AR-
targeted therapies. The mechanisms responsible for lineage plasticity in prostate cancer remain incompletely un-
derstood. Here we demonstrate that the enzalutamide resistant MDVR cell line possesses lineage plastic charac-
teristics associated with overexpression of the Wnt transporter Wntless (WLS). Furthermore, we present evidence 
that overexpression of WLS is common in varying cell line models of lineage plastic prostate cancer, is higher in 
neuroendocrine patient samples, and positively correlates with the neuroendocrine marker SYP in clinical data. 
Targeting WLS in lineage plastic cellular models reduces viability and represses lineage plasticity associated gene 
expression. Our study provides insight into the importance of WLS to the development of lethal resistant prostate 
cancer and provides a potential target for the treatment of advanced disease. 
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Introduction

Prostate cancer has historically been treated 
with androgen deprivation therapy (ADT) since 
androgen receptor (AR) stimulation of oncogen-
ic signaling is the main driver of tumor growth. 
However, while initial treatment is modestly 
effective, prolonged ADT eventually fails lead-
ing to castration-resistant prostate cancer 
(CRPC). The recent development and clinical 
implementation of next-generation anti-andro-
gens (NGAT’s) including enzalutamide, abira- 
terone, apalutamide, and darolutamide have 
enhanced our ability to target AR and improve 
patient outcomes, but the emergence of resis-
tance to treatment is still a challenge to long 
term disease control [1]. Ongoing investiga- 
tions have revealed that the mechanisms medi-
ating resistance to AR-directed therapies are 
numerous and heterogeneous, but further 
study promises to lead to the development of 
novel treatments for advanced disease.

One of the mechanisms responsible for the 
development of treatment resistance is linea- 
ge plasticity [2]. Lineage plasticity describes a 
process whereby a cell may differentiate into a 
cell with a new identity with altered characteris-
tics. Through this process, tumor cells can dif-
ferentiate into more aggressive and poten- 
tially AR pathway independent lineages. Treat- 
ment induced neuroendocrine prostate cancer 
(t-NEPC) is a recognized variant of CRPC which 
represents one potential fate of lineage plastic 
prostate cancer. t-NEPC is commonly character-
ized by decreased AR expression and/or canon-
ical signaling and high expression of one or 
more neuroendocrine (NE) markers including 
synaptophysin (SYP), neuron-specific enolase 
(NSE/ENO2), CD56 and chromogranin A (CHGA) 
[3]. However, to date, there is no standard sig-
nature to diagnose t-NEPC. While t-NEPC repre-
sents one CRPC variant of lineage plasticity, it 
does not represent all potential fates. Resistant 
prostate cancer lineages also include but are 
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not limited to a double negative phenotype 
which is both AR-null and NE-null, and a gastro-
intestinal lineage characterized by expression 
of the transcription factors HNF4G and HNF1A 
[4, 5]. Furthermore, additional, hybrid lineages 
with overlapping characteristics are thought to 
arise, suggesting there may be a spectrum or 
continuum of lineages capable of conferring 
resistance to treatment [2]. Thus, lineage plas-
ticity represents a heterogeneous process 
which may give rise to multiple resistant pros-
tate cancer subtypes. Further complicating this 
phenomenon is our lack of understanding of 
how cells gain access to lineage plasticity and 
how differentiation occurs. It is thought that lin-
eage plasticity is associated with altered acti-
vation of developmental, stem, and EMT signal-
ing programs [6]. While the mechanistic spe- 
cifics are not yet understood, the development 
and characterization of treatment resistant 
models promises to aid elucidation of lineage 
plastic characteristics and their drivers. 

We previously described and characterized an 
enzalutamide resistant CRPC cell line, C4-2B-
MDVR (MDVR), derived from long-term expo-
sure of C4-2B CRPC cells to enzalutamide [7]. 
Our past work has largely focused on AR- 
dependent mechanisms of resistance [8-10]. In 
the present study, we present evidence that 
MDVR cells also represent lineage plastic dis-
ease in that they appear less reliant on tradi-
tional AR-signaling and to have acquired EMT, 
stem, and neural signaling programs. These 
findings are in line with the notion that lineage 
plasticity may give rise to a spectrum of pheno-
types with overlapping characteristics. Addi- 
tionally, MDVR cells present with high expres-
sion of Wntless (WLS), a Wnt transporter th- 
ought to play an indispensable role in Wnt sig-
naling [11]. Wnt signaling has been suggested 
to play a role in prostate cancer progression to 
a NE phenotype [12]. Here, we present evi-
dence that WLS is both associated with and 
regulates lineage plastic characteristics and is 
highly expressed in several models of lineage 
plastic disease. We also show that WLS inhibi-
tion decreases viability of lineage plastic pros-
tate cancer cells. Altogether, our study demon-
strates the utility of MDVR cells in studying 
lineage plasticity and suggests that WLS is a 
mediator of the lineage plastic phenotype. 

