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Background: Tumor suppressor p53 plays a pivotal role in the regulation of DNA damage response.

Results: RUNX1 enhances p53 activity in response to DNA damage through elevation of p53 acetylation.

Conclusion: RUNX1 acts as a co-activator for p53 during DNA damage response.

Significance: This study provides novel insight into understanding the molecular mechanisms behind DNA damage-mediated

activation of p53.

Representative tumor suppressor p53 plays a critical role in
the regulation of proper DNA damage response. In this study,
we have found for the first time that Runt-related transcription
factor 1 (RUNX1) contributes to p53-dependent DNA damage
response. Upon adriamycin (ADR) exposure, p53 as well as
RUNXI1 were strongly induced in p53-proficient HCT116 and
U20S cells, which were closely associated with significant trans-
activation of p53 target genes, such as p21"V4f!, BAX, NOXA,
and PUMA. RUNX1 was exclusively expressed in the cell
nucleus and formed a complex with p53 in response to ADR.
Chromatin immunoprecipitation assay demonstrated that p53
together with RUNXI1 are efficiently recruited onto p53 target
gene promoters following ADR exposure, indicating that
RUNXI1 is involved in p53-mediated transcriptional regulation.
Indeed, forced expression of RUNX1 stimulated the transcrip-
tional activity of p53 in response to ADR. Consistent with these
observations, knockdown of RUNX1 attenuated ADR-mediated
induction of p53 target genes and suppressed ADR-dependent
apoptosis. Furthermore, RUNX1 was associated with p300 his-
tone acetyltransferase, and ADR-dependent acetylation of p53
at Lys-373/382 was markedly inhibited in RUNX1 knockdown
cells. In addition, knockdown of RUNX1 resulted in a significant
decrease in the amount of p53-p300 complex following ADR
exposure. Taken together, our present results strongly suggest
that RUNX1 is required for the stimulation of p53 in response to
DNA damage and also provide novel insight into understanding
the molecular mechanisms behind p53-dependent DNA dam-
age response.

The appropriate DNA damage response, which monitors
and ensures genomic integrity, has been considered to be a
critical barrier to tumorigenesis (1). The representative tumor
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suppressor p53, which plays an integral role in the regulation of
DNA damage response, acts as a nuclear transcription factor.
p53 is organized into several well defined functional domains,
including NH,-terminal transactivation domain, proline-rich
domain, highly conserved central DNA-binding domain,
COOH-terminal oligomerization domain, and three nuclear
localization sequence motifs. Proper conformation of the
DNA-binding domain of p53 is required for its sequence-spe-
cific transcriptional activation (2). Importantly, it has been
shown that p53 is highly mutated in various human primary
tumors, and over 90% of p53 mutations are detected within the
genomic region encoding its central sequence-specific DNA-
binding domain (3). Mutant p53, which exhibits the prolonged
half-life, lacks the sequence-specific transactivation function
and displays a dominant-negative behavior toward wild-type
p53 (4). Mutant p53 in turn acquires oncogenic potential, and
certain cancerous cells carrying p53 mutations exhibit the
chemo-resistant phenotypes (5-7). Indeed, the early genetic
studies demonstrated that p53-deficient mice develop sponta-
neous tumors (8). Based on these findings, it is likely that the
sequence-specific transcriptional activity of p53 is tightly
linked to its tumor-suppressive function (2, 9).

Under normal physiological conditions, p53 is kept at
extremely low levels. Upon DNA damage, p53 is quickly
induced and activated in the cell nucleus through the sequential
post-translational modifications, including phosphorylation
and acetylation (4, 10, 11). It has been well documented that
DNA damage-induced accumulation of p53 is largely regulated
by its rate of degradation. MDM2, which acts as an E3 ubiquitin
protein ligase for p53, binds to the NH,-terminal region of p53
and facilitates its proteolytic degradation by the proteasome
(12-14). DNA damage-induced NH,-terminal phosphoryla-
tion of p53 leads to a dissociation of MDM2 from p53 (15), and
the COOH-terminal acetylation suppresses MDM2-mediated
ubiquitination of p53 (16). These chemical modifications
repress the ubiquitin-dependent proteasomal degradation of
p53, and thereby p53 becomes stable. Because MDM2 is one of
p53 target gene products, MDM2 and p53 form a negative feed-
back loop in which p53 transactivates MDM2, which in turn
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down-regulates p53. Thus, the intracellular amount of MDM?2
available appears to be critical in determining the expression
level of p53.

In response to the severe DNA damage, p53 induces the irre-
versible apoptosis to eliminate cells with damaged DNA
through transactivating its downstream target gene products
involved in the regulation of mitochondrial apoptotic path-
ways, such as BAX, NOXA, and PUMA (17). Induction of apo-
ptosis in developing tumors might clearly be an efficient inhib-
itor of tumor development. When cells receive repairable DNA
damage, p53 instead promotes the reversible cell cycle arrest by
stimulating the expression of p21¥4*!, GADD45, and 14-3-30
to save time to repair damaged DNA, and then cells with
repaired DNA re-enter into the normal cell cycle (17). There-
fore, p53 stands at the crossroad between cell survival and cell
death in response to DNA damage.

Because the transcriptional activity of p53 is strongly related
to its DNA damage-induced biological outcomes such as cell
cycle arrest or apoptosis, numerous studies have concentrated
on the elucidation of the regulatory mechanisms that contrib-
ute to the activation of p53 in response to DNA damage. Accu-
mulating evidence suggests that DNA damage-mediated chem-
ical modification as well as interaction with cellular
co-activator proteins are highly involved in the modulation of
p53. For example, p53 is extensively phosphorylated at NH,-
terminal Ser-15, Ser-20, and/or Ser-46 following DNA damage
(4, 10, 11). Among them, phosphorylation of p53 at Ser-46,
which might be mediated by HIPK2 and PKC (18, 19), has been
shown to contribute to the transactivation of a specific subset of
pro-apoptotic genes (20). In addition to DNA damage-depen-
dent phosphorylation of p53, the p300/CBP? family of acetyl-
transferase-mediated acetylation of p53 at Lys-373/Lys-382 led
to enhance its stability and activity (21, 22). Recently, Kim ez al.
(23) found that Wilms tumor suppressor WTX has the ability to
increase p300/CBP-dependent acetylation level of p53. Ivanov
et al. (24) reported that DNA damage-mediated methylation of
p53 at Lys-372 by Set7/9 is important for transcriptional acti-
vation and stabilization of p53. For co-activator proteins of p53,
it has been described that ASPP1/ASPP2 interact with the
DNA-binding domain of p53 to allow induction of its target
pro-apoptotic genes (25). Yang et al. (26) demonstrated that
14-3-30 forms a complex with p53 in response to DNA damage
and enhances the transcriptional activity of p53.

