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Abstract

Enzalutamide is a second-generation nonsteroidal antiandrogen clinically approved for the
treatment of castration-resistant prostate cancer (CRPC), yet resistance to endocrine therapy has
limited its success in this setting. Although the androgen receptor (AR) has been associated with
therapy failure, the mechanisms underlying this failure have not been elucidated. Bioinformatics
analysis predicted that activation of the Wnt/pB-catenin pathway and its interaction with AR play a
major role in acquisition of enzalutamide resistance. To validate the finding, we show upregulation
of B-catenin and AR in enzalutamide-resistant cells, partially due to reduction of p-TrCP
mediated-ubiquitination. While activation of the Wnt/B-catenin pathway in enzalutamide-sensitive
cells led to drug resistance, combination of p-catenin inhibitor ICG001 with enzalutamide
inhibited expression of stem-like markers, cell proliferation, and tumor growth synergistically in
various models. Analysis of clinical datasets revealed a molecule pattern shift in different stages of
PCa, where we detected a significant correlation between AR and pB-catenin expression. These data
identify activation of the Wnt/B-catenin pathway as a major mechanism contributing to
enzalutamide resistance and demonstrate the potential to stratify patients with high risk of said
resistance.
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Introduction

Prostate cancer (PCa) is the second most frequently diagnosed malignancies and the sixth
leading cause of cancer-related death in men worldwide (1). Although PCa can often be
cured at early stage (2), patients have to go through androgen deprivation therapy (ADT) (3).
AR is necessary for the function, survival, and differentiation of prostatic tissue (4,5). In
contrast, during carcinogenesis the function of AR signaling is altered from tumor
suppressive to tumor promoting (6,7). The disease eventually progresses into a stage called
castration-resistant prostate cancer (CRPC), when AR signaling is reactivated again (8).
Enzalutamide, a second-generation AR antagonist, was approved in clinic to treat CRPC
(9,10). Some mechanisms contributing to enzalutamide resistance have been reported
(11,12). However, a more comprehensive approach is needed to further explore the
underlying mechanisms for enzalutamide resistance.

B-catenin is a multifunctional protein. Numerous studies indicate that activation of B-catenin
signaling contributes to human cancer (13-16). A high-level B-catenin expression always
induces tumorigenic traits and promotes cancer cell proliferation and correlates with poor
overall survival (16,17). Further, B-catenin signaling is crucial for the pluripotent phenotype
and self-renewal of both normal and cancer stem cells (CSCs) (18,19). CSCs are resistant to
classic chemotherapy and radiotherapy. In PCa, it is possible that CSCs survive after
androgen ablation therapy, causing CRPC (20). Growing evidence shows that Wnt/B-catenin
signaling is highly active in CSCs and may have a role in prostate stem cell self-renewal
(21,22). In addition, AR and p-catenin may enforce each other to elicit target genes for
promoting androgen-independent growth and progress (23). However, the role of Wnt/B-
catenin signaling in enzalutamide resistance has not yet been reported, albeit it is urgently
needed in clinic.

Herein, we aim to probe for mechanisms of enzalutamide resistance using an unbiased
systems biology approach. To our knowledge, this is the first report to evaluate the
association between AR, B-catenin, and CSCs in enzalutamide-resistant PCa. We show that
inhibition of B-catenin overcomes enzalutamide resistance, thus enhancing its efficacy in
CRPC.

Materials and Methods

RNA-seq datasets

PCa patient data—1) TCGA Prostate Adenocarcinoma Patient Data. 498 PCa RNA
sequence and their-associated clinical information were obtained from Genomic Data
Commons Data Portal (GDC, https://portal.gdc.cancer.gov/). All of these RNA sequence
data were collected from Level 3 (for Segmented or Interpreted Data,
IllumninaHiSeq_RNASeqV2 of TCGA. 2) Hormone sensitive and resistant for high Gleason
score signature in TCGA PCas. Cancer samples were divided into low-grade (Gleason
scores <8) and high-grade (Gleason scores = 8). Samples with a high grade of Gleason score
plus hormone treatment were considered to be potentially hormone resistance. To integrate
patient demography and drug treatment annotation together, 140 out of 497 cases with
clinical hormone treatment were selected as observed objectives. 140 tumors were classified
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into low Gleason score (<8) and high Gleason score (=8) groups and identified differential
gene expression based on RPKM value by standard microarray analysis techniques (quantile
normalization and moderated t-statistics). 3) RNA-seq data of 7 patients with or without
treatment of ADT for ~22 weeks was collected from Gene Expression Omnibus, GSE48403.

Segregation of clinic specimens

We used Gleason score of 8 as a stricter criterion to segregate samples into “potential
hormone sensitive or resistant”. Patients response to hormone therapy should show less
aggressive. If the patients received hormone-therapy but continuously progressed to more
aggressive prostate cancer (Gleason score=8), patients should be considered as no or weak
response to hormone therapy which was termed as hormone-therapy resistance. Accordingly,
we set patients with Gleason score <8 as sensitive but Gleason score =8 as resistant to
hormone-therapy.

Immunofluorescence (IF) staining

IF staining was performed as described previously(24). Cells were incubated with antibodies
against p-catenin (catalog no. 610153, BD Transduction Laboratory) for 1 h at room
temperature, followed by incubation with secondary antibody and 4”,6-diamidino-2-
phenylindole (DAPI; Sigma) for 1 h.

