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Abstract

Chromatin structure has a crucial role in a diversity of
physiological processes, including development, dif-
ferentiation and stress responses, via regulation of
transcription, DNA replication and DNA damage repair.
Histone deacetylase (HDAC) inhibitors regulate chro-
matin structure and activate the DNA damage check-
point pathway involving Ataxia-telangiectasia mu-
tated (ATM). Herein, we investigated the impact of his-
tone acetylation/deacetylation modification on the
ATM-mediated transcriptional modulation to provide
a better understanding of the transcriptional function
of ATM. The prototype HDAC inhibitor trichostain A
(TSA) reprograms expression of the myeloid cell leuke-
mia-1 (MCL1) and Gadd45c. genes via the ATM-medi-
ated signal pathway. Transcription of MCL1 and
Gadd450. is enhanced following TSA treatment in ATM"
cells, but not in isogenic ATM or kinase-dead ATM ex-
pressing cells, in the ATM-activated E2F1 or BRCA1-
dependent manner, respectively. These findings sug-
gest that ATM and its kinase activity are essential for

the TSA-induced regulation of gene expression. In
summary, ATM controls the transcriptional upregula-
tion of MCL1 and Gadd45a. through the activation of the
ATM-mediated signal pathway in response to HDAC
inhibition. These findings are important in helping to
design combinatory treatment schedules for anti-
cancer radio- or chemo-therapy with HDAC inhibitors.

Keywords: ataxia telangiectasia mutated protein;
chromatin; GADD45 protein; histone deacetylases;
myeloid cell leukemia sequence 1 protein; tran-
scription, genetic; trichostatin A

Introduction

Functional DNA damage checkpoint pathways are
required for maintaining genomic integrity by facili-
tating cellular responses to DNA damage. Ataxia-te-
langiectasia mutated (ATM) is a serine-threonine
kinase that is activated by DNA damage (Kastan
and Lim, 2000). The ATM checkpoint pathway leads
to a set of diverse DNA damage responses inclu-
ding the activation of signal transduction, cell cycle
regulation, DNA repair, transcription, and apoptosis,
via the ATM-mediated phosphorylation of a number
of proteins, including BRCA1/Rad51/BRCAZ2,
Nbs1/Mre11/Rad50, Chk2, and p53/MDM2 (Kastan
and Lim, 2000). Phosphorylation appears to be
important for the optimal regulation of their acti-
vities during DNA damage responses. The surro-
gate ATM-mediated phosphorylation of p53 is
required for its transcriptional function in cell cycle
arrest and apoptosis (Polager and Ginsberg,
2009). Additionally, the transcription factors BRCA1
and CtIP mediate DNA damage responses via
ATM-induced phosphorylations (Kastan and Lim,
2000; Lee et al., 2000). Although this evidence
strongly suggests that ATM mediates a reprogram-
ming of gene transcription, the function of ATM in
regulating this process is not yet fully understood.
The acetylation/deacetylation of histones, which
is regulated by histone acetyltransferases (HATSs)
and histone deacetylases (HDACs), plays an
important role in the recognition and repair of DNA
damage, as well as transcription and chromatin
structure (Attikum and Gasser, 2009). Previous
studies reported that exposure to UV light resulted
in an increase in global histone acetylation levels
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Figure 1. Effects of HDAC inhibition (by TSA treatment) on the expression of MCL1 mRNA. (A) The expression levels of MCL1 mRNA in an isogenic
ATM" cells and its ATM" parental control cells treated with TSA for 24 h were determined using RT-PCR. GAPDH levels were used to confirm equal
amounts of input RNA between samples. (B) The induction of MCL1 transcription by TSA in the TSA-treated (TSA) and non-treated (none) ATM™ and
ATM" cells was analyzed by quantitative real-time RT-PCR. All reactions were normalized to GAPDH. (C) The relative expression levels of survivin mRNA
in the TSA-treated and non-treated cells were monitored by quantitative real-time RT-PCR. (D) Expression of MCL1 transcripts in the presence and ab-
sence of TSA was analyzed by quantitative real-time RT-PCR in HCT116 and U87MG cells. (E) The expression levels of MCL1 mRNA in HCT116 cells
expressing wild type (ATM-WT) or kinase-dead mutant type (ATM-KD) ATM were determined using real-time PCR.

