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Trichostatin A causes p53 to switch oxidative-damaged
colorectal cancer cells from cell cycle arrest into apoptosis
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Abstract

Many studies aim at improving therapeutic efficacy by combining strategies with oxidative stress-inducing drugs
and histone deacetylase (HDAC) inhibitors in colorectal cancer. As p53 and IEp21WAF1 are essential in oxidative
stress-induced DNA damage, we investigated epigenetic regulation of p21 WAF promoter. Firstly, HCT116 p53*/*
and p537/ colorectal cancer cells were treated with H2O> for 6 hrs and 24 hrs (early/late response). Chromatin
immunoprecipitation revealed transcriptional transactivation of Fp21WAF1 in HCT116 p53*/* cells as shown by
increased binding of p53 and acetylated H4 around two p21WA ! promoter sites, the responsible element (RE)
and the Sp1 site, while both proteins bound Ereferentially on the RE. Interestingly, H3 was not involved, suggest-
ing H4-specific transactivation of the p21WA ! promoter. HoO2 addition resulted in Go/M arrest of both HCT116
cell lines without significant cell death. To investigate whether a HDAC inhibitor strengthens Go/M arrest, we pre-
treated cells with Trichostatin A (TSA). In HCT116 p53*/ cells, we found (i) remarkably increased acetylated H4
around both p21WAF1 promoter regions, especially at the Sp1 site; (ii) increased acetylation of p53 at lysines
320 and 382; (iii) displacement of HDAC1 from the Sp1 site, thus inhibiting its repression effect and increasing
p53 binding. p53 seems to trigger H4-acetylation around the p21VVAF1 promoter because there was nearly no
H4 acetylation in HCT116 p537/ cells. For the first time we show that there is a time-dependent TSA mode of
action with increased p53-dependent histone H4 acetylation at the p21WAF1 promoter in early response, and
decreased acetylation in late response. Reduced p53-triggered transactivation of p21WAF1 in late response
allows cells to re-enter cell cycle, and TSA causes p53 to simultaneously induce apoptosis.
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Introduction

Oxidative stress-induced DNA damage is known to crucial role [1]. Thus, reactive oxygen species (ROS)-
lead to cell cycle arrest, whereas p21WA':1 plays a generating anticancer drugs are of major clinical
interest, because they induce DNA damage in tumor
cells [2, 3]. While the overexpression of p21WA':1

TContributed equally to this work

*Correspondence to: R. SCHNEIDER-STOCK, . WAF1
Institute of Pathology, Molecular Genetics, results in G1, Gz or S phase arrest [4-7], p21 -
Otto-von-Gruericke University, deficient cells fail to undergo cell cycle arrest in
%?Qieggrgé fg;?gg%’b response to p53 activation after DNA damage [8]. In the
Fax- + 49 391 6717839 process of gene expression regulation, chromatin

E-mail: regine.schneider-stock @ medizin.uni-magdeburg.de  re-modelling proved to be crucial because tightly

© 2008 The Authors doi:10.1111/j.1582-4934.2007.00136.x

Journal compilation © 2008 Foundation for Cellular and Molecular Medicine/Blackwell Publishing Ltd



bound DNA around the nucleosome core (histone
residues H2A, H2B, H3 and H4) suppresses gene
transcription. The activation proceeds by increasing
the accessibility of transcription factors to DNA by
histone modifications. A key function in this context is
the acetylation of lysine residues in the N-terminal
tails of core histone proteins, which results in an
uncoiled, accessible DNA, thus regulating gene
expression [9]. This is mediated by the counteracting
activities of histone acetyltransferase (HAT) and his-
tone deacetylase (HDAC). HDAC inhibitors, such as
trichostatin A (TSA), suberoylanilide hydroxamic acid
(SAHA) and sodium butyrate (NaB), can inhibit can-
cer cell growth in vitro and in vivo [10-12]. It has
recently been shown that the HDAC inhibitor SAHA
induces the accumulation of acetylated histones in
the p21WAF1-associated chromatin, which could lead
to an increase in p21WA':1 expression in T24 human
bladder carcinoma cells [13]. Furthermore, it has
been demonstrated that the HDAC inhibitor TSA
inhibits the growth of cancer cells through induction
of p21WA':1 [14]. Histone acetylation induced by TSA
executes alternate functions. On the one hand, TSA
activates p21WAF1 transcription through down-regula-
tion of c-Mch expression and release of c-Myc from
the p21WA ! promoter in cervical carcinoma cells in a
p53-independent manner [15]. On the other hand,
TSA can relieve the repression exerted \lla\)/ HDAC1 at
p53-induced transcription from the p21 AR gene in
human osteosarcoma cells [16]. In addition, it has
been demonstrated that TSA induces apoptosis in
human brain tumour cells [17] and hepatoma cells [18].

