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Abstract

Prostate cancer remains dependent on androgen receptor signaling even after castration. Aberrant
androgen receptor signaling in castration resistant prostate cancer is mediated by mechanisms such
as alterations in the androgen receptor and activation of interacting signaling pathways. Clinical
evidence confirms that resistance to the next generation anti-androgen, enzalutamide, may be
mediated to a large extent by alternative splicing of the androgen receptor to generate
constitutively active splice variants such as AR-V7. The splice variants AR-V7 and Arv567es have
been implicated in the resistance to not only enzalutamide, but also to abiraterone and other
conventional therapeutics such as taxanes. Numerous studies including ours suggest that splicing
factors such as hnRNPA1 promote the generation of AR-V7, thus contributing to enzalutamide
resistance in prostate cancer cells. In the present study, we discovered that quercetin, a naturally
occurring polyphenolic compound, reduces the expression of hnRNPA1, and consequently, that of
AR-V7. The suppression of AR-V7 by quercetin resensitizes enzalutamide-resistant prostate
cancer cells to treatment with enzalutamide. Our results indicate that quercetin downregulates
hnRNPAL expression, downregulates the expression of AR-V7, antagonizes androgen receptor
signaling, and resensitizes enzalutamide-resistant prostate cancer cells to enzalutamide treatment
in vivo in mouse xenografts. These findings demonstrate that suppressing the alternative splicing
of the androgen receptor may have important implications in overcoming the resistance to next-
generation anti-androgen therapy.
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Introduction

Prostate cancer remains one of the cancers with high rates of incidence and mortality among

men in the US. While responsive to androgen deprivation therapy (ADT) initially, most
patients exhibit progression to castration resistance, which poses the principal challenge to
researchers. Castration-resistant prostate cancer (CRPC) evades androgen ablation by
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activating androgen receptor (AR)-dependent signaling through alternative mechanisms. The
development of androgen axis-targeted therapeutics such as abiraterone and enzalutamide
marked the continuing success of ADT, but like earlier ADT, these new therapies have a
short duration of efficacy due to primary or acquired resistance. A major mechanism of
therapy resistance in prostate cancer is the generation of truncated AR splicing variants that
lack the ligand-binding-domain and are constitutively active, thus evading binding of anti-
androgens.

Many AR splice variants are constitutively nuclear and active even in the absence of
androgens, thus indicating their potential role in the acquisition of the CRPC phenotype.
Expression of most of these variants arises from the inclusion of cryptic exons located in
introns 2 and 3 of the AR gene, which inserts premature stop codons and termination sites,
yielding shorter AR proteins of 75-80 kDa lacking the androgen-binding domain (1-3). The
selective knockdown of truncated AR variants such as AR-V7 and ARY67€s suppresses the
androgen-independent growth of CRPC cells (4). The variants confer resistance to not only
AR targeted therapies such as enzalutamide and abiraterone (5, 6), but also to conventional
chemotherapeutics such as taxanes used as first line therapies against CRPC (7, 8). The
mechanisms mediating increased expression of aberrant AR splice variants in PCa are being
actively investigated, the possible causes being either genomic rearrangement and/or
intragenic deletions of the AR locus (9) or aberrant expression/recruitment of specific
splicing factors (10, 11).

We reported previously that the splicing factor h(nRNPA1 plays a major role in the
alternative splicing of the AR to generate AR-V7 (11). Based on the hypothesis that the
generation of AR-V7 is one of the principal mechanisms of resistance to enzalutamide and
targeting alternative splicing would be beneficial in reducing the levels of AR-V7 and
overcoming therapy resistance, we set out to identify compounds that target the expression
of the splicing factor hnRNPAL. We found that a previous report used chemical proteomics
to show that hnRNPAL is a target of quercetin, a naturally occurring polyphenolic
compound. Hence, in this study, we examined the activity of quercetin in inhibiting
hnRNPAL and overcoming therapy resistance in enzalutamide-resistant prostate cancer cells.

Men at high risk for prostate cancer frequently supplement their diet with combinations of
vitamins, minerals, and fruit/seed extracts, and more than 25% consume three or more
supplements. Nearly one in five men at high risk for prostate cancer use fruit and seed
extracts either alone or in combination with vitamins. Quercetin is one of the components of
fruits and seeds that are being actively studied for their anti-proliferative effects. In vitro
studies using prostate cancer cell lines as well as in vivo studies in mice have found that
quercetin provides chemoprotection, induces apoptosis, and increases the activity of
antioxidant enzymes in cancer cells (12-14). An in vitro study reported that quercetin
regulates insulin-like growth factor signaling and induces apoptosis in androgen-independent
PC-3 prostate cancer cells (15). Quercetin was found to reverse epidermal growth factor-
induced epithelial-to-mesenchymal transition and prevent or delay prostate cancer
metastases in a PC-3 prostate cancer cell xenograft model (16). Supplementation with
quercetin was found to enhance the chemopreventive effects of green tea against prostate
cancer cell xenografts (17). In addition, quercetin was shown to improve chronic prostatitis/
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chronic pelvic pain in a significant proportion of men (18). Treatment with a combination of
green tea and quercetin sensitized prostate cancer cells to docetaxel (19). Thus,
accumulating evidence points to a significant anti-proliferative role for quercetin in prostate
cancer.

