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Growth Inhibition, Cell-Cycle Dysregulation, and Induction of
Apoptosis by Green Tea Constituent (-)-Epigallocatechin-3-gallate
in Androgen-Sensitive and Androgen-Insensitive Human Prostate
Carcinoma Cells. Gupta, S., Ahmad, N., Nieminen, A.-L., and
Mukhtar, H. (2000). Toxicol. Appl. Pharmacol. 164, 82–90.

Prostate cancer (PCA) is the most prevalent cancer diagnosed
and the second leading cause of cancer-related deaths among men
in the United States. Descriptive epidemiological data suggest that
androgens and environmental exposures play a key role in pros-
tatic carcinogenesis. Since androgen action is intimately associated
with proliferation and differentiation, at the time of clinical diag-
nosis in humans most PCA represent themselves as a mixture of
androgen-sensitive and androgen-insensitive cells. Androgen-sen-
sitive cells undergo rapid apoptosis upon androgen withdrawal.
On the other hand, the androgen-insensitive cells do not undergo
apoptosis upon androgen blocking, but maintain the molecular
machinery of apoptosis. Thus, agents capable of inhibiting growth
and/or inducing apoptosis in both androgen-sensitive and andro-
gen-insensitive cells will be useful for the management of PCA. In
the present study, we show that (-)-epigallocatechin-3-gallate
(EGCG), the major polyphenolic constituent present in green tea,
imparts antiproliferative effects against both androgen-sensitive
and androgen-insensitive human PCA cells, and this effect is
mediated by deregulation in cell cycle and induction of apoptosis.
EGCG treatment was found to result in a dose-dependent inhibi-
tion of cell growth in both androgen-insensitive DU145 and an-
drogen-sensitive LNCaP cells. In both the cell types, EGCG treat-
ment also resulted in a dose-dependent G0/G1-phase arrest of the
ell cycle as observed by DNA cell-cycle analysis. As evident by
NA ladder assay, confocal microscopy, and flow cytometry, the

reatment of both DU145 and LNCaP cells with EGCG resulted in
dose-dependent apoptosis. Western blot analysis revealed that
GCG treatment resulted in (i) a dose-dependent increase of p53

n LNCaP cells (carrying wild-type p53), but not in DU145 cells
carrying mutant p53), and (ii) induction of cyclin kinase inhibitor

AF1/p21 in both cell types. These results suggest that EGCG
egatively modulates PCA cell growth, by affecting mitogenesis as
ell as inducing apoptosis, in cell-type-specific manner which may
e mediated by WAF1/p21-caused G0/G1-phase cell-cycle arrest,

irrespective of the androgen association or p53 status of the
cells. © 2000 Academic Press
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rest; chemoprevention; prostate cancer.

Prostate cancer (PCA) is the most prevalent cancer
nosed and the second leading cause of cancer-related
among men in the United States (Landiset al., 1998; Whitte
more, 1994). Descriptive epidemiologic data suggest tha
drogens and environmental exposures play a key role in
tatic carcinogenesis (Fleshner and Klotz, 1998). Bec
androgens are capable of both stimulating proliferation as
as inhibiting the rate of the glandular epithelial cell de
within the prostate, palliation with radiation or androgen a
tion therapy are commonly suggested for men with this
organ-confined disease (Gleaveet al., 1998; Thompsonet al.,
1995; Wilding, 1995). The initial response to androgen a
tion generally results in tumor shrinkage due to the apop
death of androgen-sensitive PCA cells. However, the apop
pathway is not activated by androgen ablation or by cytot
drugs in androgen-insensitive cells. However, these cell
known to maintain the molecular machinery of apoptosis (T
and Porter, 1997). Generally, patient’s death relates direc
the proliferation of this subpopulation of cells (Tang and P
ter, 1997; Denmeadeet al., 1996). It is also important to no
hat at the time of clinical diagnosis most PCAs represe
ixture of androgen-sensitive and androgen-insensitive
herefore, the key to the control of PCA appears to lie in
limination of both types of cells through mechanism-ba
reventive/therapeutic approaches.
Green tea, a popular beverage consumed worldwide

een shown to possess cancer chemopreventive effect
ide range of target organs in rodent carcinogenesis m

