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Abstract

The next generation anti-androgen drugs, XTANDI® (Enzalutamide), ZYTIGA® (Abiraterone
acetate), ERLEADA™ (Apalutamide) and NUBEQA (Darolutamide) extend survival times and
improve quality of life in advanced prostate cancer patients. Despite these advances, resistance
occurs frequently and there is currently no definitive cure for Castration-Resistant Prostate Cancer
(CRPC). Our previous studies identified that similar mechanisms of resistance to enzalutamide

or abiraterone occur following treatment and cross-resistance exists between these therapies in
advanced prostate cancer. Here we show that enzalutamide and abiraterone resistant prostate
cancer cells are further cross-resistant to apalutamide and darolutamide. Mechanistically, we have
determined that the AKR1C3/AR-V7 axis confers this cross-resistance. Knockdown of AR-V7

in enzalutamide resistant cells re-sensitize cells to apalutamide and darolutamide treatment.
Furthermore, targeting AKR1C3 re-sensitizes resistant cells to apalutamide and darolutamide
treatment through AR-V7 inhibition. Chronic apalutamide treatment in C4-2B cells activates the
steroid hormone biosynthesis pathway and increases AKR1C3 expression which confers resistance
to enzalutamide, abiraterone and darolutamide. In conclusion, our results suggest that apalutamide
and darolutamide share similar resistant mechanisms with enzalutamide and abiraterone. The
AKR1C3/AR-V7 complex confers cross-resistance to second generation AR-targeted therapies in
advanced prostate cancer.
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Introduction

Treatment strategies for castration-resistant prostate cancer (CRPC) have evolved over the
past decade. Before 2010, docetaxel was the only treatment option for CRPC patients (1).
Following the discovery that CRPC patients remain dependent on androgen receptor (AR)
signaling (2-5), targeting AR became the major strategy for the treatment of CRPC. The
anti-androgen therapies, including abiraterone, enzalutamide, apalutamide and darolutamide,
significantly improved patient overall survival rate and are approved by the FDA (6-9).
However, the length of clinical response to these treatments is limited and all patients
eventually develop resistance. Thus, it is urgent to understand the underlying mechanisms of
the resistance.

Apalutamide is approved for the treatment of non-metastatic CRPC and metastatic
castration-sensitive prostate cancer (mMCSPC) (6). A missense AR mutant, F877L, is linked
to apalutamide resistance in preclinical models and has been detected in plasma DNA from
apalutamide treated patients (10). However, recent clinical data suggests the F877L and
the T878A mutations might not cause either de novo or acquired apalutamide resistance
(11). Data from phase I/11/111 clinical trials show that darolutamide has strong activity and
minimal toxicity (12,13). In contrast to enzalutamide and apalutamide, darolutamide does
not penetrate the blood-brain barrier which lowers the toxicity of this drug. Nevertheless,
both apalutamide and darolutamide still target the full-length AR and mechanisms of
resistance and cross-resistance with enzalutamide/abiraterone are largely unknown and need
to be further investigated.

Constitutively active AR variants such as AR-V7 can activate distinct transcriptional
programs and confer enzalutamide and abiraterone resistance (14-17). In addition to AR-
V7, AKR1C3 activation has been shown to be a critical mechanism to promote resistance

to both enzalutamide and abiraterone (18-20). The primary function of AKR1C3 is to
catalyze androgen synthesis (19,20). Our previous study demonstrated a new function of
AKR1C3: it can bind with AR-V7 and promote its stabilization (18), suggesting that the
AKR1C3/AR-V7 axis plays critical roles in conferring resistance to both enzalutamide and
abiraterone. However, the role of the AKR1C3/AR-V7 axis in apalutamide and darolutamide
is unknown.

Here we demonstrate cross-resistance between both apalutamide and darolutamide therapies
with enzalutamide and abiraterone treatment. Apalutamide and darolutamide target full
length AR while having no effect on AR-V7 activity. Chronic apalutamide treatment
significantly elevated AKR1C3 and AR-V7 expression in prostate cancer cells. Knockdown
of AKR1C3 decreased AR-V7 expression and significantly reversed the cross-resistance to
enzalutamide, abiraterone, apalutamide and darolutamide in resistant cells, suggesting that
the AKR1C3/AR-V7 axis plays a critical role in cross-resistance among the next generation
anti-androgen drugs.
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Materials and Methods

Cells lines and tissue culture

C4-2B and CWR22Rv1 were maintained in RPMI 1640 supplemented with 10% fetal
bovine serum (FBS), 100 units/ml penicillin and 0.1 mg/ml streptomycin. 293 cells were
maintained in DMEM supplemented with 10% FBS, 100 units/ml penicillin and 0.1 mg/ml
streptomycin. All experiments with cell lines were performed within 6 months of receipt
from the ATCC or resuscitation from cryopreservation. C4-2B cells were kindly provided
and authenticated by Dr. Leland Chung, Cedars-Sinai Medical Center (Los Angeles,