In this study, we examined the effects of quercetin on the splicing factor hnRNPAL and
consequently on the expression of AR-V7, the most abundant splice variant of the AR. Our
results indicate that quercetin downregulates the expression of hnRNPAL, which leads to
suppression of the expression of AR-V7 and consequently of sustained ligand-independent
signaling mediated by AR-V7. We also demonstrate that co-treatment with quercetin and
enzalutamide resensitizes enzalutamide-resistant prostate cancer cells to enzalutamide,
presumably due to the suppression of AR-V7 levels. These findings may have significant
implications for the optimization of the efficacy of androgen receptor antagonists such as
enzalutamide.

Materials and Methods

Cell lines and reagents

HEK?293 and CWR22Rv1 cells were obtained from the American Type Culture Collection
(ATCC, Manassas, VA) and were cultured in DMEM or RPMI containing 10% complete
FBS and penicillin/streptomycin, respectively. All experiments with cell lines were
performed either within 6 months of receipt from ATCC or resuscitation after
cryopreservation. ATCC uses Short Tandem Repeat (STR) profiling for testing and
authentication of cell lines. C4-2B cells were kindly provided and authenticated by Dr.
Leland Chung, Cedars-Sinai Medical Center, Los Angeles, CA. 22Rv1 and C4-2B cells
resistant to enzalutamide (22Rv1-Enza-R and C4-2B-Enza-R) were described previously
(20, 21). Antibodies against AR (441; mouse monoclonal), Tubulin, and Polll were from
Santa Cruz Biotechnologies. Antibodies against the splicing factor hnRNPAL (9H10) were
from Sigma-Aldrich. Antibodies against AR-V7 were obtained from Precision Antibody.
Sso Fast™ Eva Green qPCR Supermix was from Bio-Rad. Quercetin (chemical structure in
Suppl. Fig. 1A) was obtained from Sigma. Enzalutamide was generously supplied by
Medivation, Inc. The luciferase reporter construct that contained the 5’ -flanking region
(-5400 to +580) of the full length human AR promoter was kindly provided by Drs. Wen-
Chin Huang and Leland Chung, Cedars-Sinai Medical Center, Los Angeles, CA (22). All
other reagents were of analytical grade and obtained from local suppliers.

Cell growth assays

Plasmid and oligonucleotide transfections were performed using Lipofectamine 2000
transfection reagent (Invitrogen). Viable cell numbers were determined using a Coulter cell
counter (Beckman Coulter).

Western Blot Analysis

Cells were lysed in high salt buffer containing 50 mM Hepes pH 7.9, 250 mM NaCl, 1 mM
EDTA, 1% NP-40, 1 mM PMSF, 1 mM Na Vanadate, 1 mM NaF and protease inhibitor
cocktail (Roche). Total protein was estimated using the Coomassie Protein Assay Reagent
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(Pierce). Equal amounts of protein were loaded on 10% SDS-PAGE and transferred to
nitrocellulose membranes. The membranes were blocked with 5% nonfat milk in PBST (1x
PBS+0.1% Tween-20) and probed with the indicated primary antibodies in 1% BSA. The
signal was detected by ECL (Millipore) after incubation with the appropriate HRP-
conjugated secondary antibodies.

Real-Time quantitative RT-PCR

Total RNAs were extracted using TriZOL reagent (Invitrogen). cDNAs were prepared after
digestion with RNase-free RQ1 DNase (Promega). The cDNAs were subjected to real-time
reverse transcription-PCR (RT-PCR) using Sso Fast™ Eva Green Supermix (Bio-Rad) as
described previously (23). Each reaction was normalized by co-amplification of actin.
Triplicates of samples were run on a Bio-Rad CFX-96 real-time cycler. Primers used were:
AR-full length: 5"-AAG CCA GAG CTG TGC AGA TGA, 3'-TGT CCT GCA GCC ACT
GGT TC; AR-V7:5'-AAC AGA AGT ACC TGT GCG CC, 3'-TCA GGG TCT GGT CAT
TTT GA; PSA: 5"-GCC CTG CCC GAA AGG, 3’-GAT CCA CTT CCG GTA ATG CA;
Actin: 5"-AGA ACT GGC CCT TCT TGG AGG, 3’-GTT TTT ATG TTC CTC TAT GGG;
hnRNPAL: 5'-TGG AGG TGG TGG AAG CTA CA, 3’-TAG CTA CTG CTG CTG CTG
GA; NKX3.1: 5"-CCG AGA CGC TGG CAG AGA CC, 3'-GCT TAG GGG TTT GGG
GAA G; UBE2C: 5'-TGG TCT GCC CTG TAT GAT GT, 3’-AAA AGC TGT GGG GTT
TTT CC.