Proteasome activity assay

Prepare by homogenizing cells with 0.5 % NP-40 in dH20 or PBS. Add up to 50 pl of each
cell extract or other proteasome sample to be tested to paired wells. Bring the volume of
each well to 100 pl with Assay Buffer. Add 1 pl of the Proteasome inhibitor to one of the
paired wells, 1 pl of Assay Buffer to the other well, mix. Add 1 pl of Proteasome Substrate
to all wells, mix, protected from light, mix. Measure Kinetics of fluorescence development at
Ex/Em = 350/440 nm in a micro-plate reader at 37°C for 30 — 60 min (catalog no. K245,
BIOVISION).

Luciferase assay

A T-cell factor/lymphoid enhancing factor (TCF/LEF) reporter kit was purchased from BPS
Bioscience (catalog no. 60500), and luciferase assays were performed according to the
manufacturer’s instructions.

Xenograft experiments

All the animal experiments described in this study were approved by the Purdue University
Animal Care and Use Committee (PACUC). After 22RV1 cells (2.5 x 10° cells per mouse)
were inoculated into nude mice (Harlan Laboratories) for two weeks, animals were
randomized into treatment and control groups of 6 mice each, followed by injection of
enzalutamide into the tail vein twice weekly. The ICG001 suspension was prepared in coin
oil and administered into mice via oral gavage twice weekly. Tumor volumes, calculated
from the formula V = L x W2/2 (where V is volume [cubic millimeters], L is length
[millimeters], and W is width [millimeters]).
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LuCaP35CR xenograft model

Mice carrying LuCaP35CR tumors were obtained from Robert Vessella at the University of
Washington. Tumors were amplified and then implanted into pre-castrated nude mice. After
enough tumors were amplified, tumors were harvested and cut into ~20- to 30-mm3 pieces
before being implanted into 20 pre-castrated nude mice. When tumors reached 200 to 300
mm?3, mice were randomly separated into 4 groups for different treatments.

Spheroid formation assay

Results

Single cells were cultured in serum-free DMEM/F12 medium (Invitrogen) supplemented
with 20 ng/ml human recombinant EGF (Sigma-Aldrich), 10 ng/ml human recombinant
bFGF (Sigma-Aldrich), 4 ug/ml insulin (Sigma-Aldrich), 500 U/ml penicillin, 500 ug/ml
streptomycin (Invitrogen) and 1% methylcellulose (Sigma-Aldrich). After cells were
cultured in suspension in poly-HEMA-coated 24-well plates, cells were replenished with
supplemented medium every other day. To propagate spheres /in vitro, spheres were collected
by gentle centrifugation and dissociated to single cells using TrypLE Express (Invitrogen).
Following dissociation, trypsin inhibitor (Invitrogen) was used.

Systematic detection of enzalutamide-resistant mechanisms in CRPC cells and tumors
based on transcriptomic analysis

To identify novel targets or pathways that might be responsible for enzalutamide resistance
in PCa, we analyzed expression levels of 514 human mRNAomes in three sample groups (4
PCa cell lines, 498 tumors from PCa patients treated with hormone therapy (sensitive vs
resistant), and 52 pairs PCa specimens (Fig 1A). The three gene expression datasets were
obtained from RNA-seq experiments of in-house cell lines, the Cancer Genome Atlas
(TCGA) of prostatic adenocarcinoma patients, and Gene Expression Omnibus (GEO)
GSE48403. Genome-wide transcriptome of all samples were profiled by high throughput
RNA-seq technique and preprocessed aligning reads toward genome and transcriptome with
NGSQC software (25) and its junction-mapping extension by STAR software (26) (see
Material and Methods). After associated pathway enrichment of DEGs was detected by
Gene Set Enrichment Analysis (GSEA), gene control network was constructed by ingenuity
pathway analysis (IPA) software. \enn diagrams as shown in Fig. 1B reveal 226 genes that
might be involved in enzalutamide resistance. The detailed gene list is shown in
Supplementary Table S1 and Table S2.

350 pathways were found to be activated in enzalutamide-resistant C4-2 cells by RNA-seq
analysis, 24 pathways were activated based on comparison of 7 pairs of next-generation
sequencing of advanced PCa tumors before and after treatment with androgen-deprivation
therapy via Gene set enrichment analysis (GSEA) (Supplementary Table S3). The
overlapping top six pathways enriched (p value <0.05) in both C4-2R cells and androgen-
deprivation therapy-resistant tumors (GSE48403) are displayed in Supplementary Table S4.
As indicated, the Whnt signaling pathway show strong activation upon enzalutamide
resistance in both PCa cell lines and PCa tumors. However, we found it was detected only in
tumor-adjacent normal tissue and enzalutamide-resistant PCa cells but not in primary PCa,
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i.e., the Wnt pathway is rewired from an active state in normal tissue, to an inactive state in
primary cancer, then to an active state again upon acquisition of enzalutamide resistance
(Fig. 1C).

