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ABSTRACT
Purpose Melanoma is an aggressive neoplasm with a propen-
sity for metastases and resistance to therapy. Previously, we
showed that (-)-epigallocatechin-3-gallate (EGCG), the major
polyphenolic antioxidant present in green tea, resulted in a
significant decrease in the viability and growth of melanoma and
induction of apoptosis via modulation of the cki-cdk-cyclin
network and Bcl2 family proteins. Epigenetic regulation of gene
transcription by histone deacetylase (HDAC) inhibitors is gaining
momentum as a novel cancer therapy. SAHA-suberoylanilidine
hydroxamic acid Zolinza® (vorinostat) is the first HDAC
inhibitor approved by the U.S. FDA. In this study, we
determined if vorinostat alone or in combination with EGCG
imparts anti-proliferative effects against human melanoma cells.
Methods Employing human melanoma cell lines A-375, Hs-
294T and G-361, we determined the effect of vorinostat and/
or EGCG on 1) growth/viability and colony formation, 2)
apoptosis, and 3) the critical molecules involved in cell cycle
and apoptosis regulation.
Results Our data demonstrated that the anti-proliferative
effects of vorinostat were greater than or similar to those of
EGCG among the cell lines tested. Furthermore, relative to

monotherapy, the combination treatment resulted in signifi-
cantly greater inhibition of cell proliferation, increased apopto-
sis, activation of p21, p27 and caspases (3, 7 and 9) and Bax as
well as down-regulation of cdk2, cdk4, cyclin A, NF-κB protein
p65/RelA and Bcl2 protein and transcript.
Conclusions Our preclinical findings suggest that combination
therapy with EGCG and vorinostat may be beneficial for the
management of human melanoma.
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INTRODUCTION

Melanomas are infamous for their resistance to treatment-
induced apoptosis, thereby imparting them with a selective
advantage for progression and metastasis (1). Chemopreven-
tion of melanoma is an underdeveloped area of research that
could potentially complement ongoing prevention and
treatment strategies (2,3). The major polyphenolic constitu-
ent of green tea, (−)-epigallocatechin-3-gallate (EGCG), has
been shown to impart anti-proliferative and chemopreven-
tive effects against several cancers, including skin cancer (4).
We demonstrated previously that EGCG treatment of
melanoma cells results in cell cycle blockade and induction
of apoptosis via modulation of the cki-cyclin-cdk network
and Bcl2 family proteins (5). We also showed that EGCG
can enhance the therapeutic response of melanoma to IFN-
alpha both in-vitro and in nude mouse xenografts (6).

Histone deacetylase (HDAC) inhibitors are a novel class
of small molecules being evaluated as epigenetic regulators
of gene transcription in clinical trials for a number of
different malignancies (7,8). HDAC inhibitors have been
associated with a variety of diverse molecular and biological
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effects, ranging from transcriptional control, chromatin
remodeling, protein–DNA interaction, cellular differentia-
tion, growth arrest and apoptosis (9). One current area of
interest is the design of combination protocols aimed at
enhancing HDAC inhibitor efficacy (10).

Zolinza® (vorinostat) is the first HDAC inhibitor
approved by the FDA. It is indicated for the treatment of
cutaneous T-cell lymphoma, which exhibits a response rate
of about 30% (11). Phase IIb multicenter trial of vorinostat
in patients with persistent, progressive, or treatment
refractory cutaneous T-cell lymphoma concluded with
effective treatment in refractory MF/SS with an acceptable
safety profile (12). Phase I and Phase II trials of vorinostat
in multiple myeloma (13), diffuse large B-cell lymphoma
(14), ovarian carcinoma (15) and acute myeloid leukemia
(16) resulted in modest to minimal activity as a single agent.
Vorinostat in combination with other agents, such as
radiation therapy and chemotherapy, might have synergis-
tic or additive effects in a variety of cancers (8,17–19). In
this study, we tested the effects of vorinostat alone and in
combination with EGCG against human melanoma.

