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Metastasis-associated protein 1 (MTA1) high expression
has been detected in a wide variety of human aggressive
tumors and plays important roles in the malignant bio-
logical behaviors such as invasion, metastasis, and angio-
genesis. However, the specific roles and mechanisms of
MTAI1 protein in regulating the malignant behaviors of
non-small-cell lung cancer (NSCLC) cells still remain
unclear. To elucidate the detailed functions of MTAI
protein, we down-regulated the MTA1 protein expression
in NSCLC cell line by RNA interference (RNAi) in vitro,
and found that down-regulation of MTA1 protein signifi-
cantly inhibited the migration and invasion potentials of
95D cells. Further research revealed that down-regulation
of MTAI1 protein significantly decreased the activity of
matrix metalloproteinase-9, which could be the mechan-
ism responsible for the inhibition of 95D cells migration
and invasion. In addition, the tube formation assay
demonstrated that the number of complete tubes induced
by the conditioned medium of MTA1-siRNA 95D cells was
significantly smaller than that of 95D cells. These findings
demonstrate that MTA1 protein plays important roles in
regulating the migration, invasion, and angiogenesis
potentials of 95D cells, suggesting that MTA1 protein
down-regulation by RNAi might be a novel therapeutic
approach to inhibit the progression of NSCLC.
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Introduction

Non-small-cell lung cancer (NSCLC) accounts for ~75%—
80% of all primary lung cancer and has been a major
public health problem worldwide [1,2]. Despite major
advances made in diagnosis and therapy, the prognoses of
NSCLC patients are still dismal due to invasion and metas-
tasis [3,4]. Therefore, identification of novel biomarkers

involved in NSCLC invasion and metastasis that could be
utilized as possible therapeutic targets is important to
improve clinical outcomes.

Among a number of malignant tumor-related genes that
have been discovered in the last few years, metastasis-asso-
ciated gene (MTA) is a family of malignant tumor
progression-related genes including three distinct genes
(MTAI, MTA2, and MTA3), of which, MTAI is the first
gene detected in this family and its protein product has
been detected to be highly expressed in a wide range of
human malignant tumors [5]. In addition, metastasis-asso-
ciated protein 1 (MTA1) also plays important roles in en-
hancing the malignant properties of various human cancer
cell lines in vitro, such as proliferation, migration, invasion,
metastasis, and angiogenesis [6—10]. However, no data are
available regarding the roles of MTAI1 protein in NSCLC
cell line.

Thus, to identify the roles of MTA1 protein in the malig-
nant properties of NSCLC cell line, we performed this
study to investigate the biological functions of MTAI
protein in regulating the migration, invasion, and angiogen-
esis potentials of human NSCLC 95D cell line by RNA
interference (RNAI) in vitro.

Materials and Methods

Cell lines and cell culture

The human NSCLC cell line 95D was purchased from the
Cell Bank of Chinese Academy of Sciences (Shanghai,
China) and cultured in Rosewell’s Park Memorial Institute
(RPMI) 1640 medium (Hyclone, Logan, USA) supplemen-
ted with 10% fetal bovine serum (FBS; Gibco, Gaithersburg,
USA). Human umbilical vein endothelial cells (HUVECsS)
were purchased from the American Type Culture Collection
(ATCC, Manassas, USA) and cultured in endothelial cell
growth medium M199 (Invitrogen, Carlsbad, USA) supple-
mented with 15% FBS, 1 mg/ml low serum growth supple-
ments (Invitrogen), and 2 mM glutamine. All cells were
incubated in a humidified atmosphere of 5% CO, at 37°C.
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Small interfering RNA transfection

