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Abstract

The androgen receptor (AR) is a ligand-dependent transcription
factor that controls the expression of androgen-responsive genes. A
key step in androgen action, which is amplified in castration-
resistant prostate cancer (CRPC), is AR nuclear translocation. Small
molecules capable of inhibiting AR nuclear localization could be
developed as novel therapeutics for CRPC. We developed a high-
throughput screen and identified two structurally-related pyrroloi-
midazoles that could block AR nuclear localization in CRPC cells.
We show that these two small molecules, 3-(4-ethoxyphenyl)-6,7-
dihydro-5H-pyrrolo[1,2-a]imidazole (EPPI) and 3-(4-chlorophe-

nyl)-6,7-dihydro-5H-pyrrolo[1,2-a]imidazole (CPPI) can inhibit
the nuclear localization and transcriptional activity of AR and
reduce the proliferation of AR-positive but not AR-negative
prostate cancer cell lines. EPPI and CPPI did not inhibit nuclear
localization of the glucocorticoid receptor or the estrogen
receptor, suggesting they selectively target AR. In LNCaP tumor
xenografts, CPPI inhibited the proliferation of relapsed LNCaP
tumors. These findings suggest that EPPI and CPPI could serve
as lead structures for the development of therapeutic agents for
CRPC. Mol Cancer Ther; 16(10); 2120–9. �2017 AACR.

Introduction
According to statistics compiled by the American Cancer Soci-

ety about 180,890 new cases of prostate cancer and 26,120
prostate cancer–related deaths were tallied in 2016 in the United
States, marking prostate cancer as the most common malignancy
diagnosed in males and the second most common cause of male
cancer deaths. Androgen deprivation therapy (ADT) remains the
standard treatment ofmetastatic prostate cancer; however, almost
all of these patients ultimately relapse with incurable castration-
resistant prostate cancer (CRPC; ref. 1). Studies have shown that
the androgen receptor (AR) is re-activated via multiple mechan-
isms including AR overexpression, mutation, hypersensitization,

and/or intratumoral androgen synthesis in CRPC that could drive
tumor growth under ADT (2–8). Overexpression and knockdown
studies have demonstrated that AR is a keymolecular determinant
and an excellent therapeutic target for CRPC (9–13). Abiraterone,
an inhibitor of androgen synthesis (14), and the second-gener-
ation AR antagonist enzalutamide (MDV3100), which compet-
itively inhibits AR binding to androgens and can inhibit AR
nuclear translocation and interaction with DNA (12), have been
approved by the FDA for CRPC treatment. Abiraterone and
enzalutamide can prolong life span of CRPC patients on average
for another 4 to 6 months (14, 15). The majority of prostate
cancers relapsed after abiraterone or enzalutamide treatmentwere
PSA positive, indicating AR was activated again in the relapsed
tumors cells (16). Thus, finding novel approaches to inhibit AR
may lead to new therapies for CRPC patients resistant to abir-
aterone and/or enzalutamide.

The AR, a member of the steroid receptor superfamily, is a
ligand-dependent transcription factor that controls the expression
of androgen-responsive genes (reviewed in ref. 17). A transcrip-
tion factor requires localization to the nucleus in order to access
target genes, and intracellular trafficking is an important mech-
anism in the regulation of many transcription factors, including
AR. Retention of a transcription factor in the cytoplasm can
prevent its transcriptional activity. Thus, a key regulatory step in
the action of AR is its nuclear translocation. In androgen-sensitive
cells, AR is localized to the cytoplasm in the absence of ligand, and
translocates into the nucleus and transactivates target genes upon
addition of androgens. However, in CRPC cells, AR remains in the
nucleus even in the absence of androgens, transactivating andro-
gen-responsive genes and leading to uncontrolled growth (6, 18,
19). Therefore, small molecules that can specifically block the
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nuclear localization of AR may provide an effective therapy
against CRPC tumors, including those relapsed after abiraterone
or enzalutamide treatment.

We have reported a high throughput, high content screen
for small molecules capable of inhibiting nuclear AR levels or
localization in C4-2 CRPC cells, which led to the identification
of two pyrroloimidazoles, 3-(4-ethoxyphenyl)-6,7-dihydro-
5H-pyrrolo[1,2-a]imidazole (EPPI) and 3-(4-chlorophenyl)-6,7-
dihydro-5H-pyrrolo[1,2-a]imidazole (CPPI; Fig. 1A; ref. 20). In
this study, we evaluated the inhibition of AR nuclear localization
and function by these small molecule inhibitors in cultured cells
and tested their ability to inhibit prostate cancer cell growth in vitro
and in xenograft tumor models.