Materials and methods

Cell lines and reagents

CWR22Rv1, PC3, and NCI-H660 cells were 
obtained from the American Type Culture Co- 
llection (ATCC). ATCC uses short tandem repeat 
profiling for testing and authentication of cell 
lines. All cell lines are routinely tested for my- 
coplasma using ABM mycoplasma PCR detec-
tion kit (Cat#: G238). CWR22Rv1 and PC3 cells 
were maintained in RPMI 1640 media supple-
mented with 10% fetal bovine serum, 100 IU 
penicillin and 0.1 mg/ml streptomycin. Enzalu- 
tamide-resistant C4-2B cells (C4-2B-MDVR) 
were previously described and maintained in 
complete RPMI 1640 supplemented with 20 
µM enzalutamide [7]. NCI-H660 cells were cul-
tured in RPMI-1640 base medium with 5% FBS, 
10 nM β-estradiol, 10 nM hydrocortisone, and 
1% insulin-transferrin-selenium. All cells were 
maintained at 37°C in a humidified incubator 
with 5% carbon dioxide. Enzalutamide (Cat#: 
S1250) was purchased from Selleckchem.  
All transfections were performed using Lipo- 
fectamine RNAiMAX (Cat#: 13778150) pur-
chased from ThermoFisher according to manu-
facturer’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): GGUAUUGGAGGAGG- 
AUCACCAUGAU. WLS-R-Oligo (Cat#: 106203- 
19): AUCAUGGUGAUCCUCCUCCAAUACC.

RNA-sequencing and GSEA analysis

RNA isolated from 1) C4-2B cells treated with 
vehicle (DMSO) or enzalutamide (20 µM) for 48 
hours, 2) C4-2B and C4-2B-MDVR cell lines 48 
hours after plating without selection agent, or 
3) MDVR cells treated with non-targeting or 
WLS-targeting siRNA for 72 hours was subject-
ed to next generation sequencing (NGS) as 
described elsewhere [13]. Vehicle or enzalu-
tamide treated C4-2B cells and C4-2B versus 
MDVR samples were submitted to Novogene 
for RNA-sequencing and analysis according to 
their pipeline methodology. Alternatively, non-
targeting or WLS-targeting siRNA treated MD- 
VR samples were submitted to the UC Davis 
Comprehensive Cancer Center’s Genomics 
Shared Resource (GSR) for RNA-Sequencing 
(RNA-Seq) and analysis according to the follow-
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ing methodology; Indexed, stranded mRNA-seq 
libraries were prepared from total RNA (100  
ng) using the KAPA Stranded mRNA-Seq kit 
(Roche) according to the manufacturer’s stan-
dard protocol. Libraries were pooled and multi-
plex sequenced on an Illumina NovaSeq 6000 
System (150-bp, paired-end, > 20 × 10^6 
reads per sample) at the QB3 Vincent J. Coat- 
es Genomics Sequencing Lab University of 
California, Berkeley. RNA-Seq data was ana-
lyzed using a Salmon-tximport-DESeq2 pipe-
line. Raw sequence reads (FASTQ format) were 
mapped to the reference human transcrip- 
tome index (GRCh38/hg38, GENCODE release 
31) and quantified with Salmon [14]. Gene-level 
counts were imported with tximport [15] and 
differential expression analysis was performed 
with DESeq [16].

GSEA was performed using the Java desktop 
software (http://software.broadinstitute.org/
gsea/index.jsp) [17, 18]. The HALLMARK_
ANDROGEN_RESPONSE, REACTOME_WNT_LI- 
GAND_BIOGENESIS_AND_TRAFFICKING, HALL- 
MARK_EMT, BOQUEST_STEM_CELL_UP, and 
WP_NEURAL_CREST_DIFFERENTIATION datas-
ets were downloaded from the Molecular Si- 
gnatures Database and were used in the GSEA 
analysis.

