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Metastasis-associated protein 1 enhances
angiogenesis by stabilization of HIF-1a
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Abstract. Metastasis-associated protein 1 (MTAI) is highly
upregulated in cancer cells with metastatic potential; how-
ever, the molecular mechanism by which MTA1 increases the
metastatic potential of cancer cells is unknown. We charac-
terized the functional consequences of MTA1 overexpression
in cancer cells with an emphasis on its potential role as a
deacetylator of hypoxia-inducible factor-1a (HIF-1a). MTA1
increased the expression of HIF-1a protein, but did not increase
the expression of its mRNA. Glutathione S-transferase pull-
down and coimmunoprecipitation assays demonstrated direct
interaction of MTA1 with HIF-1a both in vitro and in vivo.
Immunoprecipitation and acetylation assays also showed that
MTAL has deacetylation activity on HIF-1a in vivo. Moreover,
MTALI increased the transcriptional activity of HIF-la and
enhanced the expression of vascular endothelial growth factor,
a target molecule of HIF-1a. Conditioned medium collected
from MTAI1 transfectants also increased angiogenesis in vitro
and in vivo, probably through enhanced HIF-1a stabilization.
These results indicate that MTA1 enhances angiogenesis by
stabilization of the HIF-1a protein, which is closely related
to the increased metastatic potential of cancer cells with high
MTAT1 expression.
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Introduction

MTA1 was originally isolated by differential expression
screening of metastatic cell lines with high and low metastatic
potentials (1). While increased expression of MTA1 in highly
metastatic cells has been confirmed (2,3), the precise
mechanism by which MTA1 increases the metastatic potential
of cancer cells is currently unknown. In vitro studies have
shown that MTAL increases invasiveness and migration (4);
however, increased invasiveness alone cannot explain its
potential role in metastasis. A recent report suggested that
MTAI may possibly be involved in the regulation of gene
expression by covalent modification of histone proteins (5).
Consistent with this notion, MTA proteins physically interact
with histone deacetylases (HDAC1 and HDAC2) and
constitute the nucleosome remodeling histone deacetylation
(NuRD) complex, playing a role in histone deacetylation and
transcriptional control (6,7). MTAZ2 has also been reported to
have deacetylation activity on both histone and non-histone
proteins, such as p53 (5,8). Thus, MTA1 could possibly have
deacetylation activity as well. According to a previous report
that HDAC induces angiogenesis (9), the deacetylation
activity of MTA homologues may potentially be important in
regulation of angiogenesis or metastasis. Moreover, it was
reported that mouse ARDI1 acetylates and destabilizes HIF-
la, suggesting that reversible acetylation influences the
stability of HIF-1a (10,11). HIF-1a is a subunit of HIF-1
which is a master transcription factor mediating cellular and
systemic homeostatic responses to reduced O, availability,
especially in angiogenesis. In particular, HIF-1a is one of the
critical regulators for the hypoxia-induced angiogenesis of
tumor tissues (12). Under normoxia, HIF-1a is rapidly
degraded by the ubiquitin-proteasome pathway through its
interaction with the von Hippel-Lindau tumor suppressor
gene product (pVHL) (13,14) while HIF-1a becomes stable
under hypoxia. Therefore, the investigations of the effects of
MTAT1 on HIF-1a may provide an important clue to
understand the mechanism of the increased metastasis of
cancer cells with high MTAT1 expression. In this study, we
found that MTA1 enhances angiogenesis by stabilization of
HIF-1a.
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Materials and methods

Reagents and antibodies. MG132 and G418 were purchased
from Calbiochem (Darmstadt, Germany) and Invitrogen
(Carlsbad, CA), respectively. Protein G-agarose, protease
inhibitor cocktail, and Fugene 6 reagent were from Roche
(Mannheim, Germany). Glutathione Sepharose™ 4B was
purchased from Amersham Biosciences (Uppsala, Sweden).
Antibodies to HIF-1a, FLAG and GFP were obtained from
BD Biosciences (San Diego, CA), Sigma (St. Louis, MO),
and Clontech (Palo Alto, CA), respectively. Antibodies to
VEGF, B-actin and anti-Ac-Lys antibodies were purchased
from Santa Cruz Biotechnology (Santa Cruz, CA), and Upstate
Biotechnology (New York, NY), respectively.

Plasmids and recombinant proteins. To construct GFP-ARDI,
the mouse ARD1?% cDNA was inserted into a prokaryotic
expression vector, pCS2+ (10,11). To make an inducible
GST-MTATI1 construct, the MTA1 cDNA was inserted into
a prokaryotic expression vector, pGEX-4T (Amersham
Pharmacia Biotech).

