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Green tea polyphenol EGCG blunts androgen receptor
function in prostate cancer

Imtiaz A. Siddiqui,1 Mohammad Asim,1,2 Bilal B. Hafeez, Vaqar M. Adhami,
Rohinton S. Tarapore, and Hasan Mukhtar3

Department of Dermatology, University of Wisconsin, Madison, Wisconsin, USA

ABSTRACT Androgen deprivation therapy is the ma-
jor treatment for advanced prostate cancer (PCa).
However, it is a temporary remission, and the patients
almost inevitably develop hormone refractory prostate
cancer (HRPC). HRPC is almost incurable, although
most HRPC cells still express androgen receptor (AR)
and depend on the AR for growth, making AR a prime
drug target. Here, we provide evidence that epigallo-
catechin-3-gallate (EGCG), the major polyphenol in
green tea, is a direct antagonist of androgen action. In
silico modeling and FRET-based competition assay
showed that EGCG physically interacts with the ligand-
binding domain of AR by replacing a high-affinity
labeled ligand (IC50 0.4 �M). The functional conse-
quence of this interaction was a decrease in AR-medi-
ated transcriptional activation, which was due to EGCG
mediated inhibition of interdomain N-C termini inter-
action of AR. Treatment with EGCG also repressed the
transcriptional activation by a hotspot mutant AR
(T877A) expressed ectopically as well as the endoge-
nous AR mutant. As the physiological consequence of
AR antagonism, EGCG repressed R1881-induced PCa
cell growth. In a xenograft model, EGCG was found to
inhibit AR nuclear translocation and protein expres-
sion. We also observed a significant down-regulation of
androgen-regulated miRNA-21 and up-regulation of a
tumor suppressor, miRNA-330, in tumors of mice
treated with EGCG. Taken together, we provide evi-
dence that EGCG functionally antagonizes androgen ac-
tion at multiple levels, resulting in inhibition of PCa
growth.—Siddiqui, I. A., Asim, M., Hafeez, B. B., Adhami,
V. M., Tarapore, R. S., Mukhtar, H. Green tea polyphenol
EGCG blunts androgen receptor function in prostate
cancer. FASEB J. 25, 1198–1207 (2011). www.fasebj.org
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Prostate cancer (PCa) in men is a serious health
problem worldwide and a leading cause of cancer-
related deaths in the United States, ranking second to
lung cancer in terms of annual mortality (1, 2). The
androgen receptor (AR) plays an important role in
both early and advanced stages of PCa etiology. The AR
is expressed to some degree in nearly all primary PCas
(3–5), and studies in both human and animal models

suggest a relationship between cellular AR level in both
primary and metastatic lesions and subsequent disease
progression (6–8). AR, which is a member of the
nuclear hormone receptor superfamily, manifests the
biological action of male sex hormones, testosterone
and dihydrotestosterone. AR protein has a modular
structure containing the N terminus harboring tran-
scriptional activation domains, a central DNA-binding
domain (DBD), and a C-terminal ligand-binding domain
(LBD). Binding of androgens to the LBD induces confor-
mational change in the AR and subsequently results in the
shuttling of the receptor to the nucleus, where it forms a
homodimer that is recruited on the androgen response
element (ARE) present in the regulatory element on the
target genes. In doing so, AR regulates growth of prostate
gland by modulating the expression of many other target
genes implicated in growth and proliferation (9, 10). To
block AR function, androgen ablation in conjunction with
antiandrogens remains the mainstay therapy for advanced
PCa. This treatment unfortunately proves ineffective, as
the hormone-refractory tumor, for which no curative
therapy exists, eventually emerges in a short span of 6–12
mo (11). It is noteworthy that hormone-refractory PCa
(HRPC) cells remain dependent on functional AR signal-
ing, as their growth is severely compromised if AR is
depleted in cells using RNAi or ribozyme (12–14). This
makes AR the prime drug target and AR-regulated genes
potential biomarkers in the treatment and diagnosis of
advanced HRPC.

Although PCa is on a sharp rise in the west, epide-
miological data suggest that its incidence has been
especially low in East Asian countries where green tea is
a popular beverage. This low occurrence of PCa might
be explained partly by the fact that oral consumption of
green tea polyphenols containing epigallocatechin-3-
gallate (EGCG; see structure in Fig. 1B, inset) has
demonstrated remarkable chemopreventive effects in
PCa experimental models. Similar chemopreventive
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effects of green tea consumption have been observed in
a few recent human intervention studies (15, 16).
EGCG has also been shown to decrease the growth of
PCa cells, accompanied by the reduction of prostate-
specific antigen, a well-known biomarker of PCa bur-
den in humans (17, 18). Although previous studies
have demonstrated a role of EGCG in the regulation of
AR (19–22), the mechanism of the effects of EGCG is
not known. Here we provide evidence that EGCG
blunts AR function in PCa.