MATERIAL AND METHODS

Cell Culture and Treatment

The melanoma cells were obtained from The American
Type Culture Collection (ATCC, VA) and were maintained
at standard tissue culture conditions as recommended by the
vendor. Vorinostat (Merck & Co., NJ) was dissolved in
DMSO. EGCG was obtained from Sigma-Aldrich Co. and
dissolved in PBS and added to the growth medium.

Trypan Blue Exclusion Assay

After trypsinization, untreated and treated cells were pelleted
by centrifugation and re-suspended in PBS (1 mL). Trypan
blue (10 μL) was added to a smaller aliquot (10 μL) of cell
suspension, and the number of cells (viable-unstained and
non-viable-blue) was counted. Viability was expressed as the
percent viable cells out of the total number of cells. Cell
growth data were analyzed as percent change of total cell
numbers between treatments. The (*) represents statistically
significant change compared to vehicle controls (no treat-
ment = NT), compared to EGCG (!) and vorinostat (^).

Colony Formation Assay

A-375, Hs-294T and G-361cells were plated in triplicate on a
6-well tissue culture plate (1, 4, 5×103 cells/well). The control
and treated cells were cultured for 7–15 days (7 days for A-
375 due to high growth) with growth media replaced every

3 days. The cells were then stained with crystal violet (a
formulation of 1:2:2 of methanol: water: 0.1% crystal violet
in acetic acid) washed with PBS and air-dried. The colonies
were counted arbitrarily, and thereafter plates were scanned
for photograph.

Annexin V Binding Assay

Control and treated cells were trypsinized, collected and
washed with PBS. Cells were then resuspended in 100 µl
binding buffer (0.1 M Hepes, pH 7.4; 1.4 M NaCl; 25 mM
CaCl2) and stained with FITC-conjugated Annexin V
antibody and propidium iodide (BD Biosciences, CA) as
per vendor’s suggestions. The cells were then analyzed on a
FACScan benchtop cytometer at the UWCCC Flow
cytometry facility, and further analysis was performed with
CellQuest software/FlowJo software (BD Biosciences, CA/
Treestar, OR).

Quantitative Real Time PCR (QRT-PCR)

Briefly, cells (70–80% confluency) were treated for 48 h,
washed with DEPC water and pelleted. The cell pellet was
resuspended in Trizol reagent (Invitrogen Corporation,
CA), and RNA was extracted according to the vendor’s
recommendation. RNA was treated with DNAse (Invitro-
gen Corporation, CA), and first-strand cDNA was tran-
scribed with 500 ng oligo dT primers, 10 mM dNTPs and
200 units of M-MLV reverse transcriptase (Invitrogen
Corporation, CA). Quantitative real time (QRT-PCR)
was performed in triplicate with SYBR® Premix ExTaq
(Takara Bio USA, WI) with 50 ng first strand cDNA,
0.2 μM each for Bcl2 forward (5′-CATGTGTGTGGA-
GAGCGTCAA-3 ′) and reverse (5′ACAGTTCCA-
CAAAGGCATCCC-3′) primers and GAPDH forward
(5′-GGGTGTGAACCATGAGAAGT-3′) and reverse (5′-
GTAGAGGCAGGGATGATGTT-3′) primers. The sam-
ples in triplicate were cycled once for 94°C for 2 min then
40 cycles of 94°C; 15 s, 58°C; 30 s, 72°C; 45s each.
Relative Bcl2 mRNA was calculated using the ΔΔCT
comparative method using GAPDH as an endogenous
control and NT controls as the calibrator.

Protein Lysates and Western Blot Analysis

Following treatment, cells were trypsinized, washed with
ice-cold PBS, collected by centrifugation and lysed in lysis
buffer containing protease inhibitors (50 mM Tris, 150 mM
NaCl, 1% NP-40, 0.5% deoxycholic acid, 0.1% SDS) with
phenylmethylsulphonyl fluoride (PMSF) and protease in-
hibitor cocktail (Pierce, IL). The cell suspension was cleared
by centrifugation at 14,000 × g for 20 min at 4°C, and the
supernatant (whole cell lysate) was collected. The protein
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concentration was determined using the BCA Protein Assay
(Pierce, IL).