CA). C4-2B neo and C4-2B AKR1C3 cells were generated by stable transfection of
C4-2B cells with either empty vector pcDNA3.1 or pcDNAS3.1 encoding AKR1C3 and
were maintained in RPMI11640 medium containing 300 pg/mL G418. C4-2B cells were
chronically exposed to increasing concentrations of apalutamide (5 UM ~ 40 uM) by
passage in media containing apalutamide for >12 months in complete FBS and stored for
further analysis. Cells resistant to apalutamide were referred to as C4-2B APALR (C4-2B
apalutamide resistant). C4-2B MDVR (C4-2B enzalutamide resistant) and C4-2B AbiR
(C4-2B abiraterone resistant) are described previously (15). C4-2B MDVR, C4-2B AbiR
and C4-2B APALR cells were maintained in 20 pM enzalutamide containing medium, 10
UM abiraterone acetate containing medium and 20 uM apalutamide respectively. Parental
C4-2B cells were passaged alongside the resistant cells as an appropriate control. All cells
were maintained at 37°C in a humidified incubator with 5% carbon dioxide. Enzalutamide,
abiraterone acetate, apalutamide, darolutamide, and indomethacin were purchased from
Selleck Chemicals.

Plasmids and cell transfection

For transfection of small interfering RNA (siRNA), cells were seeded at a density of 0.5x10°
cells per well in 12-well plates or 2x10° cells per well in 6-well plates and transfected

with 20 nM of siRNA targeting the AR-V7 sequence (GUAGUUGUGAGUAUCAUGA)
(Dharmacon), or control siRNA (Catalog# 12935300, Invitrogen) using Lipofectamine-
iMAX (Invitrogen). Briefly, cells were plated one day before the transfection. 20 nM

SiRNA in serum-free Opti-MEM medium was mixed with same volume of Opti-MEM
medium containing Lipofectamine-iMAX and incubated for 5 min at room temperature,
prior to be added to cells. pcDNA3.1-AR-V7 or AKR1C3 were constructed by PCR
amplification followed by sub-cloning into the pcDNA3.1 vector. Cells were transfected by
expressing plasmids for pcDNA3.1 vector, AR-V7 and AKR1C3 using Lipofectamine 2000
(Invitrogen). Briefly, cells were plated one day before the transfection. 0.5-1pg plasmids

in serum-free Opti-MEM medium was mixed with same volume of Opti-MEM medium
containing Lipofectamine2000 and incubated for 20 min at room temperature, prior to

be added to cells. The effect of siRNA-mediated gene silencing and ectopic expression
plasmids were examined using gRT-PCR or western blot 2-3 days after transfection.
Lentiviral plasmid encoding shRNA targeting AKR1C3 (TRCN0000026561) was purchased
from Sigma-Aldrich. pLenti-GFP Lentiviral control vector were used as control. Lentiviral
particles were produced in 293T cells after co-transfection of the lentivirus vectors, psPAX2
and pMD2.G in 10-cm dishes. The lentiviral plasmids were kindly provided by Dr. Hong-
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Wu Chen at UC Davis. The lentivirus containing medium was collected and cells were
infected.

Protein extraction and western blotting

Whole cell protein extracts were resolved on SDS-PAGE and proteins were transferred

to nitrocellulose membranes. After blocking for 1 hour at room temperature in 5% milk

in PBS/0.1% Tween-20, membranes were incubated overnight at 4°C with the indicated
primary antibodies: AR (441, 1:1000 dilution, Santa Cruz biotechnology, Inc.), AR (N-20,
1:1000 dilution, Santa Cruz biotechnology, Inc.), AR-V7 (AG10008, Mouse monoclonal
antibody, 1:1000 dilution, precision antibody); AKR1C3 (A6229, 1:1000 dilution, Sigma-
Aldrich, St. Louis, MO); c-Myc (N262, 1:1000 dilution, Santa Cruz biotechnology, Inc.);
Tubulin (T5168, Monoclonal Anti-a.-Tubulin antibody, 1:5000 dilution, Sigma-Aldrich, St.
Louis, MO). Tubulin was used as loading control. Following secondary antibody incubation,
immunoreactive proteins were visualized with an enhanced chemiluminescence detection
system (Millipore, Billerica, MA).

Luciferase reporter assay

C4-2B cells were transfected with pGL3-PSA6.0-Luc reporters along with AR-V7 in
charcoal stripped FBS (CS-FBS) conditions. Cell lysates (35 pL per well) were used

for measurement of luciferase activity in a luminometer by first mixing the cell lysates

(25 L) with 20 pL luciferase assay reagent for measuring firefly luciferase activity and
subsequently adding 20 pL Stop-Glo reagent for measuring Renilla luciferase activity. Data
were normalized to Renilla luciferase activity.