Material and Methods
Plasmids

The expression vector pEGFP-C1 (Clontech) was used to gen-
erate fusion protein constructs with GFP at the N terminus of AR
and the NAR mutant for convenient visualization using fluores-

cent microscopy as described earlier (21). PSA promoter-driven
luciferase reporter vector (pPSA6.1) was kindly provided by
Dr. Marianne Sadar and a tk promoter-driven Renilla luciferase
reporter (pRL-TK) was purchased from Promega. Glucocorticoid
receptor (GR) expression vector and MMTV-luciferase reporter
were kindly provided by Dr. Donald DeFranco.

Small molecules
EPPI and CPPI were purchased from Princeton Biomedical

Research, Inc. MDV3100 was purchased from Selleckchem.

Cell culture experiments
Human C4-2 prostate cancer cells were obtained from Dr.

Leland Chung in 2014 and maintained in RPMI1640 medium
supplemented with 10% FBS, 1% glutamine, 100 units/mL pen-
icillin, and 100 mg/mL streptomycin (Invitrogen) at 37�C in the
presence of 5% CO2 in a humidified incubator. LNCaP, PC-3,
22Rv1, DU145, and HEK293 cells were obtained from ATCC.
LNCaP PC-3, 22Rv1, and DU145 were maintained in RPMI1640
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Figure 1.

A, Structures of pyrroloimidazole-based
small molecules EPPI and CPPI. The
PubChem substance identifier (SID)
numbers for EPPI andCPPI are 14730725
and 14742211, respectively. B, Inhibition
of GFP-AR nuclear localization in LAPC-
4 cells by EPPI and CPPI. LAPC-4 cells
transfected with GFP-AR (green) were
treated with DMSO vehicle or the
indicated small molecules at 25 mmol/L
overnight in androgen-free conditions.
The subcellular localization of GFP-AR
was visualized using fluorescent
microscopy. C, Inhibition of endogenous
AR nuclear localization in C4-2 cells by
EPPI and CPPI. Endogenous AR
localization was determined with
immunofluorescent staining using an
anti-AR antibody (red). The nuclei were
stained with DAPI (blue). C4-2 cells
cultured in androgen-free conditions
were treated with 25 mmol/L of EPPI or
CPPI overnight prior to fixation and
immunofluorescent staining.
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mediumandHEK293wasmaintained inDMEMmedium. LAPC4
cells were obtained from Dr. Robert Reiter in 2014. Cell lines
LNCaP, 22Rv1, and C4-2 were authenticated in 2016 using DNA
fingerprinting by examiningmicrosatellite loci in amultiplex PCR
reaction (AmpFlSTR Identifiler PCR Amplification Kit; Applied
Biosystems) by the University of Pittsburgh Cell Culture and
Cytogenetics Facility. HEK293 and PC-3 cell lines were obtained
fromATCC in 2016. ATCCperformed authentication forHEK293
and PC-3 cell lines using short tandem repeat profiling. No
authentication was performed for DU145 or LAPC4. RPMI1640
medium was supplemented with 5% to 10% FBS stripped two
times with charcoal, for experiments performed in androgen-free
conditions.

AR localization
GFP-AR andGFP-NAR expression vectors was transiently trans-

fected into LAPC4, PC-3, C4-2, and HEK293 cells using Polyjet
according to the manufacturer's protocol (SignaGen Laborato-
ries). Cells were transfected at >60%confluence in phenol red-free
OptiMEM. The localization ofGFP fusion proteinswas imaged 16
hours after transfection, or at the indicated times after exposure to
small molecules dissolved in DMSO, or DMSO vehicle control,
with fluorescence microscopy using either a Nikon TE 2000U,
Nikon TS100, or Leica DM-IL microscope as described previously
(22). Cytoplasmic localization in transfected cells was defined
as GFP fluorescence that was both predominantly in the cyto-
plasm and more intense relative to nuclei. Nuclei were stained
with 40,6-diamidino-2-phenylindole, dihydrochloride (DAPI;
Sigma-Aldrich) or Hoechst 33342 (Sigma-Aldrich). Nuclear
localization was defined as GFP fluorescence that was both
predominantly in the nuclei and more intense than in the
cytoplasm. Even distribution was defined as when GFP fluores-
cence was evenly distributed between the nucleus and cyto-
plasm in transfected cells. Quantification of subcellular local-
ization of GFP-tagged fusion proteins was determined by count-
ing 20 to 200 transfected cells/dish in at least three dishes from
each experiment. All experiments were performed in triplicate
and repeated at least twice.

