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a b s t r a c t

Tumor suppressor p73 plays an important role in the regulation of DNA damage response. E2F-1 acts as a
transcriptional regulator for p73. In the present study, we have found that acetylation of E2F-1 has a crit-
ical role in the E2F-1-mediated transactivation of p73. In response to adriamycin (ADR), p73 was stabi-
lized in HeLa cells and the expression levels of its target genes increased in association with an
induction of apoptosis. Of note, E2F-1 and several its target genes were transactivated in response to
ADR, whereas p73 mRNA level remained unchanged. Immunoprecipitation analysis revealed that ADR
has a marginal effect on acetylation status of E2F-1. Intriguingly, acetylation level of E2F-1 remarkably
increased in the presence of trichostatin A (TSA) and thereby inducing the expression level of p73 mRNA.
Taken together, our present findings suggest that acetylation status of E2F-1 contributes to the selective
activation of its target genes.

� 2009 Elsevier Inc. All rights reserved.
Introduction

p73 is one of the tumor suppressor p53 family members and
has an ability to induce apoptosis in certain cancerous cells
through transactivating cell cycle-regulating and pro-apoptotic
target genes such as p21WAF1, BAX, NOXA and PUMA [1]. Although
p73 is mapped at human chromosome 1p36 where the chromo-
some aberrations are frequently observed in a variety of human tu-
mors, p73 is rarely mutated in human tumor tissues [2], indicating
that p73 is not a classical tumor suppressor. Recently, it has been
shown that, in contrast to the previous observations [3], p73-defi-
cient mice develop spontaneous tumors [4], suggesting that p73
acts as a tumor suppressor.

Like p53, p73 is also involved in the regulation of DNA damage
response [1]. In response to DNA damage, p73 is subjected to the
chemical modifications including phosphorylation and acetylation
[1] and thereby its protein stability significantly increases. Stabi-
lized p73 exerts its pro-apoptotic function. Accumulating evidence
suggests that MDM2, which is an E3 ubiquitin protein ligase for
p53, inhibits transcriptional as well as pro-apoptotic function of
p73 without affecting its protein stability [5]. Rossi et al. have
found that a HECT-type E3 ubiquitin protein ligase termed Itch
promotes a rapid proteolytic degradation of p73 through ubiqui-
tin–proteasome system [6].

Previously, Chen et al. described that p73 is transcriptionally
up-regulated in response to a subset of DNA damaging drugs such
ll rights reserved.
as camptothecin [7]. Subsequent studies demonstrated that the
promoter region of p73 contains several E2F-1-responsive ele-
ments and indeed E2F-1 acts as a transcriptional regulator for
p73 [8–10]. E2F-1 belongs to the E2F family of nuclear transcrip-
tion factors and E2F-1/DP-1 complex recognizes E2F-1-responsive
elements within the promoter regions of its target genes [11]. As
described previously [12,13], E2F-1 has dual roles in the regulation
of cell proliferation and cell fate. For example, enforced expression
of E2F-1 resulted in cell cycle progression from G1 phase to S phase
through the up-regulation of its target genes implicated in DNA
synthesis [14–19]. In addition to its proliferative role, E2F-1 has
an ability to induce apoptosis through p14ARF-mediated stabiliza-
tion of p53 and/or transactivation of p73 [8–10,20]. In response
to DNA damage, ATM/ATR-dependent phosphorylation of E2F-1
at Ser-31 leads to stabilization and activation of E2F-1. During
DNA damage, 14-3-3 binds to phosphorylated Ser-31 of E2F-1
and inhibits its ubiquitination [21].

In the present study, we have found that acetylation of E2F-1 is
involved in the selective transactivation of p73.