Cell growth and survival assay

C4-2B parental, C4-2B AbiR, C4-2B MDVR, C4-2B APALR or CWR22Rv1 cells were
seeded on 12-well plates at a density of 0.3x10° cells/well in RPMI 1640 media containing
10% FBS and treated with enzalutamide, apalutamide or darolutamide. Total cell number
was determined after 0, 3 and 5 days. C4-2B MDVR cells were transiently transfected
with siRNA targeting AR-V7 or a control siRNA, and then treated with apalutamide or
darolutamide for 3 days. C4-2B MDVR or C4-2B APALR cells were seeded on 12-well
plates at a density of 0.5x10° cells/well in RPMI 1640 media containing 10% FBS and
co-treated with indomethacin and apalutamide/darolutamide in media containing FBS. The
coefficient of drug interaction (CDI) (21) is calculated as follows: CDI=AB/(AxB). A

is growth inhibition effect of indomethacin treatment. B is growth inhibition effect of
apalutamide/darolutamide treatment. AB is the growth inhibition effect of combination
treatment. The CDI were analyzed to determine the synergism of two drugs combination
treatment (CDI value <1, =1 or >1 indicates that the drugs are synergistic, additive or
antagonistic). C4-2B neo and C4-2B AKR1C3 cells were seeded on 12-well plates at a
density of 0.3x10° cells/well in RPMI 1640 media containing 10% FBS and treated with
different doses of apalutamide or darolutamide for 3 days. Total cell number was counted
and the cell survival rate (%) was calculated. Cell survival rate (%) = (Treatment group cell
number / Control group cell number) x100%.
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Clonogenic Assay

C4-2B parental, C4-2B MDVR, C4-2B AbiR or CWR22Rv1 cells were treated with DMSO,
20 uM enzalutamide, 20 uM apalutamide or 5 uM darolutamide in media containing 10%
complete FBS. C4-2B APALR cells were treated with OuM, 20uM or 40puM indomethacin
alone or in combination with 20 pM apalutamide. All cell lines were plated at equal
densities (600 cells/well) and all treatments lasted for 14 days. The colonies were rinsed
with PBS before being stained with 0.5% crystal violet/4% formaldehyde for 30 min and the
number of colonies was counted as described previously (22).

Real-Time quantitative RT-PCR

Total RNA was extracted using TriZOL reagent (Invitrogen). cDNA was prepared after
digestion with RNase-free RQ1 DNase (Promega) and then subjected to real-time reverse
transcription-PCR (RT-PCR) using Sso Fast Eva Green Supermix (Bio-Rad) according

to the manufacturer’s instructions and as described previously (23). Each reaction was
normalized by co-amplification of actin. Triplicates of samples were run on default
settings of a Bio-Rad CFX-96 real-time cycler. Primers used for RT-PCR were: AKR1C3,
5’-gagaagtaaagctttggaggtcaca-3” (forward) and 5’ -caacctgctcctcattattgtataaatga-3 (reverse);
AKR1C1/2, 5" -ggtcacttcatgcctgtect-3” (forward) and 5”-actctggtcgatgggaattg-3” (reverse);
HSD3B, 5’-cgggcccaactcctacaag-3” (forward) and 5’ -ttttccagaggctcttcttegt-3” (reverse);
SRD5A1, 5" -acgggcatcggtgcttaat-3” (forward) and 5”-ccaacagtggcataggcetttc-3~ (reverse)
HSD17B2, 5’-tttgccggagttttgaatgaa-3~ (forward) and 5”-gcaggttcttcgcaattect-3” (reverse)
and actin, 5”-agaactggcccttcttggagg-3” (forward) and 5’ -gtttttatgttcctctatggg-3~ (reverse).

Statistical Analysis

Results

The data are presented as means + standard deviation of the mean (SD) from three
independent experiments. Statistical analyses were performed with SPSS16.0. Differences
between individual groups were analyzed by two tailed student’s t test or one-way analysis
of variance (ANOVA) followed by the Scheffé procedure for comparison of means. p<0.05
was considered statistically significant.

Enzalutamide/abiraterone resistant prostate cancer cells are cross-resistant to
apalutamide and darolutamide

Apalutamide and darolutamide are new generation anti-androgens that bind the AR with
high affinity and inhibit AR transcriptional activity and nuclear translocation (12,24).

To determine the response of enzalutamide/abiraterone resistant cells to apalutamide and
darolutamide, C4-2B parental, C4-2B AbiR, C4-2B MDVR and CWR22Rv1 cells were
treated with different doses of enzalutamide, apalutamide or darolutamide. We found that
C4-2B MDVR, C4-2B AbiR and CWR22Rv1 cells were resistant to all the anti-androgen
treatments. As shown in Fig. 1A, 20 uM enzalutamide inhibited 41%, 6.3%, 5.5% and 21%;
40 puM apalutamide inhibited 24%, 5.8%, 5.7% and 15%; 10 uM darolutamide inhibited
54%, 26%, 28% and 31% of cell growth in C4-2B, C4-2B MDVR, C4-2B AbiR and
CWR22Rv1 cells, respectively. In C4-2B parental cells, the rank of cell growth inhibition
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is darolutamide > enzalutamide > apalutamide. Apalutamide is least potent compared to
enzalutamide and darolutamide in the inhibition of cellular growth of C4-2B parental cells.
We then determined growth inhibition at different time points by these anti-androgens

in different cell lines. As shown in Fig. 1B, C4-2B parental cells respond to all the
anti-androgen treatments in a time dependent manner; however, C4-2B MDVR, C4-2B
AbiR and CWR22Rv1 cells were resistant to all anti-androgen treatments at all time
points. At 5 days treatment, 20 uM enzalutamide inhibited 44%, 7.3%, 11% and 19%;

40 uM apalutamide inhibited 23%, 3.0%, 2.9% and 14%; 5 uM darolutamide inhibited
46%, 13.5%, 11% and 13.3% of cell growth in C4-2B, C4-2B MDVR, C4-2B AbiR and
CWR22Rv1 cells respectively. These data were confirmed using colony formation assays.
We found that C4-2B parental cells formed fewer colonies when treated with enzalutamide,
apalutamide or darolutamide, whereas C4-2B MDVR, C4-2B AbiR and CWR22Rv1 cells
were far less affected by anti-androgen treatment (Fig. 1C). Taken together, these data
suggest enzalutamide/abiraterone resistant prostate cancer cells are cross-resistant to both
apalutamide and darolutamide.