For immunoblot analysis, 20–50 μg protein was sub-
jected to SDS-PAGE, transferred onto a nitrocellulose
membrane and blocked with TBST plus 5% dry milk and
probed with an appropriate primary antibody followed by a
secondary HRP-conjugated antibody. The protein was
detected by chemiluminescence. Blots were subsequently
stripped and re-probed with goat anti-β-actin (Santa Cruz,
CA) primary antibody followed by appropriate secondary
and chemiluminescent detection as a loading control. The
quantification of protein was performed by digital analyses
of protein bands (TIFF images) using UN-SCAN-IT
software (Silk Scientific, Inc., UT).

Immunofluorescence Staining

For immunofluorescence staining, the cells were plated and
grown on BD Falcon CultureSlides (BD Biosciences, CA)
and treated with EGCG (10 μg/mL), vorinostat (1 μM) and
combination. After 48 h post-treatment, cells were fixed with

100%methanol and permeabilized with 0.5% Triton-X 100
in PBS and then blocked for 1 h at room temperature in 10%
normal goat serum in PBS. Following blocking, biotin-
conjugated mouse Ki-67 (FITC) or anti-p65 (Santa Cruz,
CA) (1:100 in blocking buffer) was added and allowed to
incubate overnight at 4°C. Primary antibody was removed,
and goat anti-mouse Alexa Fluor 488 (Molecular probes,
OR) (1:1,000 in blocking buffer) was added and incubated
for 1 h at room temperature in the dark. Cells were mounted
with ProLong anti-fade kit as per vendor’s protocol
(Invitogen, Carlsbad, CA) and examined under Nikon
Fluorescent microscope (Nikon, NY) at 90× magnification
with oil immersion lens. The exposure time used for Alexa
Fluor was 90 ms and 30 ms for PI for all the treatments. Ki-
67-FITCimages were procured at 40× magnification with
47 ms exposure time for all the treatments.

Statistical Analysis

Statistical analyses of the data between treated and
untreated cells were performed by Student’s t-test. A p-

A

100

120 Vehicle vorinostat

100

120 Vehicle vorinostat

* *

B

20

40

60

80

C
el

l G
ro

w
th

C
el

l G
ro

w
th

* * *

20

40

60

80

C
el

l G
ro

w
th

P
er

ce
n

t 
ce

ll 
p

o
p

u
la

ti
o

n

*
* *

*
*

*

C

0
Day 1 Day 2 Day 3 Day 4 Day 5

0
Day 1 Day 2 Day 3 Day 4 Day 5 Day 6 Day 7

120
NT 2.5um 3um 4um

D

80

100

120 Vehicle vorinostat

*
**** *

60

80

100
*

*

*

*

*

0

20

40

60

0

20

40
*

0
Day 1 Day 2 Day 3 Day 4 Day 5 Day 6 Day 7

0
Viability Growth Viability Growth Viability Growth

A-375 G-361 Hs-294T

Fig. 1 Effect of vorinostat on growth of melanoma cells. (A) A-375, (B) G-361 and (C) Hs-294T melanoma cells (5×104) were treated with vorinostat
(1 μM) for up to 7 days (5 days for A-375) and collected by trypsinization after each end point, washed and counted using Trypan blue analysis (no stain =
viable, blue = non-viable). Cell growth was determined by counting the total number of cells and was quantitated by normalizing each treatment to its
respective control. The data represent mean ± standard deviation of three experiments with similar results (*p<0.05). (D) Dose-dependent effect of
vorinostat on growth and viability of melanoma cells. Melanoma cells (1×105) were treated with vorinostat (2.5–4 μM) for 48 h and collected by
trypsinization, washed and counted using Trypan blue analysis (no stain = viable, blue = non-viable). Cell viability was quantitated as percent viable of total
cells counted. Cell growth was determined by counting the total number of cells and is quantitated by normalizing each treatment to their respective controls.
The data represents mean ± standard deviation of three experiments with similar results (*p<0.05).
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value <0.05 was considered statistically significant. The (*)
represents statistical significance compared to vehicle-
treated control, EGCG (!) and to vorinostat (^).