Chromatin Immunoprecipitation assay (ChlP)

DNA-protein complexes in the cells were crosslinked with 1% formaldehyde for 10 min at
37°C. Cells were washed and harvested and cell lysates prepared by sonication at 4°C. 10 ug
of the total protein was immunoprecipitated with anti-AR antibodies. I1sotype matched 1gG
was used as control. The immunoprecipitated protein-DNA complexes were washed, eluted,
the cross linking was reversed with NaCl for 4 h at 65°C and subjected to proteinase K
digestion at 37°C overnight. Bound DNA was extracted with
phenol:chloroform:isoamylalcohol and precipitated with the addition of ammonium acetate,
glycogen, and 100% ethanol. Dissolved DNA was subjected to PCR with primers spanning
the proximal AREs of the PSA promoter. The primer sequences used were: ARE-I/II:
Forward: 5"-CCTAGATGAAGTCTCCATGAGCTACA-3" and ARE-I/II: Reverse: 5'-
GGGAGGGAGAGCTAGCACTTG-3".

Luciferase Assays

Cells were transfected with the PSA-enhancer-promoter-luciferase reporter and treated as
indicated in the figures. Cell lysates were subjected to luciferase assays with the Luciferase
Assay System (Promega).

Clonogenic Assays

Anchorage-dependent clonogenic ability assays were performed as described previously
(24). Briefly, C4-2B parental and C4-2B-Enza-R or 22Rv1 parental and 22Rv1-Enza-R cells
were treated with vehicle, 10 or 20 uM quercetin, or a combination of quercetin and 20 uM
enzalutamide for 24 h. Cells were trypsinized and replated at low densities (1000 cells/dish)
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in 10 cm culture plates. The plates were incubated at 37°C in RPMI11640 containing 10%
FBS and were left undisturbed for 14 days. At the end of the experiment, cells were fixed
with methanol, stained with 0.05% Crystal Violet and the numbers of colonies were counted.

Mouse xenograft assays

2x106 22Rv1 cells were injected with 1:1 matrigel sub-cutaneously into the flanks of male
SCID mice and tumor growth monitored. When the tumors were palpable, mice were
randomly divided into 4 groups (n=6) and treated with: 1) vehicle (0.5% Methocel 4AM), 2)
25 mg/kg enzalutamide via oral gavage daily for 5 days/week, 3) 20 mg/kg quercetin i.p.
daily for 5 days/week, and 4) a combination of quercetin and enzalutamide daily for 5 days/
week. Treatments were performed 5 days a week for 3 weeks and tumor growth was
monitored using digital calipers. At the end of the experiment, tumor tissues were harvested
and expression levels of full length AR, hnRNPA1, and Ki67 were analyzed using
immunohistochemical staining and AR-V7 using RNA /n situ hybridization.

Immunohistochemistry

Tumors were fixed using formalin and paraffin embedded tissue blocks were dewaxed,
rehydrated, and endogenous peroxidase activity blocked. Antigen retrieval was performed in
sodium citrate buffer (0.01 mol/L, pH 6.0) in a microwave oven at 1,000 W for 3 min and
then at 100 W for 20 min. Nonspecific antibody binding was blocked by incubating with
10% fetal bovine serum in PBS for 30 min at room temperature. Slides were then incubated
with anti-Ki-67 (NeoMarker), anti-AR (441) (Santa Cruz), and anti-hnRNPA1 (Sigma) at
4°C overnight. Slides were washed and incubated with biotin-conjugated secondary
antibodies for 30 min, followed by incubation with avidin DH-biotinylated horseradish
peroxidase complex for 30 min (Vectastain ABC Elite Kit, Vector Laboratories). The
sections were developed with the diaminobenzidine substrate kit (Vector Laboratories) and
counterstained with hematoxylin.