The small interfering RNA (siRNA) targeting MTAI gene
and negative control siRNA were chemically synthesized
by GenePharma Co., Ltd (Shanghai, China). The sequences
of different siRNA used in this study are listed in Table 1.
All the siRNAs were dissolved in sterilized and RNase-free
water and the final concentration was 20 wM. The siRNA
transfection was performed using Lipofectamine 2000
(Invitrogen) according to the manufacturer’s instructions.
Briefly, the 95D cells were seeded in a six-well plate at a
density of 5 x 10° cells/well and incubated until ~80%
confluence, the cells were washed twice with phosphate-
buffered solution (PBS) and then Opti-MEM 1 reduced
serum medium (Invitrogen) was added to each well. Then
siRNA and Lipofectamine 2000 were mixed gently and
incubated together in Opti-MEM I reduced serum medium
at room temperature for 20 min to form siRNA-Lipofectamine
complex. The cells were incubated in the siRNA-Lipofectamine
complex-containing medium for 6 h, then the medium was
replaced with RPMI 1640 medium containing 10% FBS.
The cells continued to be incubated for 48 h and then har-
vested for analysis of MTA1 mRNA and protein expres-
sion. A sequence non-specific to any known gene was used
as the negative control-siRNA, and a carboxyfluorescein-
conjugated control-siRNA was used to monitor the transfec-
tion rate.

Preparation of conditioned medium

The MTA1-siRNA 95D cells, control-siRNA 95D cells, and
95D cells were cultured under serum-free conditions in
RPMI 1640 medium for 24 h, respectively. Then the super-
natant was collected, centrifuged, filtered through a 0.22 pm
filter (Millipore, Billerica, USA), and stored at —20°C until
used in the enzyme-linked immunosorbent assay (ELISA),
gelatin zymography assay, and tube formation assay.

Real-time quantitative PCR

The real-time quantitative polymerase chain reaction
(qQRT-PCR) was performed as described previously [11].
Briefly, total RNA of cells was extracted using Trizol
reagent (TaKaRa, Tokyo, Japan). First strand cDNA was
synthesized from mRNA using a Primescript™ RT reagent
kit (TaKaRa). qRT-PCR was carried out using SYBR Green
PCR kit (TaKaRa) by a Light Cycler system (Roche
Molecular Biochemicals, Mannheim, Germany). The follow-
ing primers were used for amplification of MTAI: sense
primer 5-CAGCTACGAGCAGCACAACG-3’ and antisense
primer 5-TGTCCGTGGTTTGCCAGA-3'. glyceraldehyde
phosphate dehydrogenase (GAPDH) was amplified as an in-
ternal control using sense primer 5'-GGTGGTCTCCTCT
GACTTCAACA-3' and antisense primer 5'-GTTGCTG
TAGCCAAATTCGTTGT-3". The cycling conditions were
as follows: initial denaturation at 95°C for 30 s, followed
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by 40 cycles at 95°C for 5's, 60°C for 30 s, and 72°C for
15 s. Comparative threshold cycle method (2~ 22T was
used to analyze the relative changes in gene expression
[12]. The experiment was repeated twice with triplicate
measurements in each experiment.

Western blot analysis

Western blot was performed as described in the previous
report [13]. The protein of cells was extracted using the
Nuclear and Cytoplasmic Protein Extraction Kit (Beyotime,
Shanghai, China) with protease inhibitors, and then the
protein concentration was detected using the Enhanced
BCA Protein Assay Kit (Beyotime). The protein lysates
were subject to 10% sodium dodecyl sulfate-
polyacrylamide gel electrophoresis (SDS-PAGE) and then
electrotransferred to polyvinylidene fluoride (PVDF) mem-
branes (Millipore). After blocking with 5% fat-free milk in
Tris-buffered saline Tween 20 (pH 7.6), the PVDF mem-
branes were incubated with anti-MTA1 polyclonal antibody
(1:200, Santa Cruz, Santa Cruz, USA) and anti-B-actin
monoclonal antibody (1:1000, Santa Cruz) overnight at
4°C, followed by respective horseradish peroxidase-
conjugated secondary antibody (1:1000 for MTA1 and
1:5000 for B-actin, Beyotime) for 1.5 h at room tempera-
ture. Signals were detected using the Chemilucent ECL
Detection System (Millipore) according to the instructions
and exposed to X-ray films. The intensity of each band was
quantified using the Image J software version 1.43
(National Institutes of Health, Bethesda, USA). The experi-
ment was repeated twice with triplicate measurements in
each experiment.