Quantitative PCR (qPCR)

Total RNA from 1) C4-2B cells treated with vehi-
cle (DMSO) or enzalutamide (20 µM) for 48 
hours, 2) C4-2B and C4-2B-MDVR cell lines 48 
hours after plating without selection agent, or 
3) MDVR cells treated with non-targeting or 
WLS-targeting siRNA for 72 hours was extract-
ed using TRIzol reagent (Cat#: 15596018) pur-
chased from ThermoFisher. cDNAs were pre-
pared from 1 ug RNA using ImPromII reverse 
transcriptase (Cat#: M314C) purchased from 
Promega. The cDNAs were subjected to quan- 
titative-PCR (qPCR) using SsoFast EvaGreen 
Supermix (Cat#: 172-5205) purchased from 
Bio-Rad according to the manufacturer’s in- 
structions. 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 us- 
ing the efficiency corrected method. Primers 
used for qPCR are as follows. 

ACTIN Forward - CCCAGCCATGTACGTTGCTA, 
ACTIN Reverse - AGGGCATACCCCTCGTAGATG; 

WLS Forward - TCATGGTATTTCAGGTGTTTCG, 
WLS Reverse - GCATGAGGAACTTGAACCTAAAA; 
PSA Forward - GCCCTGCCCGAAAGG, PSA 
Reverse - GATCCACTTCCGGTAATGCA; NKX3.1 
Forward - CCGAGACGCTGGCAGAGACC, NKX3.1 
Reverse - GCTTAGGGGTTTGGGGAAG; FKBP5 
Forward - AGAACCAAACGGAAAGGAGA, FKBP5 
Reverse - GCCACATCTCTGCAGTCAAA; UGT2B15 
Forward - GTGTTGGGAATATTATGACTA, UGT2B- 
15 Reverse - GGGTATGTTAAATAGTTCAGC; NSE 
Forward - CTGGCTAAATACAACCAGCTCA, NSE 
Reverse - CACAGCACACTGGGATTACG.

Western blot

Whole cell extracts were prepared by lysing 
cells with SDS cell lysis buffer and proteins 
were quantitated by BCA assay (Cat#: 23225, 
Pierce, Rockford, IL). Proteins were separated 
by SDS-PAGE. The blots were stained over- 
night with primary antibodies at 4°C and 
detected by enhanced chemiluminescence 
(Cat#: WBLUR0500, Millipore, Burlington, MA) 
following incubation with a peroxidase-label- 
ed secondary antibody. WLS primary antibody 
(MABS87) and NSE (MAB324) were purchased 
from Millipore Sigma. Tubulin (T5168) was pur-
chased from Sigma-Aldrich. AR 441 (sc-7305) 
and SYP (sc-9116) were purchased from Santa 
Cruz Biotechnology. 

cBioPortal

WLS expression was analyzed in neuroendo-
crine (NEPC) and adenocarcinoma CRPC sam-
ples in the Neuroendocrine Prostate Cancer 
(Multi-Institute, Nat Med 2016) database from 
cBioPortal [19, 20]. A two-tailed, unequal vari-
ance t-test was used to assess significance 
between the two groups. Additionally in the 
same dataset, WLS expression was correlated 
with that of Synaptophysin either in all samples 
or individually in either NEPC samples or ade-
nocarcinoma samples using the cBioPortal co-
expression tool. 

Cell growth assay

Cells were seeded at 25,000-50,000 cells per 
well in 24-well plates in complete media. After 
24 hours, cells were transfected with either 
non-targeting or WLS-targeting siRNA. Cell via-
bility was assessed 72 or 96 hours post trans-
fection using Cell Counting Kit-8 (Cat#: CK04-
20) purchased from Dojindo Molecular Tech- 
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nologies, Inc. Data are displayed as percent of 
control cell growth ± SD. All conditions were 
performed in triplicates.