Materials and methods

Cell line and culture. Human cervical carcinoma HeLa cells were
maintained in Dulbecco’s modified Eagle’s medium (DMEM) sup-
plemented with 10% heat-inactivated fetal bovine serum (FBS,
Invitrogen), penicillin (50 U/ml) and streptomycin (50 lg/ml). Cells
were grown at 37 �C in a humidified atmosphere of 5% CO2 in the
air. Where indicated, cells were exposed to the indicated concen-
tration of adriamycin (ADR) or trichostatin A (TSA).
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Cell survival assay. Cells were seeded at a density of 5 � 103

cells/96-well cell culture plates and allowed to attach overnight.
Cells were then treated with the indicated concentration of ADR.
At the indicated time points after ADR treatment, 10 ll of a modi-
fied 3-(4,5-dimethylthiazol-2-yl)2,5-diphenyl-tetrazolium bro-
mide solution (Dojindo) were added to the culture and reaction
mixtures were incubated at 37 �C for 1 h. The absorbance readings
for each well were carried out at 570 nm using the microplate
reader (Model 450, Bio-Rad Laboratories).

Preparation of genomic DNA. HeLa cells were exposed to the indi-
cated concentration of ADR. Twenty-four hours after ADR treat-
ment, genomic DNA was prepared by using Apoptosis Ladder
Detection Kit (Wako) according to the manufacturer’s recommen-
dations. Genomic DNA was analyzed by 1.5% agarose gel electro-
phoresis and stained with ethidium bromide.

RT-PCR. Total RNA was isolated from HeLa cells by using RNeasy
Mini Kit (Qiagen) according to the manufacturer’s instructions and
reverse transcribed in the presence of random primers and Super-
Script II reverse transcriptase (Invitrogen). The resultant first-
strand cDNA was amplified by PCR to measure expression levels
of genes of interest. The oligonucleotide primers used in this study
were as follows: p53, 50-ATTTGATGCTGTCCCCGGACGATATTGAAC-
30 (sense) and 50-ACCCTTTTTGGACTTCAGGTGGCTGGAGTG-30 (anti-
sense); p73a, 50-CCGGGAGAACTTTGAGATCC-30 (sense) and 50-AT
CTTCAGGGCCCCCAGGTC-30 (antisense); BAX, 50-TTTGCTTCAGGGT
TTCATCC-30 (sense) and 50-CAGTTGAAGTTGCCGTCAGA-30 (anti-
sense); PUMA, 50-GCCCAGACTGTGAATCCTGT-30 (sense) and 50-TC
CTCCCTCTTCCGAGATTT-30 (antisense); NOXA, 50-CTGGAAGTCG
AGTGTGCTACT-30 (sense) and 50-TCAGGTTCCTGAGCAGAAGAG-30

(antisense); MDM2, 50-ACTTGAGCCGAGGAGTTCAA-30 (sense) and
50-TCCCGGCAAAAACAAATAAG-30 (antisense); Itch, 50-CTGGAAGT
CGAGTGTGCTACT-30 (sense) and 50-CTTGGATGTGGAGCCATCAT-30

(antisense); E2F-1, 50-GGTGAGGTCCCCAAAGTCAC-30 (sense) and
50-GCCACCATAGTGTCACCACC-30 (antisense); Caspase-7, 50-CAAAG
CCACTGACTGACTGAGATG-30 (sense) and 50-CAACCCAATGAATAA
ATGAT-30 (antisense); Bid, 50-GCATGTCAACAGCGTTCCTA-30 (sense)
and 50-GGAACCTGCACAGTGGAAAT-30 (antisense); Bmf, 50-ATG
GAGCCATCTCAGTGTGTG-30 (sense) and 50-CCCCGTTCCTGTTCTCTT
CT-30 (antisense); GAPDH, 50-ACCTGACCTGCCGTCTAGAA-30 (sense)
and 50-TCCACCACCCTGTTGCTGTA-30 (antisense). PCR products
were separated by 1.5% agarose gel electrophoresis and visualized
by ethidium bromide staining.

