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Runt-related transcription factor 2 (RUNX2) inhibits
p53-dependent apoptosis through the collaboration
with HDAC6 in response to DNA damage

T Ozaki*,1, D Wu1,2, H Sugimoto1, H Nagase3 and A Nakagawara2

Runt-related transcription factor 2 (RUNX2) is the best known as an essential protein for osteoblast differentiation. In this study,
we have found for the first time that RUNX2 acts as a negative regulator for p53 in response to DNA damage. On DNA damage
mediated by adriamycin (ADR) exposure, p53 as well as RUNX2 was induced at protein and mRNA level in human osteosarcoma-
derived U2OS cells in association with a significant upregulation of various p53-target genes. Indirect immunostaining and
co-immunoprecipitation experiments demonstrated that RUNX2 colocalizes with p53 in cell nucleus and forms a complex with
p53 following ADR treatment. Chromatin immunoprecipitation assays revealed that RUNX2/p53 complex is efficiently recruited
onto p53-target promoters in response to ADR, suggesting that RUNX2 might be involved in the regulation of transcriptional
activation mediated by p53. Indeed, forced expression of RUNX2 resulted in a remarkable downregulation of p53-target genes.
Consistent with these observations, knockdown of RUNX2 enhanced ADR-mediated apoptosis and also elevated p53-target gene
expression in response to ADR. On the other hand, depletion of RUNX2 in p53-deficient human lung carcinoma-derived H1299
cells had an undetectable effect on p53-target gene expression regardless of ADR treatment, indicating that RUNX2-mediated
downregulation of p53-target genes is dependent on p53. Furthermore, RUNX2/p53 complex included histone deacetylase
6 (HDAC6) and HDAC6 was also recruited onto p53-target promoters following ADR exposure. Of note, HDAC6-specific chemical
inhibitor tubacin treatment enhanced ADR-mediated upregulation of p53-target gene expression, indicating that deacetylase
activity of HDAC6 is required for RUNX2-mediated downregulation of p53-target gene. Taken together, our present findings
strongly suggest that RUNX2 inhibits DNA damage-induced transcriptional as well as pro-apoptotic activity of p53 through the
functional collaboration with HDAC6 and therefore might be an attractive therapeutic target for cancer treatment.
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The representative tumor-suppressor p53 is a sequence-
specific transcription factor, which regulates the expression of
a variety of its direct target genes implicated in the induction of
cell cycle arrest and/or apoptosis.1,2 Extensive mutation
searches revealed that over 50% of human primary tumors
carry p53 mutations and the majority of them are detectable
within the genomic region encoding its DNA-binding
domain.3,4 p53 mutants exhibit a prolonged half-life, lack
the sequence-specific transactivation ability and then acquire
the oncogenic function.1,2 In addition, p53 mutants show a
dominant-negative behavior toward wild-type p53 and tumors
with p53 mutations sometimes display the chemo-resistant
phenotypes.5–7 Indeed, p53-deficient mice developed spon-
taneous tumors.8 Based on these observations, it is likely that
the sequence-specific transactivation activity of p53 is tightly
linked to its tumor-suppressive function.9

Under normal conditions, p53 is maintained at a quite low
level. MDM2 that acts as an E3 ubiquitin protein ligase for
p53, binds to NH2-terminal transactivation domain of p53,
catalyzes its ubiquitination at COOH-terminal lysine residues
and thereby promoting its ubiquitin-dependent proteasomal
degradation.10,11 As MDM2 is a direct p53-target gene
product, MDM2 and p53 create a negative-feedback loop in
which p53 transactivates MDM2, which in turn downregulates
p53.12 In response to cellular stresses such as DNA damage,
p53 is quickly induced to accumulate in cell nucleus.1 DNA
damage-mediated sequential post-translational modifications
including phosphorylation (Ser-15, Ser-20 and Ser-46)
and acetylation (Lys-373/382) contribute to the induction of
p53.13,14 For example, NH2-terminal phosphorylation of p53
promotes to dissociate MDM2 from p53 (ref.15) and COOH-
terminal acetylation of p53 attenuates the ubiquitination
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mediated by MDM2.16 Thus, these modifications repress the
ubiquitin-dependent proteasomal degradation of p53 and
thereby p53 becomes stable.
On repairable DNA damage, p53 transactivates its cell

cycle-related target genes including p21WAF1 and 14-3-3s to
arrest cell cycle progression at G1/S and/or G2/M boundary
to save time to repair damaged DNA and then cells with
repaired DNA re-enter into the normal cell cycle. When cells
receive severe DNA damage, p53 instead promotes the
irreversible apoptosis through transactivating its pro-apoptotic
target genes such as BAX, NOXA and PUMA and eliminates
cells with seriously damaged DNA.1,13,14 Therefore, the
proper DNA damage response, which monitors and ensures
the genomic integrity, has been considered to be a critical
barrier to tumorigenesis and p53 stands at the cross-road
between cell survival and death following DNA damage.
In addition to DNA damage-mediated post-translational