RNA in situ hybridization

RNA J/n situhybridization was performed to detect the mRNA levels of AR-V7 using the
ACD RNAscope 2.0 Brown kit (Advanced Cell Diagnostics). ACD target probes, a series of
paired oligonucleotides forming a binding site for a preamplifier, are designed to detect
RNA corresponding to the cryptic AR exon 3 sequence in the mature human AR-V7
transcript. FFPE tissue sections were baked for 1 h at 60°C, deparaffinized with xylene for
20 min at room temperature, and allowed to air dry after two rinses using 100% ethanol.
After a series of pretreatment steps, the cells were permeabilized using protease to allow
probe access to the RNA target. Hybridization of the probes to the RNA targets was
performed by incubation for 2 h at 40°C. After two washes, the slides were processed for
standard signal amplification according to the manufacturer’s instructions.

Statistical Analyses

Data are shown as means + SD. Multiple group comparison was performed by one-way
ANOVA followed by the Scheffe procedure for comparison of means. P<0.05 was
considered significant.
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Results

Quercetin downregulates the expression of hnRNPA1

Our previous studies showed that the splicing factor, hnRNPAL1, plays a critical role in the
alternative splicing of the AR to generate splice variants such as AR-V7 (11). We also
demonstrated that the suppression of hnRNPAL expression using siRNA reduces the levels
of AR-V7, thereby resensitizing enzalutamide-resistant cells to treatment with enzalutamide.
Hence, we hypothesized that downregulation of hnRNPAL expression may assist in
suppressing the expression of AR-V7, and consequently in prolonging the effectiveness of
enzalutamide. A recent report (25) disclosed that quercetin, a phytoflavonoid, exerts its anti-
cancer effects by binding to and impairing the ability of hnRNPAL to shuttle between the
nucleus and cytoplasm, resulting in its cytoplasmic retention. Hence, we analyzed whether
quercetin affects the expression of hnRNPAL. We treated C4-2B and 22Rv1 cells with 0, 10,
or 20 uM quercetin and analyzed the expression of hnRNPA1 at mRNA and protein levels.
The results showed that treatment with quercetin significantly downregulated the expression
of hnRNPA1 (Fig. 1A & B). Since our previous findings indicated an essential role for
hnRNPAL in the alternative splicing of the AR to generate alternative splice variants such as
AR-V7 (11), we analyzed the expression levels of full length AR and AR-V7 in C4-2B-
Enza-R cells treated with 10 pM quercetin for 0, 4, 8, 16, and 24 h. The results demonstrated
that the time-dependent suppression of hnRNPAL expression by quercetin at mMRNA and
protein levels reduced the mRNA and protein levels of full length AR as well as AR-V7
(Fig. 1C & D). To test whether the effects of quercetin on the mRNA levels of the full length
AR and AR-V7 were due to the inhibition of transcription, we transfected HEK293 cells
with a luciferase reporter driven by the AR promoter region (—5400 to +580). Luciferase
activity of the reporter was analyzed after treatment with 0, 5, or 10 uM quercetin for 24 h.
As shown in Suppl. Fig. 1B, quercetin did not decrease the activity of the AR promoter
region significantly, implying that quercetin may not affect the transcriptional activity of the
AR promoter and the transcription of the AR pre-mRNA. While we cannot rule out the
possibility, our data suggest that the reduction of full length AR mRNA by quercetin is
unlikely to compound its effect on the AR-V7 mRNA via hnRNPAL. We also analyzed
whether quercetin affects the sub-cellular localization of hnRNPAL in C4-2B-Enza-R cells
treated with 10 uM quercetin for 0, 4, 8, 16, and 24 h. Our results showed that the nuclear
retention of hnRNPA1 was reduced in cells treated with quercetin (Fig. 1E). These results
indicate that quercetin may exert anti-androgenic effects by antagonizing the expression of
hnRNPAL, full length AR, and AR-V7.

Quercetin synergizes with enzalutamide

Next, we analyzed whether treatment with a combination of quercetin and enzalutamide
affects the expression levels of hnRNPAL, full length AR, or AR-V7. We treated C4-2B and
C4-2B-Enza-R or 22Rv1 and 22Rv1-Enza-R cells with 5 or 10 uM quercetin and 20 uM
enzalutamide either singly or in combination. Total RNA was prepared and mRNA levels of
hnRNPAL, FL AR, and AR-V7 were analyzed using gRT-PCR. Whole cell lysates were also
analyzed for the protein levels of hnRNPAL, FL AR, and AR-V7. As shown in Fig. 2,
treatment with quercetin alone reduced the expression levels of hnRNPA1L, FL AR, and AR-
V7 at both mRNA and protein levels. Importantly, the combination of quercetin with
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enzalutamide synergistically reduced the mRNA and protein levels of hnRNPA1, AR, and
AR-V7 in the enzalutamide-resistant C4-2B-Enza-R and 22Rv1-Enza-R cell lines,
indicating that treatment with quercetin may synergize with enzalutamide treatment.