Strong interaction between AR and p-catenin in CRPC based on Pearson correlation

analysis

Next, Pearson correlation analysis was performed to detect the gene expression interaction
of AR and B-catenin in 52 pairs of PCa tumors and tumor-adjacent normal tissues from
TCGA. Strong gene co-expression between AR and B-catenin in CRPC was observed with a
correlation coefficient /=0.6171 (Fig. 1D), whereas the co-expression was much weaker in
tumor-adjacent normal tissue with r=0.4516 (Fig. 1E). Further, the correlation was also
observed in 498 tumors with a correlation coefficiency /=0.5115 (Supplementary Fig. S1A).
However, the correlation of AR and B-catenin is dramatically reduced in 62 hormone
therapy-resistant tumors with /=0.3607 for unclear reasons (Supplementary Fig. S1B).

We then performed IPA analysis and found the interaction activity between AR and f3-
catenin is linked to the activity of important stem cell markers, such as OCT-4, SOX2,
CD44, ALDH1A1, ALDH7A2, ABCB1 and TGFB (Fig. 1F, Supplementary Fig. S1C, S1D
and S1E). In summary, AR, B-catenin and stem cells show a strong correlation upon
acquisition of enzalutamide resistance.

B-catenin was upregulated in enzalutamide-resistant PCa cells

To support the role of B-catenin in development of chemotherapy-resistance in CRPC, we
evaluated the possible alteration of p-catenin level in PCa cells. As indicated, the levels of p-
catenin were clearly elevated in MR49F and C4-2R than in LNCaP and C4-2 respectively
(Fig. 2A, 2B, 2C and Supplementary Fig. S2A). Next, we investigated subcellular
localization of -catenin. Consistent with the immunofluorescence (IF) data, we also
detected elevated levels of nuclear g-catenin in enzalutamide-resistant cells than their
parental cells (Fig. 2D). To further confirm activation of the Wnt/p-catenin pathway, TCGA
dataset (http://www.cbioportal.org/study?id=nepc_wcm_2016#summary) analysis was used
to explore genomic and transcriptional alterations of relevant genes involved in the pathway.
As shown in Supplementary Fig. S2B, amplifications of CTNNB1 (26%), c-myc (53%) and
CCND1 (27%) were found in PCa specimens. Correspondingly, we found mRNA
upregulation in 43% of CTNNBL, 43% of c-myc and 28% of CCND1 (Supplementary Fig.
S2C). In addition, we also found that multiple components of the Wnt pathway were
increased, supporting activation of this pathway (Supplementary Fig. S2B, S2C). These
genomic and RNA-seq analyses in dataset from TCGA are consistent with our findings.

Suppression of the proteasome pathway contributes to upregulation of B-catenin

To distinguish the accumulation of B-catenin is due to increased transcription or altered
protein modification that contributes to increased stabilization, we first compared mRNA
levels of four PCa cell lines and found that there was only slight higher of p-catenin mRNA
level in MR49F cells than in LNCaP cells. Interestingly, the level of p-catenin mRNA in
C4-2R cells was actually lower than that of C4-2 cells (Fig. 2E), suggesting transcriptional
alteration doesn’t contribute to the elevation of p-catenin in resistant cells. We then switched
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to evaluate the role of protein modification by ubiquitination assay. As shown in Fig. 2F, less
polyubiquitination was detected in C4-2R and MR49F cells in comparison to their
enzalutamide-sensitive counterparts. Furthermore, treatment with MG132, a proteasome
inhibitor, clearly increased p-catenin levels in both LNCaP and MR49F cells. Of note, less
increase of B-catenin in MR49F cells compared with that in LNCaP cells after MG132
treatment indicates more activation of proteasome pathway (Fig. 2G). To further rule out p-
catenin regulation at the gene expression level, we treated LNCaP and MR49F cells with
cycloheximide, an inhibitor of protein translation, and then directly measured turnover of -
catenin. As indicated, the levels of B-catenin protein were gradually decreased in LNCaP
cells, but largely unchanged in MR49F cells (Fig. 2H). It was established that B-TrCP is an
E3 ligase that is responsible for polyubiquitination of p-catenin, resulting in its degradation
through the proteasome pathway (27,28). To support, we compared B-TrCP protein levels in
sensitive versus resistant cells. We found less B-TrCP in MR49F cells compared with
LNCaP cells, consistent with the data obtained from cells treated with cycloheximide and
MG132. To support the conclusion that proteasome pathway was more activated in
enzalutamide-sensitive than in -resistant cell lines, we performed proteasome activity assay
and found less proteasome activity in 22RV1 and MR49F cells than that of C4-2 and LNCaP
cells, respectively (Fig. S2D). In addition, ectopic expression of B-TrCP indeed reduced the
levels of B-catenin in 22RV1 and MR49F cells, further supporting the notion that increased
levels of B-catenin in resistant cells was at least partially due to loss of the E3 ligase p-TrCP
(supplementary Fig. S2E). However, more B-TrCP was found in C4-2R than that in C4-2
cells (Fig. 21). Heterogeneity of PCa may be one of the reasons for this phenomenon. The
role of interaction between AR and B-catenin in enzalutamide-resistant PCa has not yet been
elucidated. Upon acquisition of enzalutamide resistance, we found that AR was upregulated.
In addition, the prostate-specific antigen (PSA) level was increased in MR49F cells but
almost completely disappeared in C4-2R cells (Fig. 2J). Thus, the nuclear colocalization of
B-catenin with AR helps to reactivate AR signaling and contribute to enzalutamide
resistance.

