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BACKGROUND. Enzalutamide (formerly MDV3100 and available commercially as Xtandi®),
a novel androgen receptor (AR) signaling inhibitor, blocks the growth of castration-resistant
prostate cancer (CRPC) in cellular model systems and was shown in a clinical study to increase
survival in patients with metastatic CRPC. Enzalutamide inhibits multiple steps of AR
signaling: binding of androgens to AR, AR nuclear translocation, and association of AR with
DNA. Here, we investigate the effects of enzalutamide on AR signaling, AR-dependent gene
expression and cell apoptosis.
METHODS. The expression of AR target gene prostate-specific antigen (PSA) was measured
in LnCaP and C4-2 cells. AR nuclear translocation was assessed in HEK-293 cells stably
transfected with AR-yellow fluorescent protein. The in vivo effects of enzalutamide were
determined in a mouse xenograft model of CRPC. Differential gene expression in LNCaP cells
was measured using Affymetrix human genome microarray technology.
RESULTS. We found that unlike bicalutamide, enzalutamide lacked AR agonistic activity at
effective doses and did not induce PSA expression or AR nuclear translocation. Additionally, it
is more effective than bicalutamide at inhibiting agonist-induced AR nuclear translocation.
Enzalutamide induced the regression of tumor volume in a CRPC xenograft model and
apoptosis in AR-over-expressing prostate cancer cells. Finally, gene expression profiling in
LNCaP cells indicated that enzalutamide opposes agonist-induced changes in genes involved
in processes such as cell adhesion, angiogenesis, and apoptosis.
CONCLUSIONS. These results indicate that enzalutamide efficiently inhibits AR signaling,
and we suggest that its lack of AR agonist activity may be important for these effects.
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INTRODUCTION
Prostate cancer is one of the most commonly
diagnosed cancers in developed countries [1]. Growth
and survival of early prostate tumors is highly dependent on levels of circulating androgens. Treatments
such as androgen deprivation therapy (ADT), which
typically includes suppression of testicular androgen
by surgical castration or treatment with analogues of
luteinizing hormone releasing hormone, are effective
at slowing disease progression. In advanced disease,
however, the cancer progresses despite low levels of
circulating androgens that result from ADT. It had not
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been appreciated until recently that despite the advancement of disease to castration-resistant prostate
cancer (CRPC), the cancer cells remain dependent on
androgen receptor (AR) signaling for growth [2]. The
AR is a nuclear hormone receptor that is activated in
response to the binding of androgens (e.g., testosterone and dihydrotestosterone [DHT]) in the cytoplasm
to form the AR-ligand complex. The activated ARligand complex translocates to the nucleus where it
dimerizes, binds co-activators and binds to DNA. The
DNA-bound complex stimulates the transcription of
genes that encode for proteins that regulate cell
proliferation and survival [3]. The AR signaling pathway regulates the development and maintenance of
normal prostate tissue and its deregulation is primarily
responsible for the development, growth, and progression of prostate tumors [4]. Numerous efforts to
understand the biology of CRPC have been undertaken [2,5,6] and several theories exist as to why prostate
cancer progresses despite low to nonexistent circulating androgen levels. AR over-expression by either
gene amplification, enhanced transcription, translation
or alternative splicing as well as mutations in the AR
ligand-binding domain (LBD), have been shown to
contribute to the progression of prostate cancer to
CRPC [7–11]. Increased AR expression, mutations or
deletions in the AR LBD due to alternative splicing,
are thought to result in constitutive activation of AR
either in a ligand-independent manner or in the
sensitization of AR to low levels of androgen present
despite combined ADT [12]. The mutations in the AR
LBD also result in the activation by most adrenal
androgens, estrogens, progestins and even anti-androgens [13,14]. Although the mechanism remains unclear, sensitization of the AR to the low levels of
androgen after ADT can result in agonist responses
from antiandrogens such as bicalutamide [15–17].
Taken together, these data suggest that the AR signaling pathway continues to be important in CRPC and
the development of therapies that efficiently and
durably target this pathway are needed. Several
human cell lines have been used to model prostate
cancer (PCa) in cell culture. One such cell line, LNCaP,
was derived from a supraclavicular lymph node
metastasis of a human PCa. These cells depend on
androgens to grow and respond to physiological levels
of androgens-responsive genes such as the prostatespecific antigen (PSA) [18]. LNCaP cells carry a T877A
mutation in the AR LBD that is frequently found in
CRCP [19,20]. This mutation promotes cancer cell
growth and survival by conferring tumor resistance to
apoptosis [21] and allows AR to be activated by
several steroids such as estrogens and the anti-androgens cyproterone and nilutamide [22]. In contrast,
androgen independent C4-2 cells were isolated from
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castrated mice after sequential xenografts of LNCaP
derived tumor cells (C4 cells) and are resistant to
bicalutamide [9,23].
The novel rationally designed AR signaling inhibitor (ARSI) enzalutamide (formerly MDV3100) is a
phenylthiohydantoin derivative with a sulfonamide
side chain [24]. In a CRPC cell model system, enzalutamide has not only been shown to potently inhibit the
binding of androgens to the AR, but also inhibit
nuclear translocation and subsequent binding of the
AR-ligand complex to DNA, thereby inhibiting transcription of AR target genes [25]. In contrast to
antiandrogens (e.g., bicalutamide), enzalutamide does
not induce agonistic effects on AR signaling in cells
over-expressing wild type AR [25]. In a phase 3
placebo-controlled trial (AFFIRM, NCT00974311),
enzalutamide was well tolerated and was shown to
significantly increase overall survival by 4.8 months in
patients with prostate cancer following docetaxelbased chemotherapy [26]. Enzalutamide was recently
approved to treat late stage prostate cancer by the
Food and Drug Administration and is commercially
available as Xtandi. In this report, evidence is presented that distinguishes enzalutamide from antiandrogens and provides in vitro and in vivo xenograft
evidence to support its effectiveness as a treatment for
prostate cancer.