Immunoblotting. Cells were washed in ice-cold phosphate-buf-
fered saline (PBS) and lysed in SDS-sample buffer containing 10%
glycerol, 5% b-mercaptoethanol, 2.3% SDS and 62.5 mM Tris–HCl
(pH 6.8). The protein concentration of cell lysates was determined
by using Bio-Rad protein assay dye reagent (Bio-Rad Laboratories)
according to the manufacturer’s instructions. Bovine serum albu-
min (BSA) was used as a standard. Equal amounts of cell lysates
were separated by 10% SDS–polyacrylamide gel electrophoresis,
electro-transferred onto Immobilon-P membrane filters (Millipore)
and blocked with 0.3% non-fat milk in Tris-buffered saline (TBS)
containing 0.1% Tween 20 at 4 �C. The membranes were probed
with monoclonal anti-p53 (DO-1: Oncogene Research Products),
monoclonal anti-Itch (BD Transduction Laboratories), monoclonal
anti-p73 (Ab-4: NeoMarkers), monoclonal anti-RB (Ab-1: Onco-
gene Science), polyclonal anti-E2F-1 (C-20: Santa Cruz Biotechnol-
ogy), polyclonal anti-phospho-p53 at Ser-15 (Cell Signaling
Technology), polyclonal anti-PARP (Cell Signaling Technology),
polyclonal anti-DP-1 (K-20: Santa Cruz Biotechnology), or with
anti-actin (20–33: Sigma) antibody at room temperature for 1 h
followed by incubation with horseradish peroxidase-conjugated
secondary antibodies (Cell Signaling Technology) at room temper-
ature for 1 h. Immunoreactive bands were visualized by using ECL
system (Amersham Biosciences) according to the manufacturer’s
instructions.
Immunoprecipitation. Whole cell lysates (1 mg of protein) pre-
pared form HeLa cells were precleared with 30 ll of protein G-Se-
pharose beads and used for immunoprecipitation with anti-E2F-1
antibody. After the addition of 30 ll of protein G-Sepharose beads,
the reaction mixtures were incubated for additional 2 h at 4 �C. The
beads were then collected by brief centrifugation and washed
extensively with the lysis buffer. The precipitated proteins were
subjected to immunoblotting with polyclonal anti-acetyl-Lysine
antibody (Upstate Biotechnology).
Results

HeLa cells undergo apoptotic cell death in response to ADR

Since it has been shown that the endogenous p53 is inactivated
in human cervical cancer-derived HeLa cells, which might be due
to the presence of E6-AP [22], we have examined whether HeLa
cells could be sensitive to strong chemotherapeutic drug, adriamy-
cin (ADR) [23]. To this end, HeLa cells were treated with ADR at the
indicated concentration or left untreated. Twenty-four or forty-
eight hours after ADR treatment, cells were subjected to MTT as-
says. As clearly shown in Fig. 1A, cell viability significantly reduced
in a dose-dependent manner. Consistent with those observations,
ADR treatment in HeLa cells resulted in apoptotic cell death as
examined by Trypan blue exclusion assays (Fig. 1B). Finally, we
have prepared genomic DNA from HeLa cells treated with or with-
out ADR and genomic DNA was analyzed by agarose gel electro-
phoresis. As shown in Fig. 1C, ADR treatment led to a promotion
of DNA fragmentation. Taken together, HeLa cells underwent apop-
totic cell death in response to ADR.

Expression patterns of p73 and E2F-1 in response to ADR

To examine the expression patterns of p73 and its related gene
products in response to ADR, HeLa cells were exposed to the indi-
cated concentration of ADR and whole cell lysates were subjected
to immunoblotting. As shown in Fig. 2A, ADR-mediated proteolytic
cleavage of PARP was detected, indicating that HeLa cells under-
went apoptotic cell death in response to ADR. Consistent with
the previous observations [6,24,25], p73 and its transcriptional
activator E2F-1 were induced in the presence of ADR, whereas E3
ubiquitin protein ligase Itch which targets p73 for proteasome-
dependent degradation of p73, decreased in response to ADR. This
inverse relationship between the expression levels between p73
and Itch in response to DNA damage was consistent with the pre-
vious observations [6]. DNA damage-induced down-regulation of
Itch might contribute to the increased stability of p73 in response
to DNA damage. Intriguingly, p53 and its phosphorylation at Ser-
15 were induced in the presence of ADR, suggesting that ADR treat-
ment overcomes the negative effect of E6-AP on p53.