C4-2 cells were transfected with GFP-ERa or GFP-GR expres-
sion vectors and cultured overnight. The following day, cells were
treated with the indicated concentrations of the small molecules
EPPI or CPPI dissolved in DMSO, or with the DMSO vehicle
control. C4-2 cells transfected withGFP-GRwere also treated with
0.5 mmol/L dexamethasone to induce GFP-GR nuclear localiza-
tion in the presence of small molecules (23). Subcellular local-
ization of GFP-ERa or GFP-GR in transfected C4-2 cells was
determined by fluorescent microscopy 24 hours after treatment
with the small molecules.

Western blot analysis
C4-2 cells cultured in complete medium were treated with 0,

20, or 40 mmol/L EPPI or CPPI for 48 hours. Cells were lysed in
modified RIPA buffer [50 mmol/L Tris-Cl (pH 7.4), 1 mmol/L
EDTA, 1% NP-40, 0.1% sodium deoxycholate, 0.1% SDS, 150
mmol/L NaCl] with 1% protease inhibitor cocktail (Sigma-
Aldrich). Protein concentration was determined by BCA assay
(Pierce Chemical Co.). Western blotting was conducted using
primary antibodies against AR (sc-816; Santa Cruz Biotechnol-
ogy), PSA (sc-7638; Santa Cruz Biotechnology), and GAPDH
(sc-25778; Santa Cruz Biotechnology), followed with horse-
radish peroxidase-labeled secondary antibody (sc-2004 and

sc-2771; Santa Cruz Biotechnology). Signals were visualized
using chemiluminescence (ECL Western Blotting Detection
Reagents; GE Healthcare) and detected by ChemiDoc Imaging
Systems (Bio-Rad).

Luciferase assay
C4-2 cells were plated in 12- or 24-well plates and transfected

with appropriate luciferase plasmid(s) in androgen-free condi-
tions. Cells were treated with 0.1 nmol/L R1881 to induce PSA
promoter-driven luciferase activity. After 24 to48hours, cellswere
lysed and luciferase activity was measured using a Promega
Luciferase Assay Kit (Promega) and an LmaxII384 luminometer
(Molecular Devices) following the manufacturer's recommenda-
tions. The firefly luciferase activity was normalized to Renilla
luciferase activity. All experiments were performed in triplicate
and repeated at least three times.

The MMTV-firefly luciferase reporter, tk-renilla luciferase
reporter, and GFP-GR expression vector were cotransfected into
C4-2 cells to test the effect of CPPI on GR transactivation. The
transiently transfected cells were treated with 0.5 mmol/L dexa-
methasone in the presence or absence of 10 mmol/L CPPI for 24
hours. The cells were then harvested for luciferase detection as
described above.

Xenograft tumor studies
Male BALB/c strain of athymic SCID mice were obtained

from Charles River Laboratory, Wilmington, Massachusetts,
and were kept in accordance with the National Institute of
Health guidelines under standard animal housing conditions
for the Care and Use of Experimental Animals. All animal
studies were reviewed and approved by the Institutional Ani-
mal Care and Use Committee (IACUC) of the University of
Pittsburgh and were conducted in strict accordance with the
standards for humane animal care and use as set by the Animal
Welfare Act and the National Institutes of Health guidelines for
the use of laboratory animals.

Approximately 2 � 106 LNCaP or PC-3 cells suspended in 250
mL media were gently mixed with 250 mL Matrigel (Becton Dick-
inson Labware) and then inoculated subcutaneously in the flank
region of 6- to 8-week-old male athymic SCID mice using a 25-
gauge needle to establish xenograft tumors.

