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In our previous study, we observed that androgen deprivation therapy (ADT) may induce a compensatory increase in
MAPK or JNK signaling. Here, we tested the effects of the MEK inhibitors PD0325901 and GSK1120212, ERK1/2 in-
hibitor GDC-0994, and the JNK inhibitor AS602801 alone and in combination with the AR inhibitor enzalutamide
(ENZ) in androgen-sensitive LNCaP cells and androgen-resistant C4-2 and 22Rv1 cells. Enzalutamide combined with
AS602801 synergistically killed LNCaP, C4-2, and 22Rv1 cells, and decreased migration and invasion of LNCaP and
C4-2 cells. We studied the combination of enzalutamide with AS602801 in vivo using luciferase labeled LNCaP xeno-
grafts, and observed that combination of ENZ with AS602801 significantly suppressed tumor growth compared with
either drug alone. Importantly, combination therapy resulted in dramatic loss of AR mRNA and protein. Surprisingly,
mechanistic studies and Nanostring data suggest that AS602801 likely activates JNK signaling to induce apoptosis.
Since AS602801 had sufficient safety and toxicity profile to advance from Phase I to Phase II in clinical trials,
repurposing of this compoundmay represent an opportunity for rapid translation for clinical therapy of CRPC patients.
Introduction

Prostate cancer (PCa) remains the most commonly diagnosed cancer for
U.S. males, and ranks second in cancer mortality with over 33,000 deaths ex-
pected this year [1]. Patients with localized PCa often undergo radiation or
surgical therapy,which is curative for themajority of patients. However, a sub-
set of patients will have recurrent disease, typically with metastases to the
lymph nodes and bone. The standard of care for recurrent disease is hormonal
androgen deprivation therapy (ADT) [2]; however, many patients progress
during ADT, some quite rapidly. Recurrent disease that follows ADT treatment
is termed castration-resistant prostate cancer (CRPC) [3,4], which is both ag-
gressive and lethal. Approximately 10% to 20% of PCa patients progress to
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this state within 5 years [5]. Metastases are present in over 84% of CRPC pa-
tients, and the mean survival is around 14 months for metastatic CRPC pa-
tients [5]. Androgen receptor (AR) activity persists in most CRPC, with
increased intratumoral androgen synthesis being a major mechanism driving
this AR activity [6]. AR activity in CRPC can be suppressed by agents such
as abiraterone, which further decrease androgen synthesis, or by AR antago-
nists such as enzalutamide. Enzalutamide (ENZ) [7] is a second generation
AR antagonist that overcomes resistance to conventional anti-androgens by
inhibiting nuclear localization and chromatin binding of AR [8,9], but patients
still invariably progress. An increasingly recognized resistance mechanism to
AR-directed therapy in prostate cancer involves epithelial plasticity, in which
tumor cells demonstrate low to absent AR expression and often have neuroen-
docrine features [10–12]. Multiple mechanisms may contribute to persistent
AR activity including alterations in the AR (AR gene amplification or activat-
ing mutations, expression of constitutively active AR splice variants, or AR
posttranslational modifications), further increases in intratumoral androgen
synthesis, and activation of multiple signaling pathways or epigenetic alter-
ations that enhance tumor cell growth and may directly or indirectly enhance
AR activity [6,13]. However, the contribution of any single mechanism to re-
sistance is unclear, andmultiple mechanismsmay contribute to resistance in a
single patient due to tumor heterogeneity. Thus, new targets and combination
therapies are critically needed.
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Understanding the mechanisms underlying CRPC and subsequent pro-
gression to metastatic disease is critical to the development of more effec-
tive combination therapies. To gain insights into the response to ADT and
emergence of CRPC, we performed RNAseq analysis of 20 patient-
matched pre-ADT biopsies and 20 post-ADT radical prostatectomy (RP)
prostate cancer samples and observed strong downregulation of AR targets
and upregulation of genes involved in downstream of MAPK signaling, in-
cluding FOS, FOSB, and JUN [14]. These data suggested that ADT may in-
duce a compensatory increase in MAPK or JNK signaling in response to the
decrease in androgen signaling.

Thus, we hypothesized that simultaneous and combined inhibition of
both androgen andMAPK or JNK signaling may result in synergistic killing
of prostate cancer cells. In this study we tested the effects of the MEK inhib-
itors PD0325901 and GSK1120212, ERK1/2 inhibitor GDC-0994, and the
JNK inhibitor AS602801 alone and in combination with ENZ in
androgen-sensitive cells and androgen-resistant prostate cancer cells.
Here we show that ENZ combined with MEK or JNK inhibitors synergisti-
cally killed LNCaP and C4-2 cells, that the ENZ/ AS602801 combination
prevents growth of tumor xenografts in immunocompromised mice, and
that this combination results in a dramatic loss of ARmRNA and protein ex-
pression. These findings have potential implications for treatment of men
with aggressive prostate cancer.