Cancer growth arrest and apoptosis are two main
strategies to affect tumour cells in chemotherapy. The
present work is part of our understanding of the link-
age between HDAC inhibitors, which have led to
promising anticancer therapies using TSA and oxida-
tive stress-induced growth arrest in colorectal cancer
cells. As oxidative stress-induced DNA damage and
TSA lead to an up-regulation of p21WAF1, resulting in
cell cycle arrest, we aimed to enhance the DNA-
damaged transcriptional activation of p21WAF1 by a
combined treatment. Due to the fact that p53-
dependent histone acetylation following DNA dam-
age in colorectal HCT116 cells was due to transcrip-
tional activation of the p21WAF1 promoter [19], pre-
treatment of HCT116 cells with TSA could provide a
great impact for stronger histone acetylation, thus
increasing p21WA':1 transactivation. Combining this
strategy with the known function of TSA to induce
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apoptosis [17, 18], we aimed to increase the effec-
tiveness of ROS-based anticancer drugs. We simply
chose H202 treatment, which mimics ROS-generat-
ing anticancer drugs, as a basic model for inducing
DNA damage in HCT116 cells, because H20: itself
displays a ROS in terms of a stable molecular oxi-
dant. Our data suggest that TSA pre-treatment alters
the chromatin structure, thus facilitating the accessi-
biIit)(N of the transcription factor p53 to bind at
p21 AFT promoter as a consequence of oxidative
stress. To the best of our knowledge, we are the first
to show that there is a time-dependent TSA mode of
action with an increased ESS-dependent histone H4
acetylation at the p21W Fi promoter in the early
response, and decreased acetylation in the late
response. Thus, the reduced p53-triggered transac-
tivation of p21WA':1 in the late response allows cells
to re-enter the cell cycle, and p53 simultaneously
induces apoptosis, a finding that might be of thera-
peutical interest.

Materials and methods

Cell culture and treatment

HCT116 p53*/* and p537/ cells were maintained in RPMI
with 10% foetal bovine serum, penicillin (100 U/ml), and
streptomycin (100 pg/ml) in a humidified 5% CO2 atmos-
phere at 37°C. Cells were pre-treated for 6 hrs with the
HDAC inhibitor trichostatin A (TSA, Sigma) at a final con-
centration of 200 ng/ml. Cells were treated with 30 mM
H202 for 3 min after pre-treatment with TSA or not and col-
lected after 6 and 24 hrs following treatment.

Flow cytometric analysis of DNA content

One day before treatment cells were seeded in 12-well
dishes at a density of 7.5 x 10* cells per well. After the
indicated times, the supernatants were collected and
combined with cells that were harvested by trypsin,
washed twice with phosphate buffered saline (PBS), fixed
with 70% ethanol, treated with 1% RNase and finally
stained with a hypotonic propidium iodide solution (100
pg/ml). Distribution of cell cycle phases with different DNA
contents was determined using a flow cytometer LSR1
(Becton-Dickinson, CA, USA). Cells whose DNA were
less intensively stained than those of Gy cells (sub Gy
cells) in flow cytometric histograms were considered
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Table 1 Sequences of primers, hybridization probes and lengths of PCR products

Gene Size (bp) Sequence 5-3’ TAnnealing (°C)
p53 Real-time 149 Fw: ATGAGCCGCCTGAGGTTG 62
RT-PCR Rev: AGCTGTTCCGTCCCAGTAGATTA
FL: GGCATGAACCGGAGGCCCA-FI
LC: Red640-CCTCACCATCATCACACTGGAAGACTCC-p
p21WAF1 Real-time 211 Fw: GGCAGACCAGCATGACAGATT 62
RT-PCR Rev: GCGGCCAGGGTATGTACATGA
FL: CCTGTGGGCGGATTAGGGCTTCC-FI
LC: Red640-CTTGGAGAAGATCAGCCGGCGTTT-p
j2-Microglobulin Real-time 269 Fw: CCAGCAGAGAATGGAAAGTC 53
RT-PCR Rev: GATGCTGCTTACATGTCTCG
FL: TTCTTCAGTAAGTCAACTTCAATGTCGGA-FI
LC: Red640-ATGAAACCCAGACACATAGCAATTCAG-p
p21"VAF! promoter  ChIP 169 Fw: AGGCTGTGGCTCTGATTGG 60
(RE) Rev: GGCTAAGGTTTACCTGGGG
p21VAF" promoter ~ ChIP 150 Fw: GGGCGGGGCGGTTGTATATCAG 60
(Sp1 site) Rev: GTCTGCCGCCGCTCTCTCACCT

Fw, forward; Rev, reverse; Fl, fluorescein labelled probe; LC, LCRed640 labelled probe; p, phosphorylated.

apoptotic cells. Analysis of cell cycle distribution and the
percentage of cells in the Go/G1, S, and G2/M phase of
the cell cycle were determined using the software
CellQuest Pro (BD).

Annexin-V measurements

Direct fluorescence staining of apoptotic cells for flow cyto-
metric analysis was performed with the Annexin-V-FLUOS
staining Kit (Roche). After the indicated times, 5 x 10° -
1 x 10° cells were harvested by trypsin, washed twice with
PBS, stained with both Annexin-V-FLUOS and propidium
iodide and analysed in a flow cytometer.

