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Abstract. Acetylation of the tumor suppressor gene p53 at the 
carboxy-terminal lysine (Lys) residues enhances its transcrip-
tional activity associated with cell cycle arrest and apoptosis. 
Histone deacetylases (HDACs), a family of evolutionarily 
conserved enzymes, counterbalance the acetylation of lysine 
residues on histone and non-histone proteins. In this study, we 
demonstrate that green tea polyphenols (GTPs) and their major 
constituent, (-) epigallocatechin-3-gallate (EGCG), activate 
p53 through acetylation at the Lys373 and Lys382 residues by 
inhibiting class I HDACs in LNCaP human prostate cancer 
cells. Treatment of cells with GTPs (2.5-10 µg/ml) and EGCG 
(5-20 µM) resulted in dose- and time-dependent inhibition of 
class I HDACs (HDAC1, 2, 3 and 8), albeit at varying levels. 
Discontinuation of treatment with GTP/EGCG resulted in the 
loss of p53 acetylation at both the sites in these cells. GTP/
EGCG treatment also resulted in increased expression of 
p21/waf1 and Bax at the protein and message levels in these 
cells. The increased GTP/EGCG-mediated p53 acetylation 
enhanced its binding on the promoters of p21/waf1 and Bax, 
which was associated with increased accumulation of cells in 
the G0/G1 phase of the cell cycle and induction of apoptosis. 
Our findings indicate that GTP/EGCG causes acetylation of 
p53 by inhibiting class I HDACs, a function that is likely to be 
part of the mechanisms that control the physiological activity 
of p53.

Introduction

The tumor suppressor protein, p53, plays a critical role in 
inducing cell cycle arrest, DNA repair and apoptosis in 
response to various external and internal stresses, and protects 
cells from undergoing malignant transformation. In the vast 
majority of cancers, the p53 gene is mutated, resulting in 
the loss of p53 function in the central DNA binding domain 
(amino acid 102-292), an event that is thought to contribute 
to the development of malignancy. Functional domains within 
p53 are the N-terminal domain, which harbors transactivation 
activity (amino acids 1-42), a C-terminal region that includes 
the tetramerization domain (amino acid 324-355) and a regula-
tory domain (amino acid 363-393). In a number of cancers, 
although wild-type p53 protein may be present, its functional 
response is lost, either due to post-translational modifications 
of the extreme C-terminal 30 residues that play important roles 
in the regulation of p53-specific DNA binding activity, and/or  
due to defects in other genes in the p53 response pathway. 
In normal cells, p53 is maintained at a very low level due to 
continuous ubiquitination by murine double minute 2 (MDM2), 
whereas during cellular stress p53 is phosphorylated and acet-
ylated and, in turn, plays an important role in the stabilization 
and activation of p53. For example, p53 causes cell cycle arrest 
primarily by activating the transcription of cyclin-dependent 
kinase (CDK) inhibitor p21/waf1 and induces apoptosis by 
the transcriptional activation of the pro-apoptotic Bcl2 family 
genes, Bax, PUMA and Noxa (1,2).

Previous studies have demonstrated that p300/CBP, the 
histone acetyltransferase, strongly potentiates p53-dependent 
transcriptional activation, and that acetylation of p53 by p300 
markedly stimulates its sequence-specific DNA binding and 
transcriptional activity. The synergistic enhancement of p53 
transactivation activity is a result of at least two different 
pathways, including acetylation of the core histone proteins 
and p53 acetylation. Post-translational acetylation of p53 at its 
C-terminal domain has previously been demonstrated in both 
in vitro and in vivo studies (2). Lysine (Lys)373 and Lys382 are 
acetylated by p300/CBP, and Lys320 is acetylated by the p300/
CBP-associated factor (PCAF) (2). Acetylation of p53 mark-
edly enhances its sequences specific DNA binding activity and 
is induced in response to DNA damage. Besides p53, numerous 
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other non-histone transcription factors have been shown to be 
acetylated by histone acetyltransferases (2).