modifications, p53 is also regulated by protein–protein
interaction. It has been described that ASPP1/ASPP2
interacts with central DNA-binding domain of p53 and
enhances its pro-apoptotic activity.17 Roe et al.18 demon-
strated that VHL binds to p53 and stimulates its pro-apoptotic
activity through suppressing MDM2-mediated p53 ubiquitina-
tion. Lopez-Mateo et al.19 found that CREBZF, which is a
member of ATF/CREB family, associates with p53 and
enhances its transactivation ability. Yang et al.20 described
that polycomb group protein PHF1 binds to COOH-terminal
region of p53 and stimulates its pro-apoptotic activity. In
contrast, we found that polo-like kinase 1 interacts with central
DNA-binding domain of p53 and inhibits its transcriptional as
well as pro-apoptotic activity.21 Recently, Yuan et al.22

reported that ATDC/TRIM29 represses p53-dependent
transcriptional activation through its sequestration outside of
the nucleus. In addition, Li et al.23 demonstrated that SIRT1
binds to p53 and inhibits its pro-apoptotic activity through
deacetylation of p53 at Lys-382.
The mammalian RUNX family of nuclear hetero-dimeric

transcription factors includes three members, Runt-related

transcription factor 1 (RUNX1), RUNX2 and RUNX3, which
have pivotal roles in the regulation of normal development and
tumorigenesis.24 The RUNX family is highly conserved in their
runt homology domain, which is utilized for DNA-binding
and hetero-dimerization with the common cofactor CBFb.25 In
addition to runt domain, RUNX family also possesses the
other subdomains including a large transactivation domain
in COOH-terminal part and an inhibitory domain at COOH-
terminal end of the transactivation domain. RUNX1 is
essential for the establishment of the hematopoietic stem
cells and is a frequent target of chromosomal gene transloca-
tions in hematopoietic malignancies.26 Consistent with these
observations, RUNX1 stimulates transcription of a variety of
myeloid and lymphoid-related genes.27,28 Recently, we have
found that RUNX1 acts as a scaffold protein to elevate DNA
damage-mediated acetylation of p53 and thereby enhancing
its pro-apoptotic activity.29

RUNX3 acts as a tumor suppressor for human gastric
cancer. RUNX3-deficient mice display hyperplasia in gastric
mucosa caused by reduced apoptosis and the stimulated
growth of the gastric epithelial cells. Over 60% of human
primary gastric cancer specimens express significantly lower
levels of RUNX3, which might be due to a combination of
hemizygous deletion ofRUNX3 gene and hypermethylation of
its promoter region.30 In addition to human gastric cancer,
Jiang et al.31 found that RUNX3 is downregulated in human
breast cancer tissues relative to their surrounding normal
tissues and this reduction is correlated to the hypermethyla-
tion of its promoter region. Nicole Tsang et al.32 described that
prolyl isomerase Pin1 is often overexpressed in human breast
cancer tissues and its expression level is inversely correlated
with RUNX3. According to their results, Pin1 bound to RUNX3
and suppressed its transcriptional activity through the
induction of ubiquitin-dependent proteasomal degradation
of RUNX3. He et al.33 also demonstrated that RUNX3 is
markedly reduced in human clear cell renal cell carcinoma
(CCRCC) tissues as compared with their matched adjacent
noncancerous tissues and forced expression of RUNX3
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Figure 1 ADR-mediated induction of RUNX2. (a and b) Expression level of RUNX2 in response to ADR. U2OS cells were exposed to the indicated concentrations of ADR.
Twenty-four hours after ADR treatment, cell lysates and total RNA were prepared and processed for immunoblotting (a) and RT-PCR (b), respectively. Actin was used as a
loading control and GAPDH served as an internal control
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represses the tumorigenicity of CCRCC cells. These observa-
tions strongly suggest that the functional inactivation of
RUNX3 is frequently detectable in a variety of human tumors.
Recently, we have found that RUNX3 interacts with p53 in
response to DNA damage and enhances its ATM-dependent
phosphorylation at Ser-15.34

RUNX2 acts as a master regulator of both osteoblast
and terminal chondrocyte differentiation and is essential for
bone formation and mineralization in vivo.35,36 In addition to
RUNX2, bone morphogenetic protein 2 is one of the most
important cytokines in the regulation of osteoblast differentia-
tion37 and induces RUNX2 through activating Smad1/5/8
signaling.38 Like RUNX1 and RUNX3, RUNX2 is a sequence-
specific transcription factor. In a good agreement with
these observations, RUNX2 transactivates a number of
osteogenic markers such as type 1 collagen, osteopontin
and osteocalcin.37,39 On the other hand, oncogenic nature
of RUNX2 has been shown in several human tumors.40–45