Semiquantitative RT-PCR experiments demonstrated that the
expression levels of p53/p73 target genes such as BAX, NOXA and
MDM2 [1] remarkably increase in response to ADR, which might
be attributed to the ADR-mediated up-regulation of p53 and p73
at protein level, whereas p53 and Itch remains unchanged irrespec-
tive of ADR treatment. It was worse noting that, upon ADR treat-
ment, the expression level of DNA damage responsive gene E2F-1
significantly increases, however, its direct transcriptional target
p73 remains unchanged, suggesting that E2F-1 might not act as a
transcriptional activator for p73 in HeLa cells exposed to ADR.

Selective induction of E2F-1 target genes in response to ADR

As described above, E2F-1 might not act as a transcription factor
for p73 during ADR-mediated apoptotic cell death in HeLa cells, we
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Fig. 2. ADR-mediated induction of p73 without transcriptional activation of p73.
(A) Immunoblotting. Whole cell lysates prepared from HeLa cells treated with or
without ADR were subjected to immunoblotting with the indicated antibodies.
Actin was used as a loading control. (B) RT-PCR. HeLa cells were exposed to 1 lM of
ADR or left untreated. Twenty-four hours after ADR treatment, total RNA was
prepared and processed for RT-PCR. GAPDH was used as an internal control.
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Fig. 1. HeLa cells undergo apoptosis cell death in response to ADR. (A) Cell survival assays. HeLa cells were treated with the indicated concentration of ADR or left untreated.
Twenty-four (left panel) or 48 (right panel) hours after the treatment with ADR, cell viability was examined by MTT assay. (B) Trypan blue exclusion assay. HeLa cells were
exposed to 1 lM of ADR or left untreated. Twenty-four hours after ADR treatment, cells were stained with Trypan blue and the extent of apoptotic cell death was calculated as
the percentage of Trypan blue-positive cells in each cell population. Results are typical of two independent experiments performed in triplicate. (C) DNA fragmentation assay.
HeLa cells were treated with the indicated concentration of ADR or left untreated. Twenty-four hours after ADR treatment, genomic DNA was prepared from each cell and
analyzed by agarose gel electrophoresis. The position of the fragmented DNA was indicated.
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have examined the expression patterns of the other E2F-1 target
genes in response to ADR. HeLa cells were exposed to 1 lM of
ADR for 24 h and then total RNA was subjected to RT-PCR. As
shown in Fig. 3A, the expression levels of Caspase-7 [14], Bid [26]
and Bmf [14] were induced in response to ADR, indicating that
ADR treatment might enhance the transcriptional potential of
E2F-1. Since it has been well established that E2F-1 is regulated
by RB and DP-1 [12,13], we then examined the expression patterns
of them in HeLa cells exposed to the indicated concentration of
ADR. As shown in Fig. 3B, ADR treatment had undetectable effect
on the expression levels of RB and DP-1. Next, we asked whether
ADR treatment could affect the complex formation between E2F-
1 and DP-1. For this purpose, HeLa cells were treated with ADR
or left untreated, and then whole cell lysates were immunoprecip-
itated with normal rabbit serum (NRS) or with polyclonal anti-DP-
1 antibody followed by immunoblotting with anti-E2F-1 antibody.
As seen in Fig. 3C, the amounts of E2F-1 contained in the anti-DP-1
immunoprecipitates increased in the presence of ADR, which
might be due to ADR-mediated up-regulation of E2F-1. Thus, the
increased E2F-1/DP-1 complex might contribute to the detectable
transcriptional up-regulation of Caspase-7, Bid and Bmf.

As described previously [23], DNA damage-mediated acetyla-
tion of E2F-1 is involved in the differential regulation of E2F-1 tar-
get gene expression. These observations prompted us to check the
acetylation status of E2F-1 in response to ADR. To this end, HeLa
cells were treated with 1 lM of ADR or left untreated. Twenty-four
hours after ADR treatment, whole cell lysates were immunoprecip-
itated with NRS or with polyclonal anti-E2F-1 antibody followed
by immunoblotting with anti-acetyl-Lysine antibody. As shown
in Fig. 3D, ADR treatment had negligible effect on the acetylation
level of E2F-1.