AR-V7 confers apalutamide and darolutamide resistance

Previous studies showed that AR-V7, a truncated variant of the AR, confers enzalutamide
resistance (14,15). To investigate the potential mechanisms of cross-resistance between
enzalutamide, apalutamide and darolutamide, we determined levels of full length AR,
AR-V7 and AKR1C3 following different anti-androgen treatments in C4-2B parental,
C4-2B MDVR and CWR22Rv1 cells. As shown in Fig. 2A, enzalutamide, apalutamide

and darolutamide suppressed both full length AR and AR-V7 protein expression in C4-2B
parental cells. Darolutamide was the most effective drug at decreasing full length AR

in these cells compared to enzalutamide and apalutamide. C4-2B MDVR cells expressed
higher level of full length AR and AR variants than C4-2B parental cells. Enzalutamide,
apalutamide and darolutamide had less effect on full length AR yet no effect on AR-V7
expression in C4-2B MDVR cells. However, total AR variants expression was inhibited

by enzalutamide and darolutamide when detected by pan-AR antibody in C4-2B MDVR
cells. None of the anti-androgens had effect on full length AR and AR-V7 expression

in CWR22Rv1 cells. Promoter activity assays revealed that enzalutamide, apalutamide

and darolutamide significantly suppressed DHT induced but not AR-V7 induced AR
transcriptional activity (Fig. 2B). Niclosamide, a previously identified AR-V7 inhibitor
(15), significantly suppressed both DHT and AR-V7 induced PSA promoter luciferase
activity (Fig. 2B). To further test whether AR-V7 overexpression is one of the mechanisms
contributing to apalutamide and darolutamide cross-resistance, AR-V7 was knocked down
in C4-2B MDVR cells followed by treatment with apalutamide and darolutamide. As

shown in Fig. 2C, AR-V7 knockdown reduced cell growth in C4-2B MDVR cells, and
apalutamide or darolutamide further inhibited cell growth in AR-V7 knockdown groups. We
also determined the effects of AR-V7 knockdown by western blot. As shown in Fig. 2D,
AR-V7 was successfully knocked down by AR-V7 siRNA. AR-V7 knockdown significantly
suppressed c-Myc expression but had no effect on AKR1C3 expression. Similar results were
observed in CWR22Rv1 cells showing that knockdown of AR-V7 significantly re-sensitized
CWR22Rv1 cells to apalutamide and darolutamide treatment (Fig. 2E). Additionally, it

Mol Cancer Ther. Author manuscript; available in PMC 2022 February 18.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Zhao et al.

Page 7

reduced c-Myc but no effect on AKR1C3 expression (Fig. 2F). Taken together, these results
suggest that AR-V7 confers apalutamide and darolutamide resistance.

Targeting AKR1C3 re-sensitizes resistant cells to apalutamide and darolutamide through
AR-V7 inhibition

AKR1C3 mediated intracrine androgen biosynthesis is one of the critical mechanisms of
enzalutamide resistance (19). Our recent publication established that AKR1C3 binds to
AR-V7 and stabilizes the protein level in resistant prostate cancer cells (18). To test if

the AKR1C3/AR-V7 axis confers cross-resistance to apalutamide and darolutamide, we
determined if knockdown of AKR1C3 re-sensitizes the resistant cells to apalutamide and
darolutamide. As shown in Fig. 3A, knockdown of AKR1C3 by lenti-AKR1C3 shRNA
inhibited cell growth. AKR1C3 knockdown combined with apalutamide/darolutamide
further reduced cell number compared to the control group. We further confirmed that
knockdown of AKR1C3 significantly down-regulated AR, AR-V7, and c-Myc expression in
C4-2B MDVR cells (Fig. 3B). Similar results were found in CWR22Rv1 cells. Knockdown
of AKR1C3 re-sensitized CWR22Rv1 cells to apalutamide and darolutamide treatment (Fig.
3C), and significantly hampered AR, AR-V7 and c-Myc expression (Fig. 3D). To further
confirm AKR1C3 is involved in apalutamide and darolutamide resistance, we used C4-2B-
AKR1C3 cells to test whether exogenous expression of AKR1C3 induces apalutamide

or darolutamide resistance. As shown in Fig. 3E, C4-2B-AKR1C3 cells exhibited greater
resistance to apalutamide and darolutamide than C4-2B-neo cells. Western blot showed that
both AR and AR-V7 levels were increased in C4-2B-AKR1C3 cells compared to those

in the C4-2B-neo cells (Fig. 3F). Finally, AKR1C3 inhibitor indomethacin significantly
enhanced both apalutamide and darolutamide treatment in C4-2B MDVR and CWR22Rv1
cells in a time dependent manner (Fig. 3G). At 5 days treatment, the coefficient of

drug interaction (CDI) of 20 uM indomethacin with 5 uM apalutamide or 20 pM
darolutamide combination treatment were 0.56 and 0.64 respectively in C4-2B MDVR cells,
suggesting synergistic interactions (CDI<1). In light of these results, our data indicated

that the AKR1C3/AR-V7 axis is one of the major mechanisms conferring enzalutamide/
apalutamide/darolutamide cross-resistance in advanced prostate cancer.