RESULTS

Vorinostat Inhibits Melanoma Cell Growth

We first determined the antiproliferative effects of vorinostat
on human melanoma cell lines, including amelanotic
melanoma line A-375, melanoma G-361 and metastatic
melanoma Hs-294T. The cells were treated with vorinostat
at a physiological concentration (1 μM). Cellular growth was
monitored for up to 7 days using the Trypan blue dye
exclusion assay. Cell growth data were analyzed as the
percent change of total cell numbers between controls and
treatments. Vorinostat treatment reduced the growth of
melanoma cells in a time-dependent fashion with the greatest
response in G-361 cells, where growth inhibition from day 2
to day 7 increased from 20% to 75% (p<0.05). In A-375 and
Hs-294T cells, growth inhibition remained steady at 30%
from day 2 to day 5–7 compared to vehicle-treated control.
These results demonstrated that vorinostat clearly has an
anti-melanoma effect in-vitro. When we performed these tests
at higher doses (2.5–4 μM) for 48 h, the effects on growth
inhibition were even more profound (Fig. 1D).

Vorinostat Modulates the Cell Cycle and Induces
Apoptosis in Melanoma Cells

Next, we determined whether the growth inhibitory effects of
vorinostat were due to modulation of the cell cycle and/or
apoptosis. Melanoma cells were treated with vorinostat (2.5, 3
and 4 μM) for 48 h. We found about 28% apoptotic cells (sub
G1) in A-375 and Hs-294T and about 10% in G-361 using
4 μM vorinostat. All three cell lines showed an increase in the
G2M subpopulation (Fig. 2). A time-dependent increase in
apoptotic cells was observed at 72 h, consistent with a G2M
phase arrest similar to the 48 h time point (data not shown).

Apoptotic effects of vorinostat were further investigated
using annexin V binding in melanoma cell lines treated as
above. A dose-dependent increase in annexin V binding from
2% to 54% was observed in A-375 treated with 1–5 μM
vorinostat (Fig. 3A). G-361 exhibited about 30% apoptosis,
and Hs-294T showed 33% apoptotic cell population with
similar vorinostat treatment (Fig. 3B). A time-dependent
increase in annexin V binding was also observed with
vorinostat at 2.5–4 μM in A-375 and Hs-294T cells
(Fig. 3D). At higher concentrations of vorinostat (10 μM),
up to 94% apoptosis was detected in A-375 and 60% in Hs-
294T, respectively (Fig. 3E), and similar results were found in
G-361 cells.

Combination of EGCG and Vorinostat Results
in Significantly Greater Inhibition of Melanoma
Growth, Clonogenic Survival and Decreased
Expression of Ki-67 than Single Agents

To test the hypothesis that EGCG enhances the therapeutic
efficacy of vorinostat, we treated melanoma cells with single
agents and their combination to evaluate effects on
proliferation. Cells were treated with vorinostat (1 μM)
and/or EGCG (10 μg/mL) for 48 h, and proliferation of
melanoma cells was assessed by Trypan blue exclusion. Our
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Fig. 2 Vorinostat treatment causes a G2M cell cycle arrest in melanoma cells.
(A) A-375, (B) G-36 and (C) Hs-294T melanoma cells (1×105) were
treated with vorinostat (2.5 μM–4 μM) for 48 h, collected and fixed for cell
cycle distribution analysis using FACS. The quantitation of cell cycle
distribution was performed using ModFit LT software (Verity Software
House; Topsham, ME). The data represents mean ± standard deviation of
three experiments (*p<0.05).
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data demonstrate that EGCG as well as vorinostat alone
resulted in a modest decrease in cell viability (up to 20%)
and significant growth inhibition up to 20% with EGCG
and 30–60% with vorinostat (60% for A-375 and G-361,
and 30% for Hs-294T). Combination treatment caused the
greatest growth inhibition (65% in A-375, 70% in G-361
and 35% in Hs-294T) (Fig. 4A). There was a statistically
significant cell growth inhibitory effect on G-361 and a
trend for A-375 and Hs-294T (Fig. 4A).