Real-time RT-PCR

cDNA synthesis was done in a 20 pl reaction mix starting
with 1 pg of total RNA using the reverse transcription
system of Promega (Madison, WI; 42°C for 30 min; 99°C
for 5 min, and 4°C for 5 min). Real-time RT-PCR was
performed using a LightCycler (Roche Diagnostics, Mannheim,
Germany), and threshold cycle numbers were determined
using the LightCycler software, version 3.5. Sequences of
primers and probes, PCR product length and annealing
temperatures are given in Table 1. The real-time RT-PCR
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was performed in a final volume of 20 pl. The final reaction
mixture contained the forward and reverse primer at 10
pmol each, the LC Red640 probe at 40 pmol, the FL probe
at 20 pmol, 4 mM MgClz, and 1x Master Amp hybridization
mix. PCR was performed under the following conditions:
95°C for 600 s, followed by 45 cycles of 95°C for 10 sec,
annealing temperature for 10 sec, and 72°C for 7 sec. We
used serial dilutions of the positive control cDNA of
HCT116 cells to create a standard curve. PCR was per-
formed in triplicate, and the threshold cycle numbers were
averaged. Fold induction was calculated according to the
formula 2FEY2RMED - \where Rt is the threshold cycle
number for the B2-Microglobulin gene in the treated cells,
Et is the threshold cycle number for the experimental gene
in treated cells, Rn is the threshold cycle number for the
B2-Microglobulin gene in non-treated cells and En is the
threshold cycle number for the experimental gene in
non-treated cells.

Western Blotting

Whole cell lysates were prepared from HCT116 cells with
or without treatment of TSA, H202. Protein concentration of
lysates was determined with Bio-Rad Dc Protein Assay
(BioRad Laboratories, Hercules, CA, USA), and equivalent
amounts were loaded onto 10-13% SDS-PAGE. The gels
were transferred to nitrocellulose membranes before
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immunodetection processing with anti-p53 (1:50;
Oncogene, San Diego, CA), -acetyl-p53 (Lys320, 1:1000;
and Lys382, 1:2000; Upstate, Lake Placid, NY), anti-p21
(1:25; DakoCytomation, Glostrup, Denmark), anti-acetyl-
H3 (1:1000) and —H4 (1:3000; Upstate, Lake Placid, NY),
anti-HDAC1 (1:200; Santa Cruz Biotechnology, Santa
Cruz, CA), anti-caspase 3 (1:1000; Cell Signalling
Technology), and with secondary antibodies (anti-mouse,
1:20000 or 1:30000; and anti-rabbit IgG peroxidase conju-
gated; 1:5000 or 1:10000; Pierce, Rockford, IL). Bound
antibodies were detected by incubating the blots in West
Pico chemiluminescent substrate (Pierce, Rockford, IL).
The level of immunoreactivity was then measured as peak
intensity using an image capture and analysis system
(GeneGnome, Syngene, UK). Hybridization with anti-B-
actin (1:30000; Sigma) was used to control equal loading
and protein quality.

Chromatin immunoprecipitation
(ChIP) assay

The ChIP assay was performed using the ChIP Assay Kit
according to the manufacturers protocol (Upstate, NY,
USA). Briefly, approximately 1 x 10° cells were used per
ChIP assay. Cells were cross-linked with 1% formaldehyde
at 37°C for 10 min, rinsed with ice-cold PBS and harvested
by brief centrifugation. Cell pellets were re-suspended in
SDS-lysis buffer and sonicated to shear DNA to lengths
between 200 and 1000 base pairs. After centrifugation, the
supernatants were collected and diluted in ChIP dilution
buffer. Two percent of the diluted cell supernatant was kept
for DNA quantification and considered as inputs. Samples
were incubated for 30 min at 4°C with salmon sperm
DNA/protein A/protein G agarose 50% slurry before
overnight immunoprecipitation with the appropriate anti-
body (anti-p53, anti-acetyl-H3 and -H4, anti-HDAC1). A
portion of each sample was removed before immunopre-
cipitation and served as a negative control. After immuno-
precipitation, the samples were incubated for 1 hr with
salmon sperm DNA/protein A/protein G agarose 50% slur-
ry and were centrifuged to collect the antibody/histone
complex. After washing, the immune complexes and the
negative controls (without antibody) were incubated in elu-
tion buffer (1% SDS, 0.1 M NaHCO3). The elutes and
inputes were then heated at 65°C for 4 hrs to reverse cross-
link by addition of 5 M NaCl. Following proteinase K treat-
ment, DNA was extracted by phenol/chloroform and precipi-
tated with 96% ethanol. The recovered DNA was
re-suspended in H2O for PCR. All the ChIP experiments
and PCR were performed in triplicate. Sequences of
primers, PCR product length and annealing temperatures
are given in Table 1.
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HDAC activity

HDAC activity in HCT116 cells was determined with a
HDAC fluorimetric assay (Biomol, Plymouth Meeting, PA)
according to the manufactures guidelines. Briefly, cells
were plated in 96-well plates and, after 24 hrs treated with
TSA and H202 as indicated previously. The medium was
then replaced with the HDAC substrate for 20 min at 37°C.
After incubation with the developer, deacetylation of the
substrate was detected on a fluorimetric plate reader (exci-
tation wavelength: 335 nm, emission: 460 nm).

Results

TSA pre-treatment switches
H202 -damaged colorectal cancer cells
from growth arrest into apoptosis

The H202- and TSA-associated specific alterations
of cell cycle progression and apoptosis induction in
HCT116 p53*/" colorectal cancer cells were deter-
mined using flow cytometric analysis of DNA content
by PI staining (FACS, Annexin-Assay). We could
show that H2O> treatment alone increases the num-
ber of cells in the G2 phase 1.3- and 2-fold after 6 hrs
and 24 hrs, respectively (Fig. 1A and D). In parallel,
cells underwent a low extent of apoptosis after 24 hrs,
reflected by an increase of Pre-G1-cells from 3.1% to
5.9% (1.9-fold; Fig. 1A and D), which was confirmed
by Annexin-V measurements and caspase 3 western
blotting (Fig. 1B and C).