RT-PCR analysis. Total-RNA from cells was isolated using
TRIzol® reagent (Invitrogen), and RT-PCR was carried out as
previously described (10). Specific primer sets were used for
HIF-1a (sense 5-CTGACCCTGCACTCAATCAA-3', anti-
sense 5'-CTTTGAGGACTTGCGCTTTC-3'), VEGF (sense
5'-GAGAATTCGGCCTCCGAAACCATGAACTTTCT
GCT-3', antisense 5-GAGCATGCCCTCCTGCCCGGCTC
ACCGC-3"), MMP-2 (sense 5-GCGACAAGAAGTATGGC
TTC-3', antisense 5-TGCCAAGGTCAATGTCAGGA-3"),
and B-actin (sense 5'-GGCATCCACGAAACTACCTT-3/,
antisense 5'-CTGTGTGGACTTGGGAGAGG-3").

GST pull-down assay. [*S]Methionine-labeled in vitro trans-
lated full length of HIF-1a was prepared using the TNT system
(Promega, Madison, WI). GST-fusion proteins were prepared
as previously described (10). The GST pull-down assay was
carried out using GST or GST-MTA1 recombinant protein and
in vitro translated full-length HIF-1a as previously described
(10,15).

Cell culture and hypoxic condition. H1299 and SK-Hepl
cells were maintained in Dulbecco's modified Eagle's medium
(DMEM, Cambrex, Baltimore, MD) supplemented with 10%
fetal bovine serum (FBS, Cambrex), 1% antibiotics and 1%
glutamine at 37°C in a 5% CO, standard incubator. Primary
human umbilical vascular endothelial cells (HUVECs, passages
2-5) were grown on 0.1% gelatin-coated plates in M 199
supplemented with 20% FBS, 50 pg/ml endothelial cell growth
supplement, and 15 units/ml heparin. To generate mock and
stable MTA1 transfectants, H1299 and SK-Hepl cells were
transfected with empty pcDNA3.1 or pcDNA3.1-human
MTAI1-FLAG and were selected using G418 sulfate (500-
600 pg/ml). For hypoxic culture, cells were maintained in 5%
CO, and 1% O, balanced with N, using a hypoxic chamber
(ASTECQ).

Preparation of conditioned media. H1299 mock or stable
MTAI1 transfectants were seeded and incubated in 1% FBS
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DMEM for 24 h. For the tube formation assay, conditioned
medium (CM) was filtered through 0.22 M pore membranes
(Millipore, Bedford, MA) and was then applied to HUVECs.
For the chorioallantoic membrane (CAM) assay, cells were
incubated in serum-free DMEM for 24 h, and the supernatant
was concentrated using an ultrafiltration kit (3-kDa cut-off,
Millipore).

In vivo acetylation assay. MG132 (10 pM) was added to
H1299 cells transiently or stably transfected with appropriate
expression vectors. Total cell extract was immunoprecipi-
tated with 1 g Ac-Lys (acetyl-lysine) antibody. The immuno-
precipitate was subjected to SDS-PAGE and Western blotting
using anti-HIF-1a antibody.

Coimmunoprecipitation assay. After transient transfection of
mock or stable MTAI1 transfectants with GFP-HIF-1a, cells
were maintained for 4-6 h in hypoxic and normoxic conditions
prior to harvesting. Preparation of protein extract, immuno-
precipitation and Western blotting were performed as
previously described (10,15).

Reporter assay. pSV40 promoter-Epo-HRE-Luc reporter,
pBOS-hHIF-1a and pBOS-hHIF-16 together with MTA1-
FLAG were transfected into H1299 and SK-Hepl! cells using
Fugene 6 reagent. After incubation in hypoxic and normoxic
conditions, cell lysate was assayed for luciferase activity using
the Dual-Luciferase® Reporter assay system (Promega) and a
luminometer. The relative luciferase activities were calculated
as previously described (10,15).

Tube formation assay and CAM assay. Matrigel (10 mg/ml)
was polymerized for 30 min at 37°C. HUVECsS (1.5x10°) were
seeded on the matrigel and grown in CMs. After 24 h of
incubation, cells were photographed at x40 magnification. Tube
length was determined using an inverted microscope equipped
with a digital CCD camera (Zeiss) and was quantified using
Image Lab imaging software (MCM Design). The CAM assay
was conducted using 9-9.5-day-old chick embryos as previously
described (15).