RUNXI1 belongs to a small family of transcription factors,
including RUNX1, RUNX2, and RUNX3, and is composed of
NH,-terminal DNA-binding runt homology domain followed
by the transcriptional activation domain and COOH-terminal
negative regulatory domain (27). RUNXI has been initially
identified at a breakpoint of human chromosome 21 in the t(8;
21) translocation, which is commonly observed in human leu-
kemia (28, 29). Considering that RUNX1 is frequently deregu-
lated in human leukemia and is a target for loss of heterozygos-
ity, it is likely that RUNX1 acts as a classical tumor suppressor

3 The abbreviations used are: CBP, cAMP-response element-binding protein-
binding protein; ADR, adriamycin; NMS, normal mouse serum; NRS, normal
rabbit serum; MTT, 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide.
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(30, 31). Subsequent genetic studies revealed that RUNX1-de-
ficient mice display no definitive hematopoiesis, suggesting
that RUNXI1 plays a critical role in the regulation of normal
blood development (32, 33). Consistent with these observa-
tions, RUNX1 stimulates the transcription of a number of mye-
loid and lymphoid-related genes (34, 35). In addition to hema-
topoiesis-specific genes, it has been shown that RUNX1 is also
implicated in the regulation of cell cycle-related genes, such as
p21YAE (36).

Several lines of evidence indicate that the post-translational
modifications have a significant impact on the transcriptional
activity of RUNXI1. Guo and Friedman (37) described that
cyclin-dependent protein kinase-mediated phosphorylation of
RUNX1 at Ser-48, Ser-303, and Ser-424 strengthens the tran-
scriptional ability of RUNX1. According to their results,
RUNX1 phosphorylation resulted in a reduction of its interac-
tion with the transcriptional repressor histone deacetylase.
Yamaguchi et al. (38) found that p300-mediated acetylation
enhances the transcriptional activity of RUNX1. Zhao et al. (39)
reported that RUNXI1 interacts with arginine methyltrans-
ferase PRMT1. Based on their observations, PRMT1-depen-
dent methylation of RUNX1 promoted the dissociation of the
co-repressor SIN3A complex from RUNXI, thereby enhancing
RUNXI1 transcriptional activity.

Although numerous studies with respect to RUNX1 have
focused largely on its functional significance in hematopoietic
system, it has been described that RUNX1 induces senescence-
like growth arrest in primary murine fibroblasts, and this
response is lost in cells lacking functional p53 (40, 41). Intrigu-
ingly, Li et al. (42) reported that HIPK2, which has the ability to
promote p53-dependent apoptosis in response to DNA dam-
age, is a part of the RUNX1 transcription complex. These
observations strongly suggest the presence of a functional link
between RUNXI1 and p53. In this study, we have found for the
first time that RUNX1 acts as a co-activator for p53 in response
to DNA damage.

EXPERIMENTAL PROCEDURES

Cell Culture and Transfection—Human colon carcinoma
HCT116, human lung carcinoma H1299, and human osteosar-
coma U20S cells were grown in Dulbecco’s modified Eagle’s
medium supplemented with 10% fetal bovine serum (FBS)
(Invitrogen) and penicillin/streptomycin at 37 °C in 5% CO.,.
For transfection, cells were transfected with the indicated com-
binations of the expression plasmids using Lipofectamine 2000
transfection reagent according to the manufacturer’s instruc-
tions (Invitrogen).

Colony Formation Assay—H1299 cells were seeded at a den-
sity of 1 X 10” cells/6-well tissue culture plate and transfected
with the indicated combinations of the expression plasmids.
The total amount of plasmid DNA per transfection was kept
constant (2 ug) with pcDNA3. Forty eight hours after transfec-
tion, cells were maintained in fresh medium containing G418
(at a final concentration of 800 ug/ml). After 2 weeks of the
incubation, drug-resistant colonies were fixed in methanol and
stained with Giemsa solution.

MTT Assay—HCT116 cells were seeded at a final density of
3,000 cells/96-well plate and allowed to attach overnight. Cells
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were then treated with the indicated concentrations of adria-
mycin (ADR). Twenty four hours after ADR exposure, 10 ul of
a modified 3-(4,5-dimethylthiazol-2-yl) 2,5-diphenyltetrazo-
lium bromide (MTT) solution (Dojindo, Kumamoto, Japan)
was added to the culture, and reaction mixtures were incubated
at 37 °C for 2 h. The absorbance readings for each well were
carried out at 570 nm using the microplate reader (Model 450,
Bio-Rad).

FACS Analysis—HCT116 cells were treated with the indi-
cated concentrations of ADR. Twenty four hours after ADR
treatment, floating and attached cells were collected, washed in
ice-cold PBS, and fixed in 70% ethanol at —20 °C. Following
incubation in PBS containing 25 ug/ml propidium iodide and
200 pg/ml RNase A for 1 h at room temperature in the dark,
stained nuclei were analyzed on a FACScan machine (BD
Biosciences).