Kuroda and Hara, 1999; Katiyar and Mukhtar, 1996, 19
ang and Wang, 1993; Yanget al.,1997; Stoner and Mukhta
995). Much of the effects of green tea are believed t
ediated by the polyphenolic constituents, most notably
pigallocatechin-3-gallate (EGCG), present therein (Ka
nd Mukhtar, 1996). The oral consumption or topical app

ion of a polyphenolic mixture obtained from green tea o
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against all stages of carcinogenesis in a wide range of a
tumor bioassay systems (Conneyet al., 1997; Katiyar an
Mukhtar, 1996; Landauet al., 1998; Hirosheet al., 1997;
Katiyar et al., 1992, 1993a,b; Huanget al., 1992; Xu et al.,
1992; Khanet al.,1992). Many human epidemiological stud
conducted around the world, though inconclusive, have sh
encouraging results that green tea consumption affords c
preventive effects against some cancer types (Bushman,
Dreosti et al., 1997; Hara, 1997; Imaiet al., 1997; Jiet al.,
1997; Kohlmeieret al., 1997; Blotet al., 1996). The chemo
preventive effects of tea on human oral leukoplakia have
been demonstrated (Liet al., 1999). More recent studies a
showing that EGCG may also have cancer chemotherap
effects (Cao and Cao, 1999; Barthelmanet al.,1998; Ahmadet
al., 1997; Liaoet al., 1995; Mukhtaret al., 1994). Based o
these extensive data, clinical trials in human cancer pa
with green tea are being conducted or planned (Yanget al.,
1999; Nakachiet al.,1998; Yuet al.,1995; Imai and Nakach
1995). At least two epidemiological studies have shown
people who regularly consume green tea have lower
incidence (Kinlen, 1988; Heilburnet al., 1986). Further, i
Chinese, Japanese, and some other Asian population
consume tea, especially green tea, on a regular basi
incidence of PCA is lower compared to that in the W
(Wynderet al.,1994). These associations remain inconclu
because the population in China and Japan also consume
low-fat diets, and high-fiber diets among other variables.

Studies in culture system have shown that green tea e
and EGCG is capable of inhibiting the growth of a variety
mouse and human cancer cell types (Ahmadet al., 1997;
Valcic et al.,1996; Yanget al.,1998; Chenet al.,1998). It has
also shown that green tea and its polyphenolic constitu
impart inhibitory effects on the activities of many enzym
and metabolic pathways that has relevance in cancer dev
ment (Jankunet al.,1997; Leaet al.,1993; Austinet al.,1992;
Liao et al.,1995). In addition, EGCG has been shown to ca
growth inhibition and regression of human prostate and b
tumors in athymic nude mice (Liaoet al., 1995). Our earlie
studies have shown that EGCG treatment results in an in
tion of apoptosis in a variety of human cancer cells inclu
the human PCA cells DU145 (Ahmadet al.,1997). Subseque
studies from other laboratories in other cell types suppo
these observations (Yanget al., 1998; Hibasamiet al., 1998;
Otsukaet al., 1998). In a recent study, we provided evide
that both underin vitro as well asin vivo situations, a poly
phenolic mixture obtained from green tea inhibits the an
gen-mediated (i) growth of PCA cells, and (ii) ODC enzy
activity and mRNA expression in PCA cells (Guptaet al.,
1999). Furthermore, we have also shown that ODC is ele
in human PCA and could be developed as a target fo
prevention/therapy of PCA (Mohanet al.,1999). In the prese
study, we show that EGCG imparts negative growth eff
against both androgen-sensitive and androgen-insensitiv
al
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by deregulation in cell cycle and induction of apoptosis. Ba
on data presented, we suggest that EGCG-induced G0/G1-

hase cell-cycle arrest and apoptosis may be mediate
AF1/p21 in both the cell types irrespective of their andro

r p53 status.

MATERIALS AND METHODS

Materials. Purified preparation of EGCG (.97% purity) was obtaine
from Mitsui Norin Co. Ltd., Shizuoka, Japan. The human PCA cells nam
DU145 and LNCaP, were obtained from American Type Culture Colle
(Rockville, MD). Both cell lines were cultured in RPMI-1640 medium (L
Technologies, Inc.) supplemented with 10% fetal bovine serum and 1%
cillin–streptomycin. The cells were maintained at 37°C and 5% CO2 in a

umid environment. EGCG was dissolved in double-distilled water for t
ent.