Wound healing assay

The wound healing assay was performed as described pre-
viously [10,14]. Briefly, the MTA1-siRNA 95D cells,
control-siRNA 95D cells, and 95D cells were seeded in a
six-well plate with the same numbers in complete medium,
respectively, and incubated until the cells grown to ~80%
confluence. A sterile pipette tip was used to scratch wounds
on each monolayer with the same width, then the plates
were washed with PBS to remove the detached cells and
the remaining cells were cultured in serum-free 1640
medium. Photos were subsequently taken at 0, 12, 24, and
36 h. The closure of the wounds was enumerated by the
distance of cells moved into the wounded area. The experi-
ment was repeated twice with triplicate measurements in
each experiment.

Transwell invasion assay

The invasion assay was performed using transwell cham-
bers (Corning, New York, USA) with 50l
Matrigel-precoated (BD, San Diego, USA) polycarbonate
membrane (8.0 wm pore size) as described in the previous
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Table 1 The sequences of siRNA used in this study

siRNA

Sequences (5'-3")

MTAI siRNA-1

MTAI siRNA-2

MTAI siRNA-3

Negative control siRNA

carboxyfluorescein-conjugated control siRNA

Sense CCAUGGAUACUCUCCACAATT
Antisense UUGUGGAGAGUAUCCAUGGCG
Sense CCAGCAUCAUUGAGUACUATT
Antisense UAGUACUCAAUGAUGCUGGTC
Sense GGACAUAUUGGAAGAAAUATT
Antisense UAUUUCUUCCAAUAUGUCCAA
Sense UUCUCCGAACGUGUCACGUTT
Antisense ACGUGACACGUUCGGAGAATT
Sense UUCUCCGAACGUGUCACGUTT
Antisense ACGUGACACGUUCGGAGAATT

report [13]. Briefly, the MTAI1-siRNA 95D cells,
control-siRNA 95D cells, and 95D cells were collected and
resuspended in the serum-free RPMI 1640 medium at a
concentration of 1 x 10° cells/ml, respectively. Then the
cell suspensions were added into the top chambers (200 I/
well) and the bottom chambers were filled with RPMI
1640 medium containing 10% FBS (600 pl/well), followed
by a 24 h incubation at 37°C. The cells that did not pene-
trate the polycarbonate membrane were swabbed using
cotton bud, then the cells transmembraned through and
adhered to the bottom of polycarbonate membrane were
stained with 4’,6-diamidino-2-phenylindole dye (1 pg/ml)
for 10 min, and were photographed under an Olympus
fluorescence microscope and counted manually. The
average of three randomly selected x400 fields’ cell counts
was recorded as the value of each chamber. The experiment
was repeated twice with triplicate measurements in each
experiment.

ELISA assay

The matrix metalloproteinase-9 (MMP-9) level in the con-
ditioned medium was determined by an ELISA kit (R&D
Systems, Abingdon, UK) as described previously [15].
Samples of the supernatant were prepared in PBS and incu-
bated at 40°C in a 96-well plate until dry. The plate was
then washed three times with PBS and blocked with 2%
bovine serum albumin for 1 h at room temperature, washed
three times with PBS, and incubated with primary antibody
of MMP-9 (1 :1000, Santa Cruz) diluted with PBS contain-
ing 0.05% Tween 20 for 1 h. The wells were then washed
three times with PBS and incubated with horseradish
peroxidase-conjugated secondary antibody for 4 h. After
washing three times with PBS, the color was developed
using 3,3’,5,5'-tetramethylbenzidine peroxidase solution
and the absorbance was read at 450 nm. The experiment
was repeated twice with triplicate measurements in each
experiment.

Gelatin zymography assay

The activity of MMP-9 in conditioned medium was mea-
sured by gelatin zymography assays as described previously
[15]. Briefly, the conditioned medium was mixed with SDS
loading buffer and then subjected to 0.1% gelatin-10%
SDS-PAGE at 80 V for 2 h. The gel was washed twice with
2.5% Triton X-100 for 1.5h to remove SDS and subse-
quently incubated in assay solution (50 mM Tris-HCI,
200 mM NaCl, 5 mM CacCl,, 0.02% Brij-35) at 37°C for
overnight. The gel was stained with 0.5% Coomassie bril-
liant blue R-250 (Bio-Rad, Hercules, USA) for 2 h and sub-
sequently de-stained in methanol and acetic acid solution
for 0.5 h, and then rinsed twice in the de-staining solution
to visualize the clear bands against the aqua-blue-stained
gelatin background. The gel was photographed and the in-
tensity of each band was quantified using the Image J soft-
ware version 1.43 (National Institutes of Health). The
experiment was repeated twice with triplicate measurements
in each experiment.