Materials and Methods

Materials

ENZ and GSK1120212, PD0325901, GDC-0994 were purchased from
Selleckchem (Houston, TX) and were dissolved in DMSO to prepare 50
mM, 10 mM, 50 mM, and 1 mM stock solutions, respectively. AS602801
was purchased from Cayman Chemical (Ann Arbor, MI) and was dissolved
inDMSO to prepare a 25mM stock solution. AS602801 has previously been
shown to be a highly specific JNK inhibitor [15]. SP600125 also inhibits
JNK as a reversible ATP-competitive inhibitor withmore than 20-fold selec-
tivity over other kinases including Erk, p38 MAPKs, MKKs, and PKCs
[16,17] and was a kind gift of Dr. Haian Fu (Emory University). All stock
solutions were stored at−20°C for in vitro studies. For in vivo experiments,
the ENZ stock solution was diluted in 20%Kolliphor RH40 (Sigma-Aldrich)
to prepare 200 μl solutions for each injection. Antibodies were purchased
from Cell Signaling Technology, Inc.: Phospho-SAPK/JNK (Cat #9251),
SAPK/JNK (Cat #9252), Phospho-c-Jun (Cat #9261), C-Jun (Cat #9165),
Phospho-Erk1/2 (Cat #9101), Erk1/2 (Cat #9102), PSA/KLK3 (Cat
#5365), AR (Cat #3202), and GAPDH (Cat #2118).

Cell Culture

The prostate cell line LNCaP, C4-2, 22RV1, PC3 and DU145 were ob-
tained from American Type Culture Collection. They were maintained in
RPMI 1640 media supplemented with 10% FBS, 1% L-glutamine, and 1%
penicillin-streptomycin. Cells were cultured in a 37°C incubator with hu-
midified atmosphere of 5% CO2. All the cell lines were confirmed myco-
plasma free using Mycoplasma PCR Detection Kit (abm Cat. No. G238).
Cell lines were authenticated by IDEXX BioResearch and the Emory Inte-
grated Genomics Core Facility.

Transfections and Transductions

Generation of luciferase expression in LNCaP cells: pLenti PGK V5-LUC
Puro was a gift from Eric Campeau & Paul Kaufman (Addgene plasmid #
19360). The virus particles were generated by transfecting 293 T producer
cells with pLenti PGK V5-LUC Puro expression vector and FuGENE® HD
Transfection Reagent according to the manufacturer's guideline (Promega,
Cat. No. E2311). Lentivirus was harvested from the supernatant 48 hours
and 72 hours post transfection. LNCaP cells were infected with harvested
lentiviral particles combined with polybrene at final concentration 8 μg/
ml and incubated for 48 hours. The infected target cells were selected and
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cultivated in completed RPMI 1640 with 1 μg/ml puromycin. The effi-
ciency of transduction was tested by luciferase assay.

Cell Viability and Cytotoxicity Assays

LNCaP and C4-2 cells were plated 10,000 cells/well in 96-well white
plates and treated with ENZ (1.56, 3.125, 6.25, 12.5, 25, 50 μM);
AS602801 (0.9375, 1.875, 3.75, 7.5, 15, 30 μM); GSK1120212 (1.56,
3.125, 6.25, 12.5, 25, 50 μM); PD-0325901 (3.125, 6.25, 12.5, 25, 50,
100 μM); GDC-0994 (0.0625, 0.125, 0.25, 0.5, 1, 2 μM) alone and combina-
tion for 48 hours using constant Ratio combination. Cell viability and cell
death were assessed using RealTime Glo™ MT Cell Viability Assay and
CellTox Green® Assays. Luminescence values and fluorescence were read
using a Synergy HTX plate reader (BioTek Instruments, Inc.). Pooled results
of biological triplicates with technical triplicates are shown after
transforming the actual luminescence values into relative of control
(DMSO 0.1%). Synergy between AS602801, GSK1120212, PD0325901,
GDC-0094 and ENZwere evaluated according to the cell viability (%of con-
trol) by the Chou-Talalay combination index method. CompuSyn was used
to calculate the combination index (CI) values using the constant Ratio
Combination Design. Drug combinations that yielded CI values <1 were
considered to be synergistic.

Cell Proliferation Assays

To evaluate proliferation, LNCaP cells were plated at 5000 cells/well in
96-well plates and treated with DMSO 0.1% (control); ENZ (12.5 μM);
AS602801 (7.5 μM); GSK1120212 (12.5 μM); PD-0325901 (25 μM); GDC-
0994 (1 μM) alone and combination. MTT assays were used to determine
the number of cells at indicated concentrations by measuring the absorp-
tion at OD570 daily for 5 consecutive days. Each sample was assayed in
triplicate in three independent experiments.

