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Abstract. Metastasis-associated protein 1 (MTAL1) is highly
upregulated in cancer cells with metastatic potential; however,
the molecular mechanism by which MTA1 increases the
metastatic potential of cancer cells is far from clear. We
characterized the functional consequences of MTA1
overexpression on p53-induced apoptosis of cancer cells.
MTAI1 was associated with p53 in a co-immunoprecipitation
assay. MTA1 also had deacetylation activity on p53 in human
non-small cell lung cancer cells H1299 and human hepatoma
cells SK-Hepl. MTAL attenuated the transactivation and p21
induction by p53. Moreover, MTA1 expression decreased p53-
mediated apoptosis. These results indicate that MTA1 inhibits
p53-induced apoptosis by deacetylation of p53, which might
be related to the increased metastatic potential of cancer cells
with high MTA1 expression.

Introduction

MTA1 was originally isolated by differential expression
screening of metastatic cell lines with high and low metastatic
potentials (1). In vitro studies have shown that MTA1
increases invasiveness and migration (2,3) and suggest that
MTA1 may be involved in the regulation of gene expression
by covalent modification of histone proteins (4). Consistent
with this notion, MTA proteins are physically associated with
histone deacetylases (HDAC1/2) and play a role in histone
deacetylation and modulation of transcriptional activity as
components of the nucleosome remodeling histone deacety-
lation (NuRD) complex (5). Recent reports have shown that
MTA1 enhances angiogenesis by deacetylation and the
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stabilization of HIF-1a (6,7), providing an important clue in
understanding the mechanism of the increased metastatic
potential of the cancer cells with high MTA1 expression.

Because MTA1 has deacetylating activity, MTA1 may
affect the function of other proteins related to cancer
progression whose activity is determined by acetylation
status. In fact, MTA2, a homologue of MTA1, has been
reported to modulate acetylation status and transcriptional
activity of p53, while MTAZ2 has not been linked to metastasis
or cancer progression in contrast to MTAT1 (8). In response to
DNA damage and other types of stress, p53 stabilizes and
induces apoptosis, cell-cycle arrest, senescence and
differentiation (9,10). Overexpression of p53 activates a
number of target genes involved in those processes such as
p21CIP1/WAFI1, MDM?2, GADDA45, Cyclin G, Noxa, Bax
and PUMA (11-16) through binding to p53 consensus
sequences. Therefore, the investigations of the effects of
MTALI on p53 may provide an important clue in understanding
the mechanism of the increased metastasis of cancer cells
with high MTA1 expression. In this study, we found that
MTAL1 decreases the transcriptional activity of p53 and
inhibits apoptosis through deacetylation of p53.

Materials and methods

Reagents and antibodies. G418 was purchased from
Invitrogen (Carlsbad, CA, USA). Protein G-agarose, protease
inhibitor cocktail and FuGENE 6 Reagent were from Roche
(Mannheim, Germany). Antibodies to p21, B-actin and
acetylated p53 (Ac-p53) (Lys373, Lys382) were from Santa
Cruz Biotechnology (Santa Cruz, CA, USA) and Upstate
Biotechnology (New York, NY, USA), respectively.
Antibodies to FLAG and p53 were obtained from Sigma (St.
Louis, MO, USA) and Labvision (Fremont, CA, USA),
respectively.

Cell culture and transfection. H1299 cells and SK-Hepl cells
were maintained in DMEM supplemented with 10% fetal
bovine serum at 37°C in a 5% CO, standard incubator. To
make stable MTA1 and mock transfectants, H1299 and SK-
Hepl cells were transfected with pcDNA3.1-human MTA1-
FLAG or empty pcDNA3.1 and selected with 500-600 pg/ml
G418 sulfate (6).

Reporter assay. HEK293 cells were transfected with pG13Luc
reporter together with MTA1-FLAG using FuGENE 6 reagent.
After transfection, cell lysate was assayed for luciferase
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activity using the Dual-Luciferase® Reporter assay system
(Promega, Madison, WI, USA) and a luminometer (Turner
Designs, Sunnyvale, CA, USA). The relative luciferase
activities were calculated as previously described (17).

Western blotting. Harvested cells were lysed in a buffer
(40 mM Tris-HCI, pH 7.4, 10 mM EDTA, 0.1% NP-40, 1 mM
DTT and 120 mM NaCl) and protein concentration was
measured by Bradford assay. Whole cell lysates were resolved
in SDS-PAGE gels and Western blotting was performed using
appropriate primary antibodies as reported (18). Protein bands
were visualized with the ECL system (Amersham, Piscataway,
NJ, USA).

Co-immunoprecipitation assay. After transient transfection of
the target cells with His-p53, immunoprecipitation using anti-
FLAG or -p53 antibody, SDS-PAGE and Western blotting
was performed as previously described (6).