Histone acetylation is a reversible process and acts in 
concert with histone deacetylases (HDACs) a family of evolu-
tionary conserved enzymes that modulate the acetylation status 
of histones and a number of other regulatory and structural 
proteins. HDACs are active components of transcriptional 
corepressor complexes. HDACs are broadly classified into 
four classes based on their sequence homology, as follows: 
class I (HDACs1-3 and 8), class II (HDACs 4-7 and HDACs 
9-10), class III (Sirt1-Sirt7) and class IV (HDAC11). Class I 
HDACs contain a deacetylase domain and are the homologs 
of yeast RPD3, whereas class II HDACs are homologs of yeast 
Hda1. Class III (Sirt1-Sirt7) HDACs are homologs of yeast 
silent mating type information regulation 2 (Sir2) and form 
a structurally distinct class of NAD-dependent enzymes, and 
class IV HDACs (HDAC11) have properties of both class I 
and class II HDACs (3). These proteins are localized in both 
the cytoplasm and nucleus, suggesting that they have diverse 
cytoplasmic and nuclear substrates, and are frequently over-
expressed in a number of human cancers. Their differential 
expression often correlates with drug resistance and poor 
prognosis, which makes them attractive targets in cancer thera-
peutics (4). HDAC inhibitors have shown considerable promise 
as therapeutic agents for the treatment of human cancer and a 
number of other diseases. HDAC inhibitors such as sodium 
butyrate, trichostatin A (TSA), suberoylanilide hydroxamic 
acid (SAHA), valproic acid and trapoxins have divergent struc-
tures and promote growth arrest, differentiation, and apoptosis 
of tumor cells (5). Studies have shown that the proportion of 
acetylated p53 increases when cells are treated with HDAC 
inhibitors, such as TSA. This increasing level of p53 acetyla-
tion with HDAC inhibitors prevents p53 degradation thereby 
maintaining a tight regulation of functional p53 levels by 
acetylation and deacetylation (6,7).

In search of safe and effective HDAC inhibitors, in our 
previous studies we demonstrated that green tea polyphenols 
(GTPs) and their major constituent, (-) epigallocatechin-3-gal-
late (EGCG), have the ability to inhibit class  I HDACs in 
human prostate cancer cells. Our studies further demonstrate 
that GTPs enhance proteasomal degradation of class I HDACs 
and increase acetylation of core histone proteins, promoting 
access to the promoter region of CDK inhibitor (p21/waf1) and 
pro-apoptotic gene (Bax) in human prostate cancer cells, and 
stimulating cell cycle arrest and apoptosis (8). In this study 
we demonstrate, for the first time, that GTPs and their major 
constituent, (-) EGCG, increase the acetylation of p53 at Lys373 
and Lys382, but not in Lys320 of its C-terminus, as a conse-
quence of class I HDACs inhibition. The enhanced binding 
of acetylated p53 in the p21/waf1 and Bax gene promoters 
increases their mRNA and protein levels, which may in part 
be accountable for increased cell cycle arrest and apoptosis of 
human prostate cancer LNCaP cells harboring wild-type p53.

Materials and methods

Cell culture and reagents. Human prostate cancer LNCaP 
cells were obtained from the American Type Culture 
Collection (Manassas, VA, USA). Cells were grown and 
maintained in RPMI‑1640 (Hyclone) supplemented with 1% 

penicillin-streptomycin and 10% fetal bovine serum at 50-70% 
confluency. Cells received the following treatments: 20 ng/ml 
TSA (Sigma, St Louis, MO), dissolved in DMSO; 2.5-10 µg/ml 
polyphenon E® (Mitsui Norin, Tokio, Japan) hereafter referred 
to as GTP; 5-20 µM EGCG (Mitsui Norin) for indicated times. 
Concentrations of 10  µg/ml polyphenon  E correspond to 
14 µM EGCG. The constituents present in Polyphenon E® are 
mentioned in our previous publication (9).

Western blot analysis. Cells were lysed in radioimmuno-
precipitation assay (RIPA) buffer (1% NP40, 0.5% sodium 
deoxycholate, 0.1% SDS in PBS containing complete protease 
inhibitor cocktail (Roche Applied Sciences, Mannheim, 
Germany). Protein concentration in the cell lysates was deter-
mined using detergent-compatible protein assay from Bio-Rad 
(Hercules, CA). Protein samples were subjected to SDS-PAGE 
and transferred to a nitrocellulose membrane. The membrane 
was incubated with primary antibody overnight after blocking 
in 5% non-fat milk in TBS for 1 h. The following day, the 
membrane was removed from the primary antibody, washed with 
washing buffer and subsequently incubated with appropriate 
horseradish peroxidase (HRP)-conjugated secondary antibody 
for 1 h. The membrane was than developed with enhanced 
chemiluminescence reagents (GE Healthcare, Piscataway, NJ) 
and exposure to Hyblot CL autoradiography film (Denville 
Scientific, Metuchen, NJ). Image digitization and quantifica-
tion were performed with the Kodak 2000 imaging system. 
Acetyl p53 (Lys373) was obtained from Millipore (Billerica, 
MA) (Cat no. 06-916), Ac-p53 (Lys382) was purchased from 
Epitomics (Burlingame, CA) (Cat#2485-1), Ac-p53 (Lys320) 
was procured from Millipore (Cat no. 06-915) and Anti-p53 
(SC-126), anti-p21/waf1 (SC-397), anti-Bax (SC-) anti-HDAC1 
(SC-7872), anti-HDAC2 (SC-6296), anti-HDAC3 (SC-11417), 
anti-HDAC8 (SC-11405) and anti-β-actin (SC-47778) anti-
bodies were purchased from Santa Cruz Biotechnology (Santa 
Cruz, CA).