Inhibition of the Wnt/B-catenin pathway overcomes enzalutamide resistance

To further explore the effects of B-catenin on acquisition of enzalutamide resistance, we
treated C4-2R and MR49F cells with ICG001, an inhibitor of Wnt/B-catenin pathway, and/or
enzalutamide and then performed cell viability and colony formation assays. As indicated,
monotherapy with ICG001 or enzalutamide only exerted slight effect on cell growth
compared to combination of ICG001 and enzalutamide (Fig. 3A, 3B, 3C, 3D). To address
potential off-target effects associated with pharmacological inhibition of B-catenin, we
depleted B-catenin with RNAI in C4-2R, MR49F and 22RV1 cells. We found siRNA-
mediated p-catenin silencing suppressed the growth of these cells, which was more
significant following combinatory treatment with enzalutamide (Fig. 3E, 3F and
supplementary Fig. S3A). Treatment with enzalutamide also significantly inhibited colony
formation (Fig. 3G, 3H). Furthermore, cell proliferation assay and colony formation assay
showed that ICG001 had no effects on B-catenin-depleted cells, suggesting ICG001
specifically inhibited p-catenin (supplementary Fig. S3B). To test whether ICG001 can
overcome resistance to enzalutamide in vivo, we treated mice carrying 22RV1 xenograft
tumors with enzalutamide, ICG001 or both for 3 weeks. As shown in Fig. 31, tumors were
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highly resistant to enzalutamide alone. ICG001 alone slightly decreased the tumor volume,
whereas combination of ICG001 and enzalutamide synergistically decreased tumor volume,
indicating that ICG001 overcomes enzalutamide resistance and restores sensitivity to
enzalutamide. It is important to point out that the combination treatment did not affect
animal weight (Fig. 3J). Although both wet weight and size of the tumors were reduced with
monotherapy of ICG001, the effect was more significant with dual treatments (Fig. 3K and
3L). H&E staining of tumors with dual treatment showed more necrosis and increased
numbers of apoptotic bodies in comparison with monotherapy-treated tumors. For the
untreated group, we detected more mitotic cells, suggesting that cell division was active
(Fig. 3M). To determine whether ICG001 alone or in combination with enzalutamide
represses tumor proliferation and promotes apoptosis, tumor samples were analyzed by
immunofluorescence (IFC) staining for Ki67 and cleaved caspase 3. As shown in Fig. 3N
and 30, ICG001 inhibited Ki67 expression while combination treatment further decreased
the level of Ki67 but increased the level of cleaved caspase 3. Finally, to determine cell
origin, we analyzed tumors by staining for CK8/18 (luminal cells) and P63 (basal cells) and
found that CK8/18* cell population was increased after treatment with ICG001 and more
significant increase was observed with combination of enzalutamide. However, single
treatment with enzalutamide had no effects on luminal cell population. We observed no
expression of P63 in tumors derived from 22Rv1 cells, in agreement with previous reports
(29) (Fig. 3P).

To rule out the potential off-target effects of ICG001 on tumor suppression /n vivo, a more
stable genetic approach (B-catenin sShRNA) was used. As demonstrated in supplementary
Fig. S3C-3G, p-catenin depletion slightly decreased tumor volume, whereas administration
of enzalutamide showed synergistically effects, indicating that knockdown of p-catenin
overcomes enzalutamide resistance and restores sensitivity to enzalutamide. Although both
wet weight and size of the tumors were reduced with p-catenin knockdown alone, the effect
was more significant with p-catenin depletion plus enzalutamide treatment. The levels of p-
catenin in tissues were evaluated. As shown in supplementary Fig. S3H, only ICG001 but
not enzalutamide treatment reduced p-catenin level. Combination treatment of enzalutamide
and ICGO001 did not show synergic effects on suppressing the level of B-catenin in tumors.

Activation of the Wnt/B-catenin pathway results in enzalutamide resistance in PCa

To validate the notion that the Wnt/B-catenin pathway is hyper-activated in enzalutamide-
resistant PCa, a p-catenin-responsive TCF/LEF reporter assay was performed. As indicted,
transcriptional activity of p-catenin was significantly elevated in C4-2R and MR49F cells in
comparison to their enzalutamide-sensitive counterparts (Fig. 4A). In support, cyclin D1 and
c-myc were also higher in enzalutamide-resistant cells than their enzalutamide-sensitive
counterparts. We also detected reduced phosphorylation and inactivation of GSK3p in
enzalutamide-resistant cells (Fig. 4B). As illustrated in Fig. 4C, several components of -
catenin pathway, such as WNT3, WNT5A, WNT7B, FZD2, FZD7, FZD9 and LRP6 were
upregulated in C4-2R cells. When we investigated ligands of Wnt signaling pathway in
public TCGA dataset, we found WNT5A (29%), FZD2 (21%), FZD9 (26%) were amplified
in PCa and that 6% of WNT5A upregulated (Supplementary Fig. S2B, S2C). Further, GSEA
supported the notion that Wnt signaling pathway is enriched in enzalutamide-resistant cells.
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Interestingly, we also found enrichment of Wnt pathway in normal adjacent prostate tissue
compared with primary PCa (Fig. 1C). Collectively, our data implies a likely reactivation of
Whnt pathway that may contribute to enzalutamide-resistance. To further investigate the role
of Wnt/B-catenin pathway in enzalutamide resistance, we treated LNCaP and C4-2 cells
with LiCl to activate p-catenin to mimic its upregulation in enzalutamide-resistant cells. As
demonstrated in Fig. 4D, LiCl treatment-induced upregulation of B-catenin expression was
accompanied by reduced enzalutamide-associated apoptosis, likely contributing to resistance
to enzalutamide therapy in PCa. To support, LiCl treatment also antagonized enzalutamide-
induced inhibition of cell proliferation and colony formation in LNCaP and C4-2 cells (Fig.
4E, 4F).