RT-PCR—For RT-PCR, total RNA was prepared by using an
RNeasy mini kit according to the manufacturer’s instructions
(Qiagen, Valencia, CA) and reverse-transcribed into cDNA
with random primers using SuperScript Il reverse transcriptase
(Invitrogen). The resultant cDNA was subjected to PCR-based
amplification. The primer sets used in this study were as fol-
lows: RUNX1, 5'-CCGAGAACCTCGAAGACATC-3’ (sense)
and 5'-GATGGTTGGATCTGCCTTGT-3' (antisense); p53,
5'-CTGCCCTCAACAAGATGTTTTG-3' (sense) and 5'-
CTATCTGAGCAGCGCTCATGG-3' (antisense); p21%47,
5'-ATGAAATTCACCCCCTTTCC-3’ (sense) and 5'-CCCT-
AGGCTGTGCTCACTTC-3' (antisense); BAX, 5'-TTTGCT-
TCAGGGTTTCATCC-3' (sense) and 5'-CAGTTGAAGTT-
GCCGTCAGA-3' (antisense); NOXA, 5'-CTGGAAGTCGA-
GTGTGCTACT-3' (sense) and 5'-TCAGGTTCCTGAGCA-
GAAGAG-3’ (antisense); PUMA, 5'-GCCCAGACTGTGAA-
TCCTGT-3' (sense) and 5'-TCCTCCCTCTTCCGAGATTT-3’
(antisense); and GAPDH, 5'-ACCTGACCTGCCGTCTA-
GAA-3' (sense) and 5'-TCCACCACCCTGTTGCTGTA-3’
(antisense). The PCR products were electrophoresed on 1.5%
agarose gels, and their amounts were evaluated by staining with
ethidium bromide.

Immunoblotting—Cells were lysed in Triton X-100 lysis
buffer containing 25 mm Tris-HCI (pH 7.5), 137 mm NaCl, 2.7
mM KCI, 1% Triton X-100, and protease inhibitor mixture
(Sigma). The lysates were sonicated briefly and clarified by cen-
trifugation at 4 °C for 10 min. Protein concentrations of the
lysates were determined by Bradford reagent (Bio-Rad). Equal
amounts of the lysates were separated by 10% standard SDS-
PAGE and transferred onto polyvinylidene difluoride mem-
branes (Millipore, Billerica, MA). The membranes were
blocked with 5% dry milk in Tris-buffered saline (TBS) plus
0.1% Tween 20 and incubated with anti-p53 (DO-1, Santa Cruz
Biotechnology, Santa Cruz, CA), anti-phospho-p53 at Ser-15
(Cell Signaling Technologies, Beverly, MA), anti-acetyl-p53 at
Lys-373/382 (Millipore), anti-p21¥**! (H-164, Santa Cruz Bio-
technology), anti-BAX (Cell Signaling Technologies), anti-
NOXA (Abcam, Cambridge, UK), anti-PUMA (Abcam), anti-
poly(ADP-ribose)polymerase (Cell Signaling Technologies),
anti-yH2AX (2F3, BioLegend, San Diego), anti-RUNX1 (Epito-
mics, Burlingame, CA), and anti-p300 (N-15, Santa Cruz Bio-
technology) or with anti-actin antibody (20-33, Sigma), fol-
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lowed by the incubation with HRP-conjugated anti-mouse IgG
or with anti-rabbit IgG (Cell Signaling Technology). The mem-
branes were extensively washed with TBS plus 0.1% Tween 20,
and the proteins were then visualized by enhanced chemilumi-
nescence (ECL, Amersham Biosciences).

Cell Fractionation—Cells were fractionated into nuclear and
cytoplasmic fractions as described previously (43). In brief, cells
were washed with PBS and lysed in lysis buffer containing 10
mM Tris-HCI (pH 7.5), 1 mMm EDTA, 0.5% Nonidet P-40, and
protease inhibitor mixture at 4 °C for 30 min. Cell lysates were
centrifuged at 15,000 rpm for 15 min at 4 °C to separate soluble
(cytoplasmic) from insoluble (nuclear) fractions. The pellets
were washed extensively with lysis buffer and then dissolved in
SDS sample buffer. The cytoplasmic and nuclear fractions were
analyzed by immunoblotting with anti-lamin B (Millipore) or
with anti-tubulin-« antibody (NeoMarkers, Fremont, CA).

Co-immunoprecipitation—Equal amounts of cell lysates
were pre-absorbed with protein G-Sepharose beads (Amer-
sham Biosciences) at 4 °C for 1 h, and the precleared lysates
were incubated with the indicated antibodies at 4 °C for 2 h,
followed by incubation with protein G-Sepharose beads for an
additional 1 h at 4°C. The immune complexes were then
washed extensively with lysis buffer, eluted by boiling in SDS
sample buffer for 5 min, and subjected to immunoblot analysis.

Immunofluorescence—Cells were plated on glass coverslips
and fixed in freshly prepared 3.7% formaldehyde in PBS at room
temperature for 15 min. After washing with PBS, the cells were
permeabilized with 0.1% Triton X-100 in PBS at room temper-
ature for 5 min and then blocked with 3% bovine serum albu-
min (BSA) in PBS at room temperature for 1 h. After washing
with PBS, the cells were simultaneously incubated with anti-
p53 and anti-RUNX1 antibodies at room temperature for 1 h,
followed by the incubation with rhodamine-conjugated anti-
mouse IgG and FITC-conjugated anti-rabbit IgG (Invitrogen)
at room temperature for 1 h. The coverslips were washed with
PBS and mounted in VectaShield containing DAPI (Vector
Laboratories, Peterborough, UK). Fluorescent images were
captured using a confocal microscope (Leica, Milton Keynes,
UK).

siRNA-mediated Knockdown—Control siRNA or siRNA
against RUNX1 (Dharmacon, Chicago) was introduced into
HCT116 cells by the use of Lipofectamine RNAiMAX transfec-
tion reagent according to the manufacturer’s instructions
(Invitrogen). Forty eight hours after transfection, total RNA
and cell lysates were prepared and processed for RT-PCR and
immunoblotting, respectively.