(Smerdon et al., 1982) and that HAT and HDAC increase in global chromatin acetylation levels and
mutants are sensitive to DNA damaging stresses appears to regulate gene expression and facilitate
(Ferreiro et al., 2006). DNA damage induced an DNA repair by allowing transcription/repair proteins



access to DNA (Pena et al., 2007). Recent studies
reported that HDAC inhibitors (HDIs) induce the
DNA damage checkpoint pathway (Bakkenist and
Kastan, 2003; Lee, 2007a). Exposure of cells to
chromatin-modifying drugs including HDIs induces
rapid and diffuse phosphorylation of the ATM
protein, suggesting that the activation of ATM may
result from changes in chromatin structure
(Bakkenist and Kastan, 2003; Jang et al., 2004a;
Lee, 2007b). Also, ATM phosphorylates HDAC1
(Kim et al., 1999), and the interaction of ATM with
chromatin is required for optimal ATM activation and
thereby proper DNA damage responses (Kim et al.,
2009); this supports the proposed interrelationship
between chromatin structure and the activation of
ATM. Decondensation of chromatin has been
associated with A-T (Vergani et al., 1999). Aberrant
HDAC activity has been detected in many cancer
cells (Weichert, 2009). Taken together, these
observations suggest that histone acetylation/
deacetylation may regulate the ATM-mediated DNA
damage responses, or that ATM may regulate
epigenetic modification in many ways. However, the
function of ATM in the epigenetic regulation of gene
expression has not been fully elucidated.

In this study, we sought to determine the
function of ATM during the regulation of gene
transcription in response to HDAC inhibition and its
underlying molecular mechanisms. To this end, we
examined the transcription of the MCL1 and the
Gadd45a gene that are increased by a surrogate
HDI, trichostain A (TSA) in normal control cells
(ATM") but not isogenic A-T cells (ATM’). HDAC
inhibition induced the expression of the MCL1 and
Gadd450 mRNAs in an ATM-dependent manner.
We better characterized this HDAC inhibition-res-
ponsive transcription using luciferase reporter
constructs containing variations of the MCL1
promoter (either entire promoter, two truncated
versions, or an E2F1 binding site-deleted variation)
by testing whether TSA treatment led to an
increase in the transcription of MCL1. The E2F1
binding site in the MCL1 promoter was required for
the TSA-induced transcriptional responsiveness,
and E2F1 was recruited to this region following
TSA treatment. We also found that the phospho-
rylation of E2F1 by ATM was required for recruit-
ment to the MCL1 promoter and for transcriptional
modulation of this gene. Taken together, our
findings indicate that ATM is involved in trans-
criptional regulation following epigenetic histone
modification, and that the functions of ATM in DNA
damage responses are vital to transcriptional
modulation in response to HDAC inhibition.
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Results

HDAC inhibition by TSA treatment regulates
transcription of MCL1 in an ATM-dependent manner

Our previous reports demonstrate that MCL1 is a
TSA-responsive gene whose transcription is me-
diated in an ATM-dependent manner by analyzing
oligonucleotide microarrays (Jang et al., 2004a;
Lee, 2007b). To understand the function of ATM
during HDAC inhibition-induced transcriptional regu-
lation and characterizes the molecular mecha-
nisms underlying the ATM-mediated transcriptional
modulation following HDAC inhibition, we tested
whether HDAC inhibition by TSA treatment could
modulate the transcription of MCL1 and whether
the transcriptional upregulation of MCL1 gene is a
result of ATM activity. To do this, we monitored the
levels of MCL1 mRNA in ATM" and ATM cells
following TSA-treatment. As shown in Figure 1A,
the level of MCL1 mRNA was induced following
TSA treatment in the ATM" cells. In contrast,
expression of MCL1 mRNA was not upregulated in
the TSA-treated ATM™ cells, indicating that the
TSA-induced upregulation of MCL1 mRNA expre-
ssion requires ATM. In addition, the basal level of
the MCL1 mRNA in ATM" cells was elevated,
further suggesting that MCL1 transcription is
regulated in an ATM-dependent manner.