For example, it has been described that gene amplification of
RUNX2 is frequently observed in human osteosarcoma and
RUNX2 regulates the expression of genes implicated in cell
motility and adhesion in human osteosarcoma.45,46 Browne
et al.47 described that RUNX2-mediated induction of anti-
apoptotic Bcl-2 contributes to the acquisition of apoptosis-
resistant phenotype in human prostate cancers. Although
these studies have suggested the oncogenic property of
RUNX2, the underlying molecular mechanism(s) is poorly
understood. Intriguingly, Blyth et al.48 described that RUNX2
provides a strong anti-apoptotic signal even in the presence of
functional p53, indicating that RUNX2 neutralizes p53.
Westendorf et al.49 demonstrated that RUNX2 represses
p21WAF1 expression. Thus, it is likely that these exists a
functional interaction between RUNX2 and p53.
In this study, we have found that RUNX2 interacts with p53

in response to DNA damage and thereby inhibiting p53 in
collaboration with HDAC6.

Results

RUNX2 is induced in response to adriamycin
(ADR)-mediated DNA damage. To examine the expression
pattern of RUNX2 following DNA damage, p53-proficient
human osteosarcoma-derived U2OS cells were exposed
to ADR, which leads to DNA double-strand breaks.
As described,34 U2OS cells underwent apoptosis
in response to ADR as examined by MTT and Trypan
blue exclusion assays (Supplementary Figure S1). Under
these experimental conditions, cell lysates and total RNA
were prepared and subjected to immunoblotting and
RT-PCR, respectively. As shown in Figure 1a, ADR treat-
ment significantly stimulated p53 accumulation and phos-
phorylation at Ser-15 in association with a remarkable
upregulation of the numerous p53-target gene products.
The expression level of g-H2AX and cleavage of poly
(ADP-ribose)polymerase (PARP) were also examined as a
DNA damage and an apoptosis marker, respectively. It was
worth noting that, like p53, RUNX2 is also induced in
response to ADR. As described,49 histone deacetylase 6
(HDAC6) was involved in the regulation of RUNX2 activity.
Under our experimental conditions, HDAC6 remained

unchanged regardless of ADR treatment. RT-PCR experi-
ments demonstrated that ADR-mediated induction of RUNX2
is regulated at mRNA level (Figure 1b). In addition,
time course experiments revealed that RUNX2 is induced
following ADR exposure in a time-dependent manner
(Supplementary Figure S2). Similar results were also
obtained in p53-proficient human colon carcinoma-derived
HCT116 cells (Supplementary Figure S3), indicating that
ADR-dependent induction of RUNX2 is not restricted to
U2OS cells.

Interaction between p53 and RUNX2 in response to
ADR. Given that RUNX1 as well as RUNX3 interacts with
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Figure 2 RUNX2 associates with p53 in response to ADR. (a) Indirect
immunostaining experiments. U2OS cells were treated with 1.0mM of ADR or left
untreated. Twenty-four hours after ADR treatment, cells were simultaneously
incubated with monoclonal anti-p53 and polyclonal anti-RUNX2 antibodies followed
by the incubation with rhodamine-conjugated anti-mouse IgG (red) and fluorescein
isothiocyanate (FITC)-conjugated anti-rabbit IgG (green). Cell nuclei were stained
with DAPI (blue). Merged images (yellow) indicate the colocalization of RUNX2 with
p53 in cell nucleus. (b and c) Co-immunoprecipitation experiments. U2OS cells
were exposed to 0.5mM of ADR (b) or left untreated (c). Twenty-four hours after
ADR treatment, cell lysates were prepared and immunoprecipitated with NMS or
with monoclonal anti-p53 antibody. The immunoprecipitates were analyzed by
immnublotting with monoclonal anti-RUNX2 antibody. The reciprocal experiments
and 1/20 of inputs were also shown
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p53 and modulates its activity,29,34 we sought to investigate
whether RUNX2 could also bind to p53. To this end, U2OS
cells were treated with ADR or left untreated. Twenty-four
hours after ADR treatment, cells were simultaneously
incubated with anti-RUNX2 and anti-p53 antibodies. As
shown in Figure 2a, RUNX2 and p53 were induced to
accumulate in cell nucleus and their nuclear colocalization
was detectable in the presence of ADR, indicating that
RUNX2 might interact with p53 in cell nucleus following ADR
treatment. ADR-mediated nuclear accumulation of RUNX2
was also shown in immunoblotting using nuclear and
cytoplasmic fractions (Supplementary Figure S4). To further
confirm the presence of their interaction, we performed
co-immunoprecipitation experiments. U2OS cells were
exposed to ADR. Twenty-four hours after ADR treatment,
cell lysates were prepared and immunoprecipitated with
normal mouse serum (NMS) or with monoclonal anti-p53
antibody followed by immunoblotting with anti-RUNX2 anti-
body. As seen in Figure 2b, the anti-p53 immunoprecipitates
contained the endogenous RUNX2. Consistent with these
results, the reciprocal experiments using NMS or monoclonal
anti-RUNX2 antibody demonstrated that the endogenous
p53 is co-immunoprecipitated with RUNX2. However, we
could not detect RUNX2/p53 complex by co-immunoprecipi-
tation experiments using cell lysates prepared from untreated
cells (Figure 2c).