MATERIALS AND METHODS
Materials
Fetal bovine serum (FBS) was purchased from
Gibco (Grand Island, NY). RPMI 1640 and DMEM/
F12 culture media were obtained from Invitrogen
(Carlsbad, CA). Hormone depleted (charcoal-stripped)
dextran-treated FBS (CSS) was obtained from Gibco.
Hygromycin-B and antibiotics were purchased from
Gibco. Bicalutamide and DHT were purchased from
Sigma (St Louis, MO). Enzalutamide was obtained
from Medivation, Inc. (San Francisco, CA). Antibodies
used for immunoblot assays were b-actin (#A5441)
from Sigma and Caspase-3 (8G10, #9665) and Caspase3 cleaved (Asp175, #9661) from Cell Signaling Technology (Danvers, MA). Ki67 antibody (NCL-L Ki67) from
Novocastra (Leica Biosystems Newcastle Ltd., Newcastle, UK) was used in immunohistochemistry studies.
Cell Culture
LNCaP and C4-2 cells were purchased from ATCC
(Manassas, VA) and cultured in RPMI 1640 culture
media containing 10% FBS and 1% penicillin–streptomycin. For in vitro experiments, cells were androgen-
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starved by growth in media containing 10% CSS and
challenged with various concentrations of enzalutamide or bicalutamide.
Real-Time Quantitative Polymerase Chain
Reaction (qPCR)
Total RNA was extracted using E.Z.N.A RNA
extraction kit from OMEGAbiotek (Norcross, GA).
cDNA synthesis was performed according to the
manufacturer’s protocol using 1 mg of RNA per
sample and M-Mulv reverse transcriptase enzyme
(Promega Corporation, Madison, WI). Quantitative
gene expression analysis by real-time PCR was done
using the Mx3005p qPCR system (Stratagene, Amsterdam, the Netherlands), TAQMAN probes and master
mix (Applied Biosystem, Foster City, CA). TAQMAN
primer sets: PSA: forward TGCCCACTGCATCAGGAA, reverse GCTGACCTGAAATACCTGGCC, FAMprobe AAAGCGTGATCTTGCTGGGTCGGC, human
TMPRSS2 (Hs00237175_m1) and human a 4ª tubulin
(Hs00428633_m1) were used. Quantitative PCR for
each sample was done in triplicate; each reaction
contained 2 ml of cDNA in a total volume of 20 ml.
Calculation of the relative expression of the PSA gene
was done by the comparative CT method [27]. The
housekeeping gene a-tubulin was used for normalization.

Protein Extraction and Western Blotting
Cells were lysed with lysis buffer (50 mM HEPES,
pH 7.4, 150 mM NaCl, 2 mM MgCl2, 2 mM ethylene
glycol tetraacetic acid, 1% Triton X-100, 10% glycerol,
2 mM phenylmethylsulfonyl fluoride, 2 mg/ml pepstatin, 2 mg/ml leupeptin, and 1 mM sodium orthovanadate) at 4°C. Equal amounts of protein from
different treatments were resolved by SDS–PAGE and
analyzed by immunoblotting with anti-Caspase-3,
anti-Caspase-3 cleaved, and actin using the ECL
chemiluminescence detection kit (Amersham, Arlington Heights, FL).

NuclearTranslocation Assay
The yellow fluorescent protein (YFP)-AR plasmid
was donated by Marc I. Diamond (University of
California, San Francisco, CA) and was stably transfected into HEK293 cells. Cells were seeded at
1.5  105 cells/cm2 in optical microplates in phenol
red-free DMEM/F12 medium supplemented with 10%
hormone-depleted FBS. After 2 days of cultivation, the
cells were pre-treated with enzalutamide (1 mM) or
bicalutamide (1 mM) for 2 hr and then co-treated with
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1 nM DHT for 1 hr in the presence of enzalutamide or
bicalutamide. Cells were then washed in phosphatebuffered saline, incubated with the nuclear fluorescent
marker DAPI (1 mg/ml) for 30 min and fixed with 4%
paraformaldehyde for 30 min at room temperature.
Cells were visualized using a Qimaging digital camera
coupled to an Olympus X71 fluorescence microscope
using a YFP filter (Chroma U-N31040). Nuclear and
total cellular AR-YFP fluorescence intensities (integrated density) were quantified using ImageJ software
(Version 1.46, National Institutes of Health, Bethesda,
MD). Nuclear AR-YFP fluorescence was quantified in
areas defined by image segmentation based on DAPI
fluorescence, and the nuclear:total intensity ratio calculated. At least 14 cells were quantified per condition
per independent experiment (n ¼ 3). For live cell
imaging experiments, cells were pre-treated with
enzalutamide (1 or 10 mM) or bicalutamide (1 or
10 mM) for 2 hr and then co-treated with 1 nM DHT
for 3 hr in the presence of enzalutamide or bicalutamide. Cells were imaged immediately before DHT
addition (t0 ′ ¼ 0) and then at 60-min intervals over
3 hr.
A b-galactosidase (b-gal) enzyme fragment complementation (EFC)-based assay, PathHunter NHRPro
Nuclear Translocation assay (Discoverex, Fremont,
CA), was used to monitor AR nuclear translocation
[28]. In this b-galactosidase (bgal) EFC-based assay,
wild type AR is recombinantly fused to a short inert
fragment of bgal, termed prolabel, and an enzyme
acceptor (EA, a large inert fragment of bgal), is fused
to a nuclear location sequence that directs the expression of vEA to the nucleus. This construct was
expressed in HEK293 cells. Migration of the ProLabeltagged AR to the nucleus results in complementation
with EA generating an active b-Gal enzyme and
production of chemiluminescent signal. PathHunter
NHRPro HEK293-AR cell lines were expanded according to standard procedures and maintained in selective
growth media. Prior to assay, the cells were seeded
into white walled clear bottom 384-well microplates at
a density of 10,000 cells per well and allowed to
adhere and recover overnight prior to compound
addition in charcoal-dextran filtered media. For compound profiling in the agonist mode, cells were
incubated in the presence of compound at 37°C for
5 hr. After incubation with the compounds, assay
signal was generated through a single addition of
PathHunter detection reagent cocktail for agonist and
antagonist assays, respectively, followed by 1 hr incubation at room temperature. Microplates were read
following signal generation with a PerkinElmer ViewLux™ instrument for chemiluminescent signal detection. Dose–response curves were plotted using
GraphPad Prism.
The Prostate
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Microarray Analysis