To rule out off-target effects of LiCl on activation of p-catenin, we ectopically expressed p-
catenin, and treated cells with or without enzalutamide to investigate the role of B-catenin in
the acquisition of enzalutamide resistance. As demonstrated in Fig. 4G, p-catenin
overexpression attenuated enzalutamide-induced apoptosis. Consistently, ectopic expression
of B-catenin also antagonized enzalutamide-induced inhibition of cell proliferation and
colony formation (supplementary Fig. S4A and S4B), similar to what we have observed with
LiCl treatment.

To further confirm that enzalutamide resistance is mediated by Wnt signaling, we infected
C4-2 cells with lentivirus expressing green fluorescent protein (GFP) from Whnt-responsive
TCF/LEF promoter. Therapy with ICG001 and/or enzalutamide can suppress proliferation of
GFP~ C4-2 cells. Compared to GFP™ cells, monotherapy with ICG001 has more significant
effects on suppressing growth than in GFP* cells. However, more cells were survived after
only treated with enzalutamide in GFP* cells, indicating that GFP* cells (B-catenin active)
were more resistant to enzalutamide than GFP™ cells (B-catenin inactive). Interestingly,
combinatory treatment has more dramatic effects on reducing cell survival in GFP* cells but
not in GFP™ cells, supporting the notion that activation of p-catenin plays a critical role in
development of enzalutamide resistance (Fig. 4H). We also found that GFP* cells formed
more and larger colonies than GFP~ cells in the presence of enzalutamide (Fig. 41), which
means more resistant to enzalutamide treatment. Finally, we examined stem cell potential of
GFP* cells using xenograft mouse model. As indicated, GFP* cells showed a stronger ability
to form tumors than that of GFP~ cells (Supplementary Table S5).

Pluripotency properties are enhanced upon acquisition of enzalutamide resistance

To support the role of B-catenin in CSCs, mRNA levels of stem cell markers OCT-4, SOX2,
CD44, ALDH1A1, ALDH7A2 and transporter gene ABCB1 were found dramatically
increased in C4-2R cells in comparison to C4-2 cells. In addition, a slight augment of
transcription of NANOG and CD133 was also found in C4-2R cells (Fig. 5A), consistent
with the results derived from published TCGA database (Supplementary Fig. S2B, S2C).
Gene amplification was found in multiple stemness markers, including CD44 (17%), SOX2
(29%), PROM1 (10%), POU5SF1 (19%) and ALDH1A1 (25%). In addition, transcription
upregulation was found in 2.5% of CD44, 9% of SOX2, 28% of PROM1 and 16% of
ALDH1AL. To validate the finding based on Q-PCR, we showed that the protein levels of
CDA44 and OCT-4 were significantly increased in C4-2R and MR49F cells compared with
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their enzalutamide-sensitive counterparts (Fig. 5B). Further, spheroid formation assay was
used to investigate pluripotency of resistant cells. Monotherapy with ICG001 or
enzalutamide alone can partially suppress spheroid formation while more significant
inhibition was observed with combinatory treatment (Fig. 5C). Finally, reduction of protein
levels of CD44 level but upregulation of cleaved-PARP, a marker for apoptosis, were
detected in C4-2R and MRA49F cells especially after treatment with ICG001 plus
enzalutamide (Fig. 5D). Consistently, as shown in supplementary Fig. 4C, transcription of
SOX2, CD44 and ALDH1A1 were suppressed especially upon combinatory treatment by
real-time PCR. To rule out the potential off-target effects of ICG001 and further validate the
molecular events in different cell derivatives, we investigated the associated molecular
markers upon depletion of p-catenin in C4-2R, MR49F and 22RV1 cells. As indicated,
reduction of CD44 and ALDH1A1 but increased levels of cleaved PARP were observed
especially after treatment with enzalutamide in f-catenin-depleted cells (Fig 5E). Therefore,
the stemness genes, upregulated in enzalutamide-resistant cells, can be suppressed by
inhibition of Wnt/B-catenin pathway.