Chronic apalutamide treatment in C4-2B cells upregulates the steroid biosynthesis

pathway

Apalutamide is a new next-generation anti-androgen with a molecular structure very similar
to enzalutamide (6). To investigate apalutamide resistance, we have successfully generated
a C4-2B apalutamide resistant cell line (C4-2B APALR). As shown in Fig. 4A, C4-2B
parental cells were sensitive to apalutamide treatment in a dose dependent manner; however,
C4-2B APALR cells were resistant to the treatment. To test if cross-resistance exists between
apalutamide and other androgen signal-targeting agents in this cell model, C4-2B APALR
cells were treated with apalutamide, darolutamide, enzalutamide and abiraterone. Both

cell growth (Fig. 4B) and colony formation assays (Fig. 4C-D) confirmed that C4-2B
APALR cells exhibited robust resistance not only to apalutamide but also to darolutamide,
enzalutamide and abiraterone. We then examine the transcriptional alterations of steroid
hormone biosynthesis related genes in C4-2B APALR cells compared to the parental cells.
The steroid hormone biosynthesis related genes were significantly upregulated in C4-2B
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APALR cells compared to C4-2B parental cells (Fig. 4E). Results from western blot
indicated that the protein levels of both AKR1C3 and AR-V7 are overexpressed in C4-2B
APALR cells. However, these levels were lower than those in C4-2B MDVR cells (Fig.
4F). These results strongly imply that the AKR1C3/AR-V7 axis is critical in conferring
cross-resistance between apalutamide and other anti-androgens.

Targeting AKR1C3 resensitize apalutamide resistant cells to apalutamide and
enzalutamide

To confirm the contribution of the AKR1C3/AR-V7 axis in cross-resistance between
enzalutamide and apalutamide, C4-2B APALR cells were treated with enzalutamide or
apalutamide with or without the knockdown of AKR1C3 by lenti-AKR1C3 shRNA (Fig.
5A). Growth of C4-2B APALR cells was largely inhibited by AKR1C3 knockdown.
AKR1C3 knockdown in combination with enzalutamide/apalutamide treatment further
reduced cell growth. The knockdown of AKR1C3 was accompanied with reduced
expression levels of AR-FL, AR-V7 and c-Myc (Fig. 5B), which is consistent with what

is observed in C4-2B MDVR cells (18). Finally, C4-2B APALR cells were treated with the
AKR1C3 inhibitor indomethacin or apalutamide, alone and in combination. Indomethacin
effectively resensitized C4-2B APALR cells to apalutamide treatment (Fig. 5C), the CDI
of 20 uM apalutamide with 20 uM indomethacin or 40 uM indomethacin combination
treatment were 0.61 and 0.63 respectively, suggesting drug synergism (CDI<1). The results
were confirmed by clonogenic assay. 20 UM apalutamide has no effects on colony formation
in C4-2B APALR cells, single indomethacin treatment reduced the colony formation and
combination treatment significantly suppressed colony size and numbers (Fig. 5D-5E).
Collectively, our data suggest that targeting AKR1C3 in apalutamide resistant cells could
efficiently reverse cross-resistance between apalutamide and enzalutamide.

Discussion

Our study provides the first experimental evidence to show that cross-resistance

exists between enzalutamide/abiraterone and the newly FDA approved apalutamide and
darolutamide. We demonstrated that AKR1C3/AR-V7 axis plays a critical role in cross-
resistance among the next generation anti-androgen drugs. Results from this study and
our previous publications (25) complete a blueprint regarding the cross-resistance. These
findings strengthened the concept that since AR-targeting drugs share similar action of
mechanisms, there is non-negligible cross-resistance among them.

The past decade has witnessed the remarkable development of the next generation androgen-
targeting agents in the treatment of advanced prostate cancer, which vastly improved the
survival outcomes of prostate cancer patients (6-9). However, challenges remain that after

a period of efficient treatment, tumor cells inevitably become resistant. Thus, unveiling

the mechanism underlying drug-resistance is of great importance to optimize treatment
decisions and overcome resistance. In addition, more therapeutic options become available
with additional possibilities of diverse sequential treatments. Hence, identifying the key
factors responsible for the cross-resistance among different therapies is essential for
determining the optimal long-term sequential treatment schemes for mMCRPC patients.
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The mainstay treatments for advanced prostate cancer consist of two major parts,

i.e.: AR-targeting therapy and cytotoxic chemotherapy. Clinical data has implied the
presence of cross-resistance between enzalutamide and abiraterone, while docetaxel-based
chemotherapy is still effective for mCRPC patients after the failure of enzalutamide

or abiraterone and vice versa (26-29). These phenomena were validated /n7 vitro by