TSA treatment of HCT116 p53*/* cells also resulted
in Go/M arrest after 6 hrs (1.2-fold increase of cells in
the Gz phase; Fig. 1D), while this growth arrest was
completely reversed after 24 hrs (Fig. 1A and D). In
addition, TSA treatment alone resulted in a low num-
ber of apoptotic cells and caspase 3 cleavage after 6
hrs and 24 hrs (Fig. 1B and C).

In order to induce stronger pro-apoptotic effects,
we pre-treated H2O2-damaged HCT116 p53*/* cells
with TSA. While there was no further apoptosis
induction after 6 hrs, we later found an increase of
cells in the Pre-G1 phase from 3.1% to 7.6% (2.5-fold;
Fig. 1A and D), an increase of apoptotic cells in the
Annexin-Assay from 3.0% to 30.0% (10-fold, Fig. 1B
and D), and an 8.5-fold increase of caspase
3 cleavage after 24 hrs (Fig. 1C). There seem to be
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Fig. 1 Effects of HxOx-treatment (30 mM, 3 min) on cell cycle profiles and cell viability of HCT116 p53*/* cells after
6 hrs and 24 hrs, with and without Trichostatin A (TSA) (200 ng/ml, 6 hrs) pre-treatment. (A) H202 induces G2/M arrest
in HCT116p53™/* cells after 24 hrs, whereas TSA induces a switch from cell cycle arrest into apoptosis. (B) Annexin-
V measurement shows that H>O> induces apoptosis and TSA reinforces this effect. (C) Western Blotting of caspase 3
confirms the observed Annexin-V results. (D) Time-dependent effects (6 hrs and 24 hrs) of TSA, H20», and their com-
bined treatment on cell cycle progression and apoptosis induction. Above the line, data of FACS analysis (in %) are
shown and below the line apoptotic cells (in %) measured in the Annexin-V-Assay are given.
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Fig. 2 H>O2 and TSA modulate the expression of p53 and 21"WAFT and the acetylation status of core histones in

HCT116 p53°/* cells. (A) H202 and TSA induce p53 and p21 AR protein expression. (B—C) While H2O2 and TSA have
no significant effect on p53 mRNA expression (real-time PCR, LightCycler), single H2O2 addition and TSA pre-treatment
significantly increase p21 ' mRNA expression. (D) Western Blotting showing that neither H2O2 nor TSA had a
significant effect on the acetylation form of H3 and H4. (E) Western Blotting showing that H2O2 modulates the
acetylation levels of p53 (Lys320, Lys382) and TSA reinforces this effect. The protein amounts of HDAC1 remain
unchanged during all treatments. (F) Histone deacetylase (HDAC) activity of HCT116 p53*/" cells was measured with
a HDAC fluorimetric assay. The control cell level (C) was adjusted to 100%. *P<0.05. As expected TSA decreases

HDAC activity.

time-dependent effects of TSA pre-treatment regard-
ing growth arrest and apoptotic response: whereas
efficient growth arrest was evident already after 6 hrs
(Fig. 1D), cells continued to grow after 48 hrs (data not
shown). In parallel, HCT116 p53*/* cells underwent
time-delayed apoptosis after 24 hrs (Figs. 1A-D),
and apoptosis could even be increased after 48 hrs
(increase of PreGy cells from 3.1 % to 28.1 % and
increase of apoptotic cells in the Annexin-Assay from
3.0 % to 43.0 %, data not shown).

On the basis of these results, we showed that
H2O2 addition alone resulted in a time-dependent
inhibition of cancer cell growth paralleled by only
minor apoptotic effects, while TSA pre-treatment of
H202-damaged HCT116 p53*/* cells induces a
switch from this early growth arrest into efficient later
apoptotic response.
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H202 induces p53 and p21WAF1

expression

p53 and its target p21WAF1 play a major role in cell

cycle control and apoptosis. To |nvest|gate H202-
caused modulation of p53 and p21 expressmn in
HCT116 p53*/" cells, we determined their protein
and mRNA level. There was a 2.2- and 2.4-fold
increase in p53 protein expression 6 hrs and 24 hrs
after HoO> addition, respectively (Fig. 2A). p53
seemed to be regulated at the posttranscriptional
level because its mMRNA was not significantly up-reg-
ulated after H2O2 treatment (Fig. 2B). The higher
amounts of p53 proteln coincided with a significant
increase in p21 proteln expression (2-fold and
2.8-fold, respectively, Fig. 2A). As we could also

© 2008 The Authors

Journal compilation © 2008 Foundation for Cellular and Molecular Medicine/Blackwell Publishing Ltd



observe a similar time-dependent increase in p21 WAF1

mRNA (Fig. 2C), the induction of p21WAF1 protein
expression seemed to be regulated transcriptionally.

TSA pre-treatment modulates p53
and p21WAF1 expression in a
time-dependent manner

To further elucidate the effects of TSA on p53 and
p21VAF! expression, we pre-treated HCT116 p53*/*
cells with TSA. After single application of TSA, as
shown in Fig. 2A, the p53 and p21WA':1 expression
levels were only slightly enhanced after 6 hrs and
24 hrs compared to H202 addition alone. By contrast,
TSA pre-treatment induced continuous increase in
p53 protein expression (Fig. 2A). Interestingly, after
6 hrs this p53 up-regulation was accompanied by a
synergistic induction of p21 Fi protein, where it was
abolished after 24 hrs. Thus, TSA promotes p21WAF1
expression as an earIILy response and represses the
H202-induced p21WA ' mRNA and protein expres-
sion at later time points.