Cell Migration and Invasion Assays

Cell invasion and migration were evaluated using Boyden Chamber as-
says. LNCaP and C4-2 cells were seeded in the upper compartment of a 24-
well Boyden chamber containing Matrigel-coated 8-μm pore membranes
(Corning Cat # 353097) at 1×105 cells per well and treated with DMSO
0.1% (control); ENZ (12.5 μM); AS602801 (7.5 μM); GSK1120212 (12.5
μM); PD-0325901 (25 μM); or GDC-0994 (1 μM) alone and combination
in 300 μl serum-free RPMI 1640 media and 500 μl of complete RPMI
1640 media (supplemented with 10% FBS, 1% penicillin-streptomycin,
1% L-glutamine) in the bottom chamber as a chemoattractant. After incuba-
tion for 24 hours at 37°C, non-invaded cells in the upper chamber were
wiped away with a cotton swab and the filters then fixed and stained in
0.5% crystal violet for 10 minutes, then washed 3 times in ddH2O.
ddH2O was aspirated and membranes allowed to dry for 2 hours in a cell
culture biosafety cabinet. Membranes were then visualized under an up-
right confocal microscope using 40x magnification on a Nikon Eclipse Ti-
S inverted microscope. For migration assays, cells were seeded at the
same cell density and format inwells withoutMatrigel-coating. Representa-
tive images from 2 to 3 random fields were taken for each chamber. Cells
were counted using Fiji open source analysis software (https://fiji.sc/).
Each sample was assayed in triplicate in three independent experiments.

Protein Binding of AS602801 to Serum Proteins

Protein binding of AS602801 in RPMI 1640 cell culture media with
10% FBS was evaluated using the rapid equilibrium dialysis (RED) method
as described in other publications [18,19]. The single-use plate RED device
with dialysis membrane of molecular weight cut-off of approximately 8
K Da (ThermoFisher Scientific, Waltham, MA, USA) was used according
to vendor's protocol. Aliquots of 300 μl of cell media with 10% FBS (con-
taining 7.5 μM of AS602801 pre-incubated at 37°C for 30 minutes) and
550 μl of dialysis buffer (serum-free cell media) were added to sample
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chambers and buffer chambers, respectively. The loaded plate was sealed
and incubated at 37°C for 4 hours on an orbital shaker at 300 rpm. Upon
completion of incubation, 50 μl aliquots were removed from each chamber.
Then equal amount of serum-free cell media and media containing 10%
FBS were added to sample and buffer respectively to generate matchedma-
trix. All of the samples were then diluted with 400 μl of 100% acetonitrile
containing internal standard and subjected to LC-MS/MS analysis. The per-
centage of free AS602801 was calculated bymeasuring its concentration in
the buffer and sample chambers from peak area relative to internal stan-
dard. The concentration in the buffer chamber divided by concentration
in sample chamber then multiplied by 100 is the unbound percentage.
The final unbound value represents the mean of three replicates.

Western Blots

Cells were washed twice with 1X PBS and harvested with RIPA lysis
buffer (Sigma Cat # R0278) containing protease inhibitors (Sigma Cat #
P8340) and phosphatase inhibitors (Roche Cat # 4906845001). Whole
cell lysates were centrifuged at 10,000 rpm for 10minutes at 4°C. Superna-
tants were transferred to fresh tubes and protein concentration was quanti-
fied using the Pierce Bradford protein assay (Thermo Fisher Cat # 23225).
Thirty μg of protein was analyzed on a 10% SDS-polyacrylamide gel by
SDS-PAGE electrophoresis and transferred to a PVDF membrane (Biorad
Cat #1620177). Membranes were blocked in 1X TBS buffer containing
5% BSA and 0.001%Tween for 1 hour at room temperature, and then incu-
bated with primary antibody Phospho-SAPK/JNK (1:1000), SAPK/JNK
(1:1000), Phospho-c-Jun (1:1000), C-Jun (1:1000), Phospho-Erk1/2
(1:1000), Erk1/2 (1:1000), PSA (1:3000), AR (1:1000), or GAPDH
(1:5000) overnight at 4°C. Blots were washed with TBST three times for 5
minutes each and incubated with secondary antibodies (anti-rabbit IgG –
Abcam # ab6721 1:10,000) for 1 hour at room temperature. Signals were
visualized using SuperSignal West Pic PLUS chemiluminescence substrate
(Pierce Cat #34580) according to the manufacturer's instructions (Thermo
Fisher Scientific) and captured on film. Quantitative measurements of
Western blot analysis were performed using Fiji and GraphPad software
(Prism 7).

mRNA Analysis by QRT-PCR and Nanostring

Total RNAswere extracted from treated cells after 48 hours using TRizol
reagent (Invitrogen). All RNA was converted to cDNA using iScript cDNA
Synthesis Kit (Cat # 1708890). The cDNAs were subjected to real-time re-
verse transcription-PCR (RT-PCR) using SsoAdvanced Universal SYBR
Green Supermix (Cat# 1725271) according to the manufacturer's instruc-
tions. Each reaction was normalized by co-amplification of beta actin. Trip-
licates of samples were performed with default settings on a Bio-Rad CFX-
96 real-time cycler. Primers used for real-time PCR were: AR: Fwd 5′-
GGAATTCCTGTGCATGAAA-3′; Rev. 5′-CGAAGTTCATCAAAGAATT-3′;
Actin: Fwd 5′-AGA ACT GGC CCT TCT TGG AGG-3′; Rev. 5′-GTT TTT
ATG TTC CTC TAT GGG-3′.

RNA samples were analyzed for integrity using the Nanostring Pan-
Cancer Pathway Panel of 770 genes on an nCounter instrument at the
Emory Integrated Genomics Core Facility. Normalized signal data was ana-
lyzed using the significance analysis of microarrays (samr) package [20] in
R-Bioconductor using an FDR cutoff of q < 0.05. Hierarchical clustering
was performed using Cluster [21] and Java Treeview [22] software.