Results

Increased HIF-1a expression by MTAI. MTA1 has been
reported to possess HDAC activity (5), and acetylation of
HIF-10 was shown to modulate the stability of HIF-1a (10). We
therefore hypothesized that MTAL is capable of deacetylating
HIF-1a, and subsequently modulates the HIF-1a stability that
could potentially be associated with an increased metastatic
potential of cancer cells expressing MTA1. Thus, we over-
expressed MTAT1 in H1299 human non-small cell lung
cancer (NSCLC) cells and explored the regulation of HIF-1a
protein in hypoxic conditions. The HIF-1a protein level was
remarkably upregulated in H1299 cells stably transfected
with an MTAL1 expression vector (lane 4) (Fig. 1A). However,
MTAI overexpression did not affect its mRNA level, which
suggests that the increase in the HIF-1a level by MTAL is not
due to upregulation of its transcripts, but is instead due to
post-translational regulation (Fig. 1A). Another transfectant,
SK-Hepl hepatoma cells stably overexpressing MTA1, also
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Figure 1. MTAI increases HIF-1a stability. (A) Left, H1299 cells were stably transfected with the indicated expression vector and left untreated or exposed to
1% O, (hypoxia) for 4 h. Right, SK-Hep1 cells were stably transfected with the indicated expression vector, and the same experiment was carried out. The
expression of the HIF-1a and (-actin proteins was examined by Western blotting using anti-HIF-1a and -B-actin antibodies (upper). RT-PCR analysis was
carried out using specific primer sets for HIF-1a and 8-actin (lower). (B), Mock-H1299 and MTA1-H1299 cells were transfected with pBOS-hHIF-1a. The
expression of the HIF-1a, MTA1-FLAG and [-actin proteins was examined by Western blotting using anti-HIF-1a, -FLAG and -B-actin antibodies.

showed increased HIF-1a protein expression in hypoxic
conditions compared to mock transfectants (lane 4), indicating
that MTA1-induced increases in HIF-1a protein expression
are not restricted to a single cell type (Fig. 1A). Increased
HIF-1a protein expression in H1299 stable MTA1 transfectants
was observed even in normoxic conditions when HIF-1a was
overexpressed by transient transfection (lane 2) (Fig. 1B).

Interaction between MTAI and HIF-1a protein. To explain
the increased protein expression of HIF-1a by MTAI1, we
studied a possible physical interaction between HIF-1a and
MTAI using coimmunoprecipitation assay. When MTAI trans-
fectants were transiently transfected with GFP-HIF-1a to
enhance the expression level of HIF-1a (10), both exogenous
GFP-HIF-1a and endogenous HIF-1a proteins were detected
in anti-FLAG immunoprecipitates in hypoxic conditions
(lane 4), indicating in vivo binding of MTA1 with HIF-1a
(Fig. 2A). We also studied whether MTA1 directly binds
HIF-1a in vitro using GST-pull-down assay. As shown in
Fig. 2B, in vitro translated HIF-1a was pulled down by GST-
fused MTALI, suggesting direct interaction of HIF-1a with
MTAI (lane 1).

Deacetylation of HIF-1a protein by MTAI. Since MTAL is a
component of HDAC complexes and MTA2, a homologue
of MTAI, has deacetylation activity (5,8), we investigated
whether MTA1 affects the acetylation of HIF-1a which is
capable of modulating its stability (10). Western blotting using
HIF-1a antibody after immunoprecipitation with anti-Ac-Lys
antibody showed that the intracellular level of acetylated
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Figure 2. MTAL interacts with HIF-1a in vitro and in vivo. (A), Mock-H1299
and MTA1-H1299 cells were transiently transfected with GFP- or GFP-HIF-1a
as indicated, and cells were then left untreated or exposed to hypoxic
conditions for 4 h. Total cell lysate was immunoprecipitated with anti-FLAG
antibody. The immunoprecipitates were analyzed by Western blotting using
anti-HIF-1a and -FLAG antibodies. The presence of GFP-HIF-1a and endo-
genous HIF-1a was examined using anti-HIF-1a antibody. Immuno-
precipitation (IP); Western blotting (WB). (B), Full-length HIF-1a was
translated in the presence of [*S]methionine and mixed with GST- or GST-
MTA1-bound beads. Ten percent of the material used as a control in this
assay.
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Figure 3. MTA1 decreases the mARD1?*-mediated acetylation level of HIF-
together with MTA1-FLAG or empty vector as indicated and treated with 10
immunoprecipitated with anti-Ac-Lys antibody, and the immunoprecipitate

la in vivo. (A), H1299 cells were transfected with GFP-ARD1 (GFP-mARD1%%)
#M MG132 in normoxic (left) or hypoxic (right) conditions for 8 h. Extract was
was subjected to SDS-PAGE and Western blotting using anti-HIF-1a antibody.