Reverse-transcriptase PCR. Total RNA was extracted from 
various controls and treated human prostate cancer LNCaP 
cells using TRIzol reagent and the first-strand cDNA was 
prepared from 2 µg total RNA using a high capacity cDNA 
Reverse Transcription kit (Applied Biosystems). Levels of p21/
waf1 and Bax mRNA were quantified by PCR and normalized 
to glyceraldehyde-3-phosphate dehydrogenase (GAPDH). The 
PCR reaction conditions used were: stage 1, 94˚C for 5 min 
(1 cycle); stage 2, 94˚C for 1 min and 58˚C for 45 sec and 72˚C 
for 1 min (30 cycles); and stage 3, 72˚C for 7 min (1 cycle) 
using the ABI Veriti thermal cycler. The primers used were: 
p21 forward, 5'-ATTAGCAGCGGAACAAGGAGTCAG 
ACAT-3' and reverse, 5'-CTGTGAAAGACACAGAACAGT 
ACAGGGT-3'; Bax forward, 5'-GGCCCACCAGCTCTGA 
GCAGA-3' and reverse, 5'-GCCACGTGGGCGTCCCAA 
AGT-3'; and GAPDH forward, 5'-CAACGGATTTGGTC 
GTATTGG-3' and reverse, 5'-GCAACAATATCCACTTT 
ACCAGAGTTAA-3'.

Chromatin immunoprecipitation (ChIP) assay. LNCaP human 
prostate cancer cells were treated with various doses of GTPs 
or EGCG dissolved in PBS or only with PBS (control) for 
3 days. At the end of treatment, cells were incubated in media 
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containing 1% formaldehyde for 15 min at room temperature 
for cross-linking. The reaction was then terminated using a 
0.125 M final concentration of glycine. After cross-linking, 
cells were lysed, chromatin was digested using monococcal 
nuclease enzyme and incubated with anti-acetylated (Lys373) 
(Cat no. 06‑916; Millipore) antibody overnight at 4˚C. After 
reversing the cross-linking by incubating the samples at 65˚C 
overnight, DNA was purified using phenol-chloroform-isoamyl 
reagent followed by ethanol precipitation. DNA was then 
dissolved in nuclease-free water. Immunoprecipitated DNAs, 
beads or input controls were subjected to PCR amplification 
for 30 cycles of the following cycling conditions: stage 1, 95˚C 
for 2 min (1 cycle); stage 2, 95˚C for 30 sec and 60˚C for 30 sec 
and 72˚C for 1 min (30 cycles); and stage 3, 72˚C for 3 min 
(1 cycle). Primers used were as follows: p21/waf1 gene promoter 
forward, 5'-GTGGCTCTGATTGGCTTTCTG-3' and reverse, 
5'-GTGAAAACAGGCAGCCCAAG-3'l and Bax gene promoter 
forward, 5'-TAATCCCAGCGCTTTGGAA-3' and reverse, 
5'-TGCAGAGACCTGGATCTAGCAA-3'. PCR products were 
subjected to electrophoresis using a 2% agarose gel.

Cell cycle analysis. The effect of GTPs and EGCG on the 
cell cycle was measured by performing flow cytometric assay. 
LNCaP cells were treated with GTPs or EGCG and were 
harvested by trypsinization on days 3 and 7 post-treatment. 
Cells were washed twice with PBS. Approximately 1x106 cells 
were fixed in 90% cold methanol and left on ice for at least 
30 min and stored at -20˚C until being processed for cell cycle. 
Cells were washed, pelleted and resuspended in 0.04 µg/ml  
propidium iodide and 100 µg/ml RNase in PBS. The samples 
were incubated at room temperature for 30 min and flow 
cytometry was performed on the EPICS-XL MCL flow 
cytometer and analyzed using Cell Quest Analysis software 
Modifit to determine the number of cells in each phase of the 
cell cycle.

Detection of apoptosis. To determine apoptosis in the control and 
treated LNCaP cells, cells in the sub-G1 phase were determined 
by flow cytometery. The assay was performed as mentioned 
above in the cell cycle analysis except that floaters were also 
collected along with live cells. Cells in the sub-G1 phase were 
determined using Cell Quest Analysis software Modifit.

Statistical analysis. One-way analysis of variance (ANOVA) 
was performed to assess the differences between groups. 
Differences in means among treatments were evaluated by the 
Dunnett's test, and the level of significance was designated as 
follows: *P<0.05, **P<0.001.