Next, we determined the effect of EGCG and/or vorino-
stat treatment on clonogenic survival of the melanoma cells
over 7–15 days (7 days for A-375 due to high growth),
employing a colony formation assay. As shown in Fig. 4B, C
and Table I, we found that EGCG and vorinostat alone
resulted in a significant decrease in the number of colonies of

melanoma cells, but the combination of these two agents
caused a much more robust and statistically significant
inhibition in the number of colonies than either agent alone.

We used immunofluorescent staining to determine the
effect of these treatments on the expression of Ki-67
nuclear protein by melanoma cells. Ki-67 is expressed
exclusively in proliferating cells during all active parts of the
cell cycle; however, it is absent in quiescent cells and during
DNA repair. Fig. 4D shows the Ki-67 FITC images.
Untreated cells showed widespread nuclear Ki-67 expres-
sion. EGCG treatment resulted in reduced intensity of the
FITC stain. With vorinostat and combination treatment, a
few cells had a modest staining suggesting that single agents
and their combination had a marked anti-proliferative
effect on melanoma.
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time-dependent fashion for 48 and 72 h. (E) Dose-dependent effect of vorinostat on apoptosis in melanoma cells. A-375 and Hs-294T melanoma cells
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Combination of EGCG and Vorinostat Results
in Significantly Greater Apoptosis than Single Agents

To evaluate the effect of the combination treatment on
melanoma apoptosis, A-375, Hs-294T and G-361 were
treated as noted above and assessed for annexin V binding.
In all three melanoma lines, combination treatment resulted in
a significant increase (1.5–2 fold) in the apoptotic population
relative to either EGCG or vorinostat alone (Fig. 5).

Combination of Vorinostat and EGCG Modulates Key
Apoptotic and Cell Cycle Regulatory Proteins
in Melanoma Cells

We found that the single agents and their combination can
modulate key apoptotic and cell signaling molecules. We
detected reduced proliferating cell nuclear antigen (PCNA)
expression in melanoma cells with the greatest reduction
due to combination treatment. PARP-1 is an abundant
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Melanoma cell line NT EGCG Vorinostat Vorinostat + EGCG

A-375 240±4.08 205±3.09* 188±8.57*, a 170±1.63*, a

G-361 147±0.81 89±7.7* 96±5* 20±1*, a, b

Hs-294T 204±8.48 147±3.74* 117±2.60*, a 25±1.24*, a, b

Table I Quantitation of Colony
Formation Assay Results

*p<0.05
awith EGCG
bwith vorinostat
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nuclear protein best known to facilitate DNA base excision
repair, and its cleavage is a hallmark of apoptosis. We
found decreased 119 kDa PARP and a concomitant
increase in cleaved 89 kDa PARP fragment with a
progressive increase from EGCG to vorinostat to
combination-treated melanoma cells. We also detected the
24 kDa PARP cleavage fragment in Hs-294T and G-361
cells (Fig. 6A).

The cysteine-aspartic acid protease (caspase) family
proteins play a central role in the execution phase of
apoptosis. Caspases 3 and 7 are downstream factors
activated by caspases 8 and 9, which in turn are activated
predominantly by the extrinsic (death receptor) and
intrinsic (mitochondrial) pathways, respectively. We found
activation (cleavage) of caspases −3, −7 and −9 with the
most cleaved protein expression induced by combination

treatment (Fig. 6B). This is consistent with apoptosis
mediated via the intrinsic pathway. However, we did not
detect cleaved caspase 8 product in any of the treatments in
melanoma cells, suggesting that extrinsic pathway of
apoptosis was not triggered by these treatments (Fig. 6C).