To confirm that the HDAC inhibition-induced
transcriptional upregulation of MCL1 is dependent
on ATM, we measured the total levels of MCL1
transcript by real-time PCR analysis in the ATM"
and ATM cells following TSA ftreatment. As
expected, TSA induced MCL1 transcription in the
ATM" cells (Figure 1B). However, TSA had little
effect on the MCL1 transcription in the ATM" cells
(Figure 1B). In contrast, transcription of survivin, a
gene which is TSA-responsive (Noh and Lee,
2003) but not ATM-regulated was reduced by TSA
in both ATM™ and ATM" cells (Figure 1C), indicating
that ATM may differentially, but not globally,
regulate the transcription of histone modific-
ation-responsive genes. Similar expression levels
of MCL1 mRNA were observed upon HDAC
inhibition in HCT116, U87MG, and 293T cells
(Figure 1D), suggesting that the HDAC inhibi-
tion-induced effect on MCL1 transcription is
general.

Next, to determine whether ATM kinase activity
is required for MCL1 expression, we monitored the
level of MCL1 mRNA in HCT-116 cells in the
presence or absence of TSA, following ectopic
expression of wild type (ATM-WT) or mutant
(ATM-KD) ATM (Figure 1E). ATM-WT induced the
expression of the MCL1 mRNA upon TSA
treatment. However, the increase in MCL1 mRNA
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expression was abolished in the ATM-KD-expre-
ssing cells in response to TSA treatment. Thus, we
indicated that the TSA-induced MCL1 mRNA
expression required ATM kinase activity.

E2F1 is required for the HDAC inhibition-regulated
transcription of MCL1

To better characterize the ATM-dependent transcrip-
tional regulation of MCL1, we examined trans-
cription from the MCL1 promoter following TSA
treatment. A luciferase reporter joined to the MCL1
promoter (-294/+25 MCL1 promoter-pGL3) was
generated and its transcriptional activity was
measured in the presence or absence of TSA
(Figure 2A). The reporter activity was enhanced
approximately 38-fold following exposure to TSA in
the ATM" cells (Figure 2A). Importantly, TSA had
no significant impact on the transcription of MCL1
in the ATM" cells (Figure 2A, ~4.3-fold), indicating
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Figure 2. The induction of MCL1 transcription following TSA treat-
ment occurs in an ATM-dependent manner. (A) The luciferase activity
of -294/+25 MCL1 promoter-driven reporter in ATM" and ATM" cells
was monitored in the presence and absence of TSA. The luciferase
activity of the untreated cells transfected with the reporter was arbitra-
rily set to one. Results were obtained from three separate experi-
ments, and standard deviations are shown (*P < 0.05). (B) The luci-
ferase activity of truncated (-294/-140 and -140/+25) MCL1 promoters
in ATM" and ATM" cells was monitored in the presence and absence
of TSA. The results were analyzed as described in (A). (C) The luci-
ferase activity of promoters in which STAT (ASTAT) or E2F1 (AE2F1)
binding elements were deleted, respectively, was monitored in 293T
cells transfected with the indicated reporter constructs in the presence
or absence of TSA. The results were analyzed as described in (A).

that the transcriptional activity from the MCL1
promoter in response to TSA was regulated in part
in an ATM-dependent fashion (~38-fold) and
partially in an ATM-independent fashion (~4-fold).
These observations are consistent with the
RT-PCR described above for MCL1 (Figure 1).