Cell viability. The LNCaP and DU145 cells were grown to 70% con
nce and treated with EGCG (10, 20, 40, and 80mg/ml doses) for 24, 48, an

72 h, respectively. The viable cells were determined by trypan blue exc
assay.

Detection of apoptosis by DNA ladder assay.The LNCaP and DU14
cells were grown to about 70% confluency and treated with EGCG (10, 2
and 80mg/ml) for 48 h. Following this treatment, the cells were washed t
with phosphate-buffered saline (10 mM Tris, pH 7.5, 150 mM NaCl, 5
MgCl2, and 0.5% Triton X-100), left on ice for 15 min, and pelleted
centrifugation (14,000g) at 4°C. The pellet was incubated with DNA ly
buffer (10 mM Tris, pH 7.5, 400 mM NaCl, 1 mM EDTA, and 1% Trit
X-100) for 30 min on ice and then centrifuged at 14,000g at 4°C. The
upernatant obtained was incubated overnight with RNAse (0.2 mg/m
oom temperature and then with Proteinase K (0.1 mg/ml) for 2 h at 37°C.
NA was extracted using phenol:chloroform (1:1) and precipitated with
thanol for 2 h at280°C. The DNA precipitate was centrifuged at 14,000g at
°C for 15 min and the pellet was air-dried and dissolved in 20 m
ris–EDTA buffer (10 mM Tris–HCl, pH 8.0, and 1 mM EDTA). To
mount of DNA was resolved over 1.5% agarose gel, containing 0.3mg/ml

ethidium bromide in 13 TBE buffer (pH 8.3, 89 mM Tris, 89 mM Boric aci
and 2 mM EDTA) (Bio Wittaker, Inc., Walkersville, MD). The bands w
visualized under UV transilluminator (Model No. TM-36, UVP Inc., S
Gabriel, CA) followed by polaroid photography (MP-4 Photographic Sys
Fotodyne Inc., Hartland, WI).

Detection of apoptosis by confocal microscopy.The cells were culture
over round glass coverslip in a 60-mm culture dish to about 70% conflu
and then treated with EGCG (20, 40, and 80mg/ml doses) for 48 h followe
by incubation with 10mM Hoechst 33258 dye for 20 min in complete med

t 37°C for labeling the nuclei. The coverslips were washed with PBS
ounted on the microscope stage. The Hoechst 33258 fluorescenc
xcited from an UV argon laser with a 351-nm line and imaged throu
60-nm dichroic mirror and 417–482-nm emission filter using a Zeiss

aser-scanning confocal microscope. Apoptosis was characterized by th
hological changes, viz., chromatin condensation, nuclear condensatio

ormation of apoptotic bodies.

Quantification of apoptosis by flow cytometry.The cells were grown at
ensity of 13 106 cells in 100-mm culture dishes and were treated with EG

(10, 20, 40, and 80mg/ml doses) for 48 h. The cells were trypsinized, was
with PBS, and processed for labeling with fluorescein-tagged deoxyu
triphosphate nucleotide and propidium iodide by use of an Apo-direct ap
sis kit obtained from Phoenix Flow Systems (San Diego, CA) as per m
facturer’s protocol. The labeled cells were then analyzed by flow cytom

DNA cell cycle analysis. The cells (70% confluent) were starved for 3
to arrest them in G0 phase of the cell cycle, after which they were treated
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EGCG (10, 20, 40, and 80mg/ml doses) in RPMI-1640 complete media
4 h. The cells were trypsinized thereafter, washed twice with cold PBS
entrifuged. The pellet was resuspended in 50ml cold PBS and 450ml cold
ethanol for 1 h at4°C. The cells were centrifuged at 1100 rpm for 5 m

pellet washed twice with cold PBS, suspended in 500ml PBS, and incubate
with 5 ml RNAse (20mg/ml final concentration) for 30 min. The cells we
chilled over ice for 10 min and stained with propidium iodide (50mg/ml final
oncentration) for 1 h and analyzed by flow cytometry.