Chromatin Immunoprecipitation (ChIP) Assay—ChlIP assay
was performed using a kit from Millipore following the manu-
facturer’s procedure. In brief, cross-linking was achieved by
incubating cells on a 10-cm plate with 10 ml of 1% formalde-
hyde in fresh medium at 37 °C for 15 min. After cross-linking,
cells were washed with PBS and harvested by centrifugation at
4,000 rpm for 5 min at 4 °C. Cell pellets were suspended in 200
wl of lysis buffer and incubated at 4 °C for 10 min. The cell
lysates were diluted with immunoprecipitation buffer and then
sonicated to share DNA to an average size of 500 bp. The chro-
matin solutions were precleared with protein A-agarose beads
and incubated with normal rabbit serum (NRS) or with poly-
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FIGURE 1. Collaboration of RUNX1 with p53 to suppress cell growth.
A, exogenous expression of p53 and RUNX1. p53-deficient H1299 cells were
transiently transfected with the indicated combinations of the expression
plasmids. Forty eight hours after transfection, cell lysates were prepared and
analyzed for the expression levels of p53 and RUNX1 by immunoblotting. The
expression level of actin was examined as a loading control. B, colony forma-
tion assay. H1299 cells were transfected with the indicated combinations of
the expression plasmids. Forty eight hours after transfection, cells were cul-
tured in fresh medium containing G418 (at a final concentration of 800
ng/ml). Two weeks after the selection, drug-resistant colonies were fixed in
methanol and stained with Giemsa solution. w/o, without.

clonal anti-RUNX1 antibody at 4 °C overnight. Protein A-aga-
rose beads were added, and the reaction mixtures were incu-
bated for another 2 h at 4 °C. After the incubation, the beads
were washed with the appropriate buffers, and the immune
complexes were eluted from the beads with elution buffer con-
taining 1% SDS and 0.1 M NaHCO,. The DNA-protein com-
plexes were then treated with proteinase K at 50 °C for 1 h,
followed by reverse cross-linking at 65 °C for 4 h. DNA was
extracted with phenol/chloroform, precipitated with ethanol,
dissolved in 25 ul of Tris/EDTA buffer, and analyzed by PCR.

Trypan Blue Exclusion Assay—Twenty four hours after
siRNA transfection, HCT116 cells were exposed to ADR (at a
final concentration of 1 um) or left untreated. Twenty four
hours after ADR treatment, both floating and adherent cells
were suspended in 0.4% trypan blue in PBS, and the number of
live and dead cells was measured using hemocytometer. The
cells that excluded the blue dye and displayed a well defined
cellular outline were scored as live.

RESULTS

RUNX1 Suppresses Cell Growth in Collaboration with p53—
To ask whether there could exist a functional interaction
between RUNX1 and p53, we performed colony formation
assay. p53-deficient human lung carcinoma H1299 cells were
transfected with the expression plasmid for p53, p53 plus
RUNX1, or RUNX1 and maintained in the presence of G418 for
2 weeks. Drug-resistant colonies were then stained with
Giemsa solution. Transient expression levels of the exogenous
p53 and RUNX1 were examined by immunoblotting (Fig. 14).
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Consistent with our previous observations (44), forced expres-
sion of p53 in H1299 cells significantly reduced the number of
drug-resistant colonies (Fig. 1B). Of note, co-expression of p53
with RUNX1 resulted in more of a decrease in the number of
viable colonies as compared with that caused by p53 alone,
whereas ectopic expression of RUNX1 alone had a marginal
effect on colony formation. These results imply that RUNX1
might collaborate with p53 to suppress cell growth.

RUNX1 Is Induced in Response to ADR—Because it has been
well documented that p53 plays a critical role in the regulation
of DNA damage response (4, 10, 11), we sought to examine the
expression patterns of p53 as well as RUNX1 in response to
DNA damage. To this end, p53-proficient human colon carci-
noma HCT116 cells were exposed to the indicated concentra-
tions of the anti-cancer drug adriamycin. Twenty four hours
after ADR treatment, cell lysates and total RNA were prepared
and analyzed by immunoblotting and RT-PCR, respectively.
MTT cell survival assay revealed that cell viability is reduced in
a dose-dependent manner (Fig. 2A4), and FACS analysis showed
that the number of cells with sub-G; DNA content is increased
in the presence of ADR (Fig. 2B). As seen in Fig. 2C, a dose-de-
pendent accumulation of yH2AX and also a proteolytic cleav-
age of poly(ADP-ribose)polymerase were detected, indicating
that DNA damage-mediated apoptosis takes place under our
experimental conditions. In a good agreement with our recent
observations (45), ADR-dependent accumulation of p53 and
phosphorylation of p53 at Ser-15 were detectable in association
with a remarkable induction of p53 target gene products such as
p21¥ATL BAX, NOXA, and PUMA (Fig. 2C), suggesting that
HCT116 cells undergo apoptosis in a p53-dependent manner.
ADR-mediated phosphorylation of p53 at Ser-20 and Ser-46
was undetectable under our experimental conditions (data not
shown). In addition to ADR-dependent phosphorylation of p53
at Ser-15, ADR treatment caused acetylation of p53 at Lys-373/
382. Intriguingly, RUNX1 was clearly up-regulated following
ADR exposure. Time course experiments demonstrated that
ADR-mediated induction of RUNXI was regulated in a time-
dependent fashion (data not shown). RT-PCR analysis indi-
cated that ADR-dependent induction of RUNX1 is regulated at
an mRNA level (Fig. 2D). The similar response was also appar-
ent in p53-proficient human osteosarcoma U20S cells, as a
consequence of treating with ADR (data not shown). Thus, it is
likely that ADR-mediated induction of RUNX1 is not restricted
to HCT116 cells.

The clear correlation between the expression levels of
RUNX1 and p53 in response to ADR prompted us to test
whether RUNX1 could be a direct transcriptional target gene of
p53. However, forced expression of p53 or siRNA-mediated
knockdown of p53 in HCT116 cells had a negligible effect on
the expression level of endogenous RUNX1 (data not shown),
suggesting that RUNX1 is not a direct transcriptional target
gene of p53.