p53/RUNX2 complex is efficiently recruited onto
p53-target promoters following ADR treatment.
Considering that RUNX2 interacts with p53, we asked
whether RUNX2 and p53 could be recruited onto p53-target
promoters. For this purpose, we used chromatin immuno-
precipitation (ChIP) assay. U2OS cells were transfected with
the expression plasmids for green fluorescence protein
(GFP) or with p53 plus RUNX2. Forty-eight hours after
transfection, cells were fixed in formaldehyde and soluble
chromatin was immunoprecipitated with anti-GFP, anti-p53
or with anti-RUNX2 antibody. Genomic DNA fragments were
purified from the immunoprecipitates and then subjected
to PCR using p21WAF1 or BAX promoter-specific primer
sets flanking their p53-responsive elements. As shown in
Figure 3a, p53 as well as RUNX2 was detected on p21WAF1

and BAX promoters, whereas GFP was not.
Next, we assessed whether the recruitment of p53/RUNX2

complex onto p53-target promoters could be induced in
response to ADR. U2OS cells were treated with or without
ADR. Twenty-four hours after ADR treatment, cells were fixed
and protein-DNA complexwas immunoprecipitated with NMS,
anti-p53 or with anti-RUNX2 antibody. The immunoprecipi-
tates were then analyzed for p21WAF1 and BAX promoters
by PCR. As seen in Figure 3b, binding of RUNX2 and p53 to
p21WAF1 and BAX promoters was detectable in the presence
of ADR, whereas we could not detect RUNX2 and p53 on

p21WAF1

BAX

Input IP
: N

MS
IP

: a
nti-

p53

p21WAF1

BAX

Input IP
: N

MS
IP

: a
nti-

RUNX2

p21WAF1

-

RUNX2

p53

GFP -+ -

+

+

-

-

+ -

+

+

-

-

Input IP
: a

nti-
GFP

IP
:a

nti-
p53

IP
: a

nti-
RUNX2

BAX

+

+

+

BAX

p21WAF1

Input IP
: N

MS
IP

: a
nti-

p53

Input

p21WAF1

BAX

IP
: N

MS
IP

: a
nti-

RUNX2ADR ++ ++

ADR ++ ++

ADR -- --

ADR -- --

+

Figure 3 p53 as well as RUNX2 is recruited onto p53-target promoters. (a) Co-occupancy of p53 and RUNX2 on p53-target promoters. U2OS cells were transfected with
the expression plasmids for GFP or with p53 plus RUNX2. Forty-eight hours after transfection, cells were fixed in formaldehyde and incubated with SDS lysis buffer.
The extracted chromatin fragments were immunoprecipitated with monoclonal anti-GFP, monoclonal anti-p53 or with monoclonal anti-RUNX2 antibody and the precipitated
genomic DNA was analyzed by PCR using primer sets for p21WAF1 and BAX promoter regions containing their p53-responsive elements. PCR amplification was also
performed before immunoprecipitation for the input control. (b) ADR-mediated recruitment of p53 and RUNX2 onto p53-target promoters. U2OS cells were treated with 0.5mM
of ADR (right panels) or left untreated (left panels). Twenty-four hours after ADR treatment, cells were fixed in formaldehyde and incubated with SDS lysis buffer. Soluble
chromatin was subjected to immunoprecipitation with NMS, monoclonal anti-p53 or with monoclonal anti-RUNX2 antibody. Immunoprecipitated genomic DNA was PCR
amplified using primer sets that span p53-responsive elements of p21WAF1 and BAX promoters. Input corresponded to 2.5% of the soluble chromatin that was subjected to
immunoprecipitation
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these promoters without ADR, suggesting that the efficient
recruitment of RUNX2 and p53 onto p53-target promoters
is regulated in an ADR-dependent manner.
Our results obtained from the above-mentioned ChIP

assays raised a question whether RUNX2 could directly
bind to p53-target gene promoters. To address this issue,
p53-deficient H1299 cells were transfected with the expres-
sion plasmids for p53, RUNX2 or p53 plus RUNX2. Forty-eight
hours after transfection, soluble chromatin was prepared,
immunoprecipitated with anti-p53 or with anti-RUNX2 anti-
body and the immunoprecipitates were analyzed by PCR. As
shown in Supplementary Figure S5, RUNX2 alone did not
bind to p21WAF1 and BAX promoters, indicating that RUNX2 is
recruited onto p53-target promoters in collaboration with p53.