our previous work using the drug-resistant cell line models we have developed (25).
Apalutamide and darolutamide were recently approved for the treatment of non-metastatic
(MO0) CRPC in clinical settings and significantly extended the metastasis-free survival
(MFS) and overall survival (OS) in CRPC patients over placebo (6,13). Recently,
apalutamide was also approved by the FDA to treat mCSPC patient due to the fact that

the drug was able to prolong the radiographic progression-free survival (rPFS) and OS in
the setting of this patient population (30). Darolutamide expresses better /in vitro activity
than other anti-androgens which is consistent with our present findings. Darolutamide shows
higher binding affinity to the AR than enzalutamide and apalutamide /7 vitro and can target
AR mutants, such as F877L and W742L, which drives other anti-androgens resistance (31).
Nevertheless, a fact that should be noticed is that darolutamide has worse pharmacokinetic
parameters /n vivo compared to enzalutamide and apalutamide (32,33). In the recently
published phase 111 clinical trial, the darolutamide oral dose is 1,200 mg per day which is
7.5 fold and 5 fold higher dose than the enzalutamide or apalutamide oral doses, respectively
(NCT02799602). Although darolutamide was approved in the treatment of prostate cancer
patients, to address its bioavailability is still a necessary topic in future research.

Apalutamide has a very similar chemical structure to enzalutamide and RD162. Compared
to RD162, apalutamide only differs by a carbon atom replaced with a nitrogen atom in one
of the phenyl rings (4,24). Based on the similar structures of apalutamide to enzalutamide,
we postulated that both drugs might share the same resistant mechanisms. Intriguingly,
darolutamide has the potential to overcome enzalutamide resistance by targeting AR
mutants, such as F877L, which uses enzalutamide or apalutamide as an AR agonist
instead of antagonist (34,35). In our study, we found that darolutamide is more effective
than enzalutamide and apalutamide at the same dose in C4-2B parental cells /n vitro.
However, both enzalutamide and abiraterone resistant cell models are still cross-resistant
to apalutamide and darolutamide treatment; and importantly, acquired apalutamide resistant
prostate cancer cells are cross-resistant to all other anti-androgens. Because apalutamide
currently is approved to treat mCSPC patient with ADT, the fact we should not overlook

is after these patients become resistant to apalutamide, they are expected to be resistant to
other anti-androgens as well, such as enzalutamide, darolutamide and abiraterone based on
our pre-clinical data.

Both AR-V7 and AKR1C3 play important roles in leading disease progression and
conferring drug-resistance prostate cancer cells (14-19,23,36-38). AR-V7 is a truncated

AR variant that lacks the ligand-binding domain and is able to directly translocate into

the nucleus without activation by androgen (39). Thus, current anti-androgen treatment
cannot target AR-V7, and the tumor cells harboring AR-V7 may escape full length AR
targeting therapies and survive. Moreover, detection of AR-V7 in circulating tumor cells

is strongly correlated to enzalutamide- and abiraterone-resistance clinically (14). In our
previous studies, we have shown that niclosamide, an AR-V7 inhibitor, significantly reverses
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drug-resistance in enzalutamide and abiraterone therapy (15,23,36). A clinical trial using
niclosamide in combination with abiraterone to treat enzalutamide resistant prostate cancer
patient is currently ongoing (NCT02807805). However, opposition to AR-V7’s role in

the development of anti-androgen resistant CRPC is surging, and the exact position of
AR-variants in contributing therapeutic resistance is in debates (40). By using reagents that
can bind to AR but not AR-V7 and induce AR degradation, Steven et al. showed that AR
instead of AR-V7 is the prominent driver of enzalutamide-resistance (41), which challenged
the role of AR-V7 in enzalutamide resistance. Additionally, previous study indicated AR-V7
remains dependent of full length AR in gain of function (42). Intriguingly, AR-V7 can form
a heterodimer with full length AR in controlling gene regulation. Targeting AR might block
the downstream effector genes of the AR/AR-V7 dimers. Above all, the complex role of
AR-V7 in the development of drug-resistant CRPC remains to be revealed in future research.

On the other hand, AKR1C3, a multifunctional enzyme, induces enzalutamide- and
abiraterone-resistance by converting the weak androgens androstenedione and 5a-
androstenedione to the more active androgens testosterone (T) and dihydrotestosterone
(DHT) (19,23). Various inhibitors have been developed to target AKR1C3 activation in
xenograft tumor models (43), including indomethacin (44), GTx-560 (45) and ASP9521
(46), however, most untested in the clinical settings so far. Thus, there is a great unmet
need to engage AKR1C3 inhibitors for clinical trial initiation. Previously, we have reported
that indomethacin, a commonly used nonsteroidal anti-inflammatory drug (NSAID), could
efficiently inhibit AKR1C3 activity both /n vivoand in vitro (23). Given the promising
effect of indomethacin, a phase I/11 trial (NCT02935205) aiming at exploring its effect

in treating mCRPC patients in combination with enzalutamide is ongoing. Moreover, we
recently found that overexpression of AKR1C3 increases AR-V7 expression (18). This
finding was supported clinically by a study where positive AKR1C3 expression from
prostate biopsy samples was associated with higher positivity of AR-V7 (7/38 [18.4%]