By using in silico data for AR binding to EGCG and
then employing ligand competition assay, we showed
that EGCG interacts competitively with the LBD of AR,
validating the in silico data. This interaction resulted in
the inhibition of AR-dependent transcription, and
EGCG treatment also led to growth inhibition of hu-
man prostate carcinoma cells. EGCG was observed
subsequently to inhibit nuclear translocation and pro-
tein expression of AR in a tumor xenograft model. We
provide further evidence that microRNAs (miRNAs)
that are regarded to play a role in PCa are regulated by
EGCG in tumors isolated from mice. Thus, we provide
evidence that EGCG possesses antiandrogenic activity
that could explain the potential of green tea as a PCa
chemopreventive agent.

MATERIALS AND METHODS

In silico molecular modeling study

EGCG was tested in silico for its ability to bind with the AR
using the AutoDock4 software (Scripps Research Institute, La
Jolla, CA, USA), utilizing 2PNU.pdb as the starting receptor
docking site. The AutoDock suite of programs, which was
used for the docking calculations, uses an automated docking
approach that allows ligand flexibility. Default parameters
(including distance-dependent dielectric constants) were
used as described in the AutoDock manual. The docking
modes in our study were chosen on the basis of distance
between the carbonyl carbon of (�)-EGCG and the hydroxyl
oxygen of the AR, and the lowest free docked energy (nega-
tive �G) was chosen for such a binding conformation. We also
analyzed hydrogen-bond formation. In this study, we chose to
use the docked free energies, since the number of rotatable
bonds in AR is relatively constant, and we believe that the
internal energy of the ligand should not be neglected for
EGCG. It is worth mentioning that the docked free energies
(or binding free energies) that one obtains might always vary
depending on the precise force field parameters (charges,
electrostatic treatment, etc.) in use.

Cell culture

The LNCaP and 22R�1 cells were obtained from American
Type Culture Collection (Manassas, VA, USA). The LNCaP
and CV1 cells were cultured in DMEM, 22R�1 cells were
grown in RPMI 1640, and C4-2 cells were maintained in
T-medium. All cells were maintained under standard cell
culture conditions supplemented with 10% FBS and 1%
penicillin/streptomycin at 37°C and 5% CO2 environment.
EGCG dissolved in deionized water was used for the treat-
ment of cells.

Cell viability assay

The effect of EGCG on cell viability was determined by
3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyl tetrazoliumbromide
(MTT) assay. For the second set of experiments, cells were
treated with agonistic ligand R1881 (1 nM), Casodex (0.1
�M), and the combination of R1881 (1 nM) and EGCG
(10–60 �M) for 6 d. After incubation for specified times at
37°C, MTT assay was performed as described previously (23).

Transient transfection and reporter assays

Transient transfection for reporter assays was done using the
standard calcium phosphate method (24) with minor modi-
fications. LNCaP cells were seeded in 6-well dishes in DMEM
supplemented with 10% hormone-depleted FBS and were
transfected 16 h later with 1 �g of MMTV-Luc reporter
plasmid and 50 ng of Renilla luciferase plasmid (Promega,
Madison, WI, USA). After 8 h, cells were provided fresh
medium and treated with R1881 (1 nM) and EGCG (10–60
�M). Cells were harvested 72 h post-transfection, and both
luciferase and Renilla luciferase activities were measured
using a dual luciferase assay reagent kit (Promega). For
PSA-Luc reporter assay, transfection was done with an Amaxa
electroporation kit (Lonza Walkersville Inc., Walkersville,
MD, USA) with 2 �g of PSA-Luc reporter; after electropora-
tion, cells were treated as above. For AR amino-terminal/
carboxyl-terminal (N-C)-interaction assay, CV1 cells were
transfected with pSVARN1 (N terminus of the human AR
sequence aa 1–494, covering the major transactivation unit
TAU1) and/or pSVARC (aa 528–910 of the human AR,
covering the DBD and LBD of AR) plasmids (250 ng each), 1
�g MMTV-Luc, and 100 ng Renilla luciferase plasmid using
standard calcium phosphate transfection methods and were
treated as described above. For reporter assays, CV1 cells were
transfected with 2 �g T877A mutant/well in a 6-well tissue
culture dish using the calcium phosphate transfection
method and were later treated and harvested as mentioned
above.