Quercetin downregulates androgen receptor signaling

Next, we treated C4-2B parental and C4-2B-Enza-R or 22Rv1 and 22Rv1-Enza-R cells with
quercetin and enzalutamide either singly or in combination and assessed the expression
levels of known target genes of the AR signaling pathway, such as PSA, NKX3.1, FKBP5,
and UBE2C. As shown in Fig. 3A, levels of all 4 AR target genes were reduced by treatment
with quercetin or enzalutamide singly, while treatment with the combination of quercetin
and enzalutamide exhibited synergy in suppressing their expression. To further verify
synergism between quercetin and enzalutamide, we treated C4-2B and C4-2B-Enza-R cells
with 5 doses of quercetin (0, 2.5, 5. 10, 20, or 50 uM) or 3 doses of enzalutamide (5, 10, or
20 pM) or their combinations and analyzed total RNAs for the expression levels of FL AR
and AR-V7 as well as their target genes PSA, FKBP5, and UBE2C. As shown in Suppl. Fig.
2, the combination of quercetin and enzalutamide reduced the expression levels of all genes
tested synergistically.

We also tested the effects of treatment with a combination of quercetin and enzalutamide on
AR transcriptional activity using luciferase assays. We transfected a reporter luciferase
vector containing the enhancer and promoter regions of the PSA promoter (PSA-E/P-Luc)
into C4-2B and C4-2B-Enza-R or 22Rv1 and 22Rv1-Enza-R cells, followed by treatment
with quercetin and enzalutamide, either singly or in combination. As shown in Fig. 3B, AR
transcriptional activity was suppressed by treatment with quercetin or enzalutamide alone,
while the combination of quercetin and enzalutamide exerted synergistic effects in reducing
luciferase activity, indicating that treatment with a combination of quercetin and
enzalutamide reduces AR transcriptional activity. To verify synergism between quercetin
and enzalutamide, we treated C4-2B and C4-2B-Enza-R cells with 5 doses of quercetin (0,
2.5, 5. 10, 20, or 50 uM) or 3 doses of enzalutamide (5, 10, or 20 M) or their combinations
after transfection with the PSA-E/P-Luc reporter and analyzed luciferase activities. As
shown in Suppl. Fig. 3A, the combination of quercetin and enzalutamide reduced the
transcriptional activity of the AR synergistically.

Next, we tested whether treatment with a combination of quercetin and enzalutamide affects
the recruitment of AR to the promoter regions of target genes. We treated C4-2B and C4-2B-
Enza-R cells with quercetin and enzalutamide either singly or in combination and subjected
them to ChlIP assay to assess the recruitment of AR to the PSA promoter region. As shown
in Fig. 3C, the results showed that treatment with a combination of quercetin and
enzalutamide synergistically inhibits the recruitment of AR to target gene promoters. These
findings collectively indicate that quercetin and enzalutamide synergize with each other in
the downregulation of AR signaling.

Quercetin resensitizes enzalutamide-resistant prostate cancer cells to enzalutamide

Based on the results that quercetin suppresses AR-V7 levels, we analyzed whether it can
resensitize enzalutamide-resistant prostate cancer cells to enzalutamide. We treated C4-2B
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and C4-2B-Enza-R or 22Rv1 and 22Rv1-Enza-R cells with quercetin and enzalutamide
either singly or in combination for 48 h and analyzed cell survival. As shown in Fig. 4A,
treatment with quercetin or enzalutamide alone suppressed the survival of both C4-2B and
C4-2B-Enza-R cells by a modest 20-30%, while the combination of quercetin with
enzalutamide suppressed cell survival by >60% in both cell lines. Similar results were
obtained with the 22Rv1 cells (Fig. 4B), indicating that quercetin resensitizes enzalutamide-
resistant cells to enzalutamide treatment. To verify synergism between quercetin and
enzalutamide, we treated C4-2B and C4-2B-Enza-R cells with 5 doses of quercetin (0, 2.5,
5. 10, 20, or 50 pM) or 3 doses of enzalutamide (5, 10, or 20 uM) or their combinations and
analyzed cell survival. As shown in Suppl. Fig. 3B, the combination of quercetin and
enzalutamide reduced cell survival synergistically.

Next, we analyzed whether treatment with the combination of quercetin and enzalutamide
affects the anchorage-dependent clonogenic ability of enzalutamide-resistant cells. As
shown in Fig. 4C and D, the results showed that quercetin exerts a more significant
suppressive effect on the clonogenic ability of enzalutamide-resistant C4-2B-Enza-R cells
compared to the parental C4-2B cells, which may be due to the ability of quercetin to
antagonize the generation of AR-V7 by suppressing the expression of hnRNPAL (Fig. 4C).
The clonogenic ability of enzalutamide-resistant C4-2B-Enza-R and 22Rv1-Enza-R cells
(Fig. 4D) was reduced by >70% by treatment with a combination of quercetin and
enzalutamide, indicating that quercetin may resensitize enzalutamide-resistant cells to
enzalutamide by downregulation of the levels of AR-V7.