PC-3 or LNCaP xenograft tumors were measured three times
per week and volume was calculated by the modified ellipsoid
formula: length�width2�0.52 (24). Trans-scrotal castrationwas
performed under isoflurane anesthesia with proper aseptic and
antiseptic technique when tumor volume reached >200 mm3 as
reported previously (25). Mice were randomized into two exper-
imental groups at the time of castration. One group of castrated
mice received subcutaneous injections of CPPI at 50 mg/kg every
alternate day and the other group received vehicle control egg
phospholipids (EPL, NSC 704057, National Cancer Institute) in
parallel. The mice were euthanized when tumors reached 2,000
mm3 under approval by the Institutional Animal Care and Use
Committee of the University of Pittsburgh.

BrdU cell-proliferation assays
Cells were seeded at 1,000 cells/well in four-chambered slides

and allowed to attach for 24 hours. Cells were cultured in phenol
red free RPMI medium containing 10% charcoal-stripped FBS
(cFBS) for 2 days. Media was then replaced with fresh cFBS media
containing different concentrations of EPPI or CPPI (0.4, 2.0, 10,
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and 50 mmol/L) for 48 hours. BrdU labeling media was added
12 hours prior to staining. Cells were then washed with PBS,
and BrdU incorporation was assayed according to the manu-
facturer's instruction (Invitrogen BrdU Staining Kit; catalog
no.: 93-3943). Slides were imaged using a Zeiss Axioplan2
microscope and analyzed using Axiovision Rel. 4.5 imaging
software. BrdU-positive cell density was determined according
to the presence or absence of nuclear specific staining when

compared to the negative controls for three independent
experiments, with at least 10 fields imaged at 40� magnifica-
tion for each treatment group.

IHC
Tumor tissue samples were fixed immediately after dissection

in 10% formalin overnight, dehydrated in ethanol, cleared
in xylene, and embedded in paraffin blocks, as previously
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Figure 2.

The effect of EPPI and CPPI on R1881-
induced GFP-AR nuclear localization.
A, HEK293 cells were transiently
transfected with GFP-AR (green) in
androgen-free conditions. The
transfected cells were treated with
vehicle DMSO, EPPI, or CPPI at
25 mmol/L in the presence of indicated
concentrations of R1881 overnight. The
subcellular localization of GFP-AR was
visualized using fluorescent
microscopy. The nuclei were stained
with DAPI (blue). B, PC-3 cells were
transiently transfected with GFP-AR as
inA. C,Quantification of cells exhibiting
nuclear localization in transfected
HEK293 (left) or PC-3 cells (right). Data
are expressed as mean � SD
(� , P < 0.05).
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described (26). Six-micrometer-thick sections were prepared,
mounted on positive charged slides (Fisher Biotech), and air-
dried overnight. After de-waxing and rehydration, slides were
subjected to the heat-mediated antigen retrieval procedure using
a domestic microwave oven at a maximum power of 750 W.
Slides were stained with caspase-3 (Cas 3; 1:400, H-277, sc-
7148; Santa Cruz Biotechnology) and Ki-67 (1:50, sc-15402;
Santa Cruz Biotechnology) antibodies. Cas 3 and Ki-67–positive
cell density was determined by analysis of sections from all five
xenografts from each group. Apoptotic and proliferative index

were determined from at least 20 fields imaged at 40� magni-
fication with no overlap; Cas 3- and Ki-67-positive cells were
counted to determine the average number of apoptotic and
proliferating cells for each section. Sections were imaged using
a Zeiss Axioplan2 microscope and analyzed using Axiovision
Rel. 4.5 imaging software. Composite images were constructed
with Photoshop CS (Adobe Systems).

Statistical analysis
GraphPad Prism 5.0 (GraphPad Software, Inc.) and MS Excel

2003 (Microsoft) were used for statistical analysis and graphical
composition. Data were expressed as the mean � SEM, and
statistical significance was determined by one-way ANOVA or
Student t test as appropriate. Tumor volume data were
expressed as the mean � SEM, and statistical significance was
determined by Mantel–Cox log-rank or Student t test as appro-
priate. A P value of <0.05 was considered statistically
significant.

Figure 3.