To understand the mechanism underlying the
ATM-dependent transcriptional regulation of MCL1
in response to HDAC inhibition, we generated
dissected promoters (-294/-140 and -140/+25)
(Figure 2B) using the -294/+25 MCL1 promoter
that contains binding elements for five transcription
factors (Zhan et al., 1997). In order to identify
which transcription factor(s) is/are involved in the
regulation of MCL1 transcription in response to
TSA the transcriptional activities from the two
partial MCL1 promoters (-294/-140 and -140/+25)
were analyzed in the presence and absence of
TSA. As shown in Figure 2B, HDAC inhibition by
TSA induced transcription from the -140/+25 MCL1
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promoter containing binding sites of E2F1 and
STAT by approximately 30-fold in the ATM" cells,
whereas transcription was not significantly affected
by TSA in ATM cells (~3.6-fold). These results
were similar to that of -294/+25 MCL1 promoter.
The transcriptional activity of the -294/-140
promoter containing binding sites for NFkB, SP1,
and CREBP was only slightly induced upon TSA
treatment in both ATM" (~4.3-fold) and ATM" cells
(~3.3-fold) (Figure 2B), suggesting that this
promoter may have no ATM-regulated transcrip-
tional binding sites. Taken together, it appears that
the -140/+25 region of the MCL1 promoter plays a
critical role in the ATM-dependent transcription of
MCL1 in response to epigenetic histone modi-
fication.

Next, we sought to identify the transcription
factor(s) that is/are involved in the HDAC
inhibition-induced transcription of MCL1 in an
ATM-dependent manner. To do this, we generated
two reporters, in which either the E2F1 or STAT
binding site was deleted, respectively (Figure 2C).
In response to TSA treatment, the transcriptional
activity of both deletion-promoters was dramatically
decreased (Figure 2C) when compared to the wild
type-MCL1 promoter. TSA had little effect on
transcription from the E2F1 binding site-deletion
promoter, suggesting that the E2F1 binding site
within the MCL1 promoter is necessary for the
TSA-induced transcription of MCL1. However, the
transcription of the reporter gene in cells trans-
fected with the STAT binding site-deletion promoter
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Figure 3. Recruitment of E2F1 to the MCL1 promoter. (A, B) Twenty
four hours after transfection with a mammalian E2F1 expression con-
struct, ATM" (A) and ATM' cells (B) were treated with 0.33 uM TSA for
24 h. Next, ChIP assays were carried out using anti-E2F1 and acetyl-H4
antibodies. The endogenous MCL1 promoter DNA, which coimmunopre-
cipitated with the anti- E2F1 and acetyl-H4 antibodies, was detected us-
ing PCR. As a control, 0.01% of the total chromatin sample before im-
munoprecipitation (Input) was used for PCR amplification. All PCR were
normalized to the input control. (C) 293T cells were transfected with wild
type E2F1 or mutant E2F1-S31A in which the serine residue 31 was
substituted with alanine. A ChIP assay was performed using an an-
ti-E2F1 antibody. The results were analyzed as described in (A).

was activated approximately 9-fold following TSA
treatment, indicating that deletion of the STAT
binding site is not sufficient for abolishment of the
TSA-induced MCL1 transcription but necessary for
full induction. These results demonstrate that the
E2F1 binding site plays a critical role in the
regulation of transcription from the MCL1 promoter
when induced by HDAC inhibition and that the
STAT site may contribute to the TSA-induced
transcription.

The recruitment of E2F1 to the MCL1 promoter is
increased by HDAC inhibition

To further examine the role of E2F1 in the
upregulation of MCL1 transcription in response to
HDAC inhibition, we measured the recruitment of
E2F1 to the MCL1 promoter following TSA treat-
ment using the chromatin immunoprecipitation
assay. Significantly, TSA induced the recruitment of
E2F1 to the MCL1 promoter in the ATM" cells
(Figure 3A). But TSA had little effect on the
recruitment of E2F1 into the promoter in the ATM’
cells (Figure 3B). These results indicate that the
recruitment of E2F1 to the MCL1 promoter was
induced by TSA in an ATM-dependent manner.
These findings correspond to the results from the
promoter deletion-reporter experiments (Figures
2B, and 2C).