Quercetin resensitizes enzalutamide-resistant xenografts to enzalutamide in vivo

Next, we performed mouse xenograft assays to assess the synergism between quercetin and
enzalutamide /7 vivo. 2x108 22Rv1 cells were injected sub-cutaneously into both flanks of
SCID mice and tumor growth was monitored. When the tumors were palpable, the
xenografts were treated with quercetin and enzalutamide either singly or in combination for
3 weeks and tumor growth was monitored. As shown in Fig. 5A and B, enzalutamide did not
have a significant effect on the growth of 22Rv1 xenografts, while quercetin alone was able
to suppress tumor growth. In addition, treatment with the combination of quercetin and
enzalutamide abolished 22Rv1 tumors almost completely. gRT-PCR (Fig. 5C) and
immunohistochemistry (Suppl. Fig. 3C) were performed to confirm the downregulation of
hnRNPAL1, AR, and AR-V7 mRNA and protein levels in the tumor tissues. Assessment of
the proliferation marker Ki67 indicated that treatment with the combination of quercetin and
enzalutamide suppressed the proliferation of 22Rv1 xenografts significantly (Suppl. Fig.
3C). These results collectively demonstrate that quercetin may synergize with enzalutamide
treatment and may resensitize enzalutamide-resistant prostate cancer cells to enzalutamide.

Discussion

In this study, we show that quercetin inhibits the expression of hnRNPAL, FL AR, and AR-
V7, downregulates AR signaling, and synergizes with enzalutamide in suppressing prostate
cancer cell xenograft growth /n vivo. Quercetin resensitizes enzalutamide-resistant cells to
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enzalutamide treatment, an observation which may augur well for the use of quercetin as an
adjunct to anti-androgenic therapy in prostate cancer.

Phytoflavonoids such as quercetin are found in fruits and vegetables such as olives, onions,
kale, cranberries, grapes etc. They have been shown to arrest prostate cancer cell growth,
invasion, and metastasis /n7 vitroand in vivo (15, 26-29). Flavonols are structurally similar to
androgens and hence interaction with AR has been postulated as a mechanism for their anti-
cancer effects in prostate cancer. Quercetin (3,3",4",5,7-pentahydroxyflavone) is commonly
known for its anti-inflammatory, anti-oxidant, and anti-cancer activities. Quercetin has been
shown to compete with testosterone at high concentrations, which are higher than those
needed for cell growth inhibition, indicating that competition with testosterone is unlikely to
be its main mechanism of action (30). Quercetin has been shown to have varying cell line-
dependent effects on the expression of the AR (31, 32). Nevertheless, the consensus is that
quercetin may inhibit expression and activity of the AR. Quercetin has been shown to
suppress AR function by inhibiting protein-protein interactions between c-Jun, Spl, and AR
in LNCaP cells (33). Even though several previous studies have focused on the anti-
androgenic activity of quercetin, the anti-cancer effects of quercetin cannot be attributed
solely to its effects on the AR or its splice variants. The pro-apoptotic activity of quercetin in
PC-3 and DU145 cells was found to be due to its inhibition of HSP90 (26). Quercetin can
suppress the properties of prostate cancer stem cells and their metastatic potential (34).
Quercetin can also modulate Wnt signaling in prostate cancer cells (35). Viewed together,
these reports along with our results provide a rationale for efforts to enhance the effects of
flavonols by modification of their structure (36).