LNCaP cells were grown in RPMI 1640 supplemented with 5% hormone depleted FBS and treated
with DHT and drug. RNA was extracted as described
above (qPCR). Affymetrix U133 P2 array screening was
developed according to the standard protocols of
Asuragen, Inc. (Austin, TX) and data were analyzed
with the SSP package. All microarray experiments were
done in triplicate. Summarization of gene values was
done using MAS 5.0, with all arrays scaled to 500 using
Affymetrix GeneChip Operating Software. Gene annotation was obtained from Affymetrix Netaffx. Significant differences hypothesis testing was using one-way
analysis of variance (ANOVA) or t-test as appropriate,
with the false discovery rate set to 0.05. Data has been
deposited into GEO database (accession no. GSE44905).

and embedded in paraffin. A 4-mm section was stained
with hematoxylin and eosin and evaluated for tumor
necrosis or was immunohistochemically stained for
proliferating cells with a monoclonal mouse Ki-67
(MIB-1) antibody (Dako, Carpinteria, CA). Pretreatment of heat-induced epitope retrieval in 10 mmol/L
citrate buffer pH 6.0 was used for the Ki-67 antibody
before the primary antibody incubation. Antibody was
incubated for 30 min at room temperature and visualized using Envision þ Mouse (Dako) followed by
DAKO Liquid DABþ and counterstained with hematoxylin. Digital images of the same relative area of
each tumor of hematoxylin/eosin and Ki67 stained
sections were captured with a Zeiss Axiocam HRC HR
Digital Camera and Axiovision software release 4.4.
RESULTS

Mouse Xenograft Model

Enzalutamide Inhibits Androgen-Dependent Gene
Expression (PSA mRNA) in CRPC Cell Culture
Models

Following a 5-day acclimation period, 5- to 9-weekold male CB17SCID mice (Charles River Laboratories,
Hollister, CA) were castrated and allowed to recover for
an additional 5 days before inoculation with tumor
cells. LNCaP cells co-expressing exogenous AR and the
AR-dependent reporter construct ARR2-Pb-Luc
(LNCaP-AR-Lux cells, a gift from Charles Sawyers,
Memorial Sloan Kettering Cancer Center, New York,
NY) were used to generate a xenograft model of human
prostate cancer. Before implantation, LNCaP-AR-Lux
cells were prepared by the addition of trypsin-EDTA,
washed with complete medium, collected and resuspended at 20  106 cells/ml. Cell suspensions were
diluted with Matrigel to 2  106 cells/0.2 ml and delivered subcutaneously in the suprascapular region. Tumor growth was monitored to the volume of 100 mm3
when treatment began (80 days). The observed rate of
tumor take with LNCaP-AR-Lux cells is between 70%
and 80%. Body weight and tumor volumes (width2 
length/2) were measured two to three times per week
with a digital caliper, and the average tumor volumes
were determined. Test drugs were diluted in Tween 80:
PEG 400, and stored at 4°C until administration by oral
gavage. Each group of mice (n ¼ 7) was treated daily
for 28 consecutive days with 1, 10, or 50 mg/kg
enzalutamide, vehicle control, or 50 mg/kg bicalutamide. At the end of the treatment period or when
tumor volume exceeded 1,000 mm3, animals were
euthanized and blood and tissue samples were collected for analysis. All animal procedures were approved
by institutional Animal Care and Use Committees.

To assess the antagonistic and agonistic properties of
enzalutamide and bicalutamide on AR target gene
expression, LNCaP prostate cancer cells and the
LNCaP-derived androgen-independent C4-2 cell lines
were treated in the presence and absence of DHT.
Transcript levels of the AR target gene KLK3, which
encodes for the PSA, and TMPRSS2 (transmembrane
protease serine 2) were evaluated by quantitative realtime PCR (Fig. 1, Supplementary Fig. 1). Enzalutamide
alone did not induce gene expression of KLK3 or
TMPRSS2 (Fig. 1A, Supplementary Fig. 1A). As seen
previously, bicalutamide behaved as an agonist of
androgen-dependent gene expression [29–31] significantly inducing the expression of PSA and TMPRSS2 at
concentrations 10 mM (Fig. 1A, Supplementary
Fig. 1A). Both enzalutamide and bicalutamide significantly antagonized the induction of PSA expression by
DHT (Fig. 1B). However, enzalutamide was effective at
lower concentrations than bicalutamide. Enzalutamide
and bicalutamide also inhibited agonist-induced expression of TMPRSS2 (Supplementary Fig. 1B). In C4-2
cells, bicalutamide (10 mM) induced PSA mRNA levels
whereas enzalutamide (10 mM) did not (Fig. 1C).
Enzalutamide significantly antagonized DHT-induced
PSA mRNA expression at 10 mM. In contrast, 20 mM
bicalutamide was necessary to inhibit PSA expression
to a similar degree (Fig. 1D). No effects on the
housekeeping gene human a 4ª tubulin were observed
in any condition.