Results

GTPs and EGCG decrease protein expression of class I HDACs 
in human prostate cancer cells. We have previously shown that 
low doses of GTPs mimicking physiologically attainable doses 
inhibit class I HDACs in human prostate cancer cells in a time-
dependent manner (9). We have also demonstrated that GTP 
treatment at higher doses (10-80 µg/ml) for 24 h decreases levels 
and activity of class I HDACs in a dose- and time-dependent 
manner partly by increasing their proteasomal degradation (8). 
In this study, we provide additional confirmation that exposure 

of LNCaP human prostate cancer cells to GTPs and their major 
constituent, EGCG, significantly decreases the protein expres-
sion of class I HDACs in both a dose- and time-dependent 
fashion. We performed western blot analysis on total cell 
lysates of LNCaP cells treated with various concentrations of 
GTPs or EGCG for 3 and 7 days. Cells treated with 20 ng/
ml TSA, were used as the positive controls. Treatment with 
GTPs as well as EGCG affected the levels of class I HDACs; 
however, the extent of the effect was not similar on all class I 
HDACs. Compared to the controls, the treatment of cells with 
2.5-10 µg/ml doses of GTPs caused a decrease of 8-10% in 
HDAC1, 10-47% in HDAC2, 8-40% in HDAC3 and 10-12% in 
HDAC8 levels after 3 days; and a marked decrease of 22-60% 
in HDAC1, 42-74% in HDAC2, 41-58% in HDAC3 and 10-22% 
in HDAC8 levels after 7 days of treatment. Similarly, EGCG 
treatment at the doses of 5-20 µM caused a decrease of 6-9% 
in HDAC1, 3-19% in HDAC2, 19-40% in HDAC3 and 2-12% 
in HDAC8 levels after 3 days; and a significant decrease of 
12-48% in HDAC1, 30-74% in HDAC2, 38-56% in HDAC3 
and 19-50% in HDAC8 levels after 7 days of treatment. TSA 
exposure, however, caused a modest decrease of 4% in HDAC3, 
8% in HDAC8 and marked decrease of 18% in HDAC2 levels, 
whereas no changes were observed in HDAC1 protein levels 
after 2 days of treatment (Fig. 1A and B).

GTPs and EGCG promote increased stabilization and acety-
lation of p53 at Lys373 and Lys382 in human prostate cancer 
cells. We then evaluated whether changes in the homeostasis 
of class I HDACs after GTP or EGCG treatment in cancer 
cells leads to post-translational modification in the p53 tumor 
suppressor. For these experiments, LNCaP cells were treated 
with similar doses of GTPs and EGCG for the same aounts 
of time as described in the previous experiment. Treatment of 
cells with 2.5-10 µg/ml GTPs resulted in a significant increase 
in the levels of total p53 (102-160%) after 3 days of treatment, 
as well as after 7 days of treatment (120-188%), compared to 
the endogenous p53 levels in untreated cells. Similar responses 
were noted with EGCG exposure, which caused an increase of 
131-155% after 3 days and 145-198% after 7 days in total p53 at 
the doses of 5-20 µM, respectively. The levels of acetylated p53 
at Lys373 and Lys382 were significantly enhanced by expo-
sure to both GTPs and EGCG. Compared to the controls, GTP 
treatment caused an increase of 112-131% in the acetylation of 
Lys373 and 120-155% of Lys382 after 3 days, and 101-133% 
of Lys373 and 123-200% of Lys382 after 7 days of exposure. 
Similarly, with EGCG exposure, we noted an increase of 
116-124% acetylation of Lys373 and 122-133% of Lys382 after 
3 days, increasing to 120-181% of Lys373 and 125-185% of 
Lys382 after 7 days of exposure, indicating that both GTPs 
and EGCG increase acetylation of p53 on its C-terminal by 
modulating class I HDACs. No changes were observed in p53 
acetylation of Lys320 residue by GTPs or EGCG (data not 
shown). TSA exposure, however, resulted in increased acetyla-
tion (110% in Lys373 and 149% in Lys382 in p53), whereas no 
changes were observed in total p53 protein levels after 2 days 
of treatment (Fig. 2A and B). Our results are in agreement 
with previously published studies demonstrating that GTPs 
and EGCG upregulate p53 levels and activity. However, to the 
best of our knowledge, there are no reports demonstrating the 
effects of GTPs and/or EGCG on p53 acetylation.
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Acetylation of p53 induced by GTPs and EGCG is reversible 
in human prostate cancer cells. To further investigate whether 
GTP- and EGCG-induced p53 acetylation is reversible, we 
treated LNCaP human prostate cancer cells with either 5 µg/ml 
of GTPs or 20 µM of EGCG. Cells were harvested for western 
blot analysis after 0, 1, 3, 5 and 7 days of exposure. After 7 days 
of exposure, the cells from some plates were replenished with 
culture medium without GTPs or EGCG for an additional 
7 days, and then harvested for protein analysis. Compared to the 
untreated controls, a progressive increase in total p53 protein 
levels and progressive acetylation at Lys373 and Lys382 were 
observed up to 7 days of treatment. Increases of 161% in total 
p53, 180% in Lys373 and 156% in Lys382 were observed after 
7 days of GTP treatment. In contrast, reductions of 51% in total 
p53, 99% in Lys373 and 46% in Lys382 were noted after 7 days 
of GTP withdrawal. Similar results were noted with EGCG 

exposure: increases of 155% in total p53, 112% in Lys373 and 
149% in Lys382 were observed after 7 days, compared to the 
untreated controls, and EGCG withdrawal for 7 days resulted 
in reductions of 33% in total p53, 52% in Lys373 and 39% in 
Lys382 in the treated cells. (Fig. 3A and B).