Androgen receptor splice variants such as AR-V7 have been shown to play a central role in
the occurrence of de novo or acquired resistance to androgen axis-targeted therapeutics such
as enzalutamide and abiraterone (37). They have also been implicated in the failure of
taxane-based therapies (38). Detection of AR-V7 in circulating tumor cells has also been
shown to predict sensitivity to enzalutamide or abiraterone (39). These studies attest to the
importance of alternatively spliced AR variants in therapy resistance. We have shown
previously that the splicing factor hnRNPA1, via a regulatory pathway involving NF-
kappaB2/p52 and c-Myc, regulates AR alternative splicing to generate AR-V7 (11).
Downregulation of hnRNPA1 using siRNA resensitizes enzalutamide-resistant prostate
cancer cells to enzalutamide. In view of these findings, efforts are underway to identify or
develop novel molecules that can antagonize either the expression or activity of hnRNPA1.
We analyzed published literature to identify potential candidates and found a report of an
interaction between quercetin and hnRNPA1 (25). The study found that quercetin binds to
and retains hnRNPA1 in the cytoplasm. Our preliminary studies found that quercetin may
downregulate the expression of hnRNPA1 in C4-2B and 22Rv1 prostate cancer cells. This
led us to analyze whether quercetin can resensitize enzalutamide-resistant cells to
enzalutamide. As expected, our results confirmed that quercetin downregulates the
expression of hnRNPAL and AR-V7 in enzalutamide-resistant prostate cancer cells. The
bioavailability of quercetin is low as it is present in glycosylated form, which can be readily
metabolized by enzymes in the gut and liver, leading to low systemic concentrations in the
body (40). It is also poorly water soluble. These limitations can be overcome by the use of
quercetin-containing nanomicelles, which have been shown to increase the bioavailability of
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quercetin and inhibit the growth of PC-3 prostate cancer xenografts (41). Similarly, a
naturally occurring cis-glycoside of quercetin, quercetin-6-C-b-D-glucopyranoside with
better bioavailability was isolated from the bark of Ulmus wallichiana (42). Thus,
identification of quercetin analogs with higher bioavailability and improved anti-cancer
activity may be an attractive option.

In our study, quercetin was effective in the suppression of signaling by both FL AR and AR-
V7 and resensitized enzalutamide-resistant cells to enzalutamide. Emergence of resistance
after prolonged treatment has been one of the most concerning features of next generation
AR-axis antagonists. In addition, studies have shown that patients with higher initial levels
of variants such as AR-V7 may exhibit a blunted response to enzalutamide therapy. In this
scenario adjunctive therapies that suppress the alternative splicing of the AR may help
improve the efficacy of enzalutamide; moreover, suppressing the levels of AR-V7 before
treatment with enzalutamide may result in a higher percentage of patients responding to
enzalutamide therapy. Such hypotheses should be tested in rigorous clinical trials and should
form a part of the drug optimization effort in the future.

In summary, we found that suppression of AR-V7 levels via targeting alternative splicing of
the AR may synergize with and resentitize resistant prostate cancer cells to enzalutamide
treatment. The recently concluded phase 4 PLATO trial that evaluated continued treatment
with enzalutamide plus abiraterone and prednisone vs. abiraterone and prednisone alone in
chemotherapy-naive metastatic castration resistant prostate cancer (NnCRPC) patients after
disease progression on enzalutamide did not show an improvement in progression-free-
survival (PFS) (http://press.pfizer.com/press-release/pfizer-and-astellas-announce-top-line-
results-phase-4-plato-trial-xtandi-enzalutamide-). This attests to the importance of continued
efforts to identify and develop new strategies to treat enzalutamide resistant prostate cancers.
Our results serve as a proof of the principle that alternative splicing of the AR may be a
viable target for the development of adjunctive therapies to augment the efficacy of AR
antagonists.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Quercetin downregulateshnRNPA1, FL AR, and AR-V7
C4-2B and CWR22Rv1 cells were treated with 10 or 20 uM quercetin and mRNA (A) and

protein (B) levels of hnRNPA1 were analyzed using qRT-PCR and western blotting,
respectively. Quercetin induced a dose dependent decrease in both mMRNA and protein levels
of hnRNPAL in both cell lines tested. C4-2B-Enza-R cells were treated with 20 uM
quercetin for 0, 4, 8, 16, or 24 h and mRNA (C) and protein (D) levels of hnRNPAL, FL AR,
and AR-V7 were analyzed using qRT-PCR and western blotting, respectively. Quercetin
induced a time-dependent decrease in hnRNPA1, FL AR, and AR-V7 levels. E) C4-2B-
Enza-R cells were treated with 20 pM quercetin for 0, 4, 8, 16, or 24 h and cytoplasmic and
nuclear extracts were prepared. Protein levels of hnRNPA1 and AR-V7 were analyzed in the
extracts using western blotting. Quercetin induced a time-dependent decrease in the total
levels of both hnRNPAL and AR-V7. Reduction in the nuclear transport of hnRNPA1
accompanied by cytoplasmic retention was not observed as reported earlier. Results are
presented as means + SD of 3 independent experiments performed with triplicates. * denotes
p <0.05.
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Figure 2. Treatment with a combination of quercetin and enzalutamide synergistically
downregulateshnRNPA1L, FL AR, and AR-V7