Time-resolved fluorescence resonance energy transfer
(FRET) assay

The Invitrogen method to identify AR ligands (Polarscreen
Androgen Receptor Competitor Assay, Red; Invitrogen, Carls-
bad, CA, USA) was used to test the ligand-binding potential of
EGCG. The binding assay was followed as described earlier
(25). DHT was included as the reference control competitor.
Briefly, in this assay, the ligands for AR are identified by their
ability to compete with and displace a high-affinity AR ligand,
Fluormone AL Red, from the receptor. The binding constant
of Fluormone AL Red to AR-LBD is known to be 12 nM,
according to a prior study (25). Binding of agonist to the
nuclear receptor causes a conformational change around
helix 12 in the LBD, resulting in higher affinity for the
coactivator peptide. When the terbium label on the anti-
glutathione S-transferase (GST) antibody is excited at 340
nm, energy is transferred to the fluorescein label on the
coactivator peptide and detected as emission at 520 nm. This
assay uses AR sequences corresponding to the protein do-
main bearing the hinge and ligand-binding domains (aa
606–902; NP_036634) and tagged with both GST and 6�
histidine (His) at the N terminus (25). Mutant rat AR-LBD
bearing a threonine to alanine change corresponding to
residue 877 (AR T877A) was prepared as described previously
(25). The rat sequence used in this study was identical to
human AR-LBD. The AR-LBD is added to the tracer Fluor-
mone AL Red in the presence of a test compound (EGCG in
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our case) in a microtiter plate, and the polarization value of
the tracer is measured. For this assay, the test compound does
not have to be labeled fluorescently. The shift in polarization
value is used to determine the relative affinity of the test
compound for AR-LBD. If the test compound binds to the
receptor, it will prevent the formation of the receptor/tracer
complex, and the tracer will be free in solution. When the
tracer is free in solution, its rotational mobility is greater than
when bound to the receptor, resulting in a low polarization
value. If the test compound does not bind to the receptor, it
will have no effect on formation of the receptor/tracer
complex, and the measured polarization value of the tracer
will remain high. A purified, GST-tagged AR-LBD (1 nM) is
labeled indirectly with a terbium-labeled anti-GST tag anti-
body (5 nM). Binding of Fluormone AL Red (1 �M solution)
to AR is then measured by monitoring FRET from the
terbium-labeled anti-GST tag antibody to the red fluorescent
ligand, resulting in a high time-resolved FRET ratio (570-nm/
546-nm fluorescent emission). Curve for the FRET ratio was
fit using a sigmoidal dose-response equation with varying
slope using Prism software (GraphPad Software, Inc., San
Diego, CA, USA). Serial dilutions of DHT and EGCG were
done in 100% DMSO at 100� the final screening concentra-
tion.

AR protein stability assay

LNCaP cells were treated with 40 �M EGCG and 50 �g/ml
cycloheximide for 0, 6, 12, and 24 h, followed by the
preparation of whole cell lysates. Cycloheximide was added to
the medium 30 min before the addition of EGCG. AR protein
levels were determined by Western blot analysis with specific
antibody against AR and normalized to �-actin control.

Immunohistochemical analysis

Sections (4 �m) were cut from paraffin-embedded tumor
xenograft tissues, which were obtained from a previous study
(18). Immunohistochemical staining was performed using
specific AR antibody at 1:50 dilution (sc-815; Santa Cruz
Biotechnology, Santa Cruz, CA, USA). Antibody was replaced
with either normal host serum or block, which served as
negative controls. This was followed by staining with appro-
priate biotin-conjugated secondary antibodies (1:500 dilu-
tion); later, the sections were incubated with Vectastain ABC
reagent (Vector Laboratories, Burlingame, CA, USA). The
slides were developed in diaminobenzidine and counter-
stained with a weak solution of hematoxylin, as described
previously (26). The stained slides were dehydrated and
mounted in Permount (Fisher Scientific, Hampton, NH,
USA) and visualized on a Zeiss-Axiophot DM HT microscope
(Carl Zeiss, Jena, Germany). Images were captured with an
attached camera linked to a computer.

Immunofluorescence imaging

Sections, 4–8 �m thick, were cut from frozen blocks of tumor
xenograft tissues, which were obtained from a previous study
(13), and mounted on superfrost plus slides. Slides were
stored at �80°C until needed. Before staining, slides were
warmed at room temperature for 5 min and fixed in ice-cold
acetone for 15 min at 4°C, followed by washing in PBS-Tween
20. Slides were then blocked with normal serum block
followed by incubation with AR antibody at 1:50 dilution
(sc-815; Santa Cruz Biotechnology) in blocking buffer. After
rinsing in PBS-Tween 20, slides were incubated with fluores-
cent-conjugated secondary antibody at 1:350 dilution in
blocking buffer. Slides were then rinsed in PBS-Tween 20,

and sections were mounted with ProLong Gold Antifade
reagent containing DAPI (Invitrogen) and left in dark over-
night. For analysis, the Nikon Eclipse Ti system (Nikon
Instruments Inc., Tokyo, Japan) was used.