Combination therapy with ICG001 and enzalutamide blocks PCa growth in a patient-
derived xenograft (PDX) model

To validate the synergic effect of ICG001 and enzalutamide in inhibition of tumor growth,
we switched to an AR-positive but castration-resistant LuCaP35CR human PDX model
(30,31). As shown in Fig. 6A, monotherapy with ICG001 or enzalutamide partially
suppressed tumor growth, but the inhibitory effect was much stronger for ICG001 plus
enzalutamide. No significant side effect was observed as body weight did not change much
(Fig. 6B). Although both wet weight and size of the tumors were reduced with monotherapy
of enzalutamide or ICG001, the effect was much more significant with combinatory
treatment (Fig. 6C, 6D and 6E). Since H&E staining indicated necrosis at the interior of the
tumors, we mainly analyzed the exterior of the tumors where cells were still actively
growing. Tumors with combination therapy showed increased numbers of apoptotic bodies
compared with monotherapy (Fig. 6F). Immunostaining for Ki67 and cleaved caspase-3 also
confirmed that tumors after combination therapy had a significant reduction in overall
proliferation and a dramatic increase in apoptosis (Fig. 6G, 6H). Similarly, although
monotherapy with ICG001 or enzalutamide increased CK8/18* cell population, a more
significant increase was observed after dual treatment with both drugs. However, there was
no dramatic change of P63 expression in different treatment groups except for slightly
decreased with monotherapy of ICG001 (Fig. 61). Finally, the PSA level in the serum was
also decreased upon combination treatment compared with single-drug treatments,
indicating activity of AR was inhibited (Fig. 6J). To determine the readout of efficacy of
ICGO001 in PDX tumors, we evaluated p-catenin in treated tissues. As demonstrated in Fig.
6K, only ICGO001 reduced B-catenin level but not enzalutamide treatment. Combination
treatment of enzalutamide and ICGO001 did not show synergic effects on suppressing the
level of B-catenin in tumors.

To examine treatment-associated toxicity within each group, we performed histopathologic
examination of vital organs. Overall, no significant pathological changes were noted in any
group. As shown in Supplementary Fig. S5A, all the vital organs were normal after 3 weeks
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of treatment; the livers did not show any vacuolar changes and there was no sign of
inflammation at the renal pelvis in single treatment or combination treatment group. We
concluded that both ICG001 alone and combination treatment were well tolerated.

Activation pattern of Wnt/B-catenin pathway switches during PCa progression

To explore the possibility of translating our findings into clinic, we stratified 498 PCa
specimens into hormone therapy-sensitive (Gleason score <8) and -resistant groups (Gleason
score >8) and performed GSEA. As indicated, the cell adhesion and focal adhesion function-
related B-catenin show strong activation upon p-catenin upregulation in hormone therapy-
resistance PCa tumors (Fig 7A and 7B). Several members of Wnt pathway were upregulated
in therapy-resistant individuals compared to therapy-sensitive patients (Fig. 7C). In
agreement, upregulation of stemness genes including NANOG, CD44, SOX10 and CD9 was
also observed in hormone therapy-resistant patients (Fig. 7D). More interestingly, we found
components of Wnt pathway to be activated in all the normal adjacent tissue, primary PCa
and hormone therapy-resistant specimens PCa. To dissect the different functions of Wnt/p-
catenin pathway in these three types of samples, we analyzed specific components involved
in activation of the pathway and found significantly diverse alterations of molecules within
each group. The data suggest that significant molecule shifts in different disease stages
likely contribute to PCa progression (Fig. 7E), indicating that activation of Wnt/p-catenin
pathway, especially different activation patterns, likely reflects various disease stages of
PCa.

Correlation between p-catenin and AR can be used as a predictable biomarker for
chemotherapy-resistant PCa

To test whether the correlation between AR and B-catenin has any prognostic value in clinic,
Activation of AR-associated transcription factor signaling pathway occurred in hormone
therapy-resistant PCa was observed via GESA (supplementary Fig S5B). Further, we found
a strong correlation between stem-like genes and p-catenin transcription level in therapy-
resistant samples (supplementary Fig S5C), consistent with our cell culture-based findings
(Fig. 5). In addition, increased levels of AR (p=0.00255) and downstream factor c-myc
(1p=0.02931) correlated with poor survival probability in PCa (supplementary Fig S5D and
5E). Kaplan-Meier curves shown higher p-catenin levels correlated with worse overall
survival in both neuroblastoma and lung tumor (Supplementary Fig. S5F, S5G, S5H). To
identify correlation of AR and p-catenin with disease progression, we explored mRNA
levels of AR and B-catenin in adjacent normal prostate tissues, primary tumors and therapy-
resistant tumors, respectively. As shown in Fig. 7F, we found low AR expression but high p-
catenin expression in adjacent normal tissues compared with primary tumors. Of note, we
observed high levels of both AR and B-catenin in resistant tumors compared to sensitive
tumors (Fig. 7G). The collective data implies a low level of AR but a high level of B-catenin
in normal tissue, and a high level of AR but a low level of B-catenin in primary PCa. Finally,
upon progression into therapy-resistant PCa, the molecule expression pattern switches to
high levels of both AR and B-catenin (Fig. 7H). These findings have important clinic
implications. Because of high expression of AR, primary PCa usually responds well to
androgen-deprivation therapy by suppressing AR function. Upon relapse of the disease,
reactivation of AR signaling pathway and B-catenin pathway eventually drives tumors to be
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chemotherapy resistant. In support, expression of both AR and p-catenin exhibits a strong
correlation with clinical parameters (Supplementary Table S6, Supplementary Fig. S5I).
Specifically, p-values for correlations between lymph node metastasis and p-catenin and AR
are 0.008 and 0.038, respectively. In addition, depth of tumor invasion is strongly correlated
to p-catenin with p-value of 0.016. The correlations between follow-up days (survival) and
the levels of pB-catenin (p-value = 0.001) and AR (p-value = 0.007) are significant as well.
Finally, the expression level of c-myc is also correlated to the overall survival
(Supplementary Table S6). In conclusion, correlation between AR and B-catenin can be used
to stratify patients and guide clinical practice in future PCa therapy.