Xenograft Experiments

After approval from the Institutional Animal Care and Use Committee,
32 male /CRL NU(NCr)-Foxn1 athymic nude mice (4- to 6-week-old)
were purchased from Charles River Laboratories, Inc. Using a cold syringe
and 27-gauge needle, 3x106 LUC-LNCaP cells in a total volume of 0.2 ml
serum-free medium containing 50% matrigel (BD Biosciences, Palo Alto,
CA, USA) were injected subcutaneously into the neck under isofluorane an-
esthesia. Mice were monitored for approximately 4 weeks until palpable
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tumors grew to approximately 50 to 100 mm3. Mice were randomized
into four groups (with 5 to 6 tumors in each group) and injected daily fol-
lows: (i) vehicle control (10% DMSO, 20% Kolliphor RH40, i.p.), [23]
ENZ (10 mg/kg, i.p), (iii) AS602801(10 mg/kg, i.p.), (iv) ENZ
+ AS602801 (10 mg/kg+ 10 mg/kg, i.p). The 10 mg/kg doses used for
ENZ [24] and for AS602801 [25] were the same as previously described.
Tumor burdenwas assessed every 2 days by caliper measurement of two di-
ameters of the tumor (LxW = mm2) and reported as tumor volume
((LxW2)/2=mm3). Bioluminescence imaging to assess tumor size and vi-
ability was carried out at endpoint of treatment on an IVIS Spectrum Biolu-
minescence Imaging System (PerkinElmer) following intraperitoneal
injection of 1.5 mg of d-luciferin (PerkinElmer). Measurements were per-
formed when signal reached maximal plateau. Each group of mice was
scanned separately in supine position, using high-exposure parameters.
All applicable institutional and/or national guidelines for the care and use
of animals were followed in this process.

Immunohistochemistry

Formalin-fixed paraffin-embedded tumor tissues from mouse xeno-
grafts were stained using antibodies to the androgen receptor
(ThermoFisher Scientific Catalog # MA5-13426, 1:25 dilution) and to
Ki67 (Abcam Catalog #ab16667, 1:300 dilution). Slides were stained on
a DAKO autostainer at the Cancer Tissue and Pathology Core Shared Re-
source at the Winship Cancer Institute using standard protocols. Androgen
receptor staining was quantified on a scale of 0 = no staining, 1 = weak
staining, 2 = moderate staining, and 3 = strong staining. In addition, sec-
tions were scored on a scale of 0% positive nuclei, 1% to 25% positive, 26%
to 50% positive, 51% to 75% positive, and 76% to 100% positive.

Statistical Analysis

Data analyses are expressed as the mean ± SD. Statistical significance
where appropriate was evaluated using a two-tailed Student t test when
comparing two groups, or by one-way analysis of variance (ANOVA)
followed by Dunnett's posttest for multiple comparison. *, P < .05; **, P
< .01; ***, P< .001; ****, P< .0001 were considered statistically signif-
icant; ns, not significant. Statistical analyses were performed using
GraphPad Prism 7 software.

Results

Targeting AR and JNK/MEK Pathways Synergistically Decreases Viability of
Prostate Cancer Cells and Inhibits Proliferation of Prostate Cancer Cells

The AR-positive human prostate cell line LNCaP was assessed for its re-
sponse to ENZ andAS602801, GSK1120212, PD0325901, GDC-0994. All of
these drugs significantly decreased viability of LNCaP cells in a
concentration-dependent manner (Figure 1 and Supplementary
Figure S1). Surprisingly, AS602801 was much more potent than any
other single drug in decreasing cell viability. Moreover, the combination
of ENZ with AS602801, GSK1120212, or PD0325901 significantly de-
creased viability of LNCaP cells (Figure 1A and Supplementary
Figure S1). Similar results were observed in AR-positive, hormone-
independent C4-2 cells (Figure 1B) and in castration-resistant 22Rv1 cells
(Figure 1C). Moreover, AS602801 strongly reduced viability of castration-
resistant DU145 and PC3 cells in a dose dependent manner (Figure 1D).
Furthermore, we quantified the synergy between these combinations
using CompuSyn software, which uses the Chou-Talalay algorithm to calcu-
late combination index (CI) values with CI values<1 considered to be syn-
ergistic [26,27]. The calculated CI values are depicted at ED50, ED75 and
ED90 of each combination (Supplementary Figure S1). Synergy was ob-
served between ENZ combined with AS602801, GSK112021, or
PD0325901. Strong synergism (0.1 < CI< 0.3) between ENZ and
GSK112021 was observed at ED90 (CI = 0.26) compared to AS602801
(CI = 0.63) or PD0325901 (CI = 0.64). To better assess drug effects, cell