GTPs and EGCG cause increased expression of p21/waf1 and 
Bax in human prostate cancer cells. We then studied the levels 
of p21/waf1 and Bax in response to GTP and EGCG exposure. 
The elevation of p53 levels by GTPs and EGCG resulted in a 
significant increase in p21/waf1 and Bax expression both at 
the protein and message levels. As shown in Fig. 4A and B, 
exposure of cancer cells to 2.5-10 µg/ml doses of GTPs resulted 
in increased p21/waf1 protein levels, ranging from 80-120% 
at 3 days to 123-151% at 7 days, and increased Bax protein 
levels, ranging from 110-142% at 3 days to 138-164% at 7 days, 

Figure 2. Effect of green tea polyphenols (GTPs) and their major constituent (-) epigallocatechin-3-gallate (EGCG) and the HDAC inhibitor, trichostatin A 
(TSA), on p53 protein levels and its acetylation on C-terminal Lys373 and Lys382 in LNCaP human prostate cancer cells. (A) Cells were treated with 
GTPs (2.5-10 µg/ml) or EGCG (5-20 µM) for 3 and 7 days or TSA (20 ng/ml) for 2 days and western blotting was performed for p53, Ac-p53-Lys373 and 
Ac-p53-Lys382 proteins. (B) Relative intensities of p53 protein and its acetylation on C-terminal Lys373 and Lys382 bands normalized to β-actin in LNCaP 
cells. The details are provided in Materials and methods.

Figure 1. Effect of green tea polyphenols (GTPs) and their major constituent (-) epigallocatechin-3-gallate (EGCG) and the HDAC inhibitor, trichostatin A 
(TSA), on class I HDAC protein expression in LNCaP human prostate cancer cells. (A) Time-dependent inhibition of class I HDAC proteins at indicated 
doses of treatment with GTPs (2.5-10 µg/ml), EGCG (5-20 µM) and the HDAC inhibitor, TSA (20 ng/ml), in LNCaP human prostate cancer cells. (B) Relative 
intensities of HDAC protein bands normalized to β-actin in LNCaP cells. The details are provided in Materials and methods.
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compared to the levels in untreated cells. Similarly, EGCG treat-
ment at the doses of 5-20 µM caused an increase in p21/waf1  
protein levels which ranged from 110-133% at 3  days to 
128-148% at 7 days, and increased Bax levels ranging from 
134-154% at 3 days to 148-166% after 7 days of EGCG expo-
sure. Treatment of cells with TSA resulted in a 124% increase 
in p21/waf1 and a 156% increase in Bax, compared to the 
untreated cells (Fig. 4A and B).

GTP and EGCG treatments resulted in significant increases 
in mRNA expression of p21/waf1 and Bax in LNCaP pros-
tate cancer cells. A 121-138% increase in the p21/waf1 and a 
118-123% increase in the Bax message level were observed 
after 3 days of GTP exposure, and a 119-123% increase in the 
p21/waf1 and a 128-140% increase in the Bax message level 
were observed after 3 days of EGCG exposure, compared to the 
untreated cells. Similar responses in p21/waf1 and Bax were 
noted after TSA exposure: a 112% increase in p21/waf1 and a 
145% increase in Bax message levels were noted after 2 days of 
20 ng/ml treatment (Fig. 4C and D).

GTPs and EGCG cause increased binding of acetylated 
p53-Lys373 to the promoters of p21/waf1 and Bax genes. We 
then investigated changes in the acetylation status of p53 at 
Lys373 with the promoter region of the p21/waf1 and Bax 
genes. Using anti-acetylated p53-Lys373 antibody followed 
by PCR with the primers specific for p21/waf1 and Bax 
promoters, ChIP assay was performed. As shown in Fig. 5, 
GTP treatment resulted in a dose-dependent increase in the 
amount of acetylated p53-Lys373 associated with the p21/
waf1 and Bax promoter. GTP exposure at 5 and 10 µg/ml 
resulted in a 155-164% increase in the expression of p21/waf1 
and a 129-135% increase in Bax expression in LNCaP cells 
compared to the untreated controls. Similar results were noted 
with EGCG exposure at a dose of 10 µM, which caused a 148% 
increase in p21/waf1 and a 141% increase in Bax expression, 
compared to the untreated cells (Fig. 5A and B).