Statistical analysis

All quantitated qPCR and cell growth assay 
data is displayed as fold change or 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

Enzalutamide resistant MDVR cells display de-
creased canonical AR signaling and increased 
Wnt signaling associated characteristics of 
lineage plastic prostate cancer

In this study, we sought to understand whether 
our previously characterized enzalutamide re- 
sistant MDVR cell line possesses lineage plas-
tic characteristics and putative drivers of plas-
ticity. We began our study by first characteriz- 
ing sensitive C4-2B cells response to enzalu-
tamide. RNA isolated from C4-2B cells treated 
with enzalutamide was submitted for RNA-
sequencing. Gene Set Enrichment Analysis 
(GSEA) of the data revealed significant down-
regulation of the HALLMARK_ANDROGEN_
RESPONSE in line with the expected effect of 
enzalutamide treatment (Figure 1A). qPCR vali-
dation of these findings demonstrated signifi-
cantly decreased transcription of canonical AR 
target genes PSA, NKX3.1, and FKBP5, and 
increased expression of the androgen repre- 
ssed gene UGT2B15 (Figure 1B). Further GSEA 
exploration of enzalutamide treated C4-2B 
cells revealed enrichment of several pathways 
associated with Wnt signaling, with near sig- 
nificant enrichment of the REACTOME_WNT_
LIGAND_BIOGENESIS gene set (Figure 1C). At 
the leading edge of this gene set, we found 
upregulation of several Wnt ligands, including 
Wnt4 and Wnt5a, and the Wnt transporter WLS. 
All three of these have been associated with 
enzalutamide resistance and/or neuroendo-
crine prostate cancer [21, 22].

We have previously shown that MDVR cells 
express higher levels of both full-length AR and 
AR-variants which are thought to contribute to 
drug resistance [7, 23]. Despite increased AR 

protein expression in MDVR cells, AR canonical 
signaling is not likewise upregulated, exempli-
fied by GSEA analysis that indicates suppres-
sion of the HALLMARK_ANDROGEN_RESPON- 
SE (Figure 1D). This is further supported by 
qPCR which shows decreased levels of PSA 
mRNA and general lack of expected effects on 
AR target genes (Figure 1E). Decreased canoni-
cal AR activity suggests the advent of lineage 
plasticity in our MDVR cell line. In line with our 
past study, MDVR cells maintain upregulation 
of the REACTOME_WNT_LIGAND_BIOGENESIS 
pathway with significantly increased expression 
of WLS compared to C4-2B, suggesting aug-
mented Wnt signaling activity in enzalutamide 
resistant MDVR cells (Figure 1F and 1G) [24]. 
Put together, these data indicate that MDVR 
cells may have acquired lineage plastic char- 
acteristics including an altered AR signaling 
program and increased developmental Wnt 
signaling. 

WLS regulates features associated with lin-
eage plastic prostate cancer

We further analyzed our RNA-seq data com- 
paring enzalutamide resistant MDVR cells to 
parental C4-2B cells for additional evidence of 
lineage plastic characteristics. Lineage plastic-
ity is thought to be associated with EMT, stem, 
and neural gene expression. GSEA shows sig-
nificant enrichment of several pathways which 
may be associated with lineage plasticity in 
resistant MDVR cells, including HALLMARK_
EMT, BOQUEST_STEM_CELL_UP, and WP_
NEURAL_CREST_DIFFERENTIATION gene sets 
(Figure 2A). Additionally, we found significant 
upregulation of the neuroendocrine phenotype 
marker NSE in MDVR (Figure 2B). These data 
support that MDVR cells possess lineage plas-
tic characteristics. 

Whether WLS may regulate lineage plasticity is 
not clear, but our previous report demonstrat- 
ed that inhibition of WLS significantly reduced 
MDVR cellular viability [24]. Interestingly, siR-
NA-mediated knockdown of WLS also reduced 
NSE expression as well as lineage plasticity 
associated gene sets found to be upregulat- 
ed in MDVR cells (Figure 2C, 2D). Altogether, 
these data support the hypothesis that WLS 
regulates features associated with lineage 
plasticity. 