Endothelial cell tube formation assay

The tube formation assay was performed as described pre-
viously [16]. Briefly, the Matrigel (BD) was thawed at 4°C
for overnight and mixed homogeneously using cooled
pipette tips. Each well of pre-chilled 96-well plate was
bottom-coated with a thin layer of Matrigel (50 pl) and
incubated at 37°C for 1h to polymerize. HUVECs (1 x
10* cells) were seeded in each well with different condi-
tioned medium from MTAI1-siRNA 95D cells,
control-siRNA 95D cells, and 95D cells, respectively. The
cells were incubated in a humidified atmosphere of 5%
CO, at 37°C for 24 h. Tube-forming ability was quantified
by counting the total number of complete tubes, and the
average of three randomly selected x200 fields’ complete
tube counts was recorded as the value of per well. The ex-
periment was repeated twice with triplicate measurements
in each experiment.
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Statistical analysis

All statistical analyses were performed with SPSS 13.0 stat-
istical software (SPSS Inc., Chicago, USA). The data are
presented as mean + SD for each group and comparisons
were performed using Student’s #-test. P <<0.05 is consid-
ered statistically significant.

Figure 1 Effects of MTA1 siRNA on the expression of MTA1 mRNA
and protein (A) The results of qRT-PCR showed that all the three
MTA 1-targeted siRNAs specifically silenced the M7A1 mRNA expression
in 95D cells, of which, MTA1-siRNA-2 showed the most powerful RNAi
effects. (B) Western blot showed that all the three MTA 1-targeted siRNAs
specifically silenced the MTA1 protein expression of 95D cells, of which,
MTA1-siRNA-2 showed the most powerful RNAI effects.
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Results

Effects of MTA1 siRNA on the expression of MTA1
mRNA and protein

Three pieces of siRNA targeting MTA [ gene were employed
for function analysis in 95D cells, and the results of
qRT-PCR demonstrated that all the three pieces of siRNA
could down-regulate the expression of MT7A7 mRNA signifi-
cantly [Fig. 1(A), P < 0.01, respectively], of which, the
MTAI-siRNA-2 showed the most powerful RNAI effects,
while the negative control-siRNA did not significantly
affect the expression of M74A! mRNA [Fig. 1(A), P >
0.05]. Western blot results demonstrated that all the three
pieces of siRNA also could down-regulate the expression of
MTAT1 protein significantly [Fig. 1(B), P < 0.01, respect-
ively], of which, the MTAI1-siRNA-2 showed the most
powerful RNAi effects and then was selected to further
study the functions of MTAI1 protein in vitro, while the
negative control-siRNA did not significantly affect the
expression of MTAT1 protein [Fig. 1(B), P > 0.05].

Down-regulation of MTA1 protein decreased the
migration of 95D cells

The association between MTAT1 protein and migration po-
tential of 95D cells was explored by wound healing assay,
and the results demonstrated that the healing ability of
MTAI1-siRNA 95D cells was significantly lower than that
of 95D cells at 24 and 36 h after wound scratched (P <
0.01, respectively), but not significantly at 12 h after wound
scratched (Fig. 2, P > 0.05), while no statistically signifi-
cant differences of healing ability were detected between
control-siRNA 95D cells and 95D cells at 12, 24, and 36 h
after wound scratched (Fig. 2, P > 0.05, respectively).