H202 and TSA modulate acetylation

Since acetylation has been linked to activation of
gene transcription [20], we investigated the effects of
H20O2-associated DNA damage combined with TSA
pre-treatment on the acetylation status of the core
histones H3 and H4, as well as on p53 in HCT116
p53*/* cells. While the total amounts of acetylated H3
did not significantly change after H2O2 and TSA
treatment alone and in combination (Fig. 2D), the lev-
els of acetylated p53 increased remarkably (lysine
382 > lysine 320; Fig. 2E). Interestingly, the protein
level of acetylated H4 was decreased following TSA
pre-treatment after 6 hrs (Fig. 2D). As expected, we
observed a significant decrease in the HDAC activity
(Fig. 2F). The protein level of HDAC1, however,
remained constant irrespective of treatment (Fig. 2E).

H202 induces binding of p53 and
acetylated H4 on the p21WAF! promoter

As indicated above, H2O2 induced p21WAF1 expres-

sion through its transcriptional activation. In order to

© 2008 The Authors
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determine the involvement of acetylated histones in
the transcriptional activation of p21WAF1 in DNA-
damaged HCT116 p53*/* cells, we performed ChIP
analyses. To further investigate whether the
increased p21WAF1 mRNA was due to direct tran-
scriptional activation by p53 promoter binding, we
also used a p53 antibody to immunoprecipitate chro-
matin from HCT116 p53*/" cells 6 hrs and 24 hrs after
H202 treatment. We observed both, an increased
binding of p53 and acetylated H4 around the two
p21WA1 promoter sites, the responsible element
(RE) and the Sp1 site (Figs. 3A—E). However, both
proteins were present preferentially on the RE after
H202 treatment. Interestingly, H3 was not involved in
this process, giving evidence of a histone H4-specif-
ic acetylation as a consequence of H2O2-induced
oxidative stress (Fig. 3F and G).

TSA pre-treatment increases
H202-induced accumulation of
acetylated H4 in the early response

To investigate whether TSA-induced up-regulation of
p21WA':1 was in fact due to a stronger histone acety-
lation at the p21WA':1 promoter, we performed ChIP
analyses. Indeed, H2O»-damaged HCT116 p53*/*
cells pre-treated with TSA showed further enrich-
ment of p21WA':1 promoter regions in the acetylated
H4 chromatin pool 6 hrs after TSA pre-treatment (Fig. 3D
and E). Moreover, the pattern of histone H4-associated
chromatin at the p21WA':1 promoter seemed to be
site-specific and time-dependent, showing more pro-
nounced H4 acetylation at the Sp1 site after 6 hrs
(9.1-fold vs. 6.6-fold, respectively, Fig. 3D and E) and
lower H4 acetylation at the Sp1 site at a later time
point (1.3-fold vs. 3.7-fold, respectively, Fig. 3D and
E). Furthermore, acetzﬂated histone H3 was not
involved at either p21W Fi promoter site (Fig. 3F and
G). The increase in H4 acetylation at the p21WA':1
promoter after 6 hrs may cause the higher p21WA'=1
mRNA and protein expression observed. However,
comparing the 24 hrs with the 6 hrs time point, H4-
acetylation, especially at the Sp1 site, was significant-
ly reduced after 24 hrs (9.1-fold to 1.3-fold, Fig. 3E).
Loss of H4 acetylation at the p21WAF1 promoter
observed at a later time v{?oint seems to correlate with
down-regulation of p21 AFT expression and apopto-
sis induction.
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TSA pre-treatment induces
time-dependent binding of p53
at the p21""AF1 promoter Sp1 site

As we have shown, H202 induced a preferential
enrichment of p53 binding at the RE site of the
p21WAF1 promoter (Fig. 3B and C). Further, ChIP
analyses manifested that 6 hrs after TSA pre-treat-
ment, p53 is able to bind not only to the RE site but
also to the Sp1 site of the p21WAF1 promoter in
HCT116 p53*/" cells (Fig. 3C). However, p53 lost its
association with the Sp1 site after 24 hrs. p53
release from the promoter, which is in accordance
with the H4 acetylation pattern, seems to be a further
reason for the p21WAF1 down-regulation observed at
a later time point.
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bind also at the Sp1 site of the
p21WAF1 promoter in the early
response, while this binding was
diminished in the late response.
(D—G) Pre-treatment with TSA
increases H2O2-induced accumu-
lation of acH4 (D, E), but not acH3
(F, G) in the chromatin associated
with  both p21vw’":1 promoter
regions. (H) Combination of TSA
and H202 treatment displaces
HDAC1 from the Sp1 binding site.

p53 and HDAC1 compete for
binding at the p21WAF1 promoter
in a time-dependent manner

Using the ChIP assay with a HDAC1 antibody, we
examined the competition between HDAC1 and p53
binding at the Sp1 site of the p21WAF1 promoter
(Fig. 3C—H) as described previously for osteosarco-
ma cells [16]. We could show that after TSA pre-treat-
ment H2O> damage induced a significant decrease in
HDAC1 binding in HCT116 p53*/* cells after 6 hrs
and 24 hrs (Fig. 3H). By contrast, p53 shows
increased binding after 6 hrs as mentioned above,
whereas it is again released at a later time point
(Fig. 3C). We therefore suggest that the DNA dam-
age signal reveals a replacement of HDAC1 by p53
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at the Sp1 site after TSA pre-treatment as an early
response. At a later time point, the competition
between both proteins seems to disappear.