Acetylated form of E2F-1 has an ability to transactivates p73

To address whether acetylation status of E2F-1 could be in-
volved in E2F-1-mediated transcriptional activation of p73, we
have treated HeLa cells with histone deacetylase inhibitor (TSA)
for 24 h and examined the expression level of the endogenous
p73 by RT-PCR. As shown in Fig. 4A, the expression level of p73 sig-
nificantly increased in the presence of TSA as compared with that
of cells exposed to ADR. In support with those results, immunopre-
cipitation experiments revealed that TSA treatment remarkably
enhances the acetylation level of E2F-1 as compared with that of
cells treated with ADR (Fig. 4B). These results strongly suggest that
acetylation status of E2F-1 is involved in the selective induction of
p73.

Discussion

Based on our present observations, ADR treatment resulted in a
massive apoptotic cell death in association with a significant
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induction of pro-apoptotic p53 as well as p73 at protein level. As
described [1], post-translational modifications of p53 as well as
p73 contribute to an increase in their protein stability. For exam-
ple, p73 is phosphorylated at Tyr-99 and Ser-289 by non-receptor
tyrosine kinase c-Abl [27–29] and protein kinase Cd catalytic frag-
ment [30] in response to DNA damage, respectively. Therefore,
DNA damage-mediated induction of p73 is largely regulated at
protein level. On the other hand, p73 is transactivated in response
to a subset of DNA damaging drugs in certain cancerous cells. Chen
et al. demonstrated that p73 is transcriptionally induced in re-
sponse to camptothecin in human osteosarcoma-derived SAOS-2
cells [7]. In addition, Marabese et al. described that, following
ADR treatment, p73 is transactivated in human neuroblastoma-de-
rived SH-SY5Y cells [31]. It has been shown that E2F-1 has a critical
role in the transactivation of p73 [8–10].

Under our experimental conditions, DNA damage response gene
product E2F-1 was significantly induced in response to ADR,
whereas the expression level of its direct transcriptional target
p73 remained unchanged, indicating that certain post-translational
modification(s) of E2F-1 might be required for E2F-1-mediated
transcriptional induction of p73. In support with this notion, Pedi-
coni et al. described that ADR treatment in human glioblastoma-
derived T98G cells results in an extensive induction of E2F-1 acet-
ylation in association with an efficient recruitment of E2F-1 onto
the p73 promoter region [32]. In a sharp contrast to T98G cells,
ADR-mediated induction of E2F-1 acetylation was not detectable
in HeLa cells and we did not detect ADR-dependent transcriptional
induction of p73. TSA treatment in HeLa cells led to a remarkable
increase in the acetylation level of E2F-1 as examined by immuno-
precipitation experiments and also induced the transcription of
p73, suggesting that acetylation status of E2F-1 plays an important
role in the selective transcriptional regulation of p73. However, it is
unknown why ADR treatment induces E2F-1 acetylation in T98G
cells but not in HeLa cells. This issue should be addressed.

Another finding of our present study was that E2F-1 is trans-
criptionally induced in response to DNA damage. Accumulating
evidence suggests that E2F-1 is induced to be stabilized and acti-
vated in response to DNA damage through post-translational
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modifications such as phosphorylation and acetylation [24,33].
Upon DNA damage, E2F-1 is phosphorylated at Ser-31 in an
ATM-dependent manner and thereby stabilized caused by inhibi-
tion of Skp2-mediated proteolytic degradation through ubiquitin/
proteasome system [24]. In addition to its phosphorylation, E2F-
1 is acetylated at several Lysine residues adjacent to its DNA-bind-
ing domain, which enhances its DNA-binding activity [33]. To our
knowledge, DNA damage-mediated transcriptional up-regulation
of E2F-1 is a novel mechanism behind DNA damage-mediated
accumulation of E2F-1. To better understand the precise molecular
mechanisms underlying DNA damage response, it is important to
identify upstream mediator(s) which has an ability to transactivate
E2F-1 in response to DNA damage.
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