RUNX2 represses the transcriptional activity of p53. As
p53/RUNX2 complex binds to p53-target promoters, we
asked whether RUNX2 could affect p53-target gene expres-
sion. U2OS cells were transfected with the empty plasmid or
with the increasing amounts of the expression plasmid for
RUNX2. Forty-eight hours after transfection, cell lysates and
total RNA were extracted and analyzed by immunoblotting
and RT-PCR, respectively. As shown in upper panels of
Figure 4, a dose-dependent expression of RUNX2 was
detectable and RUNX2 had an undetectable effect on p53.

RT-PCR analysis demonstrated that forced expression of
RUNX2 significantly suppresses the expression of p53-target
genes (lower panels of Figure 4). Considering that the
recruitment of RUNX2 onto p53-target promoters is depen-
dent on p53, these observations strongly suggest that
RUNX2 inhibits the transcriptional activity of p53. To gain
further evidence showing that RUNX2-mediated downregu-
lation of p53-target gene expression could be indeed p53
dependent, we utilized H1299 cells. H1299 cells were
transfected with the empty plasmid or with the expression
plasmid for RUNX2. Forty-eight hours after transfection, total
RNA was extracted and analyzed by RT-PCR. As shown in
Supplementary Figure S6, forced expression of RUNX2
in H1299 cells had a negligible effect on p53-target gene
expression. These results firmly supported that RUNX2
inhibits the transcriptional activity of p53.

Knockdown of RUNX2 enhances ADR-mediated apopto-
sis. To further confirm the notion that RUNX2 has an
inhibitory role on p53, we performed small interference
RNA (siRNA)-mediated knockdown of RUNX2. U2OS cells
were transfected with control siRNA or with siRNA against
RUNX2. Twenty-four hours after transfection, cells were
treated with ADR or left untreated. As shown in Figure 5a,
number of attached cells was apparently decreased in
RUNX2 knockdown cells exposed to ADR as compared with
that in ADR-treated control cells. In support of these results,
fluorescence-activated cell sorter (FACS) analysis demon-
strated that knockdown of RUNX2 results in a remarkable
increase in number of cells with sub-G1 DNA content
following ADR exposure (Figure 5b), indicating that RUNX2
attenuates p53-dependent apoptosis in response to ADR.
Under these experimental conditions, cell lysates and total

RNA were isolated and subjected to immunoblotting and
RT-PCR, respectively. As shown in Figure 5c, ADR treatment
led to a significant accumulation of p53 in association with the
obvious induction of p53 phosphorylation and acetylation
at Ser-15 and at Lys-373/382, respectively. Although
knockdown of RUNX2 had no substantial effect on ADR-
mediated modifications of p53, RT-PCR analysis revealed
that ADR-mediated induction of p53-target genes is further
enhanced in RUNX2 knockdown cells (Figure 5d). In contrast,
knockdown of RUNX2 did not promote apoptosis in H1299
cells following ADR exposure (Figures 6a and b) and also did
not elevate ADR-mediated induction of p53-target gene
expression (Figure 6c). Taken together, these observations
indicate that RUNX2 prohibits p53-dependent apoptosis in
response to ADR through the downregulation of p53-target
genes.

Functional interaction among RUNX2, p53 and HDAC6.
As described,49 HDAC6 bound to RUNX2 and was required
for the maximal repression of p21WAF1 promoter caused by
RUNX2. These findings led us to investigate whether HDAC6
could be included in p53/RUNX2 complex. The initial
co-immunoprecipitation experiments to detect RUNX2/p53/
HDAC6 complex using cell lysates prepared from untreated
U2OS cells were failed (Figure 7a). We then prepared cell
lysates from ADR-treated U2OS cells and performed
co-immunoprecipitation experiments using normal rabbit
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panels) and RT-PCR with the indicated primer sets (lower panels), respectively.
Immunoblotting with anti-actin antibody was used as a loading control. Expression
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serum (NRS) or polyclonal anti-HDAC6 antibody followed by
immunoblotting with the indicated antibodies. As shown in
Figure 7b, the anti-HDAC6 immunoprecipitates contained
the endogenous RUNX2 and p53. The reciprocal experi-
ments using NMS or monoclonal anti-RUNX2 antibody
demonstrated that the endogenous HDAC6 and p53 are
co-immunoprecipitated with RUNX2. Notably, ChIP assays
using ADR-treated U2OS cells revealed that, like RUNX2,
HDAC6 is detectable on p21WAF1 and BAX promoter but
not in untreated cells (Figure 8a), indicating that HDAC6 is
involved in RUNX2-mediated inhibition of p53 transcriptional
response. To address this issue, U2OS cells were treated
with or without HDAC6-specific chemical inhibitor tubacin50

followed by ADR exposure. As shown in Figure 8b, tubacin
treatment resulted in a remarkable enhancement of
ADR-induced induction of p53-target genes. Collectively,
these findings suggested that HDAC6 has a critical role in the
regulation of RUNX2-mediated inhibition of p53.