Real-time PCR analysis for miRNA expression

Real-time PCR-based miRNA expression profiling was per-
formed on a real-time PCR instrument (Applied Biosystems,
Foster City, CA, USA) by using the RT2 miRNA qPCR assay kit
(SABiosciences, Frederick, MD, USA) by following the sup-
plier’s protocol. Briefly, RNA was extracted from the tumor
tissues using TRIzol (Invitrogen), and small RNA was enriched
using the RT2 qPCR miRNA isolation kit (SABiociences). This
highly pure small RNA was reverse-transcribed using the RT2

miRNA first-strand kit, and the resulting cDNA was utilized in
real-time PCR, performed using the primers supplied in the
kit for individual miRNAs. Threshold cycle (CT) values ob-
tained from the instrument’s software were used to calculate
the fold change of the respective miRNAs. �CT was calculated
by subtracting the CT value of the housekeeping gene from
that of the miRNA of interest. ��CT for each miRNA was then
calculated by subtracting the CT value of the control from the
experiemental value. Fold change was calculated by the
formula 2���CT.

Statistical analysis

All statistical analysis was performed by using VassarStats
software (Vassar College, Poughkeepsie, NY, USA). Data are
expressed as means with 95% confidence intervals for all
groups. Statistical significance of differences in all measure-
ments between control and treated groups was determined by
1-way ANOVA followed by Tukey’s HSD test for multiple
comparisons. Student’s paired t test was used for pairwise
group comparisons, as needed. All statistical tests were
2-sided, and values of P � 0.05 were considered statistically
significant.

RESULTS

EGCG competitively binds to the AR and disrupts
interdomain (N-C) interaction

Using 2PNU.pdb as the starting receptor, 3-D structure
conformation of EGCG was modeled to examine
whether and how it interacts in silico using the Autod-
ock4 software tool. 2PNU.pdb is the crystal structure of
human androgen receptor ligand binding domain, as
described previously (27). There are 8 polar hydrogens
and 1 carbonyl oxygen on EGCG that are available for
hydrogen bonding, and we observed that the majority
of these actively participated in the hydrogen bonding, as
evident from the hydrogen bonds (Fig. 1A, right panel,
dashed lines; predicted distances 3.57, 2.41, 2.80, 2.79,
and 3.07 Å). We observed that EGCG binds with a binding
energy E � �8.23 kcal/mol 	 931 nM (Fig. 1A). EGCG
interacted with the AR-LBD through 16 putative amino
acid residues and 5 hydrogen bonds. Autodock scoring
was based on the estimated free energy of binding and
consisted of the summation of the final intermolecular
energy of docking, total internal energy, and the torsional
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free energy of the ligand, minus the system’s unbound
energy.

Since EGCG inhibits the growth of LNCaP cells (23,
28), we considered the possibility that EGCG could
interfere with AR functioning by competing with an-
drogens and directly interacting with its LBD, which in
turn could repress AR function. EGCG was tested for its
possible binding with the purified AR-LBD in an in vitro
ligand competition assay based on time-resolved FRET
(TR-FRET), as described in Materials and Methods,
based on a previous study (25). This setup is instrumen-
tal in identifying AR ligands based on their ability to
compete and displace a labeled high-affinity androgen,
Fluormone AL Red, from the AR-LBD. EGCG was
found to displace Fluormone AL Red from the purified
AR-LBD, resulting in a lower FRET ratio, indicating
that it competed with a high-affinity labeled AR ligand
and physically interacted with the AR-LBD with an IC50
of 0.4 �M (Fig. 1B). In this assay, dihydrotestosterone
(DHT) was used as a control reference ligand with an
estimated IC50 of 1.9 nM.