To better characterize the regulation of MCL1
transcription by E2F1 following HDAC inhibition in
an ATM-dependent manner, we transfected 293T
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Figure 4. The effects of TSA treatment on the expression of the Gadd45a mRNA. (A) Induction of Gadd45a. transcription following TSA treatment oc-
curred in an ATM-dependent manner. The activity of the Gadd45a. promoter-driven reporter was analyzed in ATM" (-) and ATM" (+) cells in the presence
(+) or absence (-) of TSA. The results were analyzed as described in Figure 2. (B) The induction of Gadd45a. transcription following TSA treatment in
HelLa cells. HeLa cells were treated with (+) or without (-) TSA in the absence (-) or presence (+) of ectopically expressed BRCA1. The results were ana-
lyzed as described in (A). (C) The expression of the Gadd45c mRNA in 293T cells treated with or without TSA for 24 h was analyzed by RT-PCR. The
abundance of GAPDH is shown and used as an internal control when determining MCL1 expression levels. (D) The recruitment of BRCA1 to the
Gadd45a promoter was induced following treatment of 293T cells with TSA for 24 h. ChIP assays were carried out using an anti-BRCA1 antibody. The en-
dogenous Gadd45a. promoter DNA, which coimmunoprecipitated with the anti-BRCA1 antibody, was detected using PCR. The results were analyzed as

described in Figure 3.

cells with expression constructs containing the wild
type E2F1, and E2F1-S31A, a mutant that cannot
be phosphorylated by ATM following DNA damage
(Figure 3C). The recruitment of the exogenously
expressed wild type E2F1 was induced by TSA,
whereas that of the exogenously expressed
E2F1-S31A was not altered by TSA. Together, our
results support the notion that E2F1 is required for
the induction of MCL1 expression in response to
TSA, and that ATM is required for the HDAC
inhibition-induced MCL1 transcription. In addition,
our data indicate that the transcriptional regulation
of MCL1 by HDAC inhibition is mediated by the
ATM signaling pathway.

HDAC inhibition by TSA regulates transcription of
another ATM target gene, Gadd45a. in an ATM-
dependent manner

Previously, we have identified another HDAC

inhibition-regulated gene (Gadd45a), which is
under the control of ATM (Lee, 2007a). The cell
cycle regulator Gadd45a is a surrogate DNA
damage responsive gene, which is upregulated by
BRCA1 or p53 upon DNA damage (Lee et al,
2000). To determine whether ATM is involved in
the regulation of Gadd45a transcription in response
to HDAC inhibition, we studied Gadd45 transcrip-
tion following TSA treatment. The transcriptional
activity of a luciferase reporter hooked to Gadd45a
promoter was monitored in the presence or
absence of TSA (Figure 4). Gadd45a transcription
was enhanced by approximately 10-fold following
TSA treatment in the ATM" cells (Figure 4A). In
contrast, Gadd45a transcription was not significantly
affected by TSA in the ATM  cells (Figure 4A,
~2.1-fold) when compared with its induction in the
ATM" cells, indicating that Gadd45a. transcription in
response to TSA was regulated primarily in an
ATM-dependent manner. Also, we tested the



HDAC inhibition-induced Gadd45a transcription in
HelLa cells by analyzing transcription of the
Gadd450 promoter-driven luciferase reporter
(Figure 4B). Consistent with the results from ATM"
cells, Gadd45a transcription was induced by TSA
treatment in HelLa cells (~5.2-fold). Ectopic
expression of BRCA1, which is a transcriptional
factor regulated by ATM, induced the Gadd45a
transcription by approximately 2.6-fold in the
absence of TSA, consistent with the previous
report indicating that BRCA1 is a transcriptional
activator for the Gadd45a gene (Park et al., 2008).
Following TSA treatment, the Gadd45a transcrip-
tion increased by approximately 16-fold in Hela
cells expressing BRCA1, suggesting that TSA-in-
duced Gadd45a transcription can be mediated by
ATM-BRCA1 pathway. These observations are
consistent with the MCL1 transcription results,
supporting the notion that ATM can regulate, and is
required for transcriptional modulation in response
to HDAC inhibition.