Discussion

20% to 40% of PCa patients eventually end up with biochemical recurrence (32,33), when
the patients are mainly treated with ADT, including surgical or medical castration methods
(34). However, almost all of them eventually develop CRPC (35). Despite the fact that
enzalutamide can effectively block AR signaling (9), it only improves the overall survival
for several months. As expected, multiple mechanisms were reported as possible reasons for
enzalutamide resistance (36—39). However, an unbiased approach is urgently needed to
address this question systematically.

In this study, we employed RNA-seq in enzalutamide-resistant cell lines and patient
specimens to characterize the cellular and molecular features of enzalutamide resistance in
CRPC. We identified activation of Wnt and AR signaling pathways and the interaction of -
catenin and AR involved in enzalutamide resistance (Fig. 1). Wnt signaling was activated in
normal adjacent prostate tissues but not in primary PCa. More significantly, this pathway
was reactivated in enzalutamide-resistant cells, suggesting that reactivation of Wnt signaling
may play an important role in acquisition of enzalutamide resistance (Fig. 1C). In addition,
the correlation between AR and p-catenin of tumor (r=0.6171) is stronger than that of
normal tissues (r=0.4516). Furthermore, there is strong correlation in chemotherapy-resistant
PCa (r=0.3607). These data demonstrate that correlation between AR and B-catenin plays an
important role not only in PCa initiation but also in progression to chemotherapy resistance.

A hallmark of Wnt pathway is stabilization and nuclear localization of B-catenin. Here, we
showed p-catenin upregulated and mainly localized in the nucleus of enzalutamide-resistant
cells, partially due to inhibition of p-TrCP-mediated polyubiquitination of g-catenin (Fig. 2).
While inhibition of Wnt signaling improved sensitivity to enzalutamide in enzalutamide-
resistant PCa, reactivation of Wnt pathway resulted in drug resistance in enzalutamide-
sensitive cells (Fig. 3, 4). Of significance, the inhibitor of Wnt pathway ICG001 overcame
enzalutamide resistance in two xenograft models (Fig. 3, 6). Such findings suggest an
immediate clinical trial for combining Wnt signaling inhibitor with enzalutamide in CRPC.
To explore underlying mechanisms, we then identified stem-like gene signature which was
induced by activation of Wnt signaling upon development of drug resistance (Fig. 5).

Aberrant activation of Wnt signaling contributes to the progression of several major human
cancers, including colorectal, liver and prostate cancer (16). To validate clinical impact of
our findings, we showed activation of some components of Wnt pathway in normal prostate
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tissue, primary PCa and chemotherapy-resistant PCa. However, when we analyzed the
molecules involved, we found that the molecular patterns were totally different at each stage
of disease (Fig. 7), arguing that Wnt pathway is multifaceted in different stages of PCa. We
showed here that the molecule pattern shift occurred during different disease stages was
followed by reactivation of AR pathway, which may be one of the reasons for failure of
ADT in clinic. As such, upregulation of stem-like genes contributes to drug resistance. In
addition, expression levels of AR and c-myc, the target of Wnt signaling, were positively
correlated with poor survival (supplementary Fig. S5D and S5E), suggesting that the
correlation between AR and B-catenin might be a useful biomarker to stratify different
disease stages. Of note, elevated B-catenin levels were correlated with poor prognosis in
several cancer types (Supplementary Fig. S5F, S5G, S5H).

We divided specimens into three groups: normal tissues, primary PCa, chemotherapy-
resistant PCa. We found a relatively high level of p-catenin but a low level of AR in normal
tissues, a low level of B-catenin but a high level of AR in primary PCa, and high levels of
both B-catenin and AR in chemotherapy-resistant PCa (Fig. 7H). A high level of AR in
primary PCa is consistent with the fact that PCa at this stage is sensitive to ADT. After a
period of ADT treatment, relapse, which is characterized with a higher level of B-catenin but
a lower level of AR compared with normal prostate, happens. Eventually, a higher level of p-
catenin leads to reactivation of AR, thus chemotherapy resistance. We acknowledge that we
likely need more normal, chemotherapy-sensitive and -resistant tumors to determine the
cutoff of AR and p-catenin levels to translate the finding into clinic. We also acknowledge
that the underlying mechanisms for p-catenin activation during acquisition of enzalutamide
resistance remain unclear. ldeally, it’s best to obtain enough enzalutamide-resistant
specimens to perform bioinformatic and biological study to explore the underlying
mechanisms.