ADR-dependent Nuclear Accumulation of RUNXI—To
determine the subcellular distribution of RUNX1, HCT116
cells were transiently transfected with the expression plasmid
for FLAG-RUNXI1 for 48 h, after which cells were fractionated
into cytoplasmic and nuclear fractions, and the fractions
obtained were analyzed by immunoblotting with anti-FLAG
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FIGURE 2.RUNX1 is induced in response to ADR. A, MTT cell survival assay. p53-proficient HCT116 cells were exposed to ADR at the indicated concentrations.
Twenty four hours after ADR treatment, cells were subjected to MTT cell survival assay. B, FACS analysis. HCT116 cells were treated with ADR at the indicated
concentrations. Twenty four hours after ADR exposure, floating and attached cells were collected, fixed in ethanol, stained with propidium iodide, and the
number of cells with sub-G, DNA content was measured by FACS. C and D, ADR-mediated induction of RUNX1. HCT116 cells were exposed to ADR as in
A. Twenty four hours after ADR treatment, cell lysates and total RNA were prepared and analyzed by immunoblotting (C) and RT-PCR (D), respectively. The
expression levels of actin and GAPDH were examined as a loading and an internal control, respectively. PARP, poly(ADP-ribose) polymerase.

antibody. The purity of the cytoplasmic and nuclear fractions
was verified by immunoblotting with anti-tubulin-a and anti-
lamin B antibodies, respectively. As shown in Fig. 34, FLAG-
RUNX1 was largely detectable in nuclear fractions. As
expected, confocal microscopy of immunostained HCT116
cells expressing FLAG-RUNX1 revealed that FLAG-RUNX1 is
exclusively expressed in the cell nucleus (Fig. 3B).

We then sought to investigate the subcellular localization of
the endogenous RUNX1 in response to ADR. HCT116 cells
were treated with ADR (1 um) or left untreated. Twenty four
hours after ADR treatment, cells were fractionated into cyto-
plasmic and nuclear fractions and analyzed by immunoblotting
with anti-RUNX1 antibody. As shown in Fig. 3C, like p53, ADR
treatment resulted in a strong nuclear accumulation of the
endogenous RUNXI1. In support of these observations, indirect
immunofluorescence staining experiments demonstrated that
RUNX1 and p53 are induced to accumulate and co-localize in
the cell nucleus following ADR exposure (Fig. 3D).

Complex Formation between RUNXI1 and p53—To ask
whether RUNX1 could be associated with p53 in cells, HCT116
cells were simultaneously transfected with the expression plas-
mids for RUNX1 and p53. Forty eight hours after transfection,
cell lysates were prepared and immunoprecipitated with nor-
mal mouse serum (NMS) or with monoclonal anti-p53 anti-
body. The immune complexes were analyzed by immunoblot-
ting with polyclonal anti-RUNXI1 antibody. As shown in Fig.
4A, the anti-p53 immunoprecipitates contained RUNX1. The
reciprocal experiments using NRS or anti-RUNX1 antibody
revealed that p53 is co-immunoprecipitated with RUNX1.

JANUARY 11,2013 +VOLUME 288-NUMBER 2

To assess the endogenous interaction between RUNX1 and
p53, cell lysates were prepared from ADR-treated HCT116 cells
and subjected to the immunoprecipitation experiments using
NMS or anti-p53 antibody. As shown in Fig. 4B, the endoge-
nous RUNX1 was detectable in the anti-p53 immunoprecipi-
tates. The reciprocal experiments demonstrated that the anti-
RUNX1 immunoprecipitates contain the endogenous p53. We
failed to detect the p53-RUNX1 complex in untreated HCT116
(data not shown), which might be due to the quite low base-line
expression of the endogenous p53 and RUNXI1. Considering
that RUNX1 and p53 are exclusively expressed and co-localize
in cell nucleus following ADR exposure (Fig. 3), these results
strongly suggest that RUNX1 has the ability to interact with p53
in cell nucleus in an ADR-dependent manner.

ADR-mediated Recruitment of RUNXI and p53 onto p53
Target Promoters—Our present finding that RUNX1 interacts
with p53 in ADR-treated cells led us to examine whether
RUNXI1 together with p53 could be recruited onto p53 target
promoters in the presence of ADR. To this end, we performed
ChIP assays. HCT116 cells were treated with ADR or left
untreated. Twenty four hours after ADR treatment, cells were
cross-linked with formaldehyde, and chromatin DNA was
immunoprecipitated with the indicated antibodies followed by
PCR-based amplification with p21%¥“** or BAX promoter-spe-
cific primers flanking their p53-responsive elements. Because
p21Y4E" promoter contains two independent p53-responsive
elements (distal and proximal sites) (9), we checked both sites
of the p21™*! promoter. As shown in Fig. 5, A and B, p53 as
well as RUNX1 were detected on p21"*** and BAX promoters
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FIGURE 4. Complex formation between RUNX1 and p53. A, exogenous
interaction of RUNX1 with p53.HCT116 cells were transiently transfected with
the indicated combinations of the expression plasmids. Forty eight hours
after transfection, cell lysates were prepared and immunoprecipitated (/P)
with NMS or with anti-p53 antibody. The immunoprecipitates were analyzed
by immunoblotting with anti-RUNX1 antibody. The reciprocal experiments
using NRS and anti-RUNX1 antibodies are also shown. WB, Western blot.
B, endogenous interaction of RUNX1 with p53. HCT116 cells were treated
with 0.5 um ADR. Twenty four hours after ADR treatment, cell lysates were
prepared and immunoprecipitated with NMS or with anti-p53 antibody, fol-
lowed by immunoblotting with anti-RUNX1 antibody. The reciprocal experi-
ments are also shown.

in the absence of ADR. It was worth noting that ADR treatment
leads to a remarkable increase in the amounts of p53 and
RUNXI1 associated with those p53 target promoters. Control
experiments demonstrated that NMS and NRS are not able to
immunoprecipitate genomic DNA fragments containing the
p53-responsive elements, and the amounts of input DNA are
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similar for all samples. Similar results were also obtained in
ADR-treated U20S cells (data not shown). Thus, it is likely that
RUNXI1 has a crucial role in the regulation of the transcrip-
tional activity of p53 in response DNA damage.