Next, we characterized the effect of HDAC
inhibition on Gadd45a transcription by analyzing
the level of Gadd450 mRNA in TSA-treated or
non-treated 293T cells. Similar to the MCL1 mRNA
expression results, the expression of Gadd45a
MRNA was enhanced following HDAC inhibition by
TSA (Figure 4C). Next, we investigated the
recruitment of BRCA1, a key ATM kinase substrate
to the Gadd45a promoter by performing chromatin
immunoprecipitation experiments (Figure 4D). The
recruitment of BRCA1 to the Gadd45a promoter
was induced following TSA treatment and was
accompanied by enhanced histone acetylation
(Figure 4D). This increased recruitment of BRAC1
is consistent with the results from the E2F1 studies
characterizing its recruitment to the MCL1 pro-
moter in response to HDAC inhibition. Together
with the MCL1 transcriptional modulation results,
the observations from Gadd45a transcription
support the hypothesis that ATM plays a role in
transcriptional modulation in response to HDAC
inhibition.

Discussion

DNA damage signal transduction pathways are
activated following DNA damage and induce a
diversity of important cellular responses. Among
them, the ATM-mediated signal pathway is one of
the most important elements during the induction
of cellular DNA damage responses. Transcriptional
modulations act as sequential intermediaries
throughout the process of DNA damage respon-
ses, from the onset of the signaling events, to the
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final cellular responses that are displayed by down-
stream effectors. Although ATM plays pleiotropic
roles in a variety of key cellular DNA damage
responses, the precise functional interplay among
the roles of ATM in transcriptional modulation and
DNA damage responses following HDAC inhibition
has not been fully elucidated. Previous results
show that the alteration of chromatin remodeling
can activate an ATM-mediated DNA damage signal
pathway (Bakkenist and Kastan, 2003; Lee, 2007a)
and can thereby regulate transcription in an
ATM-dependent manner (Jang et al., 2004a; Lee,
2007b). Based on the above information, we
sought to: i) determine if the inhibition of HDAC
activity induces the ATM signal transduction pathway
and regulates the ftranscription of ATM-target
genes and ii) to characterize the molecular mecha-
nisms that underlie the ATM-dependent transcri-
ptional modulation in response to altered histone
acetylation/deacetylation.

In this study, we have extended previous findings
(Bakkenist and Kastan, 2003; Jang et al., 2004a;
Lee, 2007a, 2007b) suggesting that the inhibition
of HDAC activity induces the DNA damage
checkpoint pathway and cellular DNA damage
responses. We did this by characterizing the role of
ATM in the transcriptional modulation of two
ATM-regulated genes (MCL1 and Gadd45a)
following HDAC inhibition (Jang et al., 2004a; Lee,
2007b) and by analyzing their gene expression
patterns. Also, these two genes are known as DNA
damage-inducible genes (Criswell et al., 2003;
Jang et al., 2004a), supporting the notion that the
induction of their transcription upon treatment with
an HDAC inhibitor may be mediated through the
DNA damage response. Our findings suggest that
ATM regulates the transcription of the identified
ATM target MCL1 and Gadd45a genes in response
to HDAC inhibition (Figures 1 and 4). Furthermore,
we have demonstrated that the HDAC inhibi-
tion-induced transcriptional modulation of MCL1 is
regulated by ATM via phosphorylation of E2F1,
and possibly mediated through the DNA damage
signaling pathway. Taken together with previous
reports demonstrating that the inhibition of HDAC
induces chromosomal instability (Noh et al,
2009a), the cell cycle checkpoint at G2-M transition
(Noh and Lee, 2003; Noh et al., 2009a, 2009b),
cell death (Johnstone and Licht, 2003; Noh et al.,
2005), and the ATM-mediated DNA damage signal
pathway (Bakkenist and Kastan, 2003; Lee,
2007a), our results suggest that HDAC activity may
be functionally implicated in DNA damage res-
ponses. Importantly, we found that ATM is required
for the HDAC inhibition-induced transcription of
MCL1 (Figures 1-3) and Gadd45a (Figure 4),
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supporting the functional interplay between HDAC
activity and the ATM-controlled DNA damage
responses. Also, our results indicate that
epigenetic histone alteration can be recognized by
the ATM-mediated signal transduction pathway,
possibly by acting as a signal leading to the
activation of ATM, an event which results in the
initiation of a variety of ATM-mediated DNA
responses.