In summary, we showed that activation of Wnt pathway induces expression of stem-like
genes, eventually contributing to enzalutamide resistance by reactivating AR signaling.
Furthermore, the correlation of AR and p-catenin levels with PCa stages has the potential to
classify patients who will likely resist to chemotherapy during treatment, thus helping to
improve clinical practice in future (supplementary Fig S5J).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figurel.
Systematic transcriptome comparison before and after enzalutamide resistance led to

discovery of molecular pathways rewiring in PCa. A, Systematically dissecting
enzalutamide-resistant mechanisms in PCa based on cell and tumor transcriptomics. B, Venn
diagram showing the number of DEGs in PCa with different responses to enzalutamide. C,
Gene signature with Wnt signaling pathway analysis by GSEA in normal adjacent tissues,
primary PCa and enzalutamide-sensitive vs -resistant cell lines. D and E, Correlation
between AR and B-catenin in PCa (D) and adjacent normal tissue (E). F, Wnt pathway
rewiring upon enzalutamide resistance.
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[-catenin is upregulated in enzalutamide-resistant PCa. A, Cells were treated with 2 pM
ICGO001 for 48 h and harvested for IF staining. B, Cells were treated with ICG001, subjected

for IF staining of B-catenin, and quantified. ***: p<0.01. C, Cells were subjected to

immunoblotting (IB) to detect the protein levels of B-catenin. D, PCa cells were subjected to
subcellular fractionation (Nuc: nuclear, Cyto: cytosolic), followed by IB. M: protein marker.
E, mRNA levels of B-catenin were measured by Q-PCR in four PCa cell lines. F, PCa cells
were subjected to anti-B-catenin immunoprecipitation (1P), followed by anti-ubiquitin IB to

compare the polyubiquitination status of B-catenin. G, Cells were treated with 10 mM

MG132 for 6 h and harvested for IB. H, Cells were treated with 10 pg/ml cycloheximide
(CHX) for indicated time, harvested for 1B, and quantified. |, Anti-p-TrCP IB of PCa cells.
J, IB to compare protein levels of p-catenin and AR in PCa cells.
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Figure 3.
Suppression of B-catenin overcomes enzalutamide resistance. A and B, After 5 x 108 of

C4-2R (A) and MR49F (B) cells were seeded onto 96-well plates overnight, cells were
treated with ICG001 (2 uM), enzalutamide (10 uM for MR49F and 20 uM for C4-2R), or
both, and harvested for MTT assays. C and D, 3 x 103 of C4-2R and MR49F cells were
seeded onto 6-well plates, treated with indicated drugs, and cultured for two weeks with
culture medium refresh every three days. E and F, 5 x 10* of MR49F (E) and C4-2R (F)
cells were depleted of B-catenin with RNAI, treated with enzalutamide, and harvested for
cell number counting at 6 d post-transfection. G and H, 3 x 103 of C4-2R (G) and MR49F
(H) cells were depleted of B-catenin and treated with enzlutamide for two weeks. I, Nude
mice were inoculated with CWR22RV1 cells (2.5x10°) for 3 days and treated with ICG001
(5 mg/kg, intravenous injection), enzalutamide (20 mg/kg by oral gavage), or both. Tumor
size were measured every 3 days (meanststandard errors; n=6). J, Body weight were
measured on day 27. K, Wet weight. L, Average tumor size on day 27. M, Representative
H&E staining of tumor sections. (Black arrows: mitotic cells, red arrow: apoptotic cells). N,
IHC staining for Ki67 and cleaved caspase 3 of tumor sections. O, Quantification of Ki67
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and cleaved caspase 3 signals (meanszstandard errors). P, Representative images of IHC
staining for P63 and CK®8/18. *, p<0.05, **, 0.01<p<0.05, ***, p<0.01.
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Activation of the Wnt/B-catenin pathway contributes to enzalutamide resistance. A,

Transcriptional activity assay. Luciferase activity is reported as relative activity (luciferase/
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of transcription of target genes involved in the Wnt/B-catenin pathway by IB. C, Heat-map
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GFP* and GFP~ cells. Then treated with indicated drugs, cells and followed viability (H)
and colony formation assays (1). *, p<0.05, **, 0.01<p<0.05, ***, p<0.01.
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Stem-cell-like properties were enhanced in enzalutamide-resistant cells. A, mRNA levels of
stemness genes. B, Protein levels of three stemness genes. C, Spheroid formation of cells
after drug treatment. D, Protein levels of stemness genes after drug treatment. Data was
shown as meansxstandard errors from 3 replicates. E, Protein levels of stemness genes after
drug treatment. Data was shown as meanszstandard errors from 3 replicates. *, p<0.05, **,
0.01<p<0.05, ***, p<0.01.
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Figure®6.
ICG001 and enzalutamide inhibit LuCaP35CR xenografts synergistically. A, Tumor growth

curves (meanszstandard errors, n=5). B, Body weight on day 43. C, Wet weight of tumors.
D, Tumors at the end of the study. E, Average tumor sizes on day 43. F, H&E staining of
tumors. (Black arrows: mitotic cells, red arrow: apoptotic cells). G, IHC staining for Ki67
and cleaved caspase 3. H, Quantification of G. I, IHC staining for P63 and CK8/18. J,
Inhibition of PSA levels by ICG001 and enzalutamide. Serum PSA levels were measured on
day 43. K, Protein level of p-catenin in PDX tumors. *, p<0.05, **, 0.01<p<0.05, ***,
p<0.01.
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Figure7.
Dataset analysis of 498 human PCa specimens from TCGA. A and B, Cell adhesion and

focal adhesion pathways were activated in chemotherapy-resistant PCa revealed by GSEA.
C and D, Heat maps to compare gene expression data from human specimens. E, Heat map
of gene expression pattern compared in normal prostate tissues, primary PCa and therapy-
resistant PCa. F and G, Gene expression of AR and B-catenin shown as RPKM in PCa
samples. H, A predictive model for chemotherapy-resistant PCa via correlation of gene
expression levels between AR and pB-catenin.
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