Immunohistochemical Analysis

Enzalutamide Inhibits AR NuclearTranslocation

Tumor tissue samples were fixed in 10% neutral
buffered formalin for 24 hr, transferred to 70% ethanol,

It has been reported that micromolar concentrations
of bicalutamide agonistically increase AR nuclear
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Fig. 1. Enzalutamide inhibits agonist-induced transcription of the AR-dependent gene prostate-specific antigen. PSA mRNA levels in
wild-type LNCaP (LNCaP-wt) (A and B) and C4-2 cells (C and D) were measured by qRT-PCR.Cells were treated for 8 hr with DMSO (vehicle), enzalutamide alone or bicalutamide alone (A and C) or enzalutamide or bicalutamide in the presence of 1 nM of DHT (B and D). Data
were normalized to expression levels of a-tubulin and the value of PSA expression in vehicle-treated cells was set to1.0. Data are displayed as
mean  SEM (error bars), n ¼ 6 (P < 0.001, P < 0.01, P < 0.05, each treatment was tested individually against vehicle using the Student’st-test).

translocation, AR binding to DNA, and transcription
of AR-responsive genes [25,32]. In contrast, enzalutamide, which has been proposed to function as a pure
AR antagonist, has been shown to inhibit AR nuclear
translocation and DNA binding [25]. To evaluate the
effects of enzalutamide and bicalutamide on AR
nuclear translocation, the nuclear distribution of AR
was determined in HEK293 cells stably transfected
with a wild-type AR-YFP construct and treated with
drug in the presence and absence of DHT 1 nM
(Fig. 2A). Nuclear versus total fluorescence intensity
ratios of AR-YFP were quantified as indicated in
Materials and Methods Section and normalized
against values obtained from vehicle-treated cells
(Fig. 2B). Bicalutamide treatment at 1 mM increased
the relative nuclear AR-YFP fluorescence intensity
compared with vehicle-treated cells (Fig. 2B). In
contrast, 1 mM enzalutamide treatment had no effect
on the nuclear-to-total ratio of AR-YFP fluorescence
intensity (Fig. 2B). The agonistic and antagonistic
effects of the drugs were confirmed in live single cell
imaging of HEK293 AR-YFP cells over time (Supple-

mentary Fig. 2). Pretreatment with 1 or 10 mM bicalutamide for 30 min clearly induced agonistic AR
translocation in the absence of DHT (Supplementary
Fig. 2B and C, t0 ′ ¼ 0, arrowheads). In contrast, no
agonistic effects were observed with pre-treatment of
1 mM enzalutamide (Supplementary Fig. 2D, t0 ′ ¼ 0).
In general, cells pre-treated with 10 mM enzalutamidedisplayed diffuse AR-YFP staining between the nucleus and cytoplasm in the absence of DHT. In the
presence of DHT, a slight response was detected in a
few isolated cells (see arrowheads, Supplementary
Fig. 2E, t0 ′ ¼ 0).
To characterize in more detail the agonistic effects
of enzalutamide and the antiandrogens bicalutamide,
nilutamide, and hydroxyflutamide on AR nuclear
translocation, dose–response profiles for each compound were evaluated using a cell-based chemoluminescent b-gal complementation assay (Fig. 2C) [28].
Nilutamide and bicalutamide stimulated AR translocation at micromolar concentrations and hydroflutamide (>10 mM) induced agonistic effects on AR
translocation (Fig. 2C). Enzalutamide alone did not
The Prostate
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Fig. 2. Enzalutamide inhibits agonist-induced nuclear translocation of AR. A: Representative fluorescence microscopy images of nuclear
translocation of AR in HEK-293 cells expressing AR-YFP.Cells were treated with DHT (1 nM) alone, enzalutamide or bicalutamide alone and
DHT þ enzalutamide or bicalutamide. B: Quantification of the ratio of integrated fluorescence intensities of AR-YFP in the nucleus versus
the total cell.Values correspond to means of measurements from three independent experiments where at least14 cells were quantified for
each treatment (vehicle, 1 mM enzalutamide, 1 mM bicalutamide, 1 nM DHT, and 1 nM DHT þ 1 mM enzalutamide or bicalutamide).Values
were normalized to the vehicle and tested for statistical significance (P < 0.001, P < 0.01, P < 0.05, one-sample and student’s t-tests).
C:Dose ^response curves for AR nuclear translocationinducedbyenzalutamide (*), bicalutamide (&), nilutamide (^), or hydroxyflutamide
(!) alone.The fraction of AR receptor that translocates to the nucleus was measured using PathHunter NHRPro AR nuclear translocation
celllines (RLU, relativeluminescenceunits).

induce AR nuclear translocation at any concentration
evaluated (30 mM). 6-a-Fluorotestosterone was used
as a control to stimulate AR nuclear translocation
(Supplementary Fig. 3). These results indicate that
enzalutamide is more effective than the antiandrogens
analyzed at inhibiting AR-nuclear translocation in the
The Prostate