Measurement of cell death. Adenovirus expressing p53
(Avpp53) was propagated in HEK 293 cells and concentrated
by the standard CsCl ultracentrifugation method as previously
reported (19). Cells were seeded on 96-well plates and infected
with Avpp53 at a multiplicity of infection of 50 in a serum-
free medium for 1 h. To measure cell death, trypan blue
exclusion test was performed by incubating cells in 0.02%
trypan blue solution for 5 min.

Results

MTAI is associated with p53. While others and our group
have reported that MTA1 stabilizes HIF-1a and increases
angiogenesis (6,7), we hypothesized that MTA1 may
additionally promote metastatic potential of cancer cells by
modulating cell death. Particularly, we were interested in
p53-induced apoptosis of cancer cells because p53 activity is
modulated by acetylation status and MTA1 acts by
deacetylating transcriptional factors such as HIF-1a (6,7). To
investigate the mechanism by which MTA1 affects p53-
induced apoptosis, we studied possible physical interaction
between p53 and MTA1 using co-immunoprecipitation assay.
When stable H1299 MTAI1 transfectants (6) were transiently
transfected with a p53 expression vector (His-p53) and
immunopreciptation was performed using FLAG antibody,
p53 protein was detected in the immunoprecipitates,
suggesting physical association between MTA1 and p53 in vivo
(Fig. 1A). Next we studied whether such physical association
between MTAT1 and p53 is specific to a single cell line or
could be generalized to diverse cell lines. When SK-Hepl
hepatoma cells were employed instead of H1299 cells,
essentially the same result was obtained, suggesting that this
physical association between MTA1 and p53 is not restricted
to a single cell line (Fig. 1B). These results indicate that
MTAI interacts with p53 in vivo, consistent with a previous
study showing MTA1 binding to p53 in an in vitro GST-pull
down assay (4).

MTAI has deacetylation activity on p53. Next we studied
whether MTA1 can modulate the acetylation status of p53.
Western blotting using an antibody specific for acetylated p53
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Figure 1. Association of MTA1 with p53. (A) Stable HI299 MTAI1
transfectants and mock transfectants were transiently transfected with a
His-p53 eukaryotic expression vector. Total cell lysate was immuno-
precipitated with anti-FLAG antibody. The immunoprecipitates were
analyzed by Western blotting using anti-p53 and -FLAG antibodies to study
the presence of His-p53 and MTA1-FLAG. Immunoprecipitation (IP);
Western blotting (WB). (B) Stable SK-Hepl MTAI1 transfectants and mock
transfectants were transiently transfected with a His-p53 eukaryotic
expression vector as in (A). Total cell lysate was immunoprecipitated with
anti-p53 antibody. The immunoprecipitates were analyzed by Western
blotting using anti-FLAG or -p53 antibodies to study the presence of His-p53,
endogenous p53 and MTA1-FLAG.

A H1299
+ NaBu
His-p53 + + + + + o+
MTA1-FLAG - - + - - +

B SK-Hep1
+ NaBu
His-p53 + + + + + o+
MTA1-FLAG - - + - - +
=

-+ Ac-p53

- His-p53

Figure 2. Deacetylation of p53 by MTA1. (A) Stable H1299 MTA1
transfectants and mock transfectants were transiently transfected with a His-
p53 eukaryotic expression vector. The expression of Ac-p53 and His-p53
were analyzed by Western blotting using anti-Ac-p53 and -p53 antibody,
respectively with or without 10 mM NaBu pretreatment for 4 h. (B) Stable
SK-Hepl MTAI1 transfectants and mock transfectants were transiently
transfected with a His-p53 eukaryotic expression vector. The expression of
Ac-p53, His-p53 and endogenous p53 were analyzed as in (A).
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Figure 3. Decrease of p53 transcriptional activation and p21 expression by 0.

MTAL. (A) HEK293 cells were transiently transfected with 5 yg pG13Luc
and 0.1 pg His-p53 together with varying doses of MTA1-FLAG or empty
vector. After transient transfection for 24 h, relative luciferase activity
(RLA) was measured as an index of reporter activity. (B) Stable H1299
MTALI transfectants and its respective mock transfectants were infected with
an adenovirus expressing pS53 (Avpp53) or a control adenovirus (Ad-lacZ).
The expression of p21 and B-actin were analyzed by Western blotting using
anti-p21 and B-actin antibody, respectively.

(Lys373, Lys382) showed that transfection of p53-null H1299
cells with His-p53 alone resulted in the expression of
acetylated p53, which was increased by sodium butyrate
(NaBu), a histone deacetylase inhibitor. Stably transfected
MTAI diminished the expression of acetylated p53 both in the
absence or presence of NaBu, suggesting that MTA1
deacetylates p53 (Fig. 2A). We next conducted the same
experiment using SK-Hepl human hepatoma cells, which
express wild-type pS3 (20). In SK-Hep1 cells, transfection of
His-p53 alone did not induce detectable acetylated p53.
However, expression of acetylated p53 was detected when the
cells were transfected in the presence of NaBu. The expression
of acetylated p53 detected in the presence of NaBu was
abrogated in stable SK-Hepl MTAI transfectants, supporting
that MTA1 has deacetylation activity on p53 (Fig. 2B).