The Bcl2 family proteins are key players in survival and
apoptosis (20). Single agent and combination treatment
down-regulated anti-apoptotic Bcl2 protein expression in
melanoma cells where combination treatment was signifi-
cantly more effective than either single agent (Fig. 6D). We
next evaluated the effect of treatment on pro-apoptotic
Bax. As shown in Fig. 6D, a mild overall increase in Bax
protein, in conjunction with the more pronounced decrease
in Bcl2, shifted the Bax/Bcl2 ratio in favor of apoptosis
(Fig. 6E). Quantitative RT/PCR showed that this reduction
in Bcl2 protein was due to decreased Bcl2 transcription
with combination treatment causing a 60–90% reduction in
Bcl2 transcript in Hs-294T and A-375/G-361 cells,
respectively (Fig. 6F).

The p21 protein is a cyclin-dependent kinase inhibitor
(cki) which binds to and inhibits the activity of cyclin-cdk2
or -cdk4 complexes, and thus functions as a regulator of cell
cycle progression at the G1 check point. Protein p21 was
induced by EGCG and vorinostat with the most expression
observed in response to combination treatment in all three
melanoma lines. Similarly, p27 was found to be induced
with various treatments, though its induction was not as
strong as p21. The treatments also down-regulated cdk2,
cdk4 and cyclin A (Fig. 6G). Thus, single agent and
combination therapy conferred significant changes in the
protein expression of these key cell cycle regulatory
molecules.

Combination of Vorinostat and EGCG Causes Down-
Regulation and Decreased Activation of Nuclear
Factor-Kappa B (NF-κB) p65/RelA in Melanoma Cells

In melanoma, NF-κB is constitutively activated compared
to normal melanocytes (21), resulting in deregulation of
gene transcription that promotes tumor cell proliferation
and survival (22). Using Western blot analysis, we found
that single and combination treatments were able to
decrease total cellular p65/RelA expression and, as a
result, nuclear p65/RelA expression as well (Fig. 7A and B).

Treatments caused reduced intensity of nuclear p65/
RelA immunostaining in un-stimulated melanoma cells
(Fig. 7C). At baseline, melanoma cells exhibited primarily
cytoplasmic staining with the greatest nuclear staining in A-
375 cells. The change in p65 intensity (orange to red)
among various treatments is represented in Fig. 7D. The
supplemental Fig. S1 shows NHEM, Mel1011 and Mel928
as negative and positive control for nuclear p65. The TNF-
stimulated melanoma cells showed more profound treat-

A-375

Hs-294T

G-361

NT V EGCG EGCG +V

0

10

20

30

40

50

A-375 G361 Hs-294T

P
er

ce
n

t 
 a

p
o

p
to

ti
c

ce
ll 

p
o

p
u

la
ti

o
n

NT EGCG vorinostat EGCG+ vorinostat

*

*!

*!

*!^

*!
*!^

*!^

*

A

B
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collected and stained with Annexin V antibody and PI and analyzed using
FACS analysis. Cells were gated and counted as viable (Annexin negative/
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experiments with similar results. The p value (p<0.05) was considered
statistically significant compared with no treatment control (*), with EGCG
(!), with vorinostat (^).
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ment responses where treatments were able to reduce the
p65 intensity from yellowish-orange/orange nuclear stain
to red in EGCG, vorinostat and combination group in
supplemental Fig. S2. Activation of p65/RelA is associated
with transport into the nucleus; therefore, our findings are
consistent with a reduction in both total and nuclear p65/
RelA, reflecting down-regulation of the canonical NF-κB
pathway.