Western blot analysis. The cells were treated with EGCG (10, 20, 40,
0 mg/ml doses) in RPMI-1640 complete media for 48 h. For time-depen
ssay, the cells were treated for 24, 48, and 72 h with 40mg/ml of EGCG. After

this the media was aspirated, the cells were washed with cold PBS (10 m
7.4), and ice cold RIPA buffer (0.15 mM NaCl/0.05 mM Tris–HCl, pH 7.3
Triton X-100/1% sodium deoxycholate) was added to the plates that wer
placed over ice for 30 min. The cells were scraped; the lysate was collec
a microfuge tube and passed through a 21-gauge needle to break up
aggregates. The lysate was cleared by centrifugation at 14,000g for 15 min a
4°C and the supernatant (total cell lysate) was either used immediat
stored at280°C. The protein concentration was determined by DC Bio
assay using the manufacturer’s protocol. For Western blot analysis, 25–mg

rotein was resolved over 12% polyacrylamide gels and transferred
itrocellulose membrane. The blot was blocked in blocking buffer (5% n
ry milk/1% Tween 20; in 20 mM TBS, pH 7.6) for 1 h atroom temperature

ncubated with appropriate monoclonal or polyclonal primary antibody (hu
eactive anti-WAF1, anti-p53; Santa Cruz Biotechnology) in blocking b
or 1 h to overnight at 4°C followed by incubation with anti-mouse
nti-rabbit secondary antibody horseradish peroxidase conjugate (Ame
nd detected by chemiluminescence and autoradiography using XAR-
Eastman Kodak). Densitometric measurements of the bands in Weste
nalysis were performed using Scion Image computer software program
orporation, Frederick, MD).

FIG. 1. (A) Effect of EGCG on DU145 and LNCaP cell growth at va
treatment for 48 h. The cells were incubated with EGCG (10, 20, 40, anm
rypan blue exclusion assay. The data is represented as number of cells3 106. D
nd
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RESULTS

The trypan blue exclusion assay demonstrated that E
(10 to 80mg/ml) treatment resulted in a dose-dependent
bition of cell growth, as compared to untreated controls, in
androgen-insensitive DU145 and androgen-sensitive LN
PCA cells (Fig. 1A). EGCG treatment of cells also resulte
time-dependent inhibition of cell growth in both cell types
the effect was more pronounced at 48-h posttreatment
1A). Similarly, EGCG treatment to DU145 and LNCaP P
cells resulted in a maximum loss of cell viability at 48 h (F
1B).

In the next series of experiments we assessed the eff
EGCG on apoptosis in these cell types. Both androgen-in
sitive DU145 and androgen-sensitive LNCaP PCA cells w
treated with different doses of EGCG (10, 20, 40, and
mg/ml). As shown in Fig. 2, compared with vehicle-trea
control, EGCG (40 and 80mg/ml for 48 h) treatment of th
cells resulted in the formation of DNA fragments in both
types. The induction of apoptosis by EGCG was also ev
from the morphologic alterations as shown by confocal
croscopy after labeling the cells with Hoechst 33258 dye.
androgen-insensitive DU145 and androgen-sensitive LN
cells were treated with 20, 40, and 80mg/ml doses of EGCG
The vehicle-treated control as well as 20mg/ml treatment with
EGCG did not cause any alterations in the nuclear morpho
of DU145 cells (Fig. 3A, panels a and b). However, at 40

us time intervals and (B) viability of DU145 and LNCaP cells following
0l doses) and the total number of cells and the viable cells were measu
shown are mean values6 SE determined from three independent experim
rio
d 8g/m
ata
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80 mg/ml dose of EGCG the cells showed significant apop
as evident from advanced chromatin condensation, nu
condensation, and formation of apoptotic bodies (Fig.
panels c and d). Essentially similar results were obtained
androgen-sensitive LNCaP cells following treatment w
EGCG (Fig. 3B, panels a–d). In addition, the number of c
that could be observed on the coverslip was markedly di
ished at 40 and 80mg/ml doses of EGCG, indicating that t
treatment resulted in a detachment of the apoptotic cells

We next quantified the extent of apoptosis by flow cytom
ric analysis of the cells labeled with deoxyuridine triphosp
and propidium iodide. The androgen-insensitive DU145
androgen-sensitive LNCaP cells were treated with 10, 20
and 80mg/ml of EGCG for 48 h. As shown by data in Fig. 4