Inhibition of AR transcriptional activation of PSA by EPPI or CPPI in C4-2 cells.A,
C4-2 cells cultured in complete media were treated with 25 mmol/L EPPI or CPPI
for 48 and immunoblotted with AR and PSA antibodies. GAPDH served as
internal loading control.B, The effect of EPPI on PSA promoter-driven luciferase
activity in C4-2 cells. The indicated concentrations of EPPI were added to
C4-2 cells precultured in androgen-free media and transiently transfected with
PSA6.1-luciferase and tk-renilla luciferase reporters in the presence of 0.1 nmol/L
R1881 or vehicle ethanol for 48 hours. C, The effect of CPPI on PSA promoter-
driven luciferase activity in C4-2 cells as described inB. Firefly luciferase activity
was normalized to tk promoter-driven renilla luciferase activity. Data are
expressed as mean � SEM (���, P < 0.001). Figure 4.

The effect of EPPI and CPPI on subcellular localization of GFP-GR and GFP-ERa
in C4-2 cells cultured in androgen-free conditions. A, The effect of EPPI on
dexamethasone (Dex)-induced nuclear localization of GFP-GR. C4-2 cells were
transiently transfected with GFP-GR expression vector overnight followed by
treatment with indicated concentrations of EPPI along with 0.5 mmol/L
dexamethasone. Subcellular localization of GFP-GR was visualized by
fluorescent microscopy 24 hours after the treatment with EPPI. B, The effect of
EPPI on transiently transfectedGFP-ERawas determined the same as described
in A, except no dexamethasone was used. C, The effect of GR transactivation
of MMTV promoter-driven luciferase activity by CPPI in C4-2 cells. The GR
transactivation was induced by 0.5 mmol/L dexamethasone in the presence or
absence of 10 mmol/L CPPI. Firefly luciferase activity was normalized to tk
promoter-driven renilla luciferase activity. C4-2 cells without GFP-GR
transfection were used as controls. Data are expressed as mean � SEM.
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Results
Small molecules EPPI and CPPI inhibited AR nuclear
localization in prostate cancer cells

The structurally related pyrroloimidazoles EPPI and CPPI
inhibited GFP-AR nuclear localization in LAPC4 prostate cancer
cells (Fig. 1A and B). Both EPPI and CPPI also enhanced cyto-
plasmic localization of endogenous AR inC4-2 cells (Fig. 1C). The
effects of EPPI andCPPI on endogenous ARorGFP-AR subcellular
localization were indistinguishable in these experiments, suggest-
ing that these two structurally related compounds are also func-
tionally equivalent.

Although EPPI or CPPI inhibited AR nuclear localization in C4-
2 and LAPC4 cells cultured in complete RPMI media, which
contains castrate levels of androgens (27), it was not clearwhether
EPPI and CPPI could also inhibit androgen-induced AR nuclear
localization. In AR-negative PC-3 and HEK293 cells, transfected
GFP-AR was localized to the cytoplasm of cells that were cultured
in regular media (Fig. 2), providing an opportunity to test the
effect of these compounds on androgen-induced GFP-AR nuclear

localization. In the presence of EPPI or CPPI, higher concentra-
tions of R1881 were required to induce GFP-AR nuclear locali-
zation inboth transfected PC-3 andHEK293 cells (Fig. 2).GFP-AR
nuclear localization in the presence 0.2 or 1 nmol/L R1881 in
HEK293 cells was significantly inhibited by EPPI or CPPI. Sim-
ilarly, GFP-AR nuclear localization in the presence 0.04 to
0.2 nmol/L R1881 in PC-3 cells was significantly inhibited by
EPPI or CPPI. At R1881 concentrations of 5 nmol/L or higher,
GFP-AR translocated into the nuclei of both PC-3 and HEK293
cells even in the presence of EPPI or CPPI. These observations
demonstrated that EPPI and CPPI can inhibit AR nuclear local-
ization at low androgen concentrations, but that higher androgen
concentrations could overcome EPPI and CPPI inhibition of AR
nuclear translocation.

EPPI andCPPI inhibited androgen induction of PSA expression
in C4-2 cells

Because EPPI and CPPI inhibited AR nuclear localization in
prostate cancer cells, we tested if these small molecules could
inhibit AR induction of its target gene PSA. Western blot analysis

Figure 5.