These data indicated that EGCG interacts in vitro
with the purified AR-LBD, thereby serving as a specific,

high-affinity competitive ligand; however, whether it is
agonistic or antagonistic could not be established in
such an assay. To test the functional implication of this
interaction, we determined the effect of EGCG on
interdomain interaction by performing a receptor re-
constitution-based interdomain interaction (N-C-termi-
nal interaction) assay in AR-null CV1 cells, which are
devoid of endogenous AR. A PCa cell line with endog-
enous AR cannot be used to answer the question. It is
known that agonist-bound AR causes interdomain in-
teraction between the N-terminal domain and the
C-terminal domain, which is required for its maximal/
optimal activation (29–31). This interaction is impor-
tant for AR transactivation and is promoted by agonistic
ligands (30–32); conversely, AR antagonists inhibit this
interaction to repress AR function. In this assay, pSVARN1,
coding for the AR NH2-terminal domain, and pSVARC,
coding for the AR DBD-LBD, were transfected and
ectopically expressed. pSVARN1 codes for the N termi-
nus of AR; lacking both the DBD and the C-terminal
LBD, this construct is transcriptionally inactive on its
own, as it cannot bind to DNA due to the lack of DBD.
However, pSVARC plasmid harbors only the AR DBD

*
a

*
b

*
b

Figure 1. A) Predicted model for EGCG
binding to AR-LBD. Left panel: EGCG
binds to AR-LBD in in silico molecular
docking studies, using AutoDock soft-
ware and 2PNU.pdb as the starting re-
ceptor. Different domains of the AR are
distinguished by color. Right panel: en-
larged view of boxed area in left panel,
with putative binding sites in the model
structure of the AR. Predicted distances
of hydrogen bonds (Å) are given next to
the bonds. B) EGCG competitively inter-
acts with AR-LBD and decreases its inter-
domain interaction. EGCG competes
with the high-affinity androgen Fluor-
mone AL Red to physically interact with
AR-LBD. Data are presented as aver-

ages 
 se of two sample wells. Inset: structure of EGCG. C) AR N-C-interaction assay was performed in CV1 cells as described
in Materials and Methods. Graphs represent fold of hormone induction compared with value for the non-hormone-treated
group, which was set as 1. *aP � 0.01 vs. AR.N or AR.C group; *bP � 0.01 vs. AR.N�AR.C group; 1-way ANOVA followed by
Tukey’s HSD test. D) Effect of EGCG on AR protein turnover in LNCaP cells. Cells were treated with 40 �M EGCG and 50 �g/ml
cycloheximide for the indicated time periods. AR protein levels were determined by Western blot analysis with specific antibody
against AR and normalized to �-actin as loading control. E) LNCaP cells were exposed to indicated concentrations of EGCG for
48 h with or without 5 �M of MG132. AR protein levels were determined by Western blot analysis with specific antibody against
AR and normalized to �-actin as loading control.
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and LBD, but lacks the N terminus. The pSVARC
construct can bind to the DNA but, due to lack of the
N-terminal transactivation domain, is not active on its
own and therefore needs the pSVARN1 to become
functionally active. Both of these constructs have been
shown to be expressed efficiently in CV1 cells (32).
Both pSVARN1 and pSVARC constructs failed to acti-
vate cognate reporter when expressed separately (Fig.
1C); similarly, no activation was observed when both
were coexpressed and cells were not treated with
R1881. R188-bound LBD interacted with the N-termi-
nal domain, leading to reconstitution of functional AR,
which led to a 70-fold activation of the reporter.
Cotreatment of transfected cells with EGCG (10 �M)
along with R1881, however, led to a very potent de-
crease in reporter activity, indicating that EGCG acts as
an antagonist of androgen function, similar to the
pharmacological inhibitor Casodex, which was used as
a control.

To test the effect of EGCG binding on AR stability
further, a pulse-chase experiment was performed using
a translation inhibitor, cycloheximide. Treatment of
LNCaP cells with cycloheximide led to a time-depen-
dent decrease in AR protein expression, with the
half-life of AR protein in the range of 12 to 18 h (Fig.
1D). Interestingly, when the cells were cotreated by
cycloheximide and EGCG, the rate of AR decay was
further accelerated, and the half-life of AR protein was
observed to be �6 h (Fig. 1D). This finding indicates
that by binding to the LBD, EGCG destabilizes AR
protein levels and accelerates its degradation. Since AR
protein is regulated by proteasome-mediated degrada-
tion, we wanted to confirm whether proteasome inhib-
itors can reverse the stability of AR protein. EGCG
promoted AR protein degradation in LNCaP cells, but
this was prevented by MG132 (Fig. 1E).

EGCG inhibits mutant T877A AR-mediated
transactivation

Somatic missense mutations in AR have been identified
in primary, recurrent, and metastatic forms of clinical
PCa and cell lines (33–35). One such mutant in the
LBD occurs at position 877, changing a threonine into
alanine. This hotspot T877A AR mutant loses the ability
to differentiate agonists from antagonists; it has been
isolated from patients with clinically relapsed PCa and
shows very potent transactivation in the presence of
androgens (35). To test how inhibition of N-C interac-
tion of AR modulates AR transactivation, we performed
promoter reporter assays to test the influence of EGCG
on AR T877A-mediated transactivation. Here, ectopi-
cally expressed T877A AR mutant was found to activate
the reporter in the presence of R1881 (Fig. 2A).
Treatment with EGCG (10, 20, and 40 �M) did not
induce any reporter activity per se, indicating that EGCG
bears no leaky agonistic activity even at high concen-
trations. Cotreatment of EGCG, however, repressed
R1881-induced mutant AR transactivation at all three
doses, indicating that EGCG can repress mutant T877A
AR-mediated transactivation. Moreover, the maximal
AR repression was achieved at 20 �M EGCG, and
further enhancement to 40 �M did not additionally
repress AR. Casodex was also found to repress R1881-
induced transactivation and served as control.