Next, we examined whether the recruitment of RUNX1 onto
the p53 target promoters could be dependent on p53. For this
purpose, p53-deficient H1299 cells were transiently transfected
with the indicated combinations of the expression plasmids.
Forty eight hours after transfection, cells were cross-linked, and
cell lysates were processed for ChIP assay. As shown in Fig. 5C,
RUNX1 was associated with p53 target promoters in the pres-
ence of p53 but not in the absence of p53, suggesting that the
recruitment of RUNX1 onto the p53 target promoters is regu-
lated in a p53-dependent manner.

RUNX1 Elevates the Transcriptional Activity and Acetylation
Level of p53 Following ADR Treatment—To gain insight into
the functional significance of RUNX1 during p53-dependent
DNA damage response, we addressed whether RUNX1 could
affect the transcriptional activity of p53 in the presence of ADR.
HCT116 cells were transiently transfected with the empty plas-
mid or with the expression plasmid for RUNXI1 followed by
ADR treatment. Twenty four hours after ADR treatment, cell
lysates and total RNA were prepared and processed for immu-
noblotting and RT-PCR, respectively. Although RUNX1 had an
undetectable effect on phosphorylation level of p53 at Ser-15 in
response to ADR, ADR-mediated acetylation level of p53 at
Lys-373/382 was increased in cells expressing exogenous
RUNXI1 (Fig. 6). Consistent with these observations, ADR-me-
diated transcriptional induction of p53 target genes, including
p21YAY BAX, NOXA, and PUMA, was markedly enhanced in
the presence of exogenous RUNX1, suggesting that RUNX1 has
the ability to stimulate the transcriptional activity of p53

S
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FIGURE 5. ADR-mediated recruitment of p53 and RUNX1 onto p53 target
promoters. A--C, ChIP assay. HCT116 cells were treated with 0.5 um ADR or
were left untreated. Twenty four hours after ADR treatment, cells were fixed in
formaldehyde and lysed in SDS-lysis buffer, and chromatin DNA-protein com-
plexes were immunoprecipitated (IP) with anti-p53 (A) or with anti-RUNX1
(B) antibody. The immunoprecipitated DNA was purified and subjected to
RCR analysis. Alternatively, p53-deficient H1299 cells were transiently trans-
fected with the indicated combinations of the expression plasmids. Forty
eight hours after transfection, cells were fixed in formaldehyde and lysed in
SDS-lysis buffer, and chromatin DNA-protein complexes were immunopre-
cipitated with anti-p53 or with anti-RUNX1 antibody. The immunoprecipi-
tated DNA was purified and analyzed by PCR (C).

through the up-regulation of ADR-mediated acetylation level
of p53.

Knockdown of RUNX1 Down-regulates ADR-induced Tran-
scriptional Activity and the Acetylation Level of p53—To fur-
ther confirm the contribution of RUNX1 to p53-mediated tran-
scriptional activation following ADR exposure, we undertook
siRNA-mediated knockdown of the endogenous RUNXI.
HCT116 cells were transiently transfected with control siRNA
or with siRNA targeting RUNX1 for 24 h and incubated in the
presence or absence of ADR. Twenty four hours after ADR
treatment, cell lysates and total RNA were prepared and sub-
jected to immunoblotting and RT-PCR, respectively. As shown
in Fig. 7, knockdown of RUNX1 had a negligible effect on ADR-
dependent accumulation of p53, whereas ADR-mediated
acetylation of p53 at Lys-373/382 was strongly suppressed in
RUNX1-depleted cells. Silencing of RUNX1 also resulted in a
reduction of ADR-mediated phosphorylation of p53 at Ser-15,
but to a lesser degree. In accordance with these observations,
ADR-dependent transcriptional activation of p53 target genes,
such as p21Y4*!, BAX, NOXA, and PUMA, was significantly
attenuated in RUNX1 knockdown cells.
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FIGURE 6. RUNX1 enhances the transcriptional activity of p53 in response
to ADR and ADR-mediated acetylation of p53. HCT116 cells were tran-
siently transfected with the empty plasmid or with the expression plasmid for
RUNX1 for 24 h, after which cells were treated with ADR (at a final concentra-
tion of 0.5 um) or left untreated. Twenty four hours after the treatment with
ADR, cell lysates and total RNA were prepared and subjected to immunoblot-
ting (upper panels) and RT-PCR (lower panels), respectively
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FIGURE 7. Knocking down RUNX1 suppresses ADR-mediated acetylation
and transcriptional activity of p53. HCT116 cells were transiently trans-
fected with control siRNA or with siRNA against RUNX1. Twenty four hours
after transfection, cells were incubated in the presence or absence of ADR (at
a final concentration of 0.5 um). Twenty four hours after ADR exposure, cell
lysates and total RNA were extracted and processed for immunoblotting
(upper panels) and RT-PCR (lower panels), respectively. w/o, without.

In view of the above observations showing that depletion of
RUNX1 efficiently inhibits ADR-mediated induction of p53
target genes, we wondered whether knockdown of RUNX1
could suppress ADR-mediated apoptosis. To address this ques-
tion, we checked the cells by phase-contrast microscopy follow-
ing RUNXI1 siRNA transfection and ADR treatment, and we
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FIGURE 8. Knocking down RUNX1 suppresses ADR-mediated apoptosisin
HCT116 cells. A, phase-contrast micrograph. HCT116 cells were transiently
transfected with control siRNA or with siRNA targeting RUNX1 for 24 h, after
which cells were exposed to ADR (at a final concentration of 1 um) or left
untreated. Twenty four hours after ADR treatment, cells were examined by
phase-contrast microscope. B, trypan blue exclusion assay. RUNX1 knocked
down HCT116 cells were exposed to 1 um ADR or left untreated. Twenty four
hours after ADR treatment, floating and attached cells were collected and
stained with 0.4% trypan blue. After trypan blue staining, the number of
trypan blue-positive cells was measured.

then performed trypan blue exclusion assay. When HCT116
cells were transiently transfected with control siRNA followed
by ADR exposure, a significant decrease in the number of
adherent cells and also a remarkable increase in number of
trypan blue-positive cells were observed (Fig. 8, A and B). As
expected, we found a substantial number of adherent cells fol-
lowing RUNX1 siRNA transfection and ADR treatment. Sub-
sequent trypan blue exclusion assay demonstrated that silenc-
ing of RUNX1 causes a detectable decrease in the number of
trypan blue-positive cells in response to ADR exposure relative
to ADR-treated control cells. These results correlated with the
down-regulation of ADR-mediated induction of p53 target
genes in RUNX1 knockdown cells, and thus strongly suggest
that RUNX1 is required for DNA damage-mediated stimula-
tion of transcriptional as well as pro-apoptotic activity of p53.