MTAI decreases transcriptional activation and p21 expression
by p53. Next, we studied whether MTA1 modulates the
transcriptional activity of p53. Reporter assay showed that co-
transfection of MTAL inhibited p53-induced transcriptional
activity in a dose-dependent manner (Fig. 3A). Then, we
studied the expression of p21 since p21 is one of the authentic
target genes induced by p53 (11). Infection of an adenovirus
expressing p53 (Avpp53) induced strong expression of p21 in
H1299 cells as expected. Induction of p21 by adenoviral
expression of p53 was markedly decreased in stable H1299
MTALI transfectants compared to mock transfectants (Fig. 3B),
substantiating that MTA1 decreases the induction of p21
probably through attenuation of transactivation by p53.

Con Ad-lacZ Avpp53

Figure 4. Inhibition of p53-induced apoptosis by MTA1. (A) Stable H1299
MTAL transfectants (open bars) and mock transfectants (filled bars) were
seeded on 96-well plates and infected with adenovirus expressing p53
(Avpp53) or control Ad-lacZ. After incubation for 24 to 36 h, trypan blue
exclusion test was performed by incubating cells in 0.02% trypan blue
solution for 5 min. (B) Stable SK-Hepl MTAI transfectants (open bars) and
mock transfectants (filled bars) were seeded on 96-well plates. Infection
with adenovirus expressing pS3 (Avpp53) and trypan blue exclusion test
were conducted as in (A).

MTAI inhibits apoptosis induced by p53. Next, we explored
the biological consequence of MTA1-mediated modulation of
p53 by studying the effect of MTA1 on pS53-induced cell
death. Trypan blue exclusion assay demonstrated that cell
death by adenoviral expression of p53 was attenuated
significantly in both H1299 and SK-Hepl MTAI transfectants,
compared to their respective mock transfectants (Fig. 4A and
B), suggesting that MTA inhibits apoptosis induced by p53 in
multiple cell lines by deacetylating p53 and attenuating
transactivation by p53.

Discussion

To understand the mechanism by which MTA1 increases the
metastatic potential of cancer cells, we studied the functional
consequences of MTA1 overexpression on p53. First, we
confirmed physical association between p53 and MTAI by
using co-immunoprecipitation assay. We then showed that
MTAT1 deacetylates p53. In one cell line (H1299), acetylated
p53 was detected even in the absence of NaBu, which was
decreased by MTAI1, strongly supporting that MTA
deacetylates p53 in vivo. We observed that the effect of MTAI
was not significantly affected by NaBu. The effect of NaBu as
an inhibitor of deacetylation may vary according to the target
proteins and the effect of NaBu on MTAT1 could be different
from that on other major deacetylators such as HDACs (7.8).
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Probably because of deacetylation activity on p53, MTA1
decreased transactivation by p53 and led to the abrogation of
the induction of p21, a classical p53 target protein. Probably
through the abrogation of p53 target gene expression, MTA1
transfection inhibited p53-induced apoptosis. While MTA2
has been reported to have deacetylation activity on p53 (8), the
effect of MTA1 on p53-induced apoptosis has not been
reported to our knowledge. Our data may provide a novel
clinical implication related to metastasis because MTA2,
despite its deacetylation activity on p53, has not been shown to
be involved in metastasis or carcinogenesis in contrast to
MTAT1 (4). In conclusion, MTA1 could be a member of p53
deacetylators such as PML, Ras, SIRT1 (21) that are important
modulators of p53 activity (22). While p53 deacetylation alone
cannot explain high metastatic potential of cancer cells with
MTAT1 overexpression, MTA1 may be able to promote
metastasis of cancer cells by inhibiting p53-induced cell death
described in this report and also by deacetylating HIF-1a and
increasing its stability as previously reported (6,7).

We have observed that MTA1 was overexpressed in
mitochondrial DNA-depleted p°® cells (19, and unpublished
data). Considering frequent mitochondrial mutations in
malignant cells (23), MTA1 overexpression might be related
to the increased malignant potential of cancer cells with
mitochondrial dysfunction/mutations (23) and increased
resistance of cells with mitochondrial dysfunction against cell
death (19,24).

Collectively, these results indicate that MTAT1 inhibits
p53-dependent apoptosis by deacetylating p53 and
attenuating transactivation by p53, which may contribute to
the enhanced metastatic potential of cancer cells with high
MTAI expression. Because MTA1 modulates both p53 and
HIF-1a, the two important molecules in carcinogenesis and
metastasis, MTA1 could be a molecular target for inhibition
of cancer progression and metastasis, which are important
clinical points in determining the final outcome of the disease
in patients with advanced cancers.
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