To further validate these findings in a more physio-
logical context, a similar reporter assay was performed
in LNCaP cells that harbor endogenous T877A AR
mutant. Treatment with R1881 was found to result in a
robust 300-fold increase in the reporter activity (Fig.
2B), which was decreased 3-fold by cotreatment with 10
�M EGCG, and �10-fold with 40 �M EGCG, suggesting
that by interacting with AR, EGCG blunts its transacti-

Figure 2. EGCG inhibits hotspot AR mutant T877A-mediated transactivation. A) CV1 cells were transfected with pSG5-T877A
mutant of AR (2 �g), MMTV-luc reporter (1 �g), and Renilla luc (50 ng). Graphs represent fold of hormone induction
compared with value for the non-hormone-treated group, which was set as 1. *aP � 0.01 vs. control group; *bP � 0.01, **bP �
0.05 vs. R1881 group; 1-way ANOVA followed by Tukey’s HSD test. B) LNCaP cells were transfected with MMTV-Luc reporter
and were treated 24 h post-transfection with or without 1 nM R1881 and with indicated concenctration of EGCG. Graphs
represent fold of hormone induction compared with value for the non-hormone-treated group, which was set as 1. *aP � 0.01
vs. R1881 control group; 1-way ANOVA followed by Tukey’s HSD test. C) LNCaP cells were transfected with PSA promoter
containing reporter and were treated 24 h post-transfection with or without 1 nM R1881 and with indicated concentration of
EGCG and casodex. *aP � 0.01 vs. control group; *bP � 0.01vs. R1881 group; 1-way ANOVA followed by Tukey’s HSD test.
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vation. Finally, on a native androgen-responsive PSA-
promoter-containing reporter, EGCG cotreatment led
to repression of R1881-induced AR transactivation (Fig.
2C), indicating the versatility of EGCG in repressing AR
function on a wide AR-specific promoter context.
These effects are likely due to the efficacy of EGCG on
the transactivation of the AR.

EGCG inhibits the growth of PCa cells

Since the growth of PCa cells is regulated by AR
functioning, we tested how repression of AR by EGCG
affects the growth of PCa cells. Hormone-refractory
C4-2 cells were grown in charcoal-treated hormone-free
medium, and we observed that both 40 and 60 �M
doses of EGCG inhibited the growth of these cells (Fig. 3A).
We also tested the effect of EGCG on the growth of
androgen-independent 22R�1 cells. These cells express
multiple AR isoforms that remain constitutively active,
leading to ligand-independent induction of target gene
expression and cell growth (36). In line with this, in the
MTT cell viability assay, the growth of these cells was not
altered significantly by R1881 or partial agonist CPA (Fig.
3B); however, treatment with EGCG decreased the growth
of 22R�1 cells at all doses tested (10 to 60 �M), indicating
that EGCG has a unique function in repressing AR
function that represses the growth of otherwise ligand-
independent 22R�1 cells, by inhibiting AR function.

EGCG treatment decreases AR protein expression in
xenograft model

We and others have earlier shown that interference
with interdomain interaction of AR results in its accel-
erated decay (32, 37, 38). Since EGCG also interferes
with this interaction, we tested how it affects AR protein
stability in vivo. To examine this possibility, immuno-
histochemical analysis was performed to detect AR
protein levels in a tumor xenograft of 22R�1 cells

established in male nude mice and treated with EGCG
for 6 wk (1 mg 3�/wk, i.p.). In these experiments,
vehicle-treated cells showed strong immunoreactivity
for AR in both cytosol and nucleus (Fig. 4A, top panel).
In contrast, PCa xenograft from mice treated with
EGCG exhibited significantly less AR protein levels,
which were primarily cytosolic, suggesting that EGCG,
in addition to decreasing AR protein expression, se-
questers it in the cytoplasm as a consequence of its
nuclear exclusion (Fig. 4A, bottom panel). This is an
important mechanism by which an antagonist can
repress genotropic function of AR and prevent it from
shuttling to the cell nucleus. To verify cytoplasmic
retention of EGCG-bound AR further, we performed
immunofluorescent labeling to visualize AR localiza-
tion in situ in tissues isolated from the xenograft. The
bright red fluorescence from AR in control cells is
indicative of homogeneous distribution of AR in cyto-
plasm and nucleus, while the tissues isolated from
animals treated with EGCG had the protein seques-
tered in cytoplasm, with clear blue DAPI-stained nuclei
(Fig. 4B).