To ask whether the contribution of RUNX1 to ADR-medi-
ated apoptosis could be dependent on p53, we sought to exam-
ine a possible effect of RUNX1 on p53-deficient H1299 cells in
response to ADR. H1299 cells were transiently transfected with
control siRNA or with siRNA targeting RUNX1 for 24 h, and
incubated in the presence or absence of ADR. Twenty four
hours after ADR treatment, attached and floating cells were
collected and analyzed by FACS. As shown in Fig. 94, a number
of cells with sub-G; DNA content remained unchanged regard-
less of ADR treatment, and depletion of RUNX1 had an undetect-
able effect on H1299 cells in the presence or absence of ADR.
Consistent with these observations, RT-PCR performed under the
same experimental conditions demonstrating that RUNXI is
induced in H1299 cells exposed to ADR, RUNX1 knockdown has
a negligible effect on the expression levels of p21"** and BAX in
the presence or absence of ADR (Fig. 9B). Collectively, these
results indicate that RUNX1 regulates DNA damage-mediated
apoptotic response in a p53-dependent manner.
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FIGURE 9. RUNXT1 has an undetectable effect on H1299 cells in response
to ADR. A, phase-contrast micrograph and FACS analysis. H1299 cells were
transiently transfected with control siRNA or with siRNA targeting RUNX1 for
24 h, after which cells were exposed to ADR (at a final concentration of 1 um)
or left untreated. Twenty four hours after ADR treatment, cells were examined
by phase-contrast microscope (upper panels) and subjected to FACS analysis
(lower panels). B, RT-PCR. H1299 cells were treated as in A. Twenty four hours
after ADR treatment, total RNA was extracted and processed for RT-PCR.

RUNX1 Forms a Complex with p300—It has been well known
that histone acetyltransferase p300 has then ability to acetylate
p53 in response to DNA damage (21, 22). Intriguingly,
Kitabayashi et al. (46) reported that p300 is associated with
RUNXI1 in myeloid cells. These observations prompted us to
investigate whether p300 could be involved in ADR-mediated
p53 acetylation, and RUNX1 could be associated with p300
under our experimental conditions. To this end, HCT116 cells
were transiently transfected with control siRNA or with siRNA
against p300. Twenty four hours after transfection, cells were
treated with ADR for 24 h or left untreated. Cell lysates were
then prepared and analyzed by immunoblotting. As shown Fig.
104, p300 knockdown decreased ADR-mediated p53 acetyla-
tion at Lys-373/382, whereas ADR-dependent accumulation of
p53 was unaffected in the presence of siRNA targeting p300,
suggesting that p300 is at least in part required for ADR-medi-
ated p53 acetylation at Lys-373/382 under our experimental
conditions.

For immunoprecipitation, cell lysates prepared from
HCT116 cells exposed to ADR for 24 h were immunoprecipi-
tated with NMS or with monoclonal anti-p53 antibody fol-
lowed by immunoblotting with anti-p53, anti-p300, or with
anti-RUNX1 antibody. As clearly shown in Fig. 10B, p300 and
RUNX1 were co-precipitated with p53. Similarly, the anti-p300
immunoprecipitates contained p53 and RUNX1. Because p300
was exclusively expressed in the cell nucleus (data not shown),
itis likely that RUNX1 interacts with p300 in the cell nucleus. In
contrast, we failed to detect the RUNX1-p300 complex in the
absence of ADR (Fig. 10C). Furthermore, the additional immu-
noprecipitation experiments revealed that RUNX1 knockdown
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FIGURE 10.RUNX1 as well as p53 interacts with p300 histone acetyltransferase. A, p300 knockdown. HCT116 cells were transiently transfected with control
siRNA or with siRNA against p300. Twenty four hours after transfection, cells were treated with ADR (at a final concentration of 0.5 um) or left untreated. Twenty
four hours after ADR exposure, cell lysates were prepared and analyzed by immunoblotting with the indicated antibodies. w/o, without. B and C, interaction
between RUNX1 and p300. HCT116 cells were exposed to 0.5 um ADR (B) or left untreated (C). After 48 h, cell lysates were prepared from ADR-treated and
-untreated cells, and immunoprecipitated (/P) with the indicated antibodies followed by immunoblotting with the indicated antibodies. 1/20 of inputs are also
shown (right panels). D, complex formation of p53 with p300 is dependent on RUNX1. HCT116 cells were transiently transfected with control siRNA or with

siRNA against RUNX1. Twenty four hours after transfection, cells were treated

with 0.5 um ADR. Twenty four hours after ADR treatment, cell lysates were

prepared and immunoprecipitated with anti-p300 antibody. The immunoprecipitates were analyzed by immunoblotting with anti-p53 antibody. 1/20 of

inputs are also shown (right panels).

causes a significant decrease in the amount of p53-p300 com-
plex in the presence of ADR (Fig. 10D). These results indicate
that RUNX1 is required for a complex formation between p53
and p300 in cells exposed to ADR and raise the possibility that
RUNXI1 might facilitate p300-mediated acetylation of p53 in
response to DNA damage, thereby activating p53.

DISCUSSION

In this study, we found for the first time that there exists a
physical and functional interaction between RUNX1 and tumor
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suppressor p53 during DNA damage response. According these
results, RUNX1 formed a ternary complex with p53 and histone
acetyltransferase p300 and enhanced p300-mediated acetylation
of p53 at Lys-373/382 in the presence of ADR. This acetylation
status of p53 was positively correlated with its transcriptional and
pro-apoptotic activities in response to ADR. Thus, it is likely that
RUNX1 has the ability to regulate p53 function by stimulating its
p300-mediated acetylation following DNA damage.