Discussion

Here, we have found that RUNX2 interacts with p53
and represses p53-dependent apoptosis in response to
ADR. During ADR-mediated apoptosis, RUNX2 was
efficiently recruited onto p53-target promoters in a

p53-dependent manner and prohibited p53 transcriptional
response in collaboration with HDAC6. Thus, RUNX2 might
be an attractive molecular target for cancer therapy.
Accumulating evidence demonstrated that an aberrant

regulation of RUNX2 expression is frequently detectable in a
variety of human tumors including osseous (osteosarcoma)
and nonosseous tumors (prostate, thyroid, breast, colon
and pancreatic cancers),40–45 suggesting that RUNX2 has
an oncogenic function in tumor etiology. In accordance with
this notion, Sase et al.44 described that RUNX2 expression
level is strongly associated with a poor clinical outcome of
colon carcinoma patients and Sadikovic et al.51 found that
RUNX2 overexpression is closely correlated with poor
response to chemotherapy in human osteosarcoma. How-
ever, the precise molecular mechanism(s) how RUNX2 could
contribute to tumorigenesis remained elusive. Given that
RUNX2 is a sequence-specific transcription factor, van der
Deen et al.45 sought to identify physiological RUNX2-target
genes to gain insight into understanding the molecular
pathway(s), which is perturbed in human osteosarcoma.
Based on their results, RUNX2 induced various genes related
to cell adhesion and motility such as focal adhesion kinase
PTK2/FAK and TLN1, indicating that RUNX2 is involved in
the regulation of cellular movement. Consistent with these
results, it has been shown that RUNX2 expression is
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increased in highly metastatic human breast and prostate
tumors.52 Pratap et al.53 described that RUNX2 regulates
metalloproteinase and VEGF expression, which contribute to
the metastatic properties of malignant tumors. These obser-
vations might provide a clue to understand the molecular
basis of oncogenic property of RUNX2.
Recently, we have found that RUNX1 and RUNX3 enhance

DNA damage-mediated pro-apoptotic activity of p53 through
induction of p300-dependent acetylation and ATM-dependent
phosphorylation of p53, respectively.29,34 These observations
prompted us to investigate whether RUNX2 could also be
involved in p53-dependent DNA damage response. Here, we
showed that forced expression of RUNX2 inhibits p53-
dependent transcriptional activation of its target genes and
knockdown of RUNX2 enhances ADR-mediated pro-apopto-
tic activity of p53 in association with a further stimulation of
p53-target gene expression following ADR exposure, sug-
gesting that, in contrast to RUNX1 and RUNX3, RUNX2 has
an inhibitory role in the regulation of p53. As pro-apoptotic
activity of p53 is tightly linked to its sequence-specific
transcriptional activity, RUNX2 might inhibit p53 transcrip-
tional machinery. Indeed, our ChIP assays revealed that
RUNX2/p53 complex is efficiently recruited onto p53-target
promoters in response to ADR. Lutterbach et al.54 found that
p21WAF1 promoter contains three putative RUNX-binding
sites and the proximal element is required for the down-
regulation of p21WAF1 in NIH3T3 cells, indicating that RUNX2
directly binds to this element and thereby reducing p21WAF1

expression. Under our experimental conditions, however,
RUNX2 had an undetectable effect on p53-target genes
including p21WAF1 in p53-deficient H1299 cells regardless of
ADR treatment, which might rule out a possibility that RUNX2
alone is involved in the repression of p21WAF1 gene expres-
sion. In addition, ADR-mediated recruitment of RUNX2 onto
p21WAF1 promoter was dependent on p53. Considering that
NIH3T3 cells carry wild-type p53, it is likely that RUNX2-
mediated inhibitory effect on p21WAF1 gene expression is
dependent on p53.
We also demonstrated that HDAC6 participates in RUNX2-