C4-2B and C4-2B-Enza-R cells were treated with 5 or 10 UM quercetin and 20 uM
enzalutamide either singly or in combination. Total RNA or proteins were extracted and
mRNA (A) and protein (B) levels of hnRNPA1, FL AR, and AR-V7 were analyzed using
gRT-PCR and western blotting, respectively. Combination of quercetin and enzalutamide
reduced the expression of hnRNPAL, FL AR, and AR-V7 synergistically. Similarly, 22Rv1
and 22Rv1-Enza-R cells were treated with 5 or 10 uM quercetin and 20 UM enzalutamide
either singly or in combination. Total RNA or proteins were extracted and mRNA (C) and
protein (D) levels of hnRNPAL, FL AR, and AR-V7 were analyzed using qRT-PCR and
western blotting, respectively. Combination of quercetin and enzalutamide reduced the
expression of hnRNPAL, FL AR, and AR-V7 synergistically. Results are presented as means
+ SD of 3 independent experiments performed with triplicates. * denotes p<0.05.
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Figure 3. Combination treatment with quercetin and enzalutamide downregulates andr ogen
receptor signaling synergistically

A) C4-2B and C4-2B-Enza-R (upper panel) and 22Rv1 and 22Rv1-Enza-R (lower panel)
cells were treated with 5 or 10 uM quercetin and 20 UM enzalutamide either singly or in
combination. Expression levels of androgen receptor-regulated genes PSA, NKX3.1,
FKBP5, and UBE2C were analyzed using qRT-PCR. Treatment with the combination of
quercetin and enzalutamide reduced the mMRNA levels of all 4 androgen receptor-regulated
genes. B) C4-2B and C4-2B-Enza-R (left panel) and 22Rv1 and 22Rv1-Enza-R (right panel)
cells were transfected with PSA-enhancer/promoter-luciferase reporter vector and treated
with 5 or 10 puM quercetin and 20 uM enzalutamide either singly or in combination.
Luciferase reporter activities were measured using a luminometer. Treatment with the
combination of quercetin and enzalutamide reduced the activity of luciferase synergistically.
C) C4-2B and C4-2B-Enza-R cells were treated with 5 or 10 uM quercetin and 20 pM
enzalutamide either singly or in combination. Cell lysates were subjected to ChIP assays to
examine the recruitment of the androgen receptor to the ARE-1/I1 region of the PSA
promoter. Treatment with the combination of quercetin and enzalutamide reduced the
recruitment of the AR to the PSA promoter synergistically. Results are presented as means +
SD of 3 independent experiments performed with triplicates. * denotes p <0.05.
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Figure 4. Combination treatment with quercetin and enzalutamide resensitizesresistant cellsto
enzalutamidein vitro

C4-2B and C4-2B-Enza-R (A) and 22Rv1 and 22Rv1-Enza-R (B) cells were treated with 5
or 10 uM quercetin and 20 UM enzalutamide either singly or in combination and cell
survival was analyzed. Treatment with the combination of quercetin and enzalutamide
reduced the cell survival of the enzalutamide-resistant C4-2B-Enza-R and 22Rv1-Enza-R
cells significantly compared with treatment with either agent alone. C4-2B and C4-2B-Enza-
R (C) and 22Rv1 and 22Rv1-Enza-R (D) cells were treated with 5 or 10 uM quercetin and
20 uM enzalutamide either singly or in combination for 24 h and the clonogenic ability of
the surviving cells was analyzed. Treatment with the combination of quercetin and
enzalutamide reduced the clonogenic ability of the enzalutamide-resistant C4-2B-Enza-R
and 22Rv1-Enza-R cells significantly compared with either agent alone. Right panels show
quantification of the numbers of colonies formed by cells in the respective treatment groups.
Results are presented as means = SD of 3 independent experiments performed with
triplicates. * denotes p <0.05.
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Figure 5. Combination treatment with quercetin and enzalutamide resensitizesresistant cellsto
enzalutamidein vivo

22Rv1 cells (2x10%) were injected sub-cutaneously into both flanks of SCID mice and tumor
growth was monitored. Once the tumors were palpable, the mice were randomly divided into
4 groups (n=6/group) and treated with: 1) vehicle (0.5% Methocel 4AM), 2) 25 mg/kg
enzalutamide via oral gavage daily for 5 days/week, 3) 20 mg/kg quercetin i.p. daily for 5
days/week, and 4) a combination of quercetin and enzalutamide daily for 5 days/week.
Tumors (n=12/group) were monitored twice a week and were harvested and weighed at the
end of 3 weeks. Tumor volumes (A) and weights (B) of tumors treated with the combination
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of quercetin and enzalutamide were significantly reduced. C) Total RNAs derived from the
tumor tissues were analyzed by gRT-PCR for the expression levels of hnRNPA1L, FL AR,
and AR-V7. Transcript levels of hnRNPA1, FL AR, and AR-V7 were reduced significantly
in the tumor tissues by treatment with the combination of quercetin and enzalutamide. *
denotes p<0.05.
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