vs. 4/76 [5.3%], p=0.025) (47). Consistent with our previous findings in C4-2B MDVR
cells, here we showed that inhibition of AKR1C3 decreases AR and AR-V7 levels in C4-2B
APALR cells. AKR1C3 has been shown to bind to AR-FL as a co-activator in a previous
study (45). Our subsequent study found that AKR1C3 binds with AR-V7 and promotes
AR-V7 protein stabilization v/athe ubiquitin-mediated proteasome pathway. Notably, we
found that overexpression of AKR1C3 significantly stabilizes both AR-FL and AR-V7
proteins. Inhibition of AKR1C3 by indomethacin reduced both AR-FL and AR-V7 protein
half-lives which could be reversed by proteasome inhibitor MG132 (18). Thus, AKR1C3
may stabilize AR similar to AR-V7 viathe same mechanism through ubiquitin-proteasome
system regulation. Additionally, we previously showed that knockdown of AR-V7 in C4-2B
MDVR cells decreases the level of c-Myc. In the current study, this phenomenon was
confirmed in C4-2B APALR cells. c-Myc is an important proto-oncogene in prostate cancer
that can deregulate the AR and AR variant signaling pathway. c-Myc activates AR target
genes and enhances AR and AR variant protein stability (48). Here our data showed

that c-Myc is also a downstream target of AR-V7 which suggests a possible reciprocal
regulation of AR-V7 and c-Myc. Knockdown of AKR1C3 suppresses both AR-V7 and
c-Myc expression in resistant cells. However, the interplay among AKR1C3, AR-V7 and
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c-Myc needs to be further investigated. Overall, our findings indicate that AKR1C3/AR-V7
axis plays an important role in controlling anti-androgen resistance.

According to the National Comprehensive Cancer Network (NCCN) guidelines (49),
among the four next generation AR-targeting agents, enzalutamide has the widest scope

of application and could be used in mCSPC, MO CRPC or mCRPC stage. Abiraterone is
approved in mCSPC and mCRPC patients whereas apalutamide is approved in mCSPC and
MO CRPC patients. So far, darolutamide is only approved in MO CRPC stage. However,
several phase 111 trials (NCT02799602, NCT02489318) are now ongoing and the application
spectrum of these drugs will certainly enlarge in the near future. Thus, our study provides
important preclinical clues about the values of AKR1C3 and AR-V7 in distinguishing the
optimal candidates of these AR-targeting treatments from the potential non-responders. In
addition, we showed that the combination of anti-androgens and the AKR1C3 inhibitor
indomethacin effectively reverses the drug resistance, which may be a new treatment
strategy to maximize the therapeutic efficacy.

Collectively, our study provides the information for clinicians to have a better understanding
about the mechanisms underlying drug-resistance of different next generation AR-targeting
drugs. The results demonstrated that enzalutamide and abiraterone resistant cells are cross-
resistant to apalutamide and darolutamide, and that AKR1C3/AR-V7 plays a critical role in
conferring the cross-resistance among these next generation anti-androgen drugs.
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Figure 1. Enzalutamide/abir aterone resistant prostate cancer cellsare cross-resistant to
apalutamide and darolutamide.

A. C4-2B parental, C4-2B AbiR, C4-2B MDVR and CWR22Rv1 cells were treated with
different concentrations of enzalutamide, apalutamide or darolutamide for 3 days. Total
cell numbers were counted and cell survival rate was calculated. B. C4-2B parental,
C4-2B MDVR, C4-2B AbiR and CWR22Rv1 cells were treated with 20 uM enzalutamide,
20uM apalutamide or 5 pM darolutamide for 0, 3 and 5 days and total cell numbers

were determined. C. The clonogenic ability of C4-2B parental, C4-2B MDVR, C4-2B
AbiR and CWR22Rv1 cells treated with 20 UM enzalutamide, 20 uM apalutamide or 5

UM darolutamide was analyzed. Enza: enzalutamide, APAL: apalutamide, Abi: abiraterone
acetate, DARO: darolutamide. * p<0.05.
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Figure 2. AR-V7 confers apalutamide and darolutamide resistance.
A. C4-2B parental, C4-2B MDVR and CWR22Rv1 cells were treated with 20 pM

enzalutamide, 20 uM apalutamide or 5 uM darolutamide for 3 days. Whole cell lysates were
collected and subjected to western blot. B. C4-2B cells were transfected with PSA luciferase
promoter in CS-FBS condition for 24 hours, followed by treatment with 1 nM DHT with

or without 20uM enzalutamide, 20 pM apalutamide, 5, 10 or 20 uM darolutamide or 0.5