presence of the agonist DHT. Moreover, compared
with bicalutamide, nilutamide, or hydroxyflutamide,
enzalutamide showed no agonistic effects with respect
to AR nuclear translocation.
In summary and consistent with previous studies
[25], we found that there was no evidence of enzaluta-
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mide agonist behavior in AR target gene expression in
multiple CRPC cell models and that enzalutamide
does have antagonistic activity in agonist-induced
androgen-dependent signaling. Furthermore, these
results indicate that in vitro, enzalutamide is more
potent than bicalutamide as an inhibitor of AR-dependent signaling.
EnzalutamideTreatment Decreased Tumor
Volume, Increased Body Weight, and Induced
Apoptosis in a Mouse LNCaP-AR Xenograft Model
To study the effects of enzalutamide and bicalutamide in vivo, a mouse xenograft CRPC model was
developed using castrated male animals implanted
with human LNCaP-AR cells that over-express wildtype AR [25]. Animals were administered enzalutamide
(1–50 mg/kg/day) or bicalutamide (50 mg/kg/day),
and tumor volume and mouse body weight were
measured at 2- to 3-day intervals for 28 days. Bicalutamide (50 mg/kg/day) inhibited tumor growth through
Day 16 when compared with the vehicle control group.
After Day 16, however, tumors in these mice grew
continuously up to 154% of baseline by Day 28 (Fig. 3A,
Table I). In contrast, enzalutamide (10 mg/kg/day)
inhibited tumor growth significantly during the first
6 days of treatment compared with vehicle- and
bicalutamide-treated mice (mean  SE percentage tumor growth relative to baseline: vehicle, 119  5%;
enzalutamide 10 mg/kg, 86  6%, bicalutamide
50 mg/kg, 106  8%). By Day 13, enzalutamide treatment resulted in a 19% decrease in tumor volume at
doses of 10 mg/kg/day or greater compared with the
initial tumor size (Fig. 3A). Some tumors in the
enzalutamide-treated groups (1 and 50 mg/kg) decreased in size significantly so as to be beyond the
measurement limits (Table I, non-measurable tumors/
group). These tumors were not included in further
analysis. Tumor volume continued to decrease through
Day 24 for the 10 mg/kg/day-enzalutamide group and
through the last measured time point at Day 28 for the
50-mg/kg/day group (Table I). Maximal effect on
tumor regression relative to initial tumor volumes in
each group occurred at Day 28 or beyond of enzalutamide treatment (Fig. 3A). The mean  SE relative
tumor volume decline after 27 days of enzalutamide
treatment was 41  7% at 10 mg/kg and 68  13% at
50 mg/kg compared with baseline. In contrast, after
27 days of vehicle or 50 mg/kg bicalutamide treatments, tumor volume increased 54% when compared
with the baseline (Table I).
Change in mouse body weight was also used to
assess gross toxicity. Enzalutamide appeared to have a
positive effect resulting in increased body weight (Fig.
3B). Over the 28 days of treatment, enzalutamide at 10

Fig. 3. Enzalutamide reduces tumor volume in a human
LNCaP-AR xenograft model. A: Tumor volume changes of mice
treated by oral daily gavage with vehicle, bicalutamide or enzalutamide for 28 days. Data were graphed as tumor volumes (mm3) and
error barsrepresent standard error.Days of treatmentinwhich differences of tumor volume compared to initial volume reach significance are indicated for enzalutamide 10 mg/kg treatment group
(P < 0.01, P < 0.001, nonparametric ANOVA with Kruskal^
Wallispost test).B:Body weightchanges ofmice treatedbyoraldaily gavage with vehicle, bicalutamide or enzalutamide for 28 days.
Weights are plotted as the differences from the starting weights of
the mice and these differences are normalized to the starting
weights. Data points reflect the mean of relative body weight
changes, respectively, and error bars represent the standard deviation (n ¼ 7 mice per group). All data points in (A) and (B) are plottedwith error bars, some of which are too small to bevisible.

and 50 mg/kg resulted in body weight increases of
8.5% and 12.1%, respectively, compared with baseline,
indicative of healthy mice. At the lower enzalutamide
dose (1 mg/kg), body weights were comparable to
those from the vehicle-treated group (Fig. 3B, Table II).
Immunohistochemical analysis of staining for Ki67,
a marker of cell proliferation, in LnCaP-AR xenograft
tissue revealed a decrease in cell proliferation in
enzalutamide-treated mice compared with vehicletreated mice (Fig. 4B). Additionally, enzalutamide
treatment induced cell apoptosis, as determined by an
increase in activated Caspase-3 levels in LNCaP-AR
cells treated with 1 or 10 mM enzalutamide (Fig. 4C).
In comparison, no activation of Caspase-3 was seen in
vehicle-treated cells. Taken together these results indicate that enzalutamide-mediated inhibition of AR
signaling induces cell apoptosis and contributes to the
inhibition of tumor growth and tumor volume regression overtime.
The Prostate
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TABLE I. Tumor Growth in Human LNCaP-AR Xenograft Model in MiceTreated With Enzalutamide or Bicalutamide
Day 0

Treatment group
Vehicle control
Enzalutamide, 1 mg/kg/day
Enzalutamide, 10 mg/kg/day
Enzalutamide, 50 mg/kg/day
Bicalutamide, 50 mg/kg/day

Non-measurable
tumors/group
0/7
1/7
0/7
3/7
0/7

Mean  SD
tumor volume,
mm3
176
170
212
193
206







65
41
91
85
67

Day 28

Mean  SD
tumor
volume, mm3
348
202
132
62
330







Mean  SE
change in
tumor volume, %
þ89
þ13
59
32
þ54

192
98
93
65
198







Mean tumor
volume
regression, %
—
—
41.1
68.3
—

21
20
7
13
18

induced by enzalutamide treatment are independent
of dose (Supplementary Fig. 4B).
To determine the effects of enzalutamide on DHTinduced gene expression, it was first determined
which genes were affected by DHT alone compared
with vehicle. All results were filtered for statistical
significance (t-test, P < 0.05). A total of 2,539 genes
were found to be differentially regulated by DHT
alone compared with the vehicle-treated condition
(Table III). As expected, AR target genes, such as
KLK2, IGF1R, FKBP5, NKX3.1, and TMPRSS2 [33],
were in this group. The effects of enzalutamide
treatment on the expression of these genes were
determined by quantifying the differences in expression in cells treated with DHT þ enzalutamide (1 or
10 mM) compared with DHT alone. Of the 2,539 DHTregulated genes, 599 (23.6%; 223 up-regulated, 376
down-regulated) were regulated in an opposite manner in the cells treated with 1 mM enzalutamide þ
DHT than in cells treated with DHT alone (Fig. 5A and
B, Table III). All of these 599 genes maintained a
similar expression pattern in response to treatment
with DHT þ 10 mM enzalutamide (Fig. 5A and B,
Table III). Therefore, genes whose expression increased
upon DHT treatment were downregulated in cells
treated with DHT þ enzalutamide (1 or 10 mM). Furthermore, most of these (475 of 599) displayed dose-