GCG treatment resulted in 13.9, 19.1, 42.2, and 58.1
poptotic cells in androgen-insensitive DU145 cells and
3.4, 36.9, and 52.5% of apoptotic cells in androgen-sen
NCaP cells, respectively (Fig. 4B). While the induction

FIG. 2. DNA fragmentation by EGCG in DU145 and LNCaP cells. T
cells were grown to 70% confluency and were treated with various do
EGCG for 48 h. The DNA was isolated and resolved over 1.5% agaro
electrophoresis followed by visualization of bands as described in the
rials and Methods section. Data shown are from a representative expe
repeated three times with similar results.
is
ar
,

th

ls
n-

t-
e
d
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of
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ve
f

the highest dose (80mg/ml) resulted in a massive apoptosis
a drastic decline in the number of cells as determined by
cytometry.

Since the induction of apoptosis may be mediated thr
the regulation of cell cycle, we also examined the effec
EGCG on the cell-cycle perturbations. Compared with
vehicle-treated controls, the EGCG treatment resulted i
appreciable arrest of DU145 and LNCaP cells in G0/G1 phase
of cell cycle after 24 h of the treatment. The treatment ca
an arrest of 53.7% cells in G0/G1 phase of the cell cycle at 2
mg/ml that further increased to 63.42% at 40mg/ml and

6.33% at the highest dose of 80mg/ml in DU145 cells (Fig
5A). Essentially similar observations were recorded
LNCaP cells where following EGCG treatment of cells at
40, and 80mg/ml doses resulted in 54.99, 61.79, and 68.1
arrest, respectively (Fig. 5B). This increase in G0/G1 cell
population was accompanied with a concomitant decrea
cell number in S-phase and G2-M phase in both PCA cell l
However, the extent of arrest in G0/G1 phase was more
DU145 cells than in LNCaP PCA cells. Taken together, t
data suggest that essentially similar mechanism of EG
mediated cell growth inhibition, cell cycle arrest, and apop
occurs in both androgen-insensitive DU145 cells and an
gen-sensitive LNCaP cells.

Employing Western blot analysis, we next assessed
protein expression of p53 that is also known to play an im
tant role in cell-cycle regulation. The two cell lines emplo
in this study differ in their p53 status as the DU145 cells c
mutant p53, whereas LNCaP cells harbor wild-type p53
also studied the effect of EGCG on the protein expressio
p53 in these cell types. As shown in Fig. 6, EGCG treatm
resulted in an appreciable increase in the levels of p53 pr
at 40mg/ml (1.6-fold) and 80mg/ml (2.2-fold) in LNCaP cell
(carrying wild-type p53) but not in DU145 cells (carryi
mutant p53). In a time-dependent study with 40mg/ml dose o
EGCG, a modest increase in the level of p53 protein
observed at 48-h posttreatment in LNCaP cells and rem
stable at 72-h posttreatment. However, the treatment of D
cells with EGCG (40mg/ml) did not cause any apprecia
change in the level of p53 protein. We also assessed the
of EGCG on the induction of WAF1/p21 that, either in
sponse to p53 or independent of p53, is known to regulat
cell-cycle progression in G1 phase of the cell cycle and indu
apoptosis. EGCG (40 and 80mg/ml) treatment results in
significant induction of WAF1/p21 in both androgen-inse
tive DU145 and androgen-sensitive LNCaP PCA cells, w
compared with the basal levels (Fig. 6). The time-depen
treatment of DU145 and LNCaP PCA cells with 40mg/ml dose
of EGCG resulted in a significant increase in WAF1/p21 a
48, and 72 h respectively in both the cell lines. Taken toge
these results suggest that EGCG-caused growth inhibito
fects in human PCA may be mediated by WAF1/p21, irres
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86 GUPTA ET AL.
tive of the androgen association of the cells and their
status.