Effects of H202 and TSA on
p53-deficient HCT116 cells

Because colorectal cancer therapy often fails due to
drug resistance of colon cancer cells mostly due to
p53 mutations, we investigated the effectiveness of
our developed pro-apoptotic combination strategy for
HCT116 p537/ cells. In contrast to the p53*/* cells,
we observed no significant increase in the Pre-G1
cell population (Fig. 4A and D), reflecting the fact that
apoptosis was not efficiently induced. Additionally,
this result was confirmed by Annexin-V measure-
ments and caspase 3 western blotting (Fig. 4B and
C), suggesting that HCT116 p53/ cells lost their
apoptotic competence if p53 is lost. However, we
observed H202-induced G2/M arrest, which could
even be reinforced after TSA pre-treatment and was
associated with significantly increased p21WAF1
expression (Figs. 4A, D and 5B). Nevertheless, ChIP
experiments and RT-PCR gave no evidence of a tran-
scriptionally caused up-regulation of p21WAF1 protein
after TSA treatment alone (9-fold) at an early time
point (Figs. 5A, E and l—:kl suggesting posttranscrip-
tional processes for p21 AR regulation. By contrast,
the p21WAF1 up-regulation after HoO2 treatment or in
combination with TSA at a later time point seems to
be regulated transcriptionally (Fig. 5A), but was obvi-
ously not caused by HDAC1 release or acetylated H4
recruitment at the p21WAF1 promoter (Fig. 5E and F).
Furthermore, HDAC1 activity was enhanced follow-
ing single H2O2 treatment after 6 hrs and 24 hrs in
both HCT cell lines (Figs. 3C and 5C). However, only
in p53-deficient cells this rise in activity was accom-
panied by an increase in the HDAC1 protein amounts
(Figs. 5B, C, 3B and C). The higher HDAC1 binding
on the Sp1 site (Fig. 5F), compared to the p53*/*
cells (Fig. 3F), supports our idea that p53 actively
displaces HDAC1 from the p21WAF1 promoter in H2Oo2-
damaged, TSA pre-treated colorectal cancer cells.

Discussion

Many efforts have been made to improve the thera-
peutic efficacy by using combination strategies with

© 2008 The Authors
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oxidative stress-inducing drugs and HDAC inhibitors
in colorectal cancer. The tumour suppressor p53 and
its target gene p21WAF1 play a major role in drug
response to growth arrest and apoptosis. How p53
and p21WAF1 decide between cell cycle arrest and
apoptosis is only poorly understood. Here we show
for the first time, that the most critical determinant of
the function of the HDAC inhibitor TSA in DNA-dam-
aged HCT116 p53*/" colorectal cancer cells is p53
with activation of p21WAF1 in the early response and
diminishing the transcriptional transactivation of
p21WAF1 in the late response with simultaneous
switching on the apoptotic machinery. The major con-
clusion is that TSA enhances a p53-dependent
switch from Ga/M arrest into apoptosis through site-
specific and time-dependent binding of acetylated
H4 on the p21WAF1 promoter. Therefore, p53 exe-
cutes a dual function, whereas it can be considered
as a bridge between cell cycle arrest and apoptosis.

The effects of H202 on
colorectal cancer cells

In a recent study, Kaeser and Iggo [19] reported for
the first time that histone acetylation of the p21WAF1
promoter is p53-dependent and H4-specific using 5-
Fluorouracil (5-FU) DNA-damaged HCT116 colorectal
cancer cells. Our study focussed on the acetylation-
dependent regulation of the p53/p21WAF1 pathway
after setting HCT116 p53*/" cells under H2Oz-
induced oxidative stress because it is known that
oxidative stress contributes to early modifications of
histone proteins and associated gene expressions
[21]. In our ChIP experiments, we could show that the
p21WAF1 transcriptional activation after H2O» treat-
ment was at least partIX due to an increase in p53
recruitment to the p21W F promoter. The increase in
p53 binding to the p21WAF1 promoter was accompa-
nied by a rise in acetylated H4, but not in acetylated
H3 in the chromatin associated with the p21WAF1
gene. We therefore suggest that p53-mediated trans-
activation of p21WAF1 transcription correlates with
increased H4 acetylation. Such an increase in H4
acetylation conferred an open chromatin structure
around the p21WAF1 promoter and thus permitted the
accessibility to p53. Furthermore, p53 is able to
recruit HATs, such as p300/CBP and PCAF/hGen5,
thus inducing H4 acetylation at the p21WAF1 promoter
[22—24]. Indeed, we found that H2O2-damaged
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Fig. 5 Effects of H2O> and TSA on
p21WAF! " acH3, acH4 and HDACH
expression and on the p21W/’":1 promot-
er status in HCT116 p537/ cells. (A)
H20> and TSA pre-treatment induce
p21WA':1 mRNA expression after 6 hrs.
(B) Whereas H202 induces both,
p21WAF1 and HDAC protein expression,
TSA alone and H202 + TSA have no
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ment with TSA (200 ng/ml, 6 hrs, T), and
with H2O2 (30 mM, 3 min, H), and TSA
and H202 (T + H), respectively, showing
that there is only a sli:qht increase in
acH4 around the p21"“AF'-Sp1 promoter
region after H202 treatment. Pre-treat-
ment with TSA slightly reinforces the
acH4 on this region. Furthermore, the
pre-treatment do not significantly affect
HDAC1 binding at the Sp1 promoter site.