WLS promotes lineage plasticity in prostate cancer

303 Am J Clin Exp Urol 2022;10(5):299-310

Figure 1. Enzalutamide resistant MDVR cells display lineage plastic characteristics. A. GSEA analysis of C4-2B cells treated with enzalutamide (20 μM) for 48 hours 
shows decrease of AR signaling in enzalutamide treated cells. B. Relative quantification of mRNA expression by qPCR of AR target genes in C4-2B cells treated with 
enzalutamide (20 µM) for 48 hours shows decreased AR transcriptional activity. C. GSEA analysis showing enhancement of Wnt biogenesis and trafficking in C4-2B 
cells treated with enzalutamide (20 µM) for 48 hours. Heatmap represents most upregulated genes in the set by fold change relative to vehicle (DMSO) treated 
control cells. D. GSEA comparing MDVR cells to parental C4-2B cells suggests downregulation of canonical AR signaling in MDVR cells. E. qPCR of AR target genes in 
C4-2B and MDVR shows lack of expected increase in AR pathway activity in MDVR cells despite AR expression. F. GSEA shows enrichment of Wnt ligand biogenesis 
and trafficking in MDVR cells compared to C4-2B cells. G. Relative mRNA expression analysis by qPCR of WLS between MDVR and C4-2B cells. *p-value ≤ 0.05.
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Figure 2. WLS regulates lineage plasticity features in MDVR cells. A. GSEA analysis shows significant enrichment of EMT, stem, and neural gene sets in MDVR cells. 
B. qPCR demonstrates increased mRNA expression of the neuroendocrine marker NSE in MDVR cells. C. qPCR shows decreased expression of WLS and NSE in 
MDVR cells 72 hours post treatment with WLS targeting siRNA. D. GSEA analysis shows that siRNA mediated WLS inhibition in MDVR cells decreases EMT, stem, 
and neural gene sets found to be enriched in these cells. siC = control non-targeting siRNA. siWLS = WLS-targeting siRNA. *p-value ≤ 0.05.
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WLS is highly expressed in models of lineage 
plastic prostate cancer and associated with 
neuroendocrine disease

Having demonstrated that WLS regulates the 
lineage plastic features of the enzalutamide 
resistant MDVR cell line, we sought to investi-
gate its expression in varying additional lineage 
plastic prostate cancer cell lines. PC3 cells are 
AR-negative and thought to possess features of 
neuroendocrine disease [25]. CWR22Rv1 (Rv1) 
cells are thought to possess an amphicrine 
phenotype as they are both AR-positive and dis-
play NE features [21]. NCI-H660 (H660) are a 
model of AR-null neuroendocrine prostate can-
cer [26]. Levels of WLS mRNA in MDVR, PC3, 
Rv1 and H660 are all increased when com-
pared to C4-2B (Figure 3A). Western blots sup-
port past studies of AR expression in these 
models and the increased expression of WLS 
as well as demonstrate increased expression 
of the neuroendocrine makers SYP and NSE in 
Rv1 and H660 cells (Figure 3B). 

To validate our result of increased WLS expr- 
ession in lineage plastic prostate cancer, we 

investigated a clinical data set available in 
cBioPortal [6, 19]. Although not significant, 
WLS shows an upward trend in NEPC clinical 
specimens compared to adenocarcinomas 
(Figure 3C). Using this same database, we 
show that there is a positive correlation bet- 
ween the expression of WLS and SYP, a NE 
marker. Further analysis suggests this correla-
tion is only present in neuroendocrine patients, 
while there is no correlation of expression in 
adenocarcinoma patients (Figure 3D), support-
ing our hypothesis that WLS plays a critical  
role in the development of lineage plasticity in 
prostate cancer. 

Inhibition of WLS reduces lineage plastic pros-
tate tumor cell viability and SYP expression 

Having presented evidence that WLS is highly 
expressed in multiple models of lineage pla- 
stic disease and that WLS knockdown in MDVR 
cells regulates lineage plastic characteristics, 
we next wanted to investigate the effects of 
silencing WLS on viability of lineage plastic 
PC3, Rv1, and H660 cells. Viability of all three 
cell lines was significantly decreased by siRNA 

