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Histone  deacetylase  (HDAC)  inhibitors  have  been  proven  to  be effective  therapeutic  agents  to kill  cancer
cells  through  inhibiting  HDAC  activity  or altering  the  structure  of  chromatin.  As a potent  HDAC  inhibitor,
depsipeptide  not  only  modulates  histone  deacetylation  but also  activates  non-histone  protein  p53  to
inhibit  cancer  cell  growth.  However,  the  mechanism  of  depsipeptide-induced  p53  transactivity  remains
unknown.  Here,  we show  that  depsipeptide  causes  DNA  damage  through  induction  of  reactive  oxygen
species  (ROS)  generation,  as  demonstrated  by  a comet  assay  and  by  detection  of the  phosphorylation
of  H2AX.  Depsipeptide  induced  oxidative  stress  was  confirmed  to relate  to  a disturbance  in reduction-
oxidation  (redox)  reactions  through  inhibition  of  the  transactivation  of  thioredoxin  reductase  (TrxR)  in
human cancer  cells.  Upon  treatment  with  depsipeptide,  p53  phosphorylation  at  threonine  18  (Thr18)  was
specifically  induced.  Furthermore,  we  also  demonstrated  that  phosphorylation  of  p53  at  Thr18  is  required
for p53  acetylation  at lysine  373/382  and  for p21  expression  in response  to depsipeptide  treatment.  Our
results  demonstrate  that depsipeptide  plays  an  anti-neoplastic  role  by  generating  ROS  to  elicit  p53/p21
pathway  activation.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

Post-translational modifications (PTMs) of histone tails are asso-
ciated with changes in histone structure and thereby affect gene
expression [1,2]. Histone acetylation, which directly relates to the
activation of gene transcription, is the most extensively stud-
ied PTM [3,4]. Two classes of enzymes, histone acetyltransferases
(HATs) and histone deacetylases (HDACs), determine the acety-
lation status of histones [5]. Increases in histone acetylation and
decreases in histone deacetylation are well associated with the
expression of tumor suppressor genes, which is thus beneficial for
cancer treatment [6].
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Because HDACs have been identified as molecular targets in
cancer therapy [7],  HDAC inhibitors (HDACi) are an effective ther-
apeutic agent to kill cancer cells by either inhibiting HDAC activity
or altering gene transcription to cause growth arrest, differenti-
ation and/or apoptosis of tumor cells [8,9]. Histone deacetylases
are classified into three classes according to their structure and
cellular localization [10]. Depsipeptide, (also known as FK228
or FR901228) is a more potent inhibitor of class I HDACs than
other HDAC inhibitors, such as trichostatin A (TSA) and sodium
butyrate [11], and depsipeptide is a promising anticancer agent
for both mono- and polytherapy [10,12]. In addition to inducing
histone acetylation, an activity common to all HDAC inhibitors,
depsipeptide shows other biological functions through varying
mechanisms of action [10]. For example, depsipeptide induces
acetylation of non-histone proteins, such as p53 and Hsp90 [13,14].
Depsipeptide also cooperates with nucleoside analogs, such as
5-aza-2′-deoxycytidine (5-aza-CdR) and cytarabine (Ara-C), to acti-
vate transcription and to induce apoptosis. Apoptosis probably
results from suppressing the repair of 5-aza-CdR induced DNA
damage [15]. In addition, we previously found that depsipeptide
is a DNA demethylating agent [16], and this activity has prompted
the exploration of depsipeptide in a much broader scientific con-
text. However, the precise molecular mechanism of its anticancer
effect remains obscure. Based on these factors, it is essential to
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understand the mechanism of the action of depsipeptide in human
cancer cells.

Almost all HDAC inhibitors induce a significant increase in the
expression of p21 [10,17,18],  a protein that arrests the cancer
cell cycle in the G1 phase. Interestingly, although p21 is a criti-
cal target of p53, HDAC inhibitor-induced p21 expression has been
reported to be independent of p53 activation [19–21],  however, we
previously found that depsipeptide induces p21 expression by acti-
vating the p53 pathways [13]. Unlike other HDAC inhibitors, such
as TSA, which induce p53 acetylation only by working with ionizing
radiation or nicotinamide, an inhibitor of class III HDACs [22], dep-
sipeptide alone, without cooperation from other agents, can induce
acetylation of p53 at K373/382 and significantly increase p53
transactivity and p21 expression [13]. These differences between
depsipeptide and other HDAC inhibitors in activating p53 or p21
expression lead us to further investigate the mechanism by which
depsipeptide activates p53 activity.

As a transcription factor, depending on the nature of the stress,
p53 can induce expression of many different downstream genes
including p21, GADD45, and Bax to elicit various responses, such
as cell cycle arrest, apoptosis, and DNA repair [23–25].  p53 exists in
a latent conformation in unstressed cells because p53’s C-terminal
tail allosterically interacts with its core DNA binding domain and
negatively regulates its sequence-specific DNA binding transcrip-
tion activation [26]. Upon stress, the interaction and negative
regulation is abolished by p53’s posttranslational modifications,
such as phosphorylation and acetylation [27]. The preeminent post-
modification is the direct phosphorylation of p53. Phosphorylations
at the p53C terminus such as Ser315 and Ser392 are reported to reg-
ulate the oligomerization state and sequence-specific DNA binding
ability of p53 [28,29].  In addition, phosphorylation and acetylation
modification of p53 are interrelated [30]. Phosphorylation of p53 is
important for efficient binding with CBP/p300 and PCAF complexes.
For example, phosphorylation at N-terminal serines, such as Ser15,
Ser33, and Ser37 has been reported to recruit p300/CBP and PCAF to
induce p53 acetylation in response to DNA damage [31,32]. Phos-
phorylation of p53 at Ser20 or Thr18 can stabilize the p300–p53
complex and induce p53 acetylation [33]. Recently, it was reported
that p53 C-terminal phosphorylation also modulates C-terminal
acetylation in response to DNA damage [34]. Our study also found
that p53 phosphorylation at Ser15 in turn results in acetylation of
p53 at Lys320 and Lys373/Lys382 through p300 and CBP respec-
tively, which are directly responsible for 5-aza-CdR induced p21
expression [35].