The expression of HIF-1a, GFP-ARDI, MTA1-FLAG and B-actin was examined by Western blotting using anti-HIF-1a -GFP, -FLAG and -B-actin

antibodies. (B), HEK293 cells were transfected with FLAG-HIF-1a (WT) or

FLAG-HIF-1a K532R (K532R) together with MTA1-FLAG or empty vector as

indicated in normoxic condition. The expression of the FLAG-HIF-1a, MTA1-FLAG and B-actin proteins was examined by Western blotting using anti-

FLAG and -B-actin antibodies.

HIF-1a was decreased in MTAL transfectants compared to
mock transfectants in the presence of MG132, an inhibitor of
HIF-1a degradation (data not shown). This finding suggests
that MTAT1 decreases the acetylation level of HIF-1a thereby
leading to increased HIF-1a stability. To confirm our findings
using cells with higher levels of acetylated HIF-1a, we con-
ducted the same experiment after transfection with GFP-
mARDI12%, which acetylates HIF-1a (10,11). In this condition,
we observed more prominent bands of acetylated HIF-1a and
the level of acetylated HIF-1a was markedly decreased in
H1299 cells transiently transfected with mARD1%% and MTA1
in the presence of MG132 both normoxic (lane 3, left) and
hypoxic (lane 4, right) conditions compared to ARDI1 and
mock transfection, further supporting deacetylation of
HIF-1a by MTA1 (Fig. 3A). Next, to confirm the deacety-
lation activity of MTA1 employing a HIF-1a mutant lacking
ARD1-dependent acetylation site, we conducted transiently
transfection of HEK293 cells with FLAG-HIF-1a (WT) or
FLAG-HIF-1a (K532R) (10) together with MTA1-FLAG in
normoxic condition (Fig. 3B). The K532R mutant was stably
expressed in normoxic condition, as previously reported
(10,23). The expression of wild-type HIF-1a was increased
by MTAL1, whereas that of K532R mutant was not, suggesting
that Lys532 is probably the site that regulates the stability of
HIF-1a through deacetylation by MTAL.

MTAI increases the transactivation activity mediated by
HIF-1. To study whether deacetylation of HIF-1a and its
increased stability by MTA1 affect the transcriptional activity
of HIF-1a, we conducted a reporter assay using a construct
containing the hypoxia response element (HRE). In both
normoxic and hypoxic conditions, the EpoHRE reporter
activity was significantly increased in the stable MTAI trans-
fectants compared to mock transfectants (Fig. 4A). Next, we
investigated whether deacetylation and stabilization of HIF-1a
by MTAL lead to the induction of vascular endothelial growth
factor (VEGF), as HIF-1a target protein, which is directly
involved in angiogenesis and metastasis (16). The expression
of VEGF was substantially increased at the mRNA and protein
levels by MTAL in hypoxia (lane 4) (Fig. 4B). Additionally, the
expression of matrix metalloproteinase (MMP)-2, that promotes
invasive cancer phenotypes in an HIF-1a-dependent manner
(4,17), was also increased in H1299 stable MTA1 transfectants
(lane 2) (Fig. 4C).