HDAC activity is deregulated in many cancer
cells (Johnstone and Licht, 2003). Currently, HDIs
have been effective for inhibiting cancer cell
proliferation (Noh et al., 2003, 2005, 2009a, 2009b)
and thus have emerged as encouraging drugs or
sensitizers for the treatment of cancer (Jang et al.,
2004b). In this regard, a proper understanding of
how HDAC activity influences the cellular response
to DNA damage is desirable to address questions
whether and how epigenetic alteration is involved
in carcinogenesis accompanied by genomic
instability, which is promoted by defective DNA
damage responses. In addition, it is required to
facilitate the effective use of epigenetic modulators
such as HDAC or DNA methyl transferase
inhibitors as anticancer drugs or chemo- and
radio-sensitizers.

When cells encounter environmental or cellular
stresses, changes in transcriptional regulation act
as an important adaptive mechanism, leading to
stress-responsive phenotypes. Several transcription
factors are known to be responsive to DNA-dama-
ging stresses, including p53, NF-kB, and the
Sp1-related retinoblastoma control proteins, and
BRCA1 (Kastan and Lim, 2000). Most previous
observations underscore the role of ATM-p53
pathway-mediated transcription in DNA damage
responses, and suggest that other ATM- trans-
cription factor pathways may be involved. In this
study, we found that impaired ATM function altered
the transcriptional reprogramming in response to
HDAC inhibition, suggesting that ATM plays a role
in: i) regulating the transcription of a diversity of
genes and ii) shaping cellular phenotypes in
response to a variety of stresses.

MCL1 can promote cell viability, although these
effects may be more short-term than the effects of
BCL2 (Akgul et al., 2000). Also, a previous report
demonstrating that the expression of MCL1 is
found to be increased upon exposure of ML-1 cells
to various types of DNA damaging agents,
including ionizing radiation, ultraviolet radiation,
and alkylating drugs (Akgul et al., 2000), supports
our speculation that HDAC inhibition can act as a
kind of DNA damaging signal and thereby
enhances MCL1 expression. Interestingly, our data
showed that the expression of the pro-apoptotic

cell-cycle regulator Gadd45a was activated in an
ATM-dependent fashion, and that this effect
occurred concomitantly with a marked increase in
the expression of MCL1 in ATM" cells following
HDAC inhibition. These functionally contradictory
results can be explained as temporal responses
throughout the ATM-mediated DNA damage res-
ponses. At the onset of the DNA damage response,
the ATM-dependent increase of Gadd45a may
play a role in the induction of a cell cycle
checkpoint leading to arrest and thereby allowing
for DNA (or epigenetic) repair. The ATM-dependent
induction of MCL1 may play a role in rescuing
cured (or repaired) cells and conferring survival,
possibly leading to chemo- or radio-resistance, and
tumor recurrence. As such, these paradoxical
functions of ATM in transcriptional reprogramming
partially account for its roles in tumor suppression
and therapeutic resistance.