Figure 1. Effect of Enzalutamide and AS602801 on cell viability, proliferation, and cytotoxicity. LNCaP (A), C4-2 (B), or 22Rv1 (C) cells were plated 10,000 cells/well in 96-
well plates and treated with ENZ, AS602801, or both and cell viability was assessed using RealTime Glo™ MT Cell Viability Assay. (D) Viability for LNCaP, C4-2, PC3, and
DU145 cells over a range of concentrations of AS602801 is shown. (E) Proliferation of LNCaP cells was assayed by MTT at the indicated concentrations over a 5 day time
course. (F) Cell death of LNCaP cells after 48 hr. incubation with ENZ (12.5 μM), AS602801 (7.5 μM), or both was measured using CellTox Green® assay, indicating
strong synergy with the combination.
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cytotoxicity assays were conducted by measuring plasma membrane leak-
age. ENZ and AS602801 had significant effects on cytotoxicity of LNCaP
cells, whereas GSK112021, PD0325901 and GDC-0994 did not have signif-
icant effects. From these studies we determined the LD50 of AS602801 to
be 7.5 μM, which was somewhat higher than expected, and raised concerns
about off-target effects. We hypothesized that much of the drug could be
bound up by FBS in the media or plastic in tissue culture plates. To test
this hypothesis we performed a rapid equilibrium dialysis (RED) experi-
ment as described [18,19] to determine the amount of free drug by LC-
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MS/MS and found that 98.7% was bound by serum proteins in cell culture
media (seeMethods), and that treatment of cells with 7.5 μMAS602801 re-
sults in an effective concentration of 97.5 nM, which is likely within a spe-
cific range given the potential for suboptimal cell permeability. In addition,
the combination of ENZ with AS602801 significantly (P= .0001) reduced
cell proliferation compared with single drug treatment (Figure 1E) and in-
creased cytotoxicity (Figure 1F). Significant effects on proliferation and cy-
totoxicity were also observed for combination of ENZ with GSK1120212
and PD0325901 (Supplementary Figure S2). To determine if other JNK
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inhibitors were similarly toxic to PCa cells, we tested the JNK inhibitor
SP600125 [16,17] at a range of concentrations and found that LNCaP
cells had an LD50 of 8.6 μM for SP600125 treatment (Supplementary
Figure S3). Collectively, these data demonstrate that combined ENZ and
AS602801 synergistically induce prostate cancer cell death and inhibit
proliferation.

Targeting AR and JNK/MEK Pathways Inhibit Migration and Invasion of
Prostate Cancer Cells

Transwell migration experiments were performed to further investigate
whether combinations of ENZ with AS602801, GSK1120212, PD0325901,
or GDC-0994 affected the ability of LNCaP cells to migrate and invade. We
observed that AS602801 strongly inhibits LNCaP (Figure 2A) and
castration-resistant C4-2 (Figure 2B) cell migration as well as invasion
(Figure 2C) of LNCaP cells. Quantitative results indicated that the number
of cells with the ability to migrate and invade was significantly reduced
in the combination groups compared to the control groups except for the
combination of ENZ and GDC-0994 in migration (Supplementary
Figure 2. AS602801 synergizes with ENZ to inhibit LNCaP and C4-2B cell migrati
transwell at 1×105 cells per well treated with DMSO 0.1%(control); enzalutamide (12
imaged and counted using Fiji. (B) Same as in (A) with C4-2B cells. (C) LNCaP cells we
per well treated as above. Invaded cells were imaged and counted using Fiji. (D) Same as
*P < .05, **P < .01, ***P < .001.
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Figure S4). Additionally, ENZ alone can inhibit migration and invasion of
LNCaP cells compared to control groups (Figure 2). Interestingly, the JNK
inhibitor AS602801 alone inhibited migration and invasion of LNCaP
cells more potently than any ENZ combinationswithMEK or ERK inhibitors
(Supplementary Figure S3). These assays were conducted after 24 hours of
drug treatment, at which timepoint our proliferation assays (Figure 1E) in-
dicate that the difference in cell number would be no more than 50%, and
thus, the effects of AS602801 on migration and invasion cannot be due to
reduced cell number alone. Surprisingly, we observed that GSK1120212,
PD0325901, GDC-0994 also reduced of migration of C4-2 cells (Supple-
mentary Figure S4), even though they had little effect on migration of
LNCaP cells.

Combination Therapy with ENZ and AS602801 Blocks Prostate Cancer Growth
in a LNCaP Xenograft Model

Our in vitro studies demonstrated that the combination of ENZ and
AS602801 was the most effective in killing LNCaP cells and inhibiting mi-
gration and invasion. To test whether these effects were also the case in
on and invasion. (A) LNCaP cells were seeded in the upper chamber of a 24-well
.5 μM); AS602801 (7.5 μM); or the combination for 24 hours. Migrating cells were
re seeded in the upper compartment of a 24-well invasion chamber at 1×105 cells
in (C) with C4-2B cells. The data are shown as themean± SD of three experiments.



Figure 3. ENZ/AS602801 combination treatment in Luc-LNCaP xenografts. (A) Tumor growth of Luc-LNCaP xenografts treated with the indicated drugs for 25 days is
presented. (B) Total body weight of mice is not affected by drug treatment. (C) Final tumor volume of the LNCaP xenograft tissues. (D) Final tumor weight of the LNCaP
xenograft tissues. (E) Quantification of luciferase luminescence imaging before euthanasia of mice. (F) Immunohistochemistry of representative tumors stained for Ki67
to assess total proliferation. (G) Quantification of Ki67 IHC data. (H) Bioluminescence imaging of mice. Statistical analysis was performed with Student's t-test, *P < .05,
**P < .01, ***P < .001. ****P < .0001.