In the present study, we conducted experiments to test how
depsipeptide activates p53 transactivity and demonstrated that
depsipeptide induces DNA damage by enhancing the production of
reactive oxygen species (ROS), an effect that results from inhibiting
the expression of thioredoxin reductase (TrxR). Subsequently, the
accumulated ROS induces DNA damage, which in turn induces p53
phosphorylation at Thr18 and p53 acetylation at K373/382 as well
as an increase in p21 expression.

2. Materials and methods

2.1. Cell culture and chemical treatments

Human lung cancer cell lines A549 and H1299 and the human
colon cancer cell line HCT116 were grown in RPMI 1640 supple-
mented with 10% fetal bovine serum (heat inactivated at 56 ◦C for
45 min) and the appropriate amount of penicillin/streptomycin in
a 37 ◦C incubator with a humidified, 5% CO2 atmosphere. The HDAC
inhibitor depsipeptide, at 0.05 or 0.1 �M,  was added to these cells
for 0 to 12 h, and cells were then harvested for experiments.

2.2. Western blotting

Protein expression was  detected by Western blotting as pre-
viously described. Cells were lysed with lysis buffer [50 mM
Tris–HCl, 250 mM  NaCl, 5 mM EDTA, 50 mM NaF, 0.1% Igepal
CA-630, and a mixture of protease inhibitors (Roche Diagnos-
tics, Mannheim, Germany)]. Equal amounts of protein per sample
(100–150 �g) were size-fractionated by 6–15% sodium dodecyl
sulfate-polyacrylamide gel electrophoresis (SDS-PAGE). The anti-
bodies used were anti-p21 (F-5; Santa Cruz), anti-p53 (DO-1;
Santa Cruz), anti-p300 (H-272; Santa Cruz), anti-�-actin (Santa
Cruz), anti-acetyl-p53 (Lys373 and -382; Upstate), anti-phosp-p53
(Ser15, Ser20, Ser37, Ser392 and Thr18, Cell Signaling), anti-Trx,
anti-TrxR (Santa Cruz) and anti-H3 (Cell Signaling) antibodies.

2.3. Alkaline comet assay to detect DNA strand breaks

The alkaline comet assay, also known as the single-cell gel elec-
trophoresis assay, was  performed as described previously [36]. In
brief, fully frosted microscope slides were covered with 110 �l of
0.5% normal melting agarose at 60 ◦C. The slides were immedi-
ately covered with cover slips and were then maintained at 4 ◦C
for 15 min  to allow the agarose to solidify. About 105 cells (dep-
sipeptide treated or untreated) in 40 �l of PBS were mixed with
an equal amount (40 �l) of 1% lower melting agarose to form a
cell suspension. After the cover slips were gently removed from
the slides, the cell suspensions were pipetted onto the first agarose
layer, spread and covered with cover slips, and maintained at 4 ◦C
for 15 min  to allow solidification. After removal of the cover slips,
the slides were immersed in freshly prepared cold lysis solution
(2.5 M NaCl, 100 mM Na2EDTA, 10 mM Tris, pH 10.0, 1% sodium
sarcosinate) with 1% Triton X-100 for 40 min  at 4 ◦C. The slides
were then placed in a horizontal gel electrophoresis tank filled with
fresh electrophoresis solution (1 mM Na2EDTA, 300 mM NaOH, pH
13.0) for 10 min. The slides were then rinsed twice in Tris buffer
(0.4 M Tris–HCl, pH 7.5) for 15 min  (to neutralize the excess alkali)
at 4 ◦C. The slides were then stained with 75 �l of propidium iodide
(5 �g/ml) for 30 min.

The slides were examined, and pictures were taken under a flu-
orescence microscope (TCS; Leica, Mannheim, Germany). To score
the percentage of DNA in the comet tail, the CometScore automatic
comet assay system was used (TriTek Corp, USA). The percentage
of comet tail area (DNA tail area/total DNA area) and the comet tail
length (from the center of the DNA head to the end of the DNA tail)
were analyzed for 50 cells per slide.

2.4. ROS detection

Dihydroethidium (DHE), a redox sensitive fluorescent probe for
superoxide, was  used to detect ROS accumulation. After treatment,
cells were incubated with 5 �M DHE (Sigma) for 30 min, after which
they were washed, and ROS generation images were obtained by
confocal laser microscopy and analyzed by an image analysis sys-
tem (Q550CW; Leica).

2.5. Site-directed mutagenesis

Constructs for two  p53 mutants (p53S37A and p53T18A) were
generated using a site-directed mutagenesis kit (QuikChange;
Stratagene, La Jolla, CA). A wild-type p53 expression vector (pCI-
neo with full-length p53 cDNA) [37] was  used as the mutagenesis
template. The following primers were used for the mutagenesis:
p53-S37A-up, 5′-CTG TCC CCC TTG CCG G(T)CC CAA GCA ATG GAT
G-3′; p53-S37A-down, 5′-CAT CCA TTG CTT GGG C(A)CG GCA AGG
GGG ACA G-3′; p53-T18A-up, 5′-CCC CTC TGA GTC  AGG AAG(A)
CAT TTT CAG ACC TAT G-3′; and p53-T18A-down, 5′-CAT AGG TCT
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