GTPs and EGCG cause cell cycle arrest and induce apop-
tosis in human prostate cancer cells. We then examined the 

effect of GTPs and EGCG on the inhibition of cell growth and 
induction of apoptosis in LNCaP human prostate cancer cells. 
GTP (2.5-10 µg/ml) and EGCG (5-20 µM) treatment at these 
low doses caused a modest reduction of 4-9% in cell density 
after 7 days of exposure (data not shown). Analysis of DNA 
content by flow cytometry showed that GTPs caused a marked 
increase in the percentage of cells in the G0-G1-phase of the 
cell cycle. Compared with the vehicle-treated controls, GTP 
treatment resulted in an appreciable arrest of LNCaP cells in 
the G0/G1 phase of cell cycle after 3 days of the treatment. 
The treatment caused an arrest of 60.3% of cells in the G0/G1  
phase of the cell cycle at 5 µg/ml that further increased to 
72.2% at 10 µg/ml, compared to the controls (46.9%). Similar 
observations were noted following EGCG treatment of cells at 
10 and 20 µM doses, which resulted in 61.2 and 74.4% arrest 
compared to 45.8% in the vehicle-treated controls, respectively. 
Furthermore, exposure of LNCaP cells to 20 ng/ml TSA for 
2 days caused an increase of 84.8% of cells in the G0/G1 phase 
compared to 59.4% in the untreated group. This increase in 
the G0/G1 cell population was accompanied by a concomitant 
decrease of cell numbers in the S-phase and G2-M-phase of 
the cell cycle (Fig. 6A). Furthermore, the percentages of cells 
in G0/G1 phase arrest and cells undergoing cell death were 
determined by measuring the sub-G1 cell population. Exposure 
of LNCaP cells to GTPs (5-10 µg/ml) for 7 days resulted in 
significantly increased cell death, ranging from 10.7-17.4%, 
compared to 2.2% cell death in the control populations. EGCG 
exposure (10-20 µM) also resulted in increased cell death: 
10.3-18.2%, compared to 2.7% in the control cells. Exposure of 
cells to 20 ng/ml TSA for 2 days resulted in a modest increase 
in cell death (4.9%), compared to 1.36% in the untreated 
group (Fig. 6B). These observations positively correlate with 
increases in p21/waf1 and Bax levels in LNCaP cells after GTP 
and EGCG treatment.

Discussion

Class I HDACs are overexpressed in the majority of human 
cancers, including prostate cancer (10-12). The inhibition of 

Figure 3. Reversal of the effect of green tea polyphenols (GTPs) and (-) epigallocatechin-3-gallate (EGCG) on the p53 protein and its acetylation on C-terminal 
Lys373 and Lys382 in LNCaP human prostate cancer cells after removal of GTPs and EGCG. (A) Cells were treated with GTPs (5 µg/ml) and EGCG (20 µM) 
and the levels of p53 protein and its acetylation on C-terminal Lys373 and Lys382 were monitored in a time-dependent manner for up to 7 days. After treatment, 
GTPs or EGCG were removed from the medium for another 7 days and the levels of p53 protein as well as its acetylation on C-terminal Lys373 and Lys382 
were monitored. (B) Relative intensities of p53 protein and its acetylation on C-terminal Lys373 and Lys382 normalized to β-actin plotted in the form of a line 
graph in LNCaP cells. The details are provided in Materials and methods.
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their activity by HDAC inhibitors, such as SAHA and TSA 
in neoplastic cells in culture induces differentiation and/or 

apoptosis (13,14). HDAC inhibitors have also been reported to 
inhibit tumor growth in in vivo studies (15,16). In this study, 

Figure 4. Effect of green tea polyphenols (GTP) and its major constituent (-) epigallocatechin-3-gallate (EGCG) and HDAC inhibitor, trichostatin A (TSA), on the 
expression of p21/waf1 and Bax at transcriptional and message levels in LNCaP human prostate cancer cells. (A) Cells were treated with GTPs (2.5-10 µg/ml) or 
EGCG (5-20 µM) for 3 and 7 days or TSA (20 ng/ml) for 2 days and western blotting was performed for p21/waf1 and Bax levels in LNCaP cells. (B) Relative 
intensities of p21/waf1 and Bax proteins normalized to β-actin in LNCaP cells. (C) Estimation of mRNA levels of p21/waf1 and Bax in LNCaP cells as determined 
by RT-PCR. (D) Relative intensities of p21 and Bax mRNA levels normalized to GAPDH in LNCaP cells. The details are provided in Materials and methods.