DISCUSSION

Melanoma is a deadly skin neoplasm that kills one person
approximately every 10 min in the USA. The steady increase
in its incidence, its resistance to chemotherapy and its high
rate of metastasis underscore the importance of its successful
prevention and treatment (1,23). Targeting key events in

melanoma carcinogenesis may provide opportunities to
achieve these goals (24). Previously, we showed that green
tea polyphenol EGCG had cytotoxic and cytostatic effects on
melanoma. The mechanism of these EGCG effects involved
modulation of the cki-cyclin-cdk network and Bcl2 family
proteins (5). Further, we showed that the combination of
EGCG and IFN-alpha imparts a superior response in a nude
mouse xenograft model of human melanoma (6).

HDAC inhibitors have proven very useful for under-
standing abnormal histone modification in various diseases
and the role of acetylation in post-translational modification
(25). HDAC inhibitors also represent a promising thera-
peutic option for melanoma treatment (26). Their potential
synergy with other therapeutic modalities underscores the
need to explore the molecular mechanisms involved (18).
For example, HDAC inhibitors enhance the response of
human tumor cells to ionizing radiation (17).
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Fig. 6 Effect of EGCG, vorinostat and combination on key apoptotic and cell cycle modulatory proteins and Bcl2 transcription. Cells were collected 48 h
post-treatments as stated above; whole cell lysates were prepared, and Western blot analysis was used to evaluate (A) PCNA, total and PARP cleavage,
(B) cleaved caspases −3, −7, −9 (C) cleaved caspase-8 with etoposide-treated (25 μM for 5 h) Jurkat cells as a positive control, (D) Bcl2 and Bax
protein expressions, (E) Bax/Bcl2 ratio. The data (relative density normalized to β-actin) are expressed as mean ± standard deviation of three experiments
(*p<0.05), (F) Bcl2 transcription by quantitative real time RT-PCR in melanoma cell lines. For QRT-PCR, Bcl2 mRNA levels were quantitated relative to
GAPDH mRNA and calculated using the ΔΔCt method. The p value (p<0.05) was considered statistically significant compared with no treatment control
(*), with EGCG (!), with vorinostat (^), (G) cyclin-cdks-ckis protein expressions. Equal loading was confirmed by reprobing the blot for β-actin. Western
blot data were quantitated by a densitometric analysis of protein bands normalized to actin.
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Vorinostat is the first HDAC inhibitor FDA-approved
for human use, specifically for the treatment of cutaneous
T-cell lymphoma (11,12). Administration of Ad-hTRAIL in
combination with DTIC or vorinostat enhanced apoptosis
in human melanoma cell lines (27). In vitro and in vivo, the
anti-tumor effect of the HDAC inhibitor LAQ824 was
enhanced by combination with 13-cis-retinoic acid in two
human melanoma cell lines (A2058 and HMV-I) (28).
Studies of vorinostat with the proteasome inhibitor borte-
zomib in CTCL (29), multiple myeloma (30) and hepatoma
(31) demonstrated that these two agents synergistically
induce apoptosis in these tumors and thus provided a
rationale for clinical trials. In the current study, we tested
the anti-tumor effects of vorinostat on three human
melanoma cell lines and found that vorinostat treatment
resulted in inhibition of cellular proliferation and induction
of apoptosis. In combination with the polyphenolic antiox-
idant EGCG, there was greater proliferation inhibition and
increased apoptosis than with either agent alone.