Z. Li et al. Translational Oncology 13 (2020) 100751
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inhibition of tumor growth in vivo, we generated subcutaneous Luciferase-
LNCaP xenografts in immunodeficient male mice. Intact, non-castrated
mice were used to enable engraftment of hormone-dependent LNCaP xeno-
grafts. Animals were administered ENZ and/or AS602801 as described in
the Materials and Methods over the course of 25 days. As shown in
Figure 3A, monotherapy with ENZ or AS602801 partially suppressed
tumor growth, but the inhibitory effect was much stronger for combined
ENZ plus AS602801. No significant side effects were observed for overall
body weight (Figure 3B). Although both endpoints for tumor volume
(Figure 3C) and mass (Figure 3D) were reduced with ENZ or AS602801
monotherapy, the effect was more significant with combinatory treatment
(Figure 3, C–E). Immunohistochemistry staining for Ki-67 showed strongly
reduced proliferation in combination treated tumors (Figure 3F). IHC stain-
ing for AR protein levels in xenografts demonstrated some downregulation
of AR expression in AS602801 treated cells, but the variability in these data
did not reach statistical significance (Supplementary Figure S5). Addition-
ally, tumor size and viability were measured by Bioluminescence Imaging,
which demonstrated consistent results and showed that there were no me-
tastases present at the endpoints (Figure 3, E andH), which is not surprising
because LNCaP subcutaneous xenografts generally do not metastasize. In
short, these results indicated that the combination of ENZ and AS602801
most effectively inhibited prostate tumor growth in vivo. The JNK inhibitor
AS602801 had sufficient safety and toxicity profile to advance from Phase I
to Phase II in clinical trials for inflammatory endometriosis
(NCT01630252), and thus repurposing of this compound may represent
an opportunity for rapid translation of our findings.

AS602801 Dramatically Decreases AR Protein Levels in LNCaP Cells

To confirm the activity of ENZ on AR signaling, we analyzed expression
of AR protein and its downstream target prostate specific antigen (PSA) by
western blot. Surprisingly, the combination of ENZ and AS602801 or
GSK1120212 dramatically decreased AR protein expression, as compared
with ENZ alone (P= .0027, P= .0468) (Figure 4, A and B). The combina-
tion of ENZ and PD0325901 also decreased AR proteins levels compared
with ENZ, although there was no statistical significance (Figure 4C). We
did not observe any significant decrease of AR protein with combination
ENZ and GDC-0994 although p-Erk was inhibited by GDC-0994
(Figure 4D). Moreover, treatment with AS602801 blocked JNK activation
in response to anisomycin over 30 minutes (Figure 4A), and p-Erk was
inhibited by GSK1120212 or PD0325901 alone or in combination with
ENZ, as expected. Surprisingly, AS602801 was able to inhibit AR expres-
sion and activity more potently than ENZ as measured by decreases in AR
and PSA protein (Figure 4A). Furthermore, the JNK inhibitor SP600125
also dramatically inhibited AR expression (Supplementary Figure S3B),
demonstrating that the effects of AS602801 on AR expression are due to
JNK inhibition. Taken together, these results suggest that AS602801 can
negatively regulate AR protein levels.

AS602801Treatment Increases c-Jun Phosphorylation, Activates JNK Signaling,
and Blocks AR Expression at the mRNA Level

Our results indicate that treatment of LNCaP cells and C4-2 cells with
the JNK inhibitor AS602801 results in a dramatic decrease in AR protein
levels (Figure 4, A and G), but the mechanisms are not well understood.
To determine whether AR transcript levels were reduced, we performed
quantitative real-time PCR (QPCR) following AS602801 treatment of
LNCaP cells and observed that AS602801 potently inhibited AR mRNA ex-
pression (Figure 4F). Interestingly, we also observed that although treat-
ment of LNCaP cells with ENZ reduced AR protein expression
(Figure 4A), AR mRNA levels were dramatically increased by ENZ treat-
ment (Figure 4F), possibly due to endogenous negative feedback mecha-
nisms. The western blots also showed that AS602801 decreased AR
protein expression with time-dependent manner (Figure 4E). It has been re-
ported that there are direct protein-protein interactions between AR and c-
Jun proteins that might affect AR function [28]. To explore whether
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AS602801 also affects the expression of AR and AR-V7 mRNA in C4-2
cells, we performed QPCR following AS602801 treatment of C4-2 cells
and observed that AS602801 potently inhibited both AR and AR-V7
mRNA expression (Figure 4H). This is consistent with previous studies
[29] showing that JNK activation can repress transcription of the AR
gene. In short, these results suggested that induction of c-Jun activity by
AS602801 might play an important role in down-regulation of AR expres-
sion and activity.