Figure 5. Effect of green tea polyphenols (GTPs) and their major constituent (-) epigallocatechin-3-gallate (EGCG) in the binding of acetylated p53-Lys373 
to the promoters of p21/waf1 and Bax genes. Chromatin immunoprecipitation (ChIP) assay was performed for association of acetylated p53-Lys373 with the 
promoters of p21/waf1 and Bax in LNCaP cells. (A) Treatment of LNCaP cells with GTPs (5-10 µg/ml) and EGCG (10 µM) caused an increased association 
of acetylated p53-Lys373 with the promoters of p21/waf1 and Bax. (B) Relative intensities of amplified promoters of p21/waf1 and Bax genes normalized to 
loading. The details are provided in Materials and methods.
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we show that GTPs inhibit class I HDACs in prostate cancer 
cells, thereby altering the dynamic balance between acetyla-
tion/deacetylation and resulting in increased acetylation of 
p53 at its C-terminus at Lys373 and Lys382. We also show 
that GTPs enhance p53 stabilization and DNA binding to the 
promoters of p21/waf1 and Bax genes, leading to cell cycle 
arrest and apoptosis of LNCaP prostate cancer cells. Previous 
investigators have reported that prostate cancer cells harboring 
wild-type p53 undergo cell cycle arrest and apoptosis after 
treatment with GTPs and EGCG, effects associated with acti-
vation of p53 and its downstream targets (17,18), although the 
exact mechanism of p53 activation is not well understood. To 
our knowledge, the present study is the first to demonstrate 
that GTPs and EGCG have the ability to stabilize p53 by 
increasing its acetylation as a function of inhibition of class I 
HDACs.

In our previous study, we demonstrated the stabilization 
of the acetylated histones by GTPs at physiologically attain-
able concentrations as early as 24 h of treatment, well before 
the morphological evidence of apoptosis and cell cycle arrest 
(9), suggesting that the re-expression of genes that regulate 
differentiation or cell death through changes in chromatin 
conformation might be responsible for the effects of GTPs 
on cell cycle kinetics and apoptosis. In addition to stabilizing 
the acetylation of histones, treatment with GTPs and EGCG 
also causes an increase in the levels of acetylated p53 and total 
p53 levels in LNCaP cells. Stabilization of p53 leads to the 
activation of downstream targets including p21/waf1 and Bax 
due to the p53 binding sites in the promoter of these genes. 
Consistent with this idea, we have shown that the stabiliza-
tion of acetylated Lys373 p53 by GTPs and EGCG induces the 
upregulation of p21/waf1 and Bax protein levels in prostate 
cancer LNCaP cells.

Previous reports have demonstrated that the acetylation 
of p53 is important in suppressing oncogenic Ras-induced 
transformation and inducing metaphase chromosome fragility, 
suggesting that acetylation may be essential for the tumor 

suppressor function of p53 (19,20). The findings that p300/
CBP acetyltranferase and p19/ARF promote p53 acetylation 
in vivo, while MDM2 inhibits acetylation, further support the 
concept that acetylation is an important modification targeted 
by both positive and negative regulators critical for p53 tumor-
suppressor activity (21-23). Our study demonstrates that GTPs 
and EGCG have the ability to acetylate p53 at Lys373 and 
Lys382, leading to increased levels of total p53 in LNCaP cells.

Certain proteins such as MDM2, a negative regulator of 
p53, possess an E3-like ubiquitin ligase activity which rapidly 
promotes the degradation of p53 so as to retain p53 at a low 
level in unstressed cells (24). Studies have shown that the 
Lys320 site at p53 is acetylated in LNCaP prostate cancer cells 
and remains unaffected by treatment with HDAC inhibitors 
(5). Acetylation of p53 at either Lys373 or Lys382 blocks the 
MDM2-mediated ubiquitination of p53, which increases the 
steady state level of acetylated proteins (25-27). Our results 
show that GTPs and EGCG cause an increase in acetylation 
at both Lys373 and Lys382 of p53 but not at Lys320, which 
leads to p53-dependent transcriptional activation. Previously, 
we demonstrated that EGCG-mediated phosphorylation of p53 
also results in the reduced interaction of p53 with its nega-
tive regulator, MDM2, in human prostate cancer cells. EGCG 
exposure also results in increased expression of p14ARF, a 
tumor suppressor that negatively regulates MDM2 (28). Our 
results indicate that GTPs and EGCG stabilize p53 via both 
phosphorylation and acetylation through modulation of the 
ARF-MDM2 pathway, as well as through inhibition of class I 
HDACs.

Previous studies have demonstrated that p53 cooperates 
with the transcription factor Sp1, through binding to the 
C-terminal domain of Sp1, to induce transcription of the p21 
gene, whereas the binding of HDAC1 to the same domain 
inhibits this transcription (29). Our study demonstrates that 
GTPs and EGCG have the ability to inhibit HDAC1 after 
3  days of exposure, which may contribute to the induc-
tion of p21 transcription via p53 activation in LNCaP cells. 