Differential Microarray Gene Expression Analysis
of LNCaP Cells in Response to DHTand
Enzalutamide
Affymetrix human genome U133 2.0 Array technology was used to determine the effects of enzalutamide
treatment on the transcriptional profile of prostate
cancer cells. LNCaP cells were treated with vehicle,
DHT (100 nM), or enzalutamide (1 or 10 mM) for
16 hr. Each condition was done in triplicate. Principal
component analysis (PCA) and non-supervised hierarchical clustering (Supplementary Fig. 4) of the gene
expression data from each array were performed to
test the reproducibility of the experimental design.
PCA, performed on genes differentially expressed in
test conditions compared with the vehicle control
(ANOVA, P < 0.05), illustrated that the replicate
experiments gave highly reproducible results and that
there were clear differences in gene expression between test conditions (Supplementary Fig. 4A). The
hierarchical clustering of gene expression profiles also
demonstrated the high reproducibility of the assay
because the three replicates of each treatment group
clustered tightly together (Supplementary Fig. 4B).
Additionally, cells treated with 1 or 10 mM enzalutamide displayed similar gene expression patterns suggesting that the changes in the gene expression profile

TABLE II. Body Weight Values of Human LNCaP-AR Xenograft Model in MiceTreated With Enzalutamide or
Bicalutamide
Mean body weight (g) mean  SD
Treatment group
Vehicle control
Enzalutamide, 1 mg/kg/day
Enzalutamide, 10 mg/kg/day
Enzalutamide, 50 mg/kg/day
Bicalutamide, 50 mg/kg/day

The Prostate

No. mice (n)
7
7
7
7
7

Day 0
20.4
20.1
18.3
19
19.4







2.2
2.7
1.8
1.6
1.7

Day 28

% Body weight gain







—
4
8.5
12.1
0

19.9
20.7
21.6
22.3
19.9

2.0
2.7
1.6
1.5
1.9
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Fig. 4. Enzalutamide induces apoptotic cell death and tumor shrinkage in mouse xenograftmodels. A and B: Immunohistochemical staining
of Ki67 in the LNCaP-AR xenograft model. Mice were treated by oral daily gavage with vehicle (A) or enzalutamide10 mg/kg (B) for 7 days.
C: Western blot analysis of the apoptotic marker cleaved Caspase-3 in LNCaP-AR cells.Cells were treated with enzalutamide (1and10 mM)
for 2 or 4 days; 1 mg/mlnocodazole (Noc.), whichinduces apoptosis, wasused as positive control.

dependent changes: the magnitudes of the expression
differences seen between treatment with drug þ DHT
and DHT alone augmented with increased drug
concentration (Fig. 5A and B, Table III). In total, 52%,
1321 of 2539 genes affected by DHT alone (615 upregulated, 706 down-regulated) were differentially
regulated in cells treated with 10 mM enzalutamide

and DHT (Table III) illustrating that a higher concentration of enzalutamide differentially affects a greater
number of AR-regulated genes.
The biological pathways, processes, and molecular
functions represented by the genes differentially
expressed in response to enzalutamide in LNCaP cells
were analyzed using the online functional gene anno-

TABLE III. Summary of Microarray Expression Analysis in LNCaP CellsTreated With DHTand Enzalutamide
Genes regulated significantly
Treatment
DHT, 100 nM
Enzalutamide, 1 M
Enzalutamide, 10 M
DHT þ enzalutamide, 1 M
DHT þ enzalutamide, 10 M

Genes with twofold changes

Compared to

Total

Up-regulated

Down-regulated

Up-regulated

Down-regulated

VEH
VEH
VEH
DHT
DHT

2,539
203
262
599
1,321

1,199
78
113
223
615

1,340
125
149
376
706

398
13
16
42
131

415
20
16
126
244
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Fig. 5. Summary of microarray analysis. A and B: Expression ratio (fold change) for the list of 40 genes with more significant differential
expression between DHTversus vehicle (*), DHT þ 1 mM enzalutamide versus vehicle (&) and DHT þ 10 mM enzalutamide versus vehicle
(~). Data are presented for genes significantly down-regulated with DHT (A) and significantly up-regulated by DHT (B). C^E: Summary
graphs ofbiologicalprocesses (C), cellular processes (D), and signalingpathways (E) representedby the genes differentiallyexpressedbyenzalutamide in comparison with DHTaccording to PANTHER analysis.Overrepresented ontology terms belonging to the biological and cellular
processes categories were graphed as the percentage of gene hits against total number of genes (C and D).Overrepresented signaling pathways (over1%) were graphed as thepercentage of gene hits against the totalnumber ofpathways.

tation platform PANTHER, a classification system and
database of protein families [34] (Fig. 5C–E). Of the
1,321 genes differentially regulated in the presence of
enzalutamide þ DHT, 773 were successfully mapped
in the PANTHER gene ontology database. The cellular
processes and biochemical pathways whose components were over-represented in this group of genes,
such as apoptosis, cell adhesion, Wnt signaling, and
the p53 pathway (see Fig. 5D and E for full lists), are
well known to be involved in the development or
progression of cancer. However, they have not been
The Prostate

associated previously with enzalutamide activity in
prostate cancer cells.
To determine which genes had the largest changes
in expression, the data were filtered for changes in
expression of twofold or greater between enzalutamide þ DHT (1 or 10 mM) versus DHT alone. The 375
(12.8%) and 168 (5.8%) genes, respectively, were
differentially expressed to such a degree (Supplemental Data, Table SI). In the presence of DHT and 10 mM
enzalutamide, 131 genes were up-regulated and 126
genes were down-regulated differentially compared