Interestingly, incubation of unstimulated LNCaP cells with AS602801
over 24 hours actually increases c-Jun phosphorylation and JNK activation
(Figure 4E), suggesting that AS602801 may actually increase rather than
decrease activity of c-Jun which could in turn inhibit transcription of the
AR gene. This suggests that there is a delayed response to the drug that re-
quires at least 24 hours to activate JNK following AS602801 treatment. To
help elucidate themechanisms of cell death and the effects of AS602801 on
JNK activity, we performed focused gene expression analysis using the
Nanostring Pan-Cancer pathway panel that interrogates 770 genes from
13 cancer-associated canonical pathways. We identified 230 genes that
were significantly differentially expressed between AS602801-treated and
control cells (FDR<0.05) (Supplementary Table S1), and 327 genes differ-
entially expressed between control cells and cells treatedwith the combina-
tion of AS602801 and ENZ (Supplementary Table S2). Gene ontology
analysis of the 230 significant genes affected by AS602801-treatment dem-
onstrated that there was a highly significant enrichment of genes associated
with the cell cycle that were altered (FDR = 8.5e-8), even after correcting
for the fact that there were only 770 genes on the panel and they were all
associated with cancer related pathways. To further analyze how the
AS602801-treatment affected AR signaling, JNK signaling, and the cell
cycle, we extracted 104 significant genes annotated for these pathways
and performed hierarchical clustering analysis (Figure 5A). Genes associ-
ated with cell cycle arrest were strongly upregulated, while genes associ-
ated with cell cycle progression were strongly downregulated upon
treatment with AS602801 or combined AS602801 and ENZ. Furthermore,
the nanostring data confirmed the effectiveness of ENZ in repression of
AR target gene TMPRSS2 and the repression of AR mRNA by AS602801.
JNK pathway activation is essential for TNF-induced apoptosis [30] and
sensitizes prostate cancer cells to FAS-induced apoptosis [31]. Moreover,
JNK activity induces expression of GADD45 genes [32]. Nanostring Pan-
Cancer Pathway Panel analysis of cells treated with AS602801
(Figure 5B) shows that AS602801 strongly upregulates GADD45A/B/G,
TNF, and FAS expression (15.3-fold, 19.0-fold, 3.3-fold, 4.3-fold and 3.7-
fold, respectively), suggesting activation of JNK-signaling and JNK-
dependent apoptosis. Treatment of LNCaP and C4-2 cells with AS602801
induced PARP cleavage and Caspase-3 cleavage, consistent with induction
of apoptosis (Figure 5, C and D). Furthermore, combined AS602801/ENZ
treatment induced MAPK10 (JNK3) 2.6-fold and repressed TMPRSS2
(−5.1 fold), while AS602801 alone did not induce JNK3 or repress
TMPRSS2. These data suggest that sustained AS602801-treatment com-
bined with ENZ can induce JNK3 expression, activate JNK signaling, re-
press AR signaling, and induce apoptosis.
Discussion

Many strategies used to kill cancer cells induce stress and survival re-
sponses that promote the emergence of treatment resistance, which is the
underlying basis for most cancer deaths. In prostate cancer, androgen dep-
rivation therapy induces apoptosis and clinical responses in most patients
but also triggers progression to CRPC. Similarly, newer AR pathway inhib-
itors such as abiraterone and ENZ prolong patient survival but resistance
frequently develops inmany initial responders [33,34]. Disease progression
often correlates with rising PSA levels, indicating continued AR signaling
and highlighting the need for additional therapies that target the molecular
basis of treatment-resistant CRPC. Defining interactions between the AR
and redundant survival pathways will build new combinatorial strategies
that control progression and improve outcomes.