mediated downregulation of p53-target genes in response to
ADR. As described,49,55 HDAC6 and HDAC3 interacted with
RUNX2. It has been shown that HDACs are the enzymatic
components of multi-protein complexes, which are recruited
onto specific DNA elements together with transcription factors
and then remove acetyl residues from nucleosomal histones
as well as other substrates leading to chromatin condensation
and gene repression.56,57 Schroeder et al.54 reported that
HDAC3/RUNX2 complex associates with RUNX2-target
promoter and HDAC3 represses RUNX2-mediated induction
of its direct target genes. Westendorf et al.49 demonstrated
that RUNX2 binds to HDAC6 and inhibits the transcription of
p21WAF1 through the deacetylase activity of HDAC6. Accord-
ing to their results, RUNX2 efficiently recruited HDAC6 into
cell nucleus and suppressed the transcription of p21WAF1.
Intriguingly, Lee et al.58 found that HDAC6 is responsible
for efficient oncogenic transformation and tumor formation.
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In accordance with these observations, it has been shown that
inhibition of HDAC6 enhances the chemo-sensitivity of
transformed cells.51 Similarly, Wang et al.59 reported that
depletion of HDAC6 increases cispaltin-induced apoptosis.
Based on our present results, HDAC6 was included in
RUNX2/p53 complex and bound to p53-target promoters in
response to ADR. Moreover, HDAC6 inhibitor tubacin treat-
ment further enhanced ADR-mediated induction of p53-target
genes, raising a possibility that there is a functional
collaboration among RUNX2, p53 and HDAC6 and deacety-
lase activity of HDAC6 is required for RUNX2-mediated
repression of p53 transcriptional activity. As RUNX2 knock-
down had little effect on ADR-dependent acetylation of p53 at
Lys-373/392, it is plausible that HDAC6 does not affect the
acetylation status of p53 following ADR exposure. However,
we could not exclude a possibility that the other acetylation
site(s) of p53 could be regulated by HDAC6. To adequately
address this issue, further studies should be required.

Collectively, our present findings provided strong evidence
that RUNX2 prohibits p53-mediated apoptosis in response to
DNA damage through the collaboration with HDAC6 and
might imply that RUNX2 is a potential therapeutic target for
cancer treatment.

Materials and Methods
Cell culture and transfection. Human osteosarcoma-derived U2OS,
human colon carcinoma-derived HCT116 and human lung carcinoma-derived
H1299 cells were maintained in Dulbecco’s modified Eagle’s medium
supplemented with 10% fetal bovine serum (Invitrogen, Carlsbad, CA, USA)
and penicillin–streptomycin at 37 1C in 5% CO2. For transfection, cells were
transiently transfected with the indicated combinations of the expression plasmid
by using Lipofectamine 2000 according to the manufacturer’s instructions
(Invitrogen).

MTT cell survival assay. Cells were seeded in triplicate at a density of
5� 103 cells per 96-well plates. The next day, cells were treated with the indicated
concentrations of ADR or left untreated. Twenty-four after ADR treatment, 10 ml of
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a modified 3-(4,5-dimethylthiazol-2-yl) 2,5-diphenyl-tetrazolium bromide solution
(Dojindo, Kumamoto, Japan) were added to the culture and reaction mixtures were
incubated at 37 1C for 2 h. The absorbance readings for each well were carried out
at 570 nm using the microplate reader (Model 450, Bio-Rad Laboratories,
Hercules, CA, USA).

Trypan blue exclusion assay. Cells were exposed to the indicated
concentrations of ADR. Twenty-four hours after ADR treatment, the floating dead
cells in the medium and the cells that remained attached to the plates were
collected by trypsinization and counted using a hemacytometer in the presence
of 0.4% Trypan blue reagent (Sigma, St. Louis, MO, USA).

FACS analysis. For sub-G1 analysis, cells were exposed to the indicated
concentrations of ADR. Twenty-four hours after ADR exposure, floating and
attached cells were collected, washed in ice-cold phosphate-buffered saline (PBS)
and fixed in 70% ethanol at � 20 1C. Cells were then treated with RNase A
(at a final concentration of 200mg/ml) and 25mg/ml of propidium iodide at room
temperature for 1 h in the dark. Stained nuclei were analyzed by a FACScan
machine (Becton Dickinson, Mountain View, CA, USA).

Reverse transcription (RT)-PCR. Total RNA was prepared from cells by
using RNeasy kit according to the manufacturer’s instructions (QIAGEN, Valencia,
CA, USA), and checked on an agarose gel for intact rRNA bands. RT was carried
out with random primers and a SuperScript II reverse transcriptase according
to the manufacturer’s protocol (Invitrogen). The resultant cDNA was diluted with
nuclease-free sterile water and subjected to PCR analysis. The number of cycles
required for amplification in the linear range was determined for each primer set
and template. The PCR products were electrophoresed on 1.5% agarose gels and
their amounts were evaluated by staining with ethidium bromide. Glyderaldehyde-
3-phosphate dehydrogenase was used as an internal control. Primer sequences
used in the present study are available on request.