EGCG administration modulates expression levels of
miRNA in tissues isolated from xenograft model

miRNAs are 18- to 24-nt small regulatory RNAs that
repress target gene expression by inhibiting either
mRNA translation or target mRNA degradation. Dereg-
ulated miRNA expression has recently been reported in
advanced PCa (39–41). miRNA-21 was recently dem-
onstrated to be regulated by androgens and was shown
to promote hormone-dependent and refractory PCa
growth (42). We thus employed real-time RT-PCR to
evaluate the expression of this miRNA in the tumor
tissues isolated from our previous study (18). We ob-
served that the tissue isolated from the animals that
were treated with EGCG for 6 wk (1 mg/d 3�/wk)
exhibited 1.5-fold down-regulation of miR-21 as com-

Figure 3. EGCG antagonizes AR-positive PCa cell growth. A, B) C4-2 (A) and 22R�1 cells (B) were treated with indicated
concentrations of EGCG for 48 h, and cell viability was determined by MTT assay, as detailed in Materials and Methods. *aP �
0.01 vs. control group; *bP � 0.01vs. 20 �M EGCG group; 1-way ANOVA followed by Tukey’s HSD test. C) EGCG modulated
the expression of miRNAs considered to be important in PCa. Relative expression of miRNA-21 and -330 in tumor xenograft
tissues isolated from animals treated with EGCG. Real-time PCR was performed for the 2 miRNAs, and fold change was
calculated.
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pared to the vehicle treated controls (Fig. 3C). We further
tested the expression levels of miRNA-330, which is a
known tumor suppressor and induces apoptosis in PCa
cells (43). We observed �6-fold induction in the levels of
miR-330 in the tumor tissues isolated from animals that
were treated with EGCG as compared to the untreated
controls (Fig. 3C).

DISCUSSION

Our most important observation, based on multiple
lines of experimentation, is that EGCG blunts AR
function at multiple levels in PCa. Despite the fact that
PCa cells generally become androgen refractory, they
still depend on functional AR signaling, which is often
overexpressed in hormone-refractory PCa, for growth,
and decreasing AR levels impair their growth (44, 45).
Since most clinically relapsed PCa patients develop
resistance to currently available antihormone therapies,
finding alternate and effective antagonists that inter-
fere with the expression and function of AR could
dramatically improve the benefits of therapeutic inter-
vention in the treatment of hormone-refractory PCa.

In cell growth assays, EGCG has been shown to
inhibit the growth and proliferation of various PCa cells
through multiple mechanisms (17, 19, 23, 46, 47), with
minimal effects on normal human prostate epithelial
cells (PrECs). This finding developed an enthusiasm
for EGCG as an anti-PCa agent. During the past decade,
a number of studies demonstrated potential effects of
tea polyphenols, including EGCG, through multiple
mechanisms, including cell growth inhibition (48–50),

induction of apoptosis (50, 51), cell cycle arrest (51),
inhibition of type 2,5-
-reductase (49), and in vitro and
in vivo inhibition of testosterone-mediated induction of
ornithine decarboxylase (52). Based on these results
alone, it is challenging to explain how EGCG serves as
a more potent inhibitor of PCa growth, specifically in
cells expressing functional AR (17, 53). Our results
demonstrated that the beneficial effects of green tea
polyphenol are associated with its antiandrogenic ac-
tion. To explain its antigrowth effect on PCa cells, we
found that EGCG physically interacts with the AR-LBD
and competes with natural agonist DHT (IC50 0.4 �M).
The cell growth assay was also in concordance with this
result, and EGCG in fact abrogated the proliferative
effect of strong synthetic agonist R1881 on PCa cells,
and hence serves as a functional antagonist. It is
important to mention here that the most widely used
AR antagonists have been the steroidal drug cyprot-
erone and the nonsteroidal drugs flutamide and bica-
lutamide, which are all competitive antagonists of an-
drogen binding. Previous studies have shown that
bicalutamide is a pure antagonist of wild-type and
identified mutant ARs (54). The unliganded AR asso-
ciates with a heat-shock protein 90 (HSP90) chaperone
complex that facilitates ligand binding, with subse-
quent conformational changes resulting in AR ho-
modimerization, nuclear translocation, DNA binding,
and transcriptional activation (55).