6h
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HCT116 p53*/* cells exhibit p53-dependent and his-
tone H4-specific acetylation of the p21WAF1 promoter
as 5-FU-treated cells as well. As a consequence,
induced p21WAF1 expression leads to cell cycle arrest
at the Go/M transition but only to a low extent of
apoptosis. Thus, we suggest that the observed up-
regulation of p21W/"F1 after DNA damage by p53-
dependent histone H4 specific acetylation is directly
linked to cell cycle arrest, which might be a more
common principle of tumour cells.

Nevertheless, besides p53-d<?_pendent transcrip-
tional transactivation of p21WA ' we found that
p21WAF1 can also be activated via p53-independent
pathways reflected by cell cycle arrest in HCT116
p53 7/ cells. As loss of p53 gene function, which
occurs in most colon cancer cells, often leads to
resistance to anticancer drugs, the presented finding
of a p53-independent action of H2O2 might overcome
resistance problems at least at the growth arrest
level. Definitely, targeted binding of acetylated H4 on

© 2008 The Authors
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the p21WAF1 promoter does not proceed in p53-defi-

cient cells which substantiate p53-dependent H4
acetylation and p53-directed recruitment of HATs
which catalyse the acetylation of histone proteins.
Taken these results together, we conclude that tran-
scriptional activation of p21 s not essentially
p53-dependent, but the binding of acetylated H4 on
the p21WAF1 gene. We could further show that binding
of p53 to the p21VW"F1 promoter was site-specific,
which also caused site-specific binding of acetylated
H4 to the promoter re%\ilons. p53 is able to bind to dif-
ferent sites in the p21 AFT promoter. We studied two
DNA sequences of the p21WAF1 promoter showing
different affinity for p53 binding. One of these
sequences contained a p53-RE [25], and the other
one was located between positions —60 and +90 rela-
tive to the transcriptional starting point, and con-
tained a Sp1 site [26]. In our study, both sites showed
similar patterns of H4 acetylation and p53 binding
after H2O2 treatment. However, the level of acetylated

617

Journal compilation © 2008 Foundation for Cellular and Molecular Medicine/Blackwell Publishing Ltd



H4 and p53 at the RE was globally higher than that
at the Sp1 site. Otherwise, the increased H4 acetyla-
tion localized at the Sp1 site of the p21WAF1 gene
after H2O2 treatment was transient and correlated
directly with the level of transcriptional activation of
the gene. In accordance with Berthiaume et al. [27],
this effect seemed to be selective for only a limited
number of genes because the level of histone acety-
lation in the B-actin gene remained unchanged after
H202 treatment (data not shown). Despite the fact
that we observed a high amount of acetylated H4 in
the p21WA':1 promoter, H2O2 had no significant effect
on the overall acetylation level of H4. This might fur-
ther support the idea that histone acetylation can be
specifically targeted to the p21WA':1 promoter by tran-
scription factors, such as p53 [13, 27]. DNA damage
signals are passed to p53 activity through posttrans-
lational modifications such as acetylation of lysine
residues [28, 29]. In our studies, H2O2 caused an
increase in p53 acetylated at Lys320 and 382. It has
been shown that acetylation in the C-terminal region
of p53 by PCAF and p300 enhances the ability of
p53 to bind target DNA [30], therefore stimulating its
activity and binding efficiency at the p21WAF1 promoter,
and promoting histone acetylation around the p21WA':1
promoter through the recruitment of HATs [22].

The effects of TSA pre-treatment
on colorectal cancer cells

The effects of H2O2 were strengthened by the HDAC
inhibitor TSA by inducing increased acetylation of H4
in the chromatin associated with the p21WAF1 gene,
especially at the Sp1 site in the early response. We
could show that, as expected, a significantly
increased histone acetylation is the consequence of
TSA pre-treatment caused by inhibition of HDAC1
reflected by decreased HDAC activity. It is worth
mentioning that although the protein level of total
acetylated H4 was decreased following TSA pre-
treatment after 6 hrs, we observed an enhanced spe-
cific binding of ac-H4 on the p21WAF1 promoter. This
suggests that the total protein amount must not ne-
cessarily be correlated with the binding efficiency of
a protein to the promoter region of a specific gene.
InterestingI\Xl, histone acetylation induced by TSA pro-
motes p21 AFT expression at early time points and
represses the Hz2Ogz-induced induction of p21VAF!
mRNA and protein expression at a later time point