Figure 6. Effect of green tea polyphenols (GTPs) and their major constituent (-) epigallocatechin-3-gallate (EGCG) and the HDAC inhibitor, trichostatin A 
(TSA), on cell cycle arrest and induction of apoptosis in LNCaP human prostate cancer cells. (A) Cells were treated with GTPs (5-10 µg/ml) and EGCG 
(10-20 µM) for 3 days and TSA (20 ng/ml) for 2 days and the distribution of cells was recorded at different stages of the cell cycle using FACS analysis. 
(B) LNCaP cells were treated with GTPs (5-10 µg/ml) and EGCG (10-20 µM) for 7 days and TSA (20 ng/ml) for 2 days and the number of cells undergoing 
apoptosis was determined by measuring the cell population in the sub-G1 phase of the cell cycle. The details are provided in Materials and methods.
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Furthermore, GTPs cause p21/waf1 activation in p53 null 
PC-3 human prostate cancer cells, through a p53-independent 
mechanism. In addition, the ability of the different acetylated 
isoforms to recruit distinct co-activator complexes to the p21/
waf1 promoter is another contributing factor in determining 
the downstream events associated with HDAC inhibitors. For 
example, Ac-Lys373 p53 recruits p300, forkhead transcription 
factors, the androgen receptor and Brg-1. When assembled 
on the p53 response elements in the p21/waf1 promoter, this 
complex induces the assembly of TBP, RNA Pol II, and TFIIH 
on the basal promoter and initiates p21/waf1 transcription. In 
contrast, Ac-Lys382 p53 recruits CBP and Brm-1 to the p53 
response elements in the proximal p21/waf1 promoter, but 
this complex does not recruit TBP, RNA Pol II, or TFIIH to 
the basal promoter, suggesting that Ac-Lys382-p53 promotes 
the assembly of a non-functional complex on the p21/waf1 
promoter (30). Additional studies of the recruitment of various 
co-activator complex after exposure of p53+/+ and p53-/- cells 
with GTPs and EGCG in the regulation of p21/waf1 may prove 
fruitful.

Members of the class  I HDAC family (HDACs 1, 2, 3 
and 8) are localized in the nucleus of cells and are ubiquitously 
expressed. Class I HDACs are overexpressed in many human 
cancers including prostate cancer (10-12) HDAC inhibitors 
promote increased acetylation of histone and non-histone 
proteins, including p53. However, different class I HDACs may 
regulate p53 activity in different ways, which may or may not 
involve p53 acetylation. For example, deacetylation of p53 by 
HDAC1 and HDAC2 results in the degradation of deacetylated 
p53; HDAC inhibitors have been shown to reverse this process 
(31). The inhibition of HDAC1 in cancer cells results in the 
acetylation of the DNA binding domain of p53 and causes 
apoptosis (32). The loss of HDAC1 may be compensated by the 
upregulation of HDAC2 and HDAC3 (33). HDAC2 has been 
shown to inhibit p53 binding onto its promoter, and inhibition 
of HDAC2 increases p53 binding without effecting its acetyla-
tion (34). These studies indicate that each member of the class I 
HDAC family may have a different mechanism of action, and 
the findings furthermore imply that the binding of p53 to DNA 
is a critical mechanism for regulation of its activity, which may 
or may not require HDAC enzymatic activity to modify p53 
acetylation. Our study demonstrates that GTPs and EGCG 
have the ability to suppress HDAC activity and expression. 
Further studies are required to elucidate their effects on indi-
vidual HDACs in regulating p53 function.

Previous studies have shown that HDACs, in particular 
class I HDACs, form complexes with p53 and significantly 
deacetylate p53, reducing its ability to bind to Bax. By contrast, 
HDAC inhibitors have been shown to induce the acetylation of 
p53 and trigger the transactivation of pro-apoptotic genes such 
as Bax, PUMA, Noxa, and the transcriptional repressor of the 
anti-apoptotic proteins, Bcl2 and Mcl-1 (7,35-37). In our study, 
GTPs and EGCG stimulated Bax induction at the transcrip-
tional and message levels in LNCaP cells, as a consequence 
of enhanced binding of Ac-p53-Lys373 to the Bax promoter. 
In addition to the roles played by p53 as a transcription factor, 
Ac-p53 also promotes cell death independent of transcription 
by disrupting the binding of Mcl-1 to Bak or by destroying the 
Ku-Bax complex (38). Further studies are required in order to 
investigate possible p53-independent functions of GTPs and 

EGCG in the induction of Bax in prostate cancer cells with 
various levels of p53 expression.

Our study confirms that class  I HDACs participate in 
p53-mediated gene regulation in human prostate cancer cells, 
and provides further insight into the mechanisms whereby 
GTPs alter p53-mediated gene regulation of cell cycle arrest 
and apoptosis. Perhaps further studies on the potential benefi-
cial effects of GTPs may lead to the development of novel, 
safe and effective preventive and/or therapeutic strategies in 
the management of prostate cancer patients.
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