Most cultured melanoma cells undergo apoptosis follow-
ing treatment with HDAC inhibitors, via a mitochondrial
caspase-dependent pathway (32). Our findings indicate
induction of caspase 9 cleavage without appreciable effect

on caspase 8. This is consistent with predominantly intrinsic
as opposed to extrinsic apoptotic pathway activation. Of
the many genes regulated by HDAC inhibitors, induction
of p21(waf1/cip1) is the most consistent finding and is
associated with G1 or G2M phase blocks (32). In T24
bladder carcinoma cells, SAHA induced up to a 9-fold
increase in p21mRNA and protein, which at least in part,
attributed to the rate of transcription of the gene (33). The
mechanism of histone deacetylase inhibitor-activated
p21gene regulation was attributed via ATM (34). Our
findings with vorinostat are consistent with the literature
about other HDAC inhibitors, as we found significant
growth inhibition, G2M phase cell cycle arrest, p21 and
p27 activation and induction of apoptosis in melanoma cells
following treatment. However, the addition of EGCG
further enhanced these effects, resulting in a statistically
greater difference compared to either agent alone. There
was greater p21 and 27 activation, proteolysis of nick sensor
PARP to its stable 85 kDa fragment (an early marker of
programmed cell death), activation of cleaved caspases, and
down-regulation of cdk2, cdk4, cyclin A and p65/RelA.
Reduction of total cellular p65/RelA is likely due at least in
part to decreased transcription and is consistent with our
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prior studies showing that EGCG can down-regulate NF-
κB promoter activity in melanomas (6).The quantitative
variation in response to treatment among the melanoma
cell lines is probably related to the heterogeneity of their
signal transduction abnormalities and suggests that patient
subsets may exist that will exhibit differential responses to
HDAC inhibitor therapy.

Bcl2 gene family members are important determinants
of apoptosis, and Bcl2 protein expression by tumors has
prognostic power (20). The mechanisms by which Bcl2
family proteins regulate apoptosis are diverse. Ultimately,
they govern decision steps that determine whether certain

caspase family cell death proteases remain quiescent or
become active (35). Therefore, it is significant that we
observed that vorinostat reduced Bcl2 at both the protein
and transcript levels, and shifted the Bax/Bcl2 ratio toward
apoptosis. This is in contrast to studies of cutaneous T-cell
lymphoma in which vorinostat treatment did not cause any
change in Bcl2 expression but instead up-regulated Bax
(11). However, other effects in the lymphoma cells were
similar to our findings in melanoma, including up-regulated
p21, activated caspases and cleaved PARP.

Acetylation of histones is regulated by HATs and
HDACs which have opposing actions. Therefore, it might
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Fig. 7 EGCG, vorinostat and combination results in reduced total and nuclear expression of NF-κB (p65). (A) total cellular p65 and (B) nuclear p65 in
melanoma cell by Western blot analysis as stated in Fig. 6. (C) Untreated and treated melanoma cells were fixed, stained for anti-p65 antibody, labeled
with Alexa fluor 488 tagged secondary antibody, counterstained with PI, covered with ProLong Gold antifade reagent and analyzed by microscopy. Pictures
were captured using Nikon fluorescent microscope. Representative pictures from multiple runs show NF-κB p65 (Alexa fluor 488) and DNA
counterstained with PI (Red). (D) The ratio between change in MFI of p65 inside the nucleus/area of nucleus among treatments was plotted in the
histogram. The analysis of MFI was performed using NIS software. The p value (p<0.05) was considered statistically significant compared with no
treatment control (*), with EGCG (!), with vorinostat (^).
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seem counterintuitive that the HDAC inhibitor vorinostat
and EGCG (which has HAT inhibitor activities) (36)
display synergistic activity against melanoma. Nevertheless,
EGCG is also an antioxidant and a demethylating agent
(4,37,38). The antioxidant activity of EGCG may down-
regulate pathways such as NF-κB that can be driven by
reactive oxygen species (39,40). The demethylating activity
of EGCG may synergize with the HDAC inhibitory action
of vorinostat to help de-repress silenced tumor-suppressor
genes regulating key functions such as proliferation and
survival. In keeping with this view, we have shown that the
combination of EGCG and vorinostat often results in
greater anti-melanoma effects than either agent alone.
The mechanism of these effects involves modulation of the
cyclin-cdk-cki network, Bcl2 family proteins and NF-κB
activity. These results provide preclinical justification for
further studies exploring the potential of these agents for
the treatment of melanoma patients.
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