Previously, it has been shown that p300 interacts with the
NH,-terminal region of p53 and acetylates its COOH-terminal
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cluster of Lys residues, including Lys-373 and Lys-382 (21, 22,
47). These acetylations dramatically enhanced the sequence-
specific transactivation ability of p53, which might be due to the
acetylation-induced conformational change of p53. In addition
to the transcriptional activation, DNA damage-mediated acety-
lation has been shown to be essential for the pro-apoptotic
activity of p53 (48). In support of these observations, SIRT1-
mediated deacetylation of p53 at Lys-382 significantly attenuated
DNA damage-induced apoptosis (49). Under our experimental
conditions, p300 knockdown led to a remarkable down-regulation
of ADR-mediated p53 acetylation at Lys-373/382. Moreover, our
co-immunoprecipitation experiments demonstrated that the
anti-p300 immunoprecipitates prepared from ADR-treated
HCT116 cells contains not only p53 but also RUNX1, and both
p300 and RUNX1 are detectable in the anti-p53 immunopre-
cipitates prepared from HCT116 cells exposed to ADR.
Because RUNX1-p53 and RUNX1-p300 complexes were unde-
tectable in the absence of ADR, it is likely that these interactions
are dependent on ADR. Thus, these observations strongly indi-
cate that RUNX1 enhances p53 acetylation at Lys-373/382 cat-
alyzed by p300 following ADR treatment.

Recently, Wen et al. (50) reported that orphan nuclear recep-
tor PNR/NR2E3 forms a complex with p53 and p300 and stim-
ulates p53 function by elevating its acetylation level. According
to their results, PNR/NR2E3 promoted the intermolecular
interaction between p53 and p300 and then increased p300-
mediated acetylation of p53 at Lys-373/382. Similarly, Kim et
al. (23) found that Wilms tumor suppressor WTX enhances the
interaction between p53 and CBP, thereby increasing CBP-me-
diated acetylation of p53 at Lys-373/382. Under their experi-
mental conditions, siRNA-mediated knockdown of WTX
markedly suppressed etoposide-dependent p53 acetylation at
Lys-373/382. Both of these observations suggest that PNR/
NR2E3 as well as WTX play an important role in the regulation
of p300/CBP-mediated p53 acetylation through the complex
formation. According to our present results, silencing of
RUNX1 efficiently abrogated ADR-induced p53 acetylation at
Lys-373/382 mediated by p300, and forced expression of
RUNX1 led to the increase in acetylation levels of p53 at Lys-
373/382 in the presence of ADR. Although the exact molecular
mechanisms behind the contribution of RUNX1 to p300-medi-
ated p53 acetylation following DNA damage are presently
unknown, it is possible that, like PNR/NR2E3 and WTX,
RUNX1 acts as a molecular bridge or a scaffolding molecule for
p53-p300 binding, thereby enabling p300-mediated acetylation
of p53 in response to DNA damage. Indeed, RUNX1 knock-
down significantly reduced the amount of p53-p300 complex in
cells exposed to ADR. Further studies should be required to
adequately address this issue.

Another important finding of this study was that the acety-
lation status of p53 at Lys-373/382 is correlated with ADR-
mediated p53 activation but not with p53 accumulation in
response to ADR. Knocking down RUNX1 caused a significant
suppression of ADR-mediated p53 acetylation at Lys-373/382
in association with a remarkable reduction of ADR-induced
transcriptional activity of p53, whereas ADR-dependent accu-
mulation of p53 was still observed in RUNX1-depleted cells.
Similarly, ADR-mediated acetylation of p53 at Lys-373/382 as
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well as activation of p53-dependent transcriptional program
were further enhanced by forced expression of RUNXI,
whereas ectopic expression of RUNX1 had an undetectable
effect on ADR-mediated accumulation of p53. Previously, Yuan
et al. (16) reported that p300 is required for DNA damage-de-
pendent accumulation of p53. Intriguingly, Kawai et al. (51)
found that p300 contributes to the accumulation of p53 in an
acetylase-independent manner. According to their results, the
p300 mutant deficient in acetylase activity failed to acetylate
p53, whereas the p53 protein level was increased in the pres-
ence of p300 mutant. Zhao et al. (52) described that the acety-
lated p53 at Lys-373/382 is recruited onto the p21"**! pro-
moter and enhanced the expression of p21"¥“#*, indicating that
p53 acetylation at Lys-373/382 has an important role in the
regulation of its transcriptional activity but not of its accumu-
lation. Together with their observations, our results suggest
that DNA damage-mediated accumulation of p53 might be a
distinct event from the DNA damage-induced p53 acetylation
at Lys-373/382 catalyzed by p300 and activation of p53.

It has been shown that pro-apoptotic Bim (Bcl-2-interacting
mediator of cell death) is a key mediator of TGFB-dependent
apoptotic response (53). Subsequently, Wildey and Howe (54)
described that RUNX1 is induced in response to TGFfS and
cooperates with FoxO3a to stimulate the transcription of Bim
in hepatic cells, indicating that RUNX1 is directly involved in
the initiation of TGFB-mediated apoptosis. Previous studies
demonstrated that another RUNX family member termed
RUNX3 also collaborates with FoxO3a to transcriptionally acti-
vate Bim in gastric epithelial cells exposed to TGER (55). These
observations imply that RUNX1 as well as RUNX3 modulate
TGFB-mediated apoptosis through the direct induction of Bim
in a cell type-dependent manner. Although the molecular
mechanisms underlying the pro-apoptotic effects of TGFf3
appear to be cell type-dependent, it is likely that RUNX family
members such as RUNX1 and RUNX3 are the key components
during this cellular process. Recently, we have found that
RUNX3 participates in p53-dependent DNA damage response
(56). Based on our results, RUNX3 was induced to access the
cell nucleus following DNA damage and formed a complex with
p53 to enhance its transcriptional as well as pro-apoptotic
activity. Together with these findings, it is conceivable that, like
RUNX3, RUNX1 plays a pivotal role in the regulation of apo-
ptosis in response to a wide variety of cellular pro-apoptotic
stimuli such as DNA damage and TGFp.
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