Enzalutamide Induces CRPC Tumor Regression
with DHT alone, and 99 of these genes (29 upregulated and 70 down-regulated genes) showed a
dose–response pattern in response to enzalutamide
(Supplemental Data, Table SI). Among the genes with
a direct dose–response pattern were genes that have
been found previously to be related to cancer. For
example, the group of genes up-regulated on treatment with enzalutamide þ DHT (and down-regulated
in DHT treatment) includes tumor suppressors such as
the Cub and Sushi multiple domains-1 protein [35]
and the BRCA1-associated RING domain 1 protein
[36,37] (Supplemental Data, Table SI). As expected,
genes that were down-regulated in a dose-dependent
manner by at least twofold in the presence of enzalutamide þ DHT compared with DHT alone included
components of signaling pathways that have been
associated with CRCP, such as the serum/glucocorticoid-regulated kinase 1 [38], the leukemia inhibitory
factor receptor [39,40], the insulin growth factor receptor 1, and the FK506 binding protein 5 (FKBP5) [41]
(see Supplemental Data, Table SI for a full list).
DISCUSSION
In this work, we evaluated the effects of the novel
ARSI enzalutamide on the inhibition of AR signaling
and cell growth in different human CRPC cell models.
Recent evidence has led to the consensus that ARdependent signaling is involved in the development
and progression of prostate cancer. Increased AR
signaling due to over-expression of the receptor and
up-regulation of signaling pathways that feed into the
AR pathway have been shown to contribute to the
development of androgen insensitive AR signaling
and resistance [7–11,17,42]. Similarly, mutations in the
AR LBD present in human CRPC tumors after classical
androgen deprivation create an AR that is more
sensitive to androgen levels and responds to nonandrogen hormone ligands [15]. Antiandrogens (e.g.,
bicalutamide) have proven to be inefficient in sustained CRPC treatment and have been shown to have
agonistic activity on AR signaling in prostate cancer
cell lines that over-express AR [7,15–17,32] or harbor
the W741C mutation in the LBD of AR [43,44]. In
agreement with other studies [29–31], higher bicalutamide concentrations (>10 mM) were found to induce a
significant increase in PSA mRNA expression in
LNCaP cells, which express normal levels of AR. In
contrast, cells treated with up to 20 mM enzalutamide
displayed no agonistic increases in AR target gene
expression.
In response to androgen binding, the AR undergoes
an intramolecular interaction between the N-terminal
FxxLF motif (23FQNLF27) and the AF2 surface domain
in the LBD on the C-terminal (N/C intramolecular
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interaction) that stabilizes the AR-ligand complex
before the transport to the nucleus [45–48]. Localization of the AR-complex depends on an intricate
equilibrium between the interactions of the importin
a/b and Ran GTP-ase nuclear import system [49]
with the nuclear localization signals located in the
N-terminal transactivation domain (NTD), the DNAbinding domain, and the LBD [49,50]. AR localization
is also affected by the interactions between the cellular
nuclear export systems and the nuclear export signals
located in the LBD [50–52] and cytoplasm retention
signals located in the NTD and LBD domains of AR.
Exposure of signals in AR to localization machinery is
modulated in response to androgen ligand binding
[49,53]. Antiandrogens such as bicalutamide are able
to competitively bind to AR in the LBD and inhibit the
agonist dependent N/C-terminal intramolecular interaction [54]. This can promote the assembly of a
transcriptionally inactive receptor by inhibiting coactivator binding [55,56] or promoting corepressor association [45,57]. However, bicalutamide does not
prevent AR nuclear translocalization nor binding to
AR-complex responsive elements in chromatin [56]. At
micromolar concentrations, enzalutamide is able to
inhibit androgen-induced AR nuclear translocation
and in contrast to bicalutamide and other antiandrogens, does not stimulate AR translocation, suggesting
a mechanism where enzalutamide binds to AR and
locks it in a translocation-defective conformation that
potently inhibits AR nuclear translocation in response
to androgens.
LNCaP and C4-2 cells carry the T877A gain of
function mutation in the LBD but this mutation has
been shown to have little or no effect on the binding of
bicalutamide [22,58]. The partial agonist activity of
bicalutamide is also unaffected by this mutation [59].
While it is not clear what effect the T877A mutation
may have on the binding or efficacy of enzalutamide,
our results indicates that when compared side-by-side,
enzalutamide displays lower agonist activity and is a
more effective antagonist than bicalutamide. Similar
results were found in HEK-293 cells overexpressing
wild type AR as measured by the nuclear translocation
of AR. Although we cannot discard the possibility that
the T877A mutation could differentially affect the two
drugs, these data suggest that enzalutamide is a
weaker AR agonist than bicalutamide.
The lack of agonist activity of enzalutamide at
concentrations that bicalutamide displays agonist activity may be expected to be due to differences in ARbinding affinities. However, the relative binding affinities of the two drugs for wild-type AR [25] do not
correlate with the differences in their agonistic effects
on AR nuclear translocation. Bicalutamide binds less
tightly to AR than enzalutamide but has more agonist
The Prostate
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activity. Finally, the observed agonistic effects of other
known AR antagonists on AR nuclear translocation
suggest that there is no relationship between relative
binding affinity and the stimulatory effects antiandrogens on AR transport [60]. Recent evidence indicates
that agonistic responses of anti-androgens on mutant
AR receptors are independent of antagonist-binding
affinities, and it has been suggested that the antagonist-induced rearrangement of AR into a transcriptionally active agonist conformation could play a role [61].
Alternatively, the differential association of mutant
receptors with co-regulators [58,62] or the association
of AR with androgen responsive elements in the DNA
[63] may affect the agonist activity of drugs. The
absence of AR agonism of enzalutamide is a particular
property of this molecule independent of its antagonistic binding activity and may be responsible the greater
inhibition of DNA binding and transcriptional activity
of AR, as compared to other known AR antagonists.
The most striking result of enzalutamide treatment
is its capacity to not only arrest tumor growth, but to
decrease tumor volume overtime. As was reported
previously [25], enzalutamide treatment causes a
regression of tumors in a CRPC xenograft model in
vivo. The data reported here show that enzalutamide
induces cell apoptosis in prostate cancer cells overexpressing AR, suggesting a mechanism that could
contribute to the reduction in tumor volume. Additionally, these data could provide an explanation for
the 28.9% increase in overall survival of enzalutamidetreated patients in the phase 3 placebo controlled trial
(AFFIRM, NCT00974311) [26]. In contrast, bicalutamide treatment initially induced tumor growth inhibition in the xenograft model, but the effect was not
sustained and tumors resumed growing at the same
rate as in untreated animals. Several mechanisms of
cell apoptosis have been associated with AR signaling
down-regulation [64].
Microarray analysis of the effects on gene expression of treatment of LNCaP cells with enzalutamide in
the presence of DHT revealed 1,321 genes that were
significantly regulated by enzalutamide compared
with DHT alone. These androgen responsive genes
include tumor suppressors, genes associated with
progression and survival of CRPC cells, and the
regulation of AR signaling. These changes in gene
expression induced by enzalutamide treatment could
lend further support to a mechanism by which it
causes tumor regression and apoptosis and could also
be important for explaining the increased survival
with enzalutamide in prostate cancer after chemotherapy in advanced CRPC patients [26]. Recently, it has
been shown that AR and glucocorticoid receptor (GR)
cistromes and transcription programs exhibit significant overlap in prostate cancer cells [65]. Additionally,
The Prostate