The ATM protein can function within diverse
epigenetic modification responses in addition to
DNA damage responses through its ability to
transduce stress signals as well as reprogram
gene expression profiles. As demonstrated here,
ATM can direct the expression of its target genes
and can result in cellular phenotypes in response
to epigenetic histone modification. Thus, our study
adds to our current understanding of the trans-
cription-mediated role of ATM. In addition, this
work may provide valuable molecular information
for understanding functional crosstalk between
genetics and epigenetics and improving clinical
applications and courses of chemotherapy and
radiotherapy for cancers.

Methods

Cell culture

AT22I1JE pEBS7 (ATM) and AT22|JE pEBS7-YZ5 (ATM")
cells (gifts from Y. Shiloh) were cultured in DMEM
supplemented with hygromycin B (Hyclone, Logan, UT,
USA). The 293T, HelLa, and HCT 116 cells were grown in
DMEM supplemented with penicillin/streptomycin.

RNA extraction and RT-PCR

Total cellular RNA was isolated using the TRIzol reagent
(Life Technologies, Inc., Grand Island, NY) according to the
manufacturer’s instructions. The primer sequences are as
follows: GAPDH (forward 5'-GTCAACGGATTTGGTCTG-
TATT-3', reverse 5-AGTCTTCTGGGTGGCAGTGAT-3"),
MCL1 (forward 5'-CTTCCGTAATTAGGAACCTG-3', reverse
5-CTTGCATATAATGAAGTGAA-3'), BRCA1 (forward 5'-
TGACTTTGGAGGAATTCTCGGC-3', reverse 5-ATGAAT-
GTGGATTCGTCACCAGCACGCAGT-3'), and survin (for-
ward 5-CTACATTCAAGAACTGGCCC-3', reverse 5'-CA-



ATCCATGGCAGCCAGCTG-3)).

Preparation of MCL1 reporter gene constructs

The MCL1 promoter (-294~+25) (Zhan et al., 1997) was
cloned into the luciferase reporter plasmid pGL3
(Promega, Madison, WI) to generate the -294/+25
MCL1-pGL3 luciferase reporter construct. This construct
was created by amplifying the MCL1 promoter with PCR
and introducing a restriction enzyme site (Hindlll) at
position +25. Next, the amplicon was digested with Xhol
and Hindlll and subcloned into pGL3. The -140/+25 and
-294/-140 constructs were generated in a similar manner
by digestion with Pvull, and subcloning the Pvull/Hindlll
and Xhol/Pvull fragments into pGL3, respectively.

Reporter assay

ATM and ATM" cells were transfected with a MCL1- or
Gadd45a. (Park et al., 2008)-luciferase reporter and
pRL-CMV (Promega) to control for transfection efficiency,
in quadruplicate. One day after transfection, cells were
incubated for another 24 h with or without 0.33 uM TSA
before being harvested and assayed using the Dual
Luciferase Reporter Assay (Promega). The luciferase
activity was standardized against the transfection efficiency
for each sample. Values are presented as mean £ SEM,
from 3 separate experiments (*p < 0.05 compared with
reporter alone).

Real time PCR

All reactions were performed in triplicate using the SYBR
Green PCR Master Mix kit (Applied Biosystems) and an
ABI PRISM 7000 Sequence Detector (Applied Biosys-
tems). Primers were used as described above in the
RT-PCR section.

Chromatin immunoprecipitation (ChIP) assay

About 1 x 10° 293T, ATM", and ATM" cells were trans-
fected with E2F1 and E2F1-S31A. The ChIP was
performed using anti-E2F1 (NEOMARKERS), anti-BRCA1
(Santa Cruz Biotechnology), and anti-acetyl H4 (Upstate)
antibodies following treatment of the transfected cells with
0.33 or 1 uM TSA for 24 h according to the manufacturer's
instructions (Upstate). The endogenous MCL1 and
Gadd45a promoter DNA, which coimmunoprecipitated with
the indicated antibody, respectively, was detected using
PCR.

Supplemental data

Supplemental Data include two figures and can be found
with this article online at http://e-emm.or.kr/article/article_
files/SP-42-3-05.pdf.
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