618

which is accompanied by decreased histone H4
acetylation. Here, we suggest that after 24 hrs
decreased acetylation at the 21 WAF promoters Sp1
site causes lower p21WA ' mRNA and protein
expression in TSA pre-treated HCT116 p53*/* cells,
thus switching cells from cell cycle arrest into
remarkably p53-dependent apoptosis. Furthermore,
according to Liu et al. [31], the extent of acetylated
histones at the Sp1 site, and not the region contain-
ing the p53 RE, directly correlates with the activity of
p53 to induce endogenous p21WAF1, while TSA pre-
treatment leads to stronger transcriptional activation
in the early response. Moreover, HDAC1 has been
shown to repress p21 AR b¥ competing with p53 for
DNA binding to the p21WA ! promoter at the Sp1
binding site using actinomycin D-stimulated
osteosarcoma cells [16]. In our study, H2O2-induced
DNA damage in HCT116 p53*/* cells led to a recruit-
ment of p53 and hyperacetylation of histones at the
p21WA':1 promoters Sp1 site, without any decrease in
HDAC1 binding. However, pre-treatment with TSA
before H202 damagv?l caused the dissociation of
HDAC1 from the p21 AFT promoter accompanied by
further recruitment of p53. The fact that HDACA1 s still
bound at the Sp1 site of the p21WAF1 promoter in
p53-deficient cells supports this idea. Furthermore,
as expected, the increase in acetylated p53 was
strengthened by pre-treatment with TSA. One expla-
nation could be that TSA inhibited MDM2-HDAC1-
mediated deacetylation of p53 [32, 33].

Interestingly, as for the p21 AR protein expres-
sion, we observed a switch from activation at an
early time point as a consequence of H2O2 and TSA
treatment to a repression at a later time point. In
addition, TSA induces apoptosis by activating cas-
pase 3. This is in accordance with Zhao et al. [34],
who postulated that p21WAF1 down-regulation seems
to be necessary for the activation of apoptosis.
Furthermore, increased apoptotic sensitivity to drugs
has been reported in colon cancer cells lacking
p21WA':1 [35]. However, in our study, p21WAF1 is also
decreased in p53-deficient cells but without signifi-
cant apoptosis, suggesting that p21WAF1 down-regu-
lation alone does not provide efficient cell death but
in combination with the presence of p53. The minor
increase in activated caspase 3 in HCT p537/ cells
after TSA pre-treatment could be explained by the
fact that HDAC inhibitors also exert their pro-apop-
totic effects through p53-independent, but death
receptor-dependent (TRAIL, Fas) pathways [36].
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Fig. 6 Mechanistic model to the action of H2O2 and TSA in oxidative-dama\llge':q HCT116 p53*/* colorectal cancer cells.

(A) H202 exposure causes a p53-induced transcriptional activation of p21 A expression in association with acH4 by
directly interacting especially with the p53 responsible element. (B) The combination of this DNA-damage pathway with
TSA pre-treatment resulted in time-dependent effects on cell cycle arrest and apoptosis characterized as early and late
responses. Firstly, TSA pre-treatment enables p53 to bind not only on the p53 RE but similarly on the Sp1 site of the
p21WAF1 promoter by simultaneous displacement of HDAC1 and strengthened binding of acetylated H4, especially at
the Sp1 site. Secondly, binding of p53 and therefore of acetylated H4 on the Sp1 site is significantly decreased in the
late response as a consequence of TSA pre-treatment. This allows the cells to enter the cell cycle again and simultan-

eously to switch cells into apoptosis.

Proposed model

The results presented here support the following
model (Fig. 6): when exposed to agents which cause
DNA damage, HCT116 p53*/* colorectal cancer cells
are stimulated to produce p53. This induced p53
transcriptionally activates p21WAF1 expression in
association with acetylated H4 by directlx interacting
especially with the p53 RE. Thus, p21"AF" inhibits
cyclin-dependent kinases, which results in a failure of
cells to exit Gz. This G2/M arrest, following induction
of p53, prevents cancer cells from growing.
Simultaneously, loss of wild-type p53 function does
not prevent the activation of this growth control path-
way because cell cycle arrest can also occur without
activation of p53. These observations suggest a
rationale for the design of drugs against colon cancer
based on oxidative stress-induced DNA damage.

© 2008 The Authors

Moreover, the combination of this DNA-damaged
pathway with TSA pre-treatment resulted in time-
dependent effects characterized as early and late
responses. Firstly, TSA pre-treatment enables p53 to
bind not on\wAIIy to the p53-RE but also to the Sp1 site
of the p21 AR promoter by simultaneous displace-
ment of HDAC1 and strengthened binding of acety-
lated H4 to both promoter regions, but es\ﬁecially to
the Sp1 site. In this manner, induced p21 AT leads
to stronger G2/M arrest than oxidative damage alone.
However, secondly, binding of p53 and therefore of
acetylated H4 to the Sp1 site is significantly
decreased in the late response as a consequence of
TSA addition. Hence, p53 time-dependently transac-
tivates p21WAF1 and, simultaneously, the activation of
apow/?gis. Reduced p53-triggered transactivation of
p21 in late response allows cells to re-enter the
cell cycle. In this context, the re-entry into cell cycle
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prior to repair of DNA damage causes endoredupli-
cation, which may subsequently result in cell death,
further enhancing apoptosis caused by TSA.

In summary, our results suggest that TSA in com-
bination with an ROS-based anticancer drug might
have remarkable pro-apoptotic effects on p53-wt col-
orectal cancer cells, while this strategy may have
mainly growth arrest effects in cancer cells with non-
functional p53. Therefore, TSA can be considered as
a novel therapeutic strategy for colon cancer based
on the possibility of sensitization to ROS-based anti-
tumour agents, suggesting that combined TSA and
H202 treatment merits further investigations for their
role as cell cycle blocker and cancer chemopreven-
tive agents.
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