GR regulates a large number of genes considered to be
AR pathway-specific [65]. This raises questions about
the role of GR in the progression of prostate cancer
under castration-resistant and androgen-deprived conditions. Interestingly, men with CRPC treated with
abiraterone are likely to be treated also with glucocorticoids (prednisone or dexamethasone) to inhibit
ACTH secretion induced by adrenal steroid synthesis.
Further studies are needed to elucidate if enzalutamide can also regulate GR transcriptional program in
CRPC.
CONCLUSIONS
These results suggest that the molecular effects of
enzalutamide on AR signaling and gene expression
contribute to its effectiveness in treating CRPC and
represent mechanistic advantages of enzalutamide
over antiandrogens. Enzalutamide is the first therapy
targeting multiple events in the AR signaling pathway
that has demonstrated increased overall survival in a
placebo-controlled clinical trial in patients with CRPC
[26]. These results support the use of enzalutamide as
a therapeutic agent in patients with prostate cancer
where AR signaling persists.
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SUPPORTING INFORMATION
Additional supporting information may be found in
the online version of this article at publisher’s website.
Figure S1. Enzalutamide inhibits agonist induced
transcription of the AR-dependent gene TMPRSS2.
TMPRSS2 mRNA levels in wild type LNCaP (LNCaPwt) (A, B) were measured by qRT-PCR. Cells were
treated for 8 h with DMSO (vehicle), enzalutamide
alone or bicalutamide alone (A) or enzalutamide or
bicalutamide in the presence of 1 nM of DHT (B). Data
were normalized to expression levels of a-tubulin and
the value of TMPRSS2 expression in vehicle-treated
cells was set to 1.0. Data are displayed as mean  SEM
(error bars), n ¼ 6. (p < 0.001, p < 0.01, p
< 0.05, each treatment was tested individually against
vehicle using ANOVA with Bonferroni post test).
Figure S2. Representative images of in HEK-293 live
cells expressing AR-YFP showing the cellular fluorescence distribution in response to DHT 1 nM vs. drug
treatments (in rows), from top to bottom: vehicle
treated cells (A); bicalutamide 1 mM (B); bicalutamide
10 mM (C); enzalutamide 1 mM (D) and 10 mM (E) at
1 hour intervals. Cells were pre-treated with enzalutamide (1 or 10 mM) or bicalutamide (1 or 10 mM) for
2 hours and then co-treated with 1 nM DHT for three
hours in the presence of enzalutamide or bicalutamide.
Imaging began immediately before DHT addition
(t ‘ ¼ 0). Scale bar represents 10 mm.
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Figure S3. Dose-response of 6-a-[F]-testosterone
(6AFT) (&); bicalutamide (D); and enzalutamide (*),
induced AR nuclear translocation. The fraction of AR
receptor that translocates to the nucleus in the presence of 6AFT was measured using PathHunter
NHRPro HEK-wtAR cell lines.
Figure S4. (A) Components Analysis (PCA) plot was
performed using covariance for the dispersion matrix
and normalized scaling. This analysis was done to
illustrate the level of spread between the samples and
experimental groups: vehicle (a); DHT 100 nM (b);
enzalutamide 1 mM (c); enzalutamide 10 mM (d); DHT
100 nM þ enzalutamide 1 mM (e); DHT 100 nM þ
enzalutamide 10 mM (f). (B) Hierarchical clustering
was carried out using correlation distance as the
distance metric and average linkage between clusters
to perform the clustering. This analysis is a nonsupervised method that is done to illustrate potential
relationships between the mRNA expression profiles
of the different samples, after filtering data sets for
ANOVA significance (p<0.05) between treatments and
vehicle treated cells (A, vehicle; B, DHT 100 nM; C,
enzalutamide 1 mM; D, enzalutamide 10 mM; E, DHT
100 nM þ enzalutamide 1 mM; F, DHT 100 nM þ
enzalutamide 10 mM). Three replicates were conducted for each condition.
Table SI. Summary of genes with at least two fold
changes derived from microarray expression analysis
in LNCaP cells treated with DHT and enzalutamide
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