Effects of EPPI and CPPI on cellular proliferation in cultured LNCaP, C4-2, 22Rv1, DU145, and PC-3 cell lines. A, Quantification of BrdU-positive LNCaP, C4-2,
22Rv1, DU145, and PC-3 cells treated with EPPI. Cells were precultured in RPMI media and subsequently treated with DMSO vehicle control, 0.4, 2.0, 10, and
50 mmol/L EPPI for 48 hours. BrdU was added 4 to 12 hours before fixing and staining. B, Quantification of BrdU-positive LNCaP, C4-2, 22Rv1, DU145, and PC-3
cells treated with CPPI. Cells were precultured in RPMI media and subsequently treated with DMSO vehicle control, 0.4, 2.0, 10, and 50 mmol/L CPPI for 48 hours.
BrdU was added 4 to 12 hours before fixing and staining. C, EPPI and CPPI inhibition of R1881-stimulated BrdU incorporation. LNCaP cells were precultured
in androgen-free conditions for 48 hours, and subsequently treated with DMSO vehicle control, 0.1 nmol/L R1881, and DMSO vehicle control, 10, 20, and
40 mmol/L EPPI and CPPI, respectively for 48 hours. Data are expressed as mean � SEM (� , P < 0.05; �� , P < 0.01; ��� , P < 0.0001).
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demonstrated that EPPI and CPPI inhibited endogenous PSA
expression in C4-2 cells (Fig. 3A), indicating that AR transcrip-
tional activitywas inhibited. AR expression appeared tobe slightly
inhibited in response to EPPI or CPPI treatment. To further
evaluate the inhibition of AR transactivation by EPPI and CPPI,
an androgen responsive PSA promoter-driven luciferase assaywas
performed. C4-2 cells were transiently transfected with the
PSA6.1-luc reporter construct and treated with increasing con-
centrations of EPPI (Fig. 3B) or CPPI (Fig. 3C) for 48 hours in the
presence or absence of 0.1 nmol/L R1881. Both small molecules
significantly inhibited androgen-induced PSA-promoter driven
luciferase activity at 10 to 40 mmol/L concentrations, indicating
that they behave similarly to AR antagonists.

EPPI and CPPI did not inhibit nuclear localization of GFP-GR
and GFP-ERa

To test the specificity of EPPI and CPPI inhibition of AR
nuclear localization, we transiently transfected GFP-GR and
GFP-ERa into C4-2 cells separately. High doses of EPPI (50–
100 mmol/L) did not affect the subcellular localization of either
GFP-GR or GFP-ER (Fig. 4A and B). These results indicate that
the inhibition of AR nuclear localization by EPPI is specific to
AR in C4-2 cells. CPPI did not inhibit the GFP-GR–mediated
transactivation of a MMTV-luciferase reporter (Fig. 4C), con-
firming that these small molecules selectively inhibit AR, but
not other steroid receptors.

EPPI and CPPI inhibited proliferation of AR-positive prostate
cancer cells

Because EPPI and CPPI inhibit AR nuclear localization and
transactivation, we performed a BrdU incorporation assays to
determine if these small molecules inhibited the proliferation of
AR-positive prostate cancer cell lines, consisting of LNCaP, C4-2,
and 22RV1. AR-negative PC-3 and DU145 prostate cancer cells
were also included as controls. As expected, EPPI and CPPI
inhibited the proliferation of LNCaP, C4-2, and 22RV1cells (Fig.
5A and B), presumably via targeting AR. EPPI and CPPI also
inhibited R1881-stimulated proliferation of LNCaP cells (Fig.
5C). CPPI did not inhibit proliferation of either PC-3 or DU145

cells (Fig. 5B), suggesting that its inhibition of prostate cancer cell
growth was mediated through AR. EPPI inhibited DU145,
although it did not inhibit PC-3 cells (Fig. 5A), suggesting that
EPPI could also inhibit prostate cancer cell growth via AR-inde-
pendent pathways, due to off-target effects. These data suggest that
CPPI might be more specific and therefore less toxic than EPPI.

EPPI and CPPI did not inhibit nuclear localization of GFP-NAR
We investigated the effect of CPPI and EPPI on full-length GFP-

ARandGFP-NAR,which consists of theNTDandDBDH,but lacks
the LBD (28). C4-2 cells with transiently transfected GFP-AR and
GFP-NAR treated with 25 mmol/L EPPI or CPPI overnight dem-
onstrated the inhibition of nuclear localization of GFP-AR, but
not GFP-NAR (Fig. 6), suggesting that EPPI and CPPI influence of
AR subcellular localization requires LBD. However, this finding
cannot rule out the possibility that CPPI/EPPI may target NTD
and subsequently influence LBD function because N-terminus
and C-terminus of AR can interact (29). Overnight MDV3100
treatment (25 mmol/L) had no effect on GFP-AR or GFP-NAR
nuclear localization in C4-2 cells (Fig. 6).