UM niclosamide overnight. Whole cell lysates were collected and subjected to luciferase
assay (top). C4-2B cells were co-transfected with PSA luciferase promoter and AR-V7 in
CS-FBS conditions for 24 hours, followed by treatment with 20uM enzalutamide, 20 uM
apalutamide, 5, 10 or 20 uM darolutamide or 0.5 UM niclosamide overnight. Whole cell
lysates were collected and subjected to luciferase assay (bottom). C. C4-2B MDVR cells
were transiently transfected with control SiRNA or AR-V7 siRNA. Following transfection,
cells were treated with 20 uM apalutamide or 5 uM darolutamide and cell numbers were
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determined after 5 days. D. Whole cell lysates were collected and subjected to western blot.
E. CWR22Rv1 cells were transiently transfected with control sSiRNA or AR-V7 siRNA.
Following transfection, cells were treated with 20 uM apalutamide or 5 uM darolutamide
and cell numbers were determined after 5 days. F. Whole cell lysates were collected and
subjected to western blot. Enza: enzalutamide, APAL: apalutamide, Abi: abiraterone acetate,
DARO: darolutamide. NIC: niclosamide. n.s.: not-significant. * p<0.05
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Figure 3. AKR1C3 confers apalutamide and darolutamide resistance through AR-V7 regulation.
A-B. C4-2B MDVR cells were infected with lenti-control sShRNA or lenti-AKR1C3 shRNA

and then treated with 20 uM apalutamide or 5 pM darolutamide and cell numbers were
determined after 5 days. Whole cell lysates were collected and subjected to western blot.
C-D. CWR22Rv1 cells were infected with lenti-control shRNA or lenti-AKR1C3 shRNA
and then treated with 20 uM apalutamide or 5 pM darolutamide and cell numbers were
determined after 5 days. Whole cell lysates were collected and subjected to western blot.
E-F. C4-2B neo or C4-2B AKR1C3 cells were treated with different concentrations of
apalutamide or darolutamide for 3 days, total cell numbers were counted and cell survival
rate (%) was calculated. Whole cell lysates were collected and subjected to western blot.
G. C4-2B MDVR and CWR22Rv1 cells were treated with 20 uM apalutamide or 5

UM darolutamide or 20 uM indomethacin, alone or in combination, total cell numbers

Mol Cancer Ther. Author manuscript; available in PMC 2022 February 18.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Zhao et al.

were determined on 3 and 5 days. APAL.: apalutamide, DARO: darolutamide. INDO:
indomethacin * p<0.05.

Mol Cancer Ther. Author manuscript; available in PMC 2022 February 18.

Page 19



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Zhao et al.

Page 20
=120 - 140 | wC4-2B Parental ®C4-2B APALR
s Sl £120
£ 100 1 2100
x 80 - * x 80 * *
S 60 - g *
E a0 ~+C4-2B Parental ol g
a -=-C4-2B APALR 1A 1
% 20 1 3 204
0 25 5 10 20 40 DMSO APAL DARO ENZA ABI
Apalutamide (uM)
DMSO APAL DARO ENZA ABI @ 120 1= C4-2B Parental = C4-2B APALR
. & 100
39 S 80 -
o 3 60 -
K = % *
: £ 40 - B *
Q% . £ 2
! { “_ e o Q
8 % k i : 8 0 - ] . " :
DMSO APAL DARO ENZA ABI
4
x©
F € 3
5 2 o
* = <
< 4 ¥ m o @
Z a4 agq
e : + T =
Eg 3 . O O O
[ ] # | -,
% ‘é 2 * = APALR |E| AKR1C3
3%, ‘ i AR7
o/ Ml NN NN BN NN AR-FL
AKRIC1/2 AKR1C3 HSD3B SRD5A1 HSD17B2 [ Tubulin

Figure 4. Chronic apalutamide treatment in C4-2B cells activates the steroid biosynthesis
pathway through AKR1C3 upregulation.

A. C4-2B parental and C4-2B APALR cells were treated with different concentration

of apalutamide for 3 days, total cell numbers were determined and cell survival rate

was calculated. B. C4-2B parental and C4-2B APALR cells were treated with 20 pM
apalutamide, 5 UM darolutamide, 20 uM enzalutamide or 10 uM abiraterone and cell
numbers were determined after 3 days. C-D. The clonogenic ability of C4-2B parental

and C4-2B APALR cells treated with 20 uM apalutamide, 5 pM darolutamide, 20 pM
enzalutamide or 10 uM abiraterone was analyzed. E. The genes involved in steroid hormone
biosynthesis pathway were determined by gRT-PCR. F. Whole cell lysates were collected
from C4-2B parental, C4-2B MDVR and C4-2B ARNR cells and subjected to western blot.
Enza: enzalutamide, APAL: apalutamide, Abi: abiraterone acetate, DARO: darolutamide. *
p<0.05
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Figure 5. Targeting AKR1C3 resensitizes apalutamide resistant cellsto apalutamide and
enzalutamide.

A. C4-2B APALR cells were treated with 20 pM enzalutamide, 20 uM apalutamide or
infected with lenti-AKR1C3 shRNA, alone or in combination. Total cell numbers were
determined on 3 and 5 days. B. C4-2B APALR cells were infected with lenti-control ShRNA
or lenti-AKR1C3 shRNA and then treated with 20 uM enzalutamide or 20 pM apalutamide.
After 5 days, whole cell lysates were collected and subjected to western blot. C. C4-2B
APALR cells treated with 0, 20, 40 pM indomethacin with or without 20 uM apalutamide
and cell numbers were determined after 5 days. D-E. The clonogenic ability of C4-2B
ARNR cells treated with 0, 20, 40 UM indomethacin with or without 20 uM apalutamide was
analyzed. APAL.: apalutamide, ENZA: enzalutamide. INDO: indomethacin * p<0.05.
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