DISCUSSION

PCA is one of the leading causes of cancer-related dea
men in the United States. Unfortunately, research ef
against PCA have lagged far behind compared to the can
other body sites due to their heterogeneous entity of andr
sensitive and androgen-insensitive cells, since most PC
spond initially to androgen ablation and the population
androgen-sensitive cells undergo rapid apoptosis upon a
gen withdrawal. However, androgen-insensitive PCA cell
not undergo apoptosis upon androgen blocking. Therefore
warranted to intensify the efforts for a better understandin
this disease, and for the development of novel mechan
based approaches for its prevention and treatment (Weisb
1998). Studies conducted in cell culture system and an
models as well as human epidemiological studies have s
that the polyphenols present in green tea afford prote
against a variety of cancer types (reviewed by Katiyar
Mukhtar, 1996; Ahmad and Mukhtar, 1999; Bushman, 1

FIG. 3. (A) Morphological changes in DU145 cells and (B) LNCaP c
(b–d) 20, 40, and 80mg/ml doses of EGCG, respectively, for 48 h. Morph
Data shown are from a representative experiment repeated four times
3
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Dreosti et al., 1997; Hara, 1997; Imaiet al., 1997; Jiet al.,
1997; Kohlmeieret al.,1997; Blotet al.,1996). Recent studie
also suggest that these polyphenols present in green tea
cially EGCG, could be developed as therapeutic agents ag
cancer including PCA (Cao and Cao, 1999; Barthelmanet al.,
1998; Ahmadet al., 1997; Liaoet al., 1995; Paschkaet al.,
1998). It is important to emphasize here that the incidenc
PCA is very low in Chinese and Japanese population, w
consume green tea on a regular basis. It must also be e
sized that in these studies a definite correlation could n
established because the diet in this population differs from
of the western world in many other ways.

Studies from this and other laboratories have shown
EGCG, the major polyphenolic antioxidant present in g
tea, results in an induction of apoptosis in several hu
carcinoma cells (Ahmadet al., 1997; Yanget al., 1998; Hi-
basamiet al.,1998; Otsukaet al.,1998; Paschkaet al.,1998).
This study was designed to determine the antiprolifera
potential of EGCG on androgen-sensitive and androgen-i
sitive human PCA cells and to understand the mecha
basis of EGCG-mediated inhibition. To achieve our goa

following EGCG treatment as evident by confocal microscopy. (a) Veh
gic changes denoting apoptotic cells are shown by arrows. Bar represemm.

similar results.
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this study, we employed two types of human PCA cell l
that differ in their responsiveness toward androgen, viz. an
gen-insensitive DU145 and androgen-sensitive LNCaP
This choice was based on the fact that the regulation of no
growth, development, and function of the prostate is intima
associated with androgen action. PCA is known to under
transition from an early androgen-sensitive form of cancer
late (metastatic) androgen-insensitive cancer (Tang and P
1997; Denmeadeet al., 1996). Because of this reason, at
time of clinical diagnosis most PCAs represent a mixtur
androgen-sensitive and androgen-insensitive cells. Ther
for effective PCA treatment there is a need to develop
proaches aimed toward the elimination of both androgen
sitive and androgen-insensitive PCA cells. In this study
found that EGCG is capable of inhibiting the PCA cell gro
irrespective of their androgen association, in a dose- and
dependent fashion.

Because there has been an appreciation that regulat
apoptosis and cell cycle could be important targets for ca
chemoprevention (Ahmadet al., 1997; Hartwell and Kasta

994) and also because the antiproliferative effects of E
ave been shown to be mediated by apoptosis and/or cell
ysregulation (Ahmadet al., 1997; Yanget al., 1998), we

nvestigated whether or not EGCG causes apoptosis in
ells with different androgen responsiveness. Our results
nstrated that EGCG results in the apoptosis of both andr

nsensitive DU145 as well as androgen-sensitive LNCaP
his observation was verified by DNA fragmentation, fl
ytometry, and confocal microscopy where the cells w

FIG. 4. (A) Quantitation of apoptosis in DU145 cells and (B) LNCaP
labeled with deoxyuridine triphosphate using terminal deoxynucleotide t
above that of control population, as indicated by the line in each histogr
box. Data shown are from a representative experiment repeated three
s
o-
ls.
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ly
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that this agent may slow down the growth of cancer cell
artificially imposing the cell-cycle checkpoint.

Since many studies have shown the involvement of
mediated induction of the cyclin kinase inhibitor WAF1/p
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1997; Yonish-Rouach, 1996), we studied the effect of EG
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