Because the growth of LNCaP cells depends on
functional AR signaling, and RNAi-mediated knock-
down of AR had a negative effect on cellular growth, we
further tested whether EGCG decreases AR protein
levels in vivo. Here we observed that AR protein expres-

Figure 4. EGCG decreases AR protein expression and its nuclear shuttling in vivo. Localization of AR in androgen-independent
22R�1 tumor xenograft in nude mice. Photomicrographs (�300) represent immunohistochemical staining (A) and immuno-
fluorescence staining (B) for AR in tumor xenograft.
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sion was decreased in EGCG-treated mice bearing a
22R�1 PCa cell xenograft. AR protein levels are known
to correlate positively with the degree of androgen
independence (56); thus, EGCG-mediated decrease in
AR protein expression could also revert androgen-
independent 22R�1 phenotype back to androgen-de-
pendent and thereby could also help restore sensitivity
to other antiandrogenic drugs. These speculations will,
however, require further experimental validation.

The antiandrogenic activity of EGCG becomes evi-
dent from the results of FRET-based competition as-
says, where EGCG displays notable competition with a
high-affinity androgenic agonist, Fluormone AL Red. A
functional assay demonstrating reversal of R1881-in-
duced transcriptional activation assay by EGCG further
provides evidence for a physiological competition be-
tween androgens and EGCG. Interestingly, much
higher concentrations of ECGC were required to in-
hibit cell growth, as compared to the micromolar
amounts required to competitively bind to the AR-LBD
in a cell free in vitro assay. This could be due to the less
hydrophilic nature of EGCG, which impedes its free
cellular uptake through the plasma membrane; there-
fore, bioavailability of ECGC similar to that of Caso-
dex or R1881 could be achieved at a much higher
dose. Thus, it is important to translate the dose of
EGCG into cell culture or animal models to achieve
effects similar to those observed in FRET-based com-
petition assays.

The AR is a ligand-activated transcription factor that
mediates the biological responses of androgens (31). In
our study, we found that AR N-C interaction was
blocked by 10 �M EGCG. Hence, the in vivo decrease in
AR protein expression in the tumor xenograft appears
to be primarily due to a decrease in AR protein stability
due to interference with N-C-terminal interaction,
thereby also leading to a decrease in transactivation.
The major finding of the present work is that EGCG
functions as a direct androgen antagonist, thereby
blunting AR-dependent transcription. Our work pro-
vides an explanation for the decreased AR and PSA
expression shown by previous studies (22, 52). This
work therefore provides a mechanistic basis to explain
how EGCG, by interfering with N-C interaction, de-
creases AR stability.

Decontrolled expression of various miRNAs has been
reported for a variety of cancers, including cancer of
the prostate gland (39–42), and various oncogenic and
tumor-suppressor transcription factors have been shown
to directly regulate miRNA transcription (57). Further,
miRNAs have been shown to be regulated by AR (42). In
light of this, we tested the expression levels of miRNA-21
in the tumor xenograft tissues of EGCG-treated and
control mice. Our data suggest a noticeable inhibition of
this miRNA in the EGCG-treated samples. We also looked
at the expression profile of another miRNA, miRNA-330,
which acts as tumor suppressor and is known to induce
apoptosis of PCa cells (43). We observed �6-fold up-
regulation of miR-330, a tumor-suppressor miRNA that
has been shown to induce apoptosis in PCa cells, in the

tissues obtained from EGCG-treated mice as compared to
the untreated controls. We thus provide evidence for
AR-regulated miRNAs being modulated by EGCG.

The present study is one of the first few reports
demonstrating the antiandrogenic action of a plant
product and the first report showing the effect of
EGCG, a naturally occurring polyphenol present in
green tea, in inhibiting human prostate carcinoma cell
growth. We have shown that EGCG effectively inhibits
the transactivation functions and expression of AR by
interfering with its stability as a result of decreased
interdomain interaction (Fig. 5). We also showed that
EGCG is a novel antagonist of AR signaling, which can
block AR-regulated gene expression and cell growth in
human PCa cells. We thus suggest that EGCG could be
developed as a chemotherapeutic agent against hor-
mone-refractory PCa.
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Figure 5. Model depicting the effect of EGCG on AR-
mediated signaling. EGCG could compete with natural AR
agonist DHT to physically interact with the expressed AR
protein. Once bound, it decreased the interdomain interac-
tion of AR, leading to a decrease in AR protein expression
and, hence, a decrease in AR transactivation functions. This
resulted in decreased expression of AR target genes and thus
might negatively influence the growth of PCa cells in vitro and
in vivo.
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