Figure 3. High expression of WLS correlates with lineage plastic and neuroendocrine features in prostate cancer. 
A. qPCR shows increased WLS mRNA expression in varying lineage plastic models of prostate cancer (MDVR, PC3, 
Rv1, H660) relative to C4-2B cells. B. Western blots show protein levels of WLS, AR, NSE, and SYP in C4-2B, PC3, 
Rv1, and H660 cells. Tubulin served as a loading control. C. WLS mRNA expression comparison between CRPC 
adenocarcinoma and NEPC patients from Beltran’s 2016 cohort data available from cBioPortal depicting an up-
ward trend in the NEPC patients’ population. D. Co-expression data of WLS with SYP in Beltran’s 2016 clinical data 
obtained from cBioPortal showing positive correlation between WLS and SYP in NEPC patients but not in adenocar-
cinoma patients. *p-value ≤ 0.05.
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mediated WLS inhibition (Figure 4A). Knock- 
down was verified by western blots (Figure 4B). 
Additionally, knockdown of WLS decreased the 
expression of the NEPC marker SYP in both Rv1 
and H660 cells, supporting our findings regard-
ing the correlation of WLS and SYP expression 
in neuroendocrine prostate tumor samples. Al- 
together, our findings support that WLS ex- 
pression is associated with lineage plasticity 
and may promote progression of tumors toward 
resistant phenotypes. 

Discussion

Acquired resistance to therapy remains a sig-
nificant impediment to further progress in im- 
proving patient outcomes. Several mechanisms 

with new properties which render them less or 
un-responsive to treatment. Prostate cancer 
cell lineage plasticity is often associated with 
decreased AR expression and/or canonical 
activity (ie. PSA expression) and may involve 
acquisition of and differentiation into a com-
pletely altered cellular lineage [2]. Development 
of treatment induced neuroendocrine prostate 
cancer (t-NEPC) is one such fate of lineage plas-
ticity by which cells may evade AR-targeting 
treatments, but it is not the only fate [28]. It is 
thought that a spectrum of phenotypes harbor-
ing varying characteristics may exist [2]. Many 
questions regarding lineage plasticity remain 
including 1) how do cells acquire lineage plas-
ticity and what are its drivers, 2) what cellular 

Figure 4. WLS knockdown decreases viability and associated marker SYP 
in lineage plastic prostate cancer cell lines. A. Cell viability assays show de-
creased viability in lineage plasticity models of prostate cancer (PC3, Rv1, 
and H660) treated with WLS-targeting siRNA versus control treatment. B. 
Western blots show expression of WLS and SYP in cells treated with either 
WLS-targeting siRNA or control non-targeting siRNA. Tubulin served as a 
loading control. siC = control non-targeting siRNA. siWLS = WLS-targeting 
siRNA. *p-value ≤ 0.05.

have been proposed to give 
rise to anti-androgen resistan- 
ce including the advent of lin-
eage plasticity [27]. Despite 
this knowledge, little remains 
understood regarding this phe-
nomenon. Here we character-
ize our previously developed 
enzalutamide resistant C4-2B 
derived cell line, MDVR, as a 
model of lineage plastic pros-
tate cancer. MDVR cells are 
shown to have decreased ca- 
nonical AR signaling and in- 
creased expression of EMT, 
stem, and neural gene signa-
tures which are thought to be 
associated with lineage pla- 
stic disease. We also confirm 
increased expression of the 
Wnt transporter WLS, which 
we have previously shown to 
be associated with increased 
Wnt pathway activation [24]. 
WLS is shown here to be highly 
expressed in diverse models  
of lineage plastic prostate can-
cer and its inhibition reduces 
characteristics of lineage plas-
ticity and significantly dimin-
ishes viability in several mod-
els. Our data suggest that WLS 
may contribute to lineage plas-
ticity and be a potential thera-
peutical target.

It is thought that lineage plas-
ticity gives rise to cancer cells 
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lineages are possible, and 3) what can we tar-
get to treat lineage plastic disease? Chara- 
cterization of our enzalutamide resistant cell 
line as a model of lineage plasticity provides 
evidence that overexpression of WLS may be 
linked to this process.

We show that enzalutamide diminishes AR 
activity and induces Wnt ligand biogenesis and 
expression of the master Wnt regulator, WLS. 
These data are in line with a previous report 
that WLS is an AR repressed target gene [21].  
It is of note that increased Wnt signaling is 
thought to be involved in the development of 
anti-androgen resistance [22, 29]. Interesting- 
ly, we show that despite increased expression 
of both full-length and variant AR in MDVR cells, 
which we have previously shown, canonical AR 
activity is repressed compared to parental 
C4-2B cells [23]. These findings suggest that 
MDVR cells may have developed a degree of 
lineage plasticity during acquisition of resis-
tance. We also show that MDVR cells retain 
enrichment of Wnt ligand biogenesis gene ex- 
pression and confirm WLS is highly expressed 
in these cells as previously shown [21, 24]. Wnt 
signaling plays a pivotal role in development 
and may regulate several characteristics known 
to be associated with lineage plasticity includ-
ing stemness and EMT [30-32]. Furthermore, 
recent reports suggest Wnt signaling may be 
involved in the development of neuroendocrine 
prostate cancer [21, 33, 34].