Figure 4. Effect of Enzalutamide and/or AS602801, GSK1120212, PD-0325901, GDC-0994 on pathway protein andmRNAexpression. (A-D) LNCaP cells (1×106 cells) were
seeded in 6-well plates and incubated for 24 h to allow for adherence. Cells were treated with DMSO 0.1% (control); enzalutamide (12.5 μM); AS602801 (7.5 μM);
GSK1120212 (12.5 μM); PD-0325901(25 μM); GDC-0994 (1 μM) alone and combination 48 h for PSA and AR detection. For p-Erk detection, LNCaP cells were pretreated
with 5 μg/ml EGF for 1 h after 24 h starvation, then treated with indicated concentration for 1 h. For p-JNK detection, LNCaP cells were treated with indicated
concentration for 2 hours, then stimulated with 25 μg/ml Anisomycin for 30mins. Western blot analysis was conducted for AR, PSA, p-ERK(Thr202/Tyr204)/ERK, p-
JNK/JNK. GAPDH was used as loading control. (E) LNCaP cells were treated with AS602801 (7.5 μM) for various time points. AR/PSA, JNK, p-JNK, and p-c-Jun/c-Jun
were analyzed by Western blot analysis; GAPDH was using as a loading control. NT indicates untreated LNCaP cells, and DMSO indicates LNCaP cells treated with vehicle
for 48 hours. The expression level of PSA was quantified with Fiji. (F) LNCaP cells were treated with indicated concentrations for 48 h for RNA extraction and analyzed
by QPCR. AR mRNA levels were normalized by co-amplification of beta-actin mRNA and are shown as relative fold change. (G) C4-2 cells were treated with DMSO 0.1%
and enzalutamide (12.5 μM); AS602801 (7.5 μM) and combination. AR and PSA were analyzed by Western blot analysis; GAPDH was using as a loading control. (H) C4-2
cells were treated with indicated concentrations for 48 h for RNA extraction and analyzed by QPCR. AR and AR-V7 mRNA levels were normalized by co-amplification of
beta-actin mRNA and are shown as relative fold change. All the experiments were repeated three times, and the data are presented as the mean ± SD. *P < .1, **P <
.01, ***P < .001, ****P < .0001.
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Figure 5.Nanostring analysis of AS602801 effects on LNCaP cells (A) Hierarchical clustering of 104 genes from nanostring mRNA signal data. LNCaP cells were treatedwith
DMSO control, ENZ, AS602801, or combined AS602801/ENZ for 48 h and RNA harvested. One hundred four genes annotated for JNK, AR, or cell cycle (CC) pathways that
were significantly different between AS602801-treated cells and controls were included in the cluster analysis. Gene symbols and the pathways for which each gene is
annotated are indicated to the right. Red indicates increased mRNA and blue indicated decreased mRNA levels. (B) Subset of affected genes from hierarchical clustering.
(C) Western blot for PARP in LNCaP cells indicates induction of apoptosis in AS602801-treated cells. (D) Similar blot for PARP in AS602801-treated C4-2 cells.
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c-Jun N-terminal protein kinase (JNK) is a subfamily of the mitogen ac-
tivated protein kinase (MAPK) superfamily [35,36]. The Stress Activated
Kinase/JNK pathway mediates cellular responses to stresses such as UV ra-
diation, inflammatory cytokines, and reactive oxygen species, and results in
phosphorylation of c-Jun by JNK kinases, activation of p53, ATF3, SMAD4,
c-Myc [37–39], ultimately inducting apoptosis or autophagy [36,39,40].
Several JNK inhibitor (JNKi) compounds have been developed, such as
the competitive ATP inhibitor AS602801 [15], which is more specific
than SP600125, which also inhibits p38 MAPK [41]. In prostate cancers,
AR has been shown to inhibit JNK by inducing p21 and interfering with
TNF/NFκB induced apoptosis [42]. AR can also inhibit JNK-mediated apo-
ptosis in response to thapsigargin, the phorbol ester 12-O-tetradecanoyl-13-
phorbol-acetate (TPA), or UV irradiation [43]. Phorbol 12-myristate 13-
acetate (PMA) induces cellular apoptosis in LNCaP and C4-2B prostate
cancer cells, and this apoptotic effect is mediated by JNK activation of
p53 signaling [44]. However, mice with homozygous deletions of JNK1,
JNK2, and PTEN in the prostate epithelium developed aggressive prostate
cancers that metastasize and have increased stem-like phenotypes that are
more resistant to androgen withdrawal [45], arguing that JNK inhibition
would promote, rather than hinder aggressive disease. Thus, there are con-
flicting studies that suggest that inhibition of JNK could be undesirable by
blocking apoptosis, or beneficial by inhibiting cellular proliferation, inva-
sion, and metastasis.

In this study, we definitively demonstrate that the combination of the
JNKi AS602801 with ENZ is highly synergistic for inducing cell death,
blocking invasion, and inhibiting tumor growth of LNCaP prostate cancer
cells in vivo. While treatment with AS602801 blocks JNK activation in re-
sponse to anisomycin over 30 minutes (Figure 4A), incubation of
unstimulated LNCaP cells with JNKi over 48 hours actually increases JNK
phosphorylation and activity (Figure 4E). Furthermore, nanostring analysis
of mRNA responses to AS602801 treatment indicate that this compound is
activating JNK signaling after 48 hours and this may be due to induction of
JNK3 expression. Thus, it is likely that the synergistic killing effects of
AS602801 are due to JNK activation rather than JNK inhibition. We specu-
late that AS602801 may be metabolized over time and that by 48 hours,
total JNK activity is increased rather than decreased due to compensatory
negative feedback pathways that result in induction of JNK3. Moreover,
AS602801 treatment clearly results in a profound loss of AR expression
both in protein and mRNA levels, and it also downregulates the AR-V7
mRNA levels, which may partially explain the synergistic effects we ob-
served, but themechanismbehind this phenomenon is notwell understood.
It is clear that this is due to on-target JNK inhibition, since SP600125 has
similar effects, albeit with different pharmacokinetics. More research will
be necessary to uncover these mechanisms in the future. Nevertheless,
our data show that AS602801 has great potential as an effective drug can-
didate either as a monotherapy or, more likely, in combination with ENZ
for treatment of advanced metastatic prostate cancer. This study demon-
strates that combination therapies using AS602801 with ENZ may repre-
sent a potential strategy for new therapeutic approaches for patients with
aggressive prostate cancer.

In summary, here we have shown that combinations of AS602801 with
the androgen receptor inhibitor enzalutamide synergistically kill prostate
cancer cells, inhibit proliferation, migration, and invasion, and prevent
tumor growth in mouse xenografts. These findings immediately suggest
the potential for combination drug clinical trials by repurposing the
AS602801 drug together with enzalutamide for patients with aggressive
prostate cancer.

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.tranon.2020.100751.
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