CPPI inhibited growth of relapsed LNCaP xenografts
Because CPPI only inhibited AR-positive, but not AR-negative,

prostate cancer cells in culture (Fig. 5A), we examined its ability to
inhibit AR-positive prostate xenograft tumor growth. LNCaP
xenograft tumors were established in testis-intact nude mice and
mice were castrated to induce tumor relapse. Relapsed LNCaP
tumors were treated with CPPI via subcutaneous injection every
other day at 50 mg/kg body weight or vehicle (EPL) treatment
only. CPPI significantly inhibited the growth of relapsed LNCaP
xenograft tumors (Fig. 7A, P < 0.0001).

CPPI did not alter PC-3 xenograft growth compared to con-
trols (Fig. 7B). These findings demonstrate that CPPI inhibited
the proliferation of AR-positive, but not AR-negative prostate
cancer cells in vivo. The inhibition of relapsed LNCaP tumors by
CPPI was consistent with the Cas-3 and Ki-67 staining analysis
of tumors (Fig. 7C–F). Tumors in CPPI-treated mice had a three-
fold increase in Cas-3 apoptotic index (P < 0.0001) and a four-

Figure 6.

Effect of EPPI, CPPI, and MDV3100 on
subcellular localization of GFP-AR and
GFP-NAR in C4-2 cells cultured in
complete media. C4-2 cells were
transiently transfected with GFP-AR
or GFP-NAR overnight followed by
treatment with EPPI, CPPI, or
MDV3100 at 25 mmol/L, or DMSO
vehicle control for 24 hours. The
subcellular localization of GFP-AR and
GFP-NAR was visualized using
fluorescent microscopy. The nuclei
were stained with Hoechst (blue).
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fold decrease in Ki-67 index compared to tumors in the vehicle
control group.

Discussion
We show that EPPI and CPPI inhibit AR nuclear localization

and transactivation of its target gene PSA in prostate cancer
cells. The inhibition of AR appeared to be specific because the
small molecules failed to inhibit the nuclear localization of two
other steroid receptors, GR and ERa, and failed to inhibit GR-
mediated transactivation. Although both small molecules
inhibited the proliferation of AR-positive prostate cancer cells,
CPPI did not inhibit the growth of AR-negative prostate cancer
cells, suggesting a high specificity of AR-targeting. CPPI also

inhibited the relapsed growth of AR-positive LNCaP xenograft
tumors but not AR-negative PC-3 xenograft tumors in SCID
mice. These data suggest that pyrroloimidazole-based small
molecules could be developed to target AR signaling for the
treatment of CRPC.

Our findings provide evidence that preventing AR nuclear
localization is a viable approach to inhibit AR-positive prostate
cancer cell growth. Although some AR antagonists such as
enzalutamide could reduce AR protein in the nucleus, the
nuclear AR level was still higher than the cytoplasmic AR in
prostate cancer cells treated with enzalutamide (12). In our
study, CPPI and EPPI, but not enzalutamide, inhibited GFP-AR
nuclear localization in C4-2 cells cultured in complete media
(Fig. 6). Nuclear AR was significantly less than cytoplasmic AR
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Figure 7.

A, CPPI inhibition of relapsed LNCaP
xenograft tumor growth. Response
of LNCaP tumors relapsed after
castration to CPPI treatment or
vehicle control. B, Effect of CPPI on
PC-3 xenograft tumor growth.
Response of PC-3 tumors after
castration to CPPI treatment or
vehicle control. Number of animals in
each group is indicated in
parentheses. C, Representative
images (10–40�) of relative Cas-3þ
immunostaining in transverse
sections of relapsed LNCaP
xenograft tumors treated with CPPI
or vehicle control. D, Ki-67
immunostaining in transverse
sections of LNCaP xenograft tumors
treated with CPPI or vehicle control.
E, Quantification of Cas-3 positive
cells in LNCaP tumors. F,
Quantification of Ki-67 positive cells
in LNCaP. Data are representative of
five different readings from each
tumor. Values are presented as
mean � SEM (�, P < 0.05;
��� , P < 0.0001).
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in prostate cancer cells treated with EPPI or CPPI (see Figs. 1
and 6). CPPI and EPPI inhibition of AR nuclear localization in
prostate cancer cells was effective under androgen-deprived
conditions but not when high doses of androgens were present
(Fig. 2), indicating that high levels of androgens could over-
come the inhibition of AR nuclear localization. This limitation
should not be a concern for developing these small molecules
as potential therapy for CRPC because CRPC patients are on
ADT, and these small molecules could be used in combination
with traditional ADT.