Immunoblotting. Cells were rinsed twice in ice-cold PBS and lysed in a
lysis buffer containing 25mM Tris-HCl pH 7.5, 137mM NaCl, 2.7 mM KCl,
1% Triton X-100 and protease inhibitor cocktail (Sigma). Whole-cell lysates were
clarified by centrifugation at 12 000 r.p.m. at 4 1C for 20min. Protein concentra-
tions were determined by Bradford’s reagent (Bio-Rad Laboratories). Equal
amounts of whole-cell lysates (100mg of protein) were resolved on a 10%
standard 10% polyacrylamide gel, electro-transferred onto an immobilon
membrane (Millipore, Billerica, MA, USA). The membrane was blocked with 5%
dry milk in Tris-buffered saline (TBS) plus 0.1% Tween 20 (TBS-T) at 4 1C
overnight. After blocking, the membrane was incubated with monoclonal anti-p53
(DO-1, Santa Cruz Biotechnologies, Santa Cruz, CA, USA), monoclonal anti-
RUNX2 (8G5, Medical and Biological Laboratories, Nagoya, Japan), polyclonal
anti-phospho-p53 at Ser-15 (Cell Signaling Technologies, Beverly, MA, USA),
polyclonal anti-acetyl-p53 at Lys-373/382 (Millipore), polyclonal anti-p21WAF1

(H-164, Santa Cruz Biotechnologies), polyclonal anti-BAX (Cell Signaling
Technologies), polyclonal anti-PARP (Cell Signaling Technologies), polyclonal
anti-HDAC6 (Cell Signaling Technologies) or with polyclonal anti-actin antibody
(20-33, Sigma) at room temperature for 1 h. After washing with TBS-T,
the membrane was then incubated with HRP-conjugated anti-mouse IgG or
with HRP-conjugated anti-rabbit IgG (Invitrogen) at room temperature for 1 h. The
membrane was extensively washed with TBS-T and the immunoblotted proteins
were then visualized by enhanced chemiluminescence (ECL, Amersham
Biosciences, Piscataway, NJ, USA).

Immunostaining. Cells were treated with ADR or left untreated. Twenty-four
hours after ADR treatment, cells were rinsed in ice-cold PBS, fixed with
3.7% formaldehyde for 30min at room temperature, permeabilized with 0.1%
Triton X-100 in PBS for 5 min at room temperature, and then blocked with 3%
bovine serum albumin in PBS for 1 h at room temperature. After blocking, cells
were washed in ice-cold PBS and simultaneously incubated with mouse
monoclonal anti-RUNX2 and rabbit monoclonal anti-p53 antibodies (7F5, Cell
Signaling Technologies) for 1 h at room temperature. After washing with ice-cold
PBS, cells were incubated with fluorescein isothiocyanate-conjugated anti-mouse
IgG and rhodamine-conjugated anti-rabbit IgG (Invitrogen) at room temperature
for 1 h. Cell nuclei were stained with 4,6-diamidino-2-phenylindole (DAPI; Vector
Laboratories, Peterborough, UK). Fluorescent images were captured using a
confocal microscope (Leica, Milton Keynes, UK).

Immunoprecipitation. Whole-cell lysates (1 mg of protein) prepared as
described above were precleared by adding 30 ml of protein G-Sepharose beads
for 1 h at 4 1C. The supernatant was then incubated with NMS or with monoclonal
anti-p53 antibody at 4 1C overnight. Subsequently, 30ml of protein G-Sepharose
beads were added to the reaction mixture and incubated for 2 h at 4 1C.
The protein G-Sepharose beads were then washed three times with a lysis buffer,
boiled in 30ml of SDS-sample buffer, and the supernatant was analyzed by
immunoblotting with monoclonal anti-RUNX2 antibody.

ChIP assay. ChIP experiments were performed essentially as described.29

In brief, U2OS cells were cross-linked with formaldehyde (at a final concentration
of 1%) for 15min at 37 1C, washed in ice-cold PBS twice and incubated with SDS
lysis buffer for 10min at 4 1C. The lysates were sonicated to obtain DNA
fragments of 500 bp as determined by agarose gel electrophoresis with ethidium
bromide staining. Protein-DNA complexes were subjected to centrifugation
at 13 000 r.p.m. for 20min, and the supernatants were incubated with protein
A-agarose beads for 1 h at 4 1C. The supernatants were recovered by a brief
centrifugation and then incubated with NMS, monoclonal anti-p53 or with
monoclonal anti-RUNX2 antibody overnight at 4 1C. After the incubation, protein
A-agarose beads were added to the reaction mixtures and incubated for another
2 h at 4 1C. The immunoprecipitates were sequentially washed with the
appropriate buffers and the immune complexes were eluted from the beads with
elution buffer containing 1% SDS and 0.1 M NaHCO3. The protein-DNA
complexes were then treated with proteinase K at 50 1C for 1 h followed by
reverse cross-linking at 65 1C for 4 h. DNA was extracted with phenol–chloroform,
precipitated with ethanol, dissolved in 25 ml of Tris-EDTA buffer, and analyzed
by standard PCR.
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