Past reports have implicated several phenotyp-
ic and genetic changes to be associated with 
lineage plastic disease including alterations of 
EMT programs, stem signaling, and neural gene 
signatures [2, 6]. Using GSEA, here we report 
that relative to parental C4-2B cells, MDVR 
cells display significant enrichment of several 
gene signatures including the hallmark EMT 
signature, a stem signature, and a neural crest 
differentiation signature. It is interesting that 
prostatic neuroendocrine cells are thought to 
be derived from neural crest and a past report 
suggested a role for an intermediary neural/
neural crest stem cell phenotype en route to 
neuroendocrine transdifferentiation [35, 36]. 
We also show that MDVR cells overexpress  
neuron-specific enolase, a gene frequently as- 
sociated with the advent of neuroendocrine  
disease. Interestingly, inhibition of WLS was 
able to decrease features of lineage plasticity 

to varying degrees, implicating it as a poten- 
tiator and driver of lineage plastic characte- 
ristics. 

The study by Bland et al. showed that WLS sup-
ports neuroendocrine development through 
the ROR2/PKCδ/ERK signaling pathway [21]. 
The study presented here supports these find-
ings by showing a trend toward increased WLS 
expression in a clinical data set comparing neu-
roendocrine disease to adenocarcinoma and 
showing a positive correlation between WLS 
and the well characterized neuroendocrine 
marker SYP in neuroendocrine patient sam-
ples. However, our current study expands on 
past work by supporting a role for WLS not  
only in neuroendocrine differentiation but more 
broadly in lineage plasticity. Our data support 
that MDVR cells represent a resistant tumor 
cell line with characteristics of lineage plasticity 
including decreased canonical AR signaling and 
increased EMT, stem, and neural gene expres-
sion. It is thought that lineage plasticity may 
give rise to a continuum of phenotypes bet- 
ween well differentiated adenocarcinoma and 
disparate lineages [2]. While our data do not 
support full neuroendocrine differentiation in 
MDVR cells, results presented here support  
the hypothesis that MDVR cells represent a 
fate on the lineage plastic spectrum and that 
WLS potentiates this change. In line with these 
data, we see WLS highly expressed in addition-
al cell line models of lineage plasticity including 
PC3, Rv1, and H660. Several studies propose 
mechanistic models for the transdifferentia- 
tion from adenocarcinoma to lineage plastic 
disease including upregulation of MYCN, BRN2, 
and ONECUT2 [37-41]. We suggest a model 
whereby WLS expression supports broad spec-
trum lineage plasticity. Further study will be 
needed to better understand the contribution 
of WLS to prostate cancer progression. 

The question of how to treat lineage plastic 
prostate cancer remains largely unanswered. 
Here we show that inhibition of WLS by siRNA 
significantly reduces viability in PC3, Rv1, and 
H660 models of lineage plastic prostate can-
cer, consistent with the reports shown that inhi-
bition of WLS significantly reduce viability of 
MDVR cells [21, 24]. PORCN is a membrane 
bound O-acyl transferase upstream of WLS in 
the Wnt ligand biogenesis pathway and is a 
more druggable target to inhibit overactive Wnt 
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activity. Inhibition of PORCN using a small mol-
ecule inhibitor could also be used to treat CRPC 
xenograft tumors [21, 42]. These data support 
that WLS may serve as a putative therapeutic 
target for lineage plastic prostate cancer. 

In conclusion, our data collectively support a 
role for WLS in the advent of lineage plasticity. 
Additionally, we demonstrate that the enzalu-
tamide resistant cell line C4-2B-MDVR may be 
used as a model of lineage plastic disease and 
that inhibition of WLS may potentially be pur-
sued as a means to treat these aggressive and 
difficult to manage tumors.
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