EPPI, but not CPPI, exhibited growth inhibitory effect on AR-
negative DU145 cells. Although the scaffold of both molecules is
identical, EPPI has an ethoxy group whereas CPPI has a chloride
substituent. The EtO-Ph-C¼C substructure in EPPI is flagged in
the Registry of Toxic Effects of Chemical Substances (RTECS) and
therefore a candidate for unspecific toxicity pathways. Thus, AR-
independent inhibition of DU145 by EPPI appears to be a
function of the ethoxy arene, but not to the heterocyclic scaffold
shared by EPPI and CPPI. Therefore, this scaffold provides an
excellent starting point for the synthesis of more effective analogs
to inhibit AR.

In a study reported by Demchenko and colleagues, structural
analogs of EPPI and CPPI have antifungal effects at a concentra-
tion of 500 mg/mL or higher (30). It is likely that the antifungal
effects are mediated through targeting proteins other than AR
because fungus does not have AR. It is possible that some analogs
of these small molecules will inhibit AR without antifungal
activities, considering that CPPI and EPPI can inhibit AR tran-
scriptional activity at a low 10 mmol/L concentration, equivalent
to 2.19 and 2.65 mg/mL for CPPI and EPPI, respectively. Impor-
tantly, CPPI was well tolerated in animals. Thus, the structural
feature responsible for the antifungal effects in this scaffold may
not influence mammalian cells.

EPPI and CPPI are structurally very different from some of the
well-known AR antagonists, including flutamide, bicalutamide,
enzalutamide, andEPI-001(19) (12, 31) and thusmay represent a
new class of small molecules capable of inhibiting AR function.
Themechanisms of action for these smallmolecules are likely very
different from LBD-targeting AR antagonists because their pyrro-
loimidazole core is structurally different from LBD-targeting AR
antagonists. Thus, these small molecules may be synergistic with
LBD-targeting AR antagonists at inhibiting AR signaling in pros-
tate cancer cells.

CPPI and EPPI inhibition of AR appeared to be specific,
because these small molecules did not inhibit the nuclear
localization of GFP-GR and GFP-ERa and transactivation of
GR. However, the mechanisms of CPPI and EPPI inhibition of
AR nuclear localization and function have not yet been
resolved. This class of small molecules may interact with AR
directly or indirectly through a cofactor. Future work will focus
on whether CPPI or EPPI could directly bind to AR. Differential
scanning fluorimetry assays could be used to measure potential
interactions of CPPI/EPPI with AR (32). LBD-targeting AR
antagonists such as bicalutamide are known to modulate AR
recruitment of cofactors (33, 34). NTD targeting small mole-
cule EPI-001 was also reported to inhibit AR interaction with
cofactor CBP (31). Thus, if CPPI/EPPI could directly bind to
AR, they may also interfere with AR recruitment of its cofactors.
Another possibility is that CPPI/EPPI could target AR cofactors
capable of modulating AR subcellular localization. However,
AR cofactor modulation of endogenous AR nuclear localiza-

tion is not well studied. For example, Prp8 is an AR cofactor
and its knockdown increased GFP-AR nuclear localization in
transfected PC-3 cells (35). However, Prp8 knockdown did not
affect endogenous AR nuclear localization in LNCaP cells.
Instead, Prp8 knockdown significantly enhanced the ubiqui-
tination of endogenous AR. Therefore, it is unlikely that Prp8
is a molecular target of CPPI or EPPI. If CPPI or EPPI targets
an AR cofactor, instead of directly targets AR, one approach
may be to develop analogs of CPPI/EPPI that can be conju-
gated to agarose beads for affinity purification of protein(s)
that can bind to CPPI/EPPI. Future studies such as these
will be required to determine how these agents inhibit AR
and to develop analogs with higher potency, minimal toxicity,
and favorable pharmacokinetic profiles for the treatment of
patients with CRPC.
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