MTAI overexpression induces angiogenesis. In an attempt to
investigate the biological consequences of HIF-1a deacety-
lation and stabilization by MTA1, we then conducted in vitro
tube formation and in vivo CAM assays. The tube formation
assay showed that CM collected from MTAI transfectants
induced an increased formation of the organized network of
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Figure 4. MTA1 enhances VEGF expression and angiogenesis. (A) Left, H1299 cells were transfected with pSV40pro-Epo-HRE-Luc (1 pg), pBOS-hHIF-1a
(HIF-1a) (0.1 pg) and pBOS-hHIF-1a (HIF-1a) (0.1 pg) with MTA1-FLAG (MTA1) or empty vector as indicated. Transfected cells were incubated at 21%
O, (normoxia) for 24 h, and were then incubated in normoxic or hypoxic conditions for additional 24 h. Right, the same experiment was carried out using
SK-Hepl cells. (B), Mock- and MTA 1-transfected cells were left untreated or exposed to hypoxic conditions for 16 h (H1299; left) or 8 h (SK-Hepl; right)
cells. VEGF and B-actin protein expressions were examined by Western blotting using anti-VEGF and -B-actin antibodies (upper). RT-PCR analysis was
carried out using primer sets specific for VEGF and B-actin (lower). (C), Mock-H1299 and MTA1-H1299 cells were left in normoxic conditions and RT-PCR
analyses were carried out using primer sets specific for MMP-2 and B-actin. (D), CMs were collected from non-transfected (Con), mock-transfected (Mock),
or MTA I-transfected H1299 cells (MTA1) cultured in DMEM 1% FBS for 24 h. HUVECs on matrigel were grown in the CM for 24 h. VEGF (20 ng/ml) was
employed as a positive control. Tube length was quantified and expressed as the means + SD (n=4). (‘P<0.05 and “P<0.01 compared to control by unpaired
t-test). Con was set as 100%. (E), Concentrated CM (100-fold) was added to CAM surface of 9-day-old chick embryos. After 3 days of incubation, the eggs
were observed on a microscope. The eggs were treated with CMs collected from non-transfected (Con), mock-transfected (Mock), or MTA1-transfected
H1299 cells (MTAL1) cultured in DMEM 1% FBS for 24 h. VEGF (50 ng/ml) was employed as a positive control. Arrowheads indicate a spoke-wheel-like
vascular zone on CM-coated coverslips (dotted line).
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endothelial cells on matrigel compared to control CM or
mock CM (Fig. 4D). The CAM assay also demonstrated that
the concentrated CM (100-fold) collected from MTAI trans-
fectants had a significantly higher angiogenic activity than
that collected from control or mock transfectants (Fig. 4E),
indicating that the increased stability of HIF-1a by MTA1
leads to the increased angiogenesis.

Discussion

To understand the mechanism by which MTAL increases the
metastatic potential of cancer cells, we studied the functional
consequences of MTA1 overexpression with an emphasis on
non-histone protein HIF-1a, which is potentially associated
with metastasis. Although MTA2 has been reported to have
deacetylation activity on p53 (9) and MTA1 has a high
sequence homology with MTA2, MTA2 has not been shown
to be involved in metastasis or carcinogenesis (5). The regu-
lation of HIF-1a stability and activity occurs at multiple levels.
In particular, the modulations of HIF-1a protein by its inter-
action with other proteins are important for stabilization and
activation of HIF-1a protein (10,17).

The expression of HIF-1a protein was enhanced in stable
MTALI transfectants of H1299 and SK-Hepl cells in both
normoxic and hypoxic conditions, but the expression of its
mRNA was not. These findings suggest that MTA1 increases
the stability of HIF-1a. Moreover, we demonstrated that
MTATI interacts with HIF-1a both in vitro and in vivo. Several
proteins, particularly those in transcriptional complexes, such
as MICoA or NRIF3, have been reported to interact with
MTAL (18,19).

Acetylation is a key posttranslational modification of many
proteins, and is responsible for the regulation of a number of
critical intracellular pathways (20). In this investigation, we
found that MTA1 dramatically decreased the mouse ARDI-
mediated acetylation level of HIF-1a in vivo in both normoxic
and hypoxic conditions, and concluded that MTA1 deacety-
lates HIF-1a. During this investigation, papers reporting that
human ARD1?* does not affect HIF-1a stability or acetylation
were published (21,22). However, Kim et al identified several
ARDI1 variants that have different effects on stability and
acetylation of HIF-1a which may reflect the difference
between species or that between various isoforms (11).
Moreover, very recently, Yoo et al reported that human
MTAL enhances stability of HIF-1a by recruiting HDACI1
(23). These results indicated that acetylation is the major
target of MTA1/HDACI function. Our results shown in
Fig.3A also demonstrated that MTA1 deacetylates HIF-1a in
vivo probably mediated by HDACI recruitment. Thus, such
deacetylation by MTA1 blocks the degradation pathway such
as hydroxylation and ubiquitination (23). Furthermore, we
found that MTA1 enhances the expression of VEGF by
increasing the transcriptional activity of HIF-1a. Because of
the induction of angiogenic molecules such as VEGF, CMs
collected from MTAL transfectants increased angiogenesis
both in vitro and in vivo.

Collectively, our data suggest that MTAT1 is an active
angiogenic regulator that deacetylates HIF-1a through direct
interaction, and also plays a critical role in the stabilization of
HIF-1a. By characterizing further target molecules of MTA1,
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particularly in relation to its deacetylating activity, we will be
able to understand the mechanism by which MTA1 or other
metastasis genes confer metastatic behaviors, the ultimate
cancer phenotype. Approaches aiming at the regulation of the
acetylation status of angiogenic or carcinogenic molecules
may provide a novel strategy for cancer therapy in the future.
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