Down-regulation of MTA1 protein decreased invasion
of 95D cells

The association between MTA1 protein and invasion poten-
tial of 95D cells was explored by transwell invasion assay,
and the results demonstrated that the number of
MTAT1-siRNA 95D cells (19.33 £ 2.08) penetrated to the
lower side of the polycarbonate membrane was significantly
smaller than that of 95D cells (51.67 &+ 2.52, Fig. 3,
P < 0.01), while no statistically significant difference of the
number of penetrated cells was detected between
control-siRNA 95D cells (48.00 + 4.58) and 95D cells
(51.67 + 2.52, Fig. 3, P > 0.05).

Down-regulation of MTA1 protein decreased MMP-9
activity of 95D cells

The association between MTA1 protein and MMP-9
protein levels in the conditioned medium was explored by
ELISA assay, and the results showed that down-regulation
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Figure 2 Down-regulation of MTA1 protein decreased the migration of 95D cells (A) The representative pictures of wound healing assay (x200).
(B) The quantitative analysis of the migration potential of 95D cells (*P < 0.01).

Figure 3 Down-regulation of MTA1 protein decreased the invasion of 95D cells Transwell invasion assay: (A) MTAI1-siRNA 95D cells;
(B) control-siRNA 95D cells; (C) 95D cells (x400). (D) The quantitative analysis of the invasion potential of 95D cells (¥*P < 0.01).

of MTAL1 protein expression did not significantly decrease
MMP-9 protein levels of 95D cells (Fig. 4, P = 0.081).
Then we further investigated the association between
MTAT1 protein and MMP-9 activity by gelatin zymography
assay, and the results demonstrated that the MMP-9 activity
in the conditioned medium of MTA1-siRNA 95D cells was
significantly lower than that of 95D cells (Fig. 5, P <
0.01), while no statistically significant difference of
MMP-9 activity was detected between control-siRNA 95D
cells and 95D cells (Fig. 5, P > 0.05).

Down-regulation of MTA1 protein decreased tube

formation of HUVECs induced by conditioned medium
The association between MTA1 protein and tube formation
of HUVECs was explored by tube formation assay induced

by conditioned medium, and the results demonstrated that
the number of complete tubes induced by the conditioned
medium of MTA1-siRNA 95D cells (6.33 + 2.52) was sig-
nificantly smaller than that of 95D cells (43.00 + 5.29,
Fig. 6, P<0.01), while no statistically significant differ-
ence of number of complete tubes was detected between
control-siRNA 95D cells (40.33 + 3.06) and 95D cells
(43.00 + 5.29, Fig. 6, P > 0.05).

Discussion

Invasion and metastasis is an extremely complex process
and the major cause of therapeutic failure in patients with
NSCLC, the detailed molecular mechanisms are still not
completely clear and still under intensive investigations [4].
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Recent advances in the molecular biology have resulted in
the discovery of a wide range of molecules closely related
to human malignant tumor progression [17].

MTAL1 protein, as one of transcriptional co-repressors,
functions with histone deacetylase involved in the nucleo-
some remodeling and histone deacetylation complex and
promotes malignant tumor metastasis by regulating many
metastasis-related genes [18—21]. In addition, a transcrip-
tional co-activator function of MTA1 protein has also been
demonstrated [22,23]. It has been reported that MTAI
protein is involved in the aggressive potential of a wide
range of human solid malignant tumors and various cancer
cell lines [5—10]. However, the roles of MTA1 protein in
regulating the migration and invasion of NSCLC cell line
have not been investigated to date.

Recently, MTA1 protein has attracted widespread atten-
tion as one of the key molecules that plays indispensable
roles in the angiogenesis of human malignant tumors [24—
28]. Definitive studies further showed that under hypoxic
conditions, MTA1 protein expression was strongly induced
and deacetylated the hypoxia-inducible factor-1a (HIF-1a),
leading to the enhanced transcriptional activity and stability
of HIF-la protein, and then increased the expression of

Figure 4 Down-regulation of MTA1 protein did not significantly
decrease MMP-9 protein levels of 95D cells ELISA assay showed that
down-regulation of MTA1 protein expression by RNAi decreased MMP-9
protein levels of 95D cells in the supernatants insignificantly.

vascular endothelial growth factor and promoted tumor
angiogenesis [29,30]. On the basis of the available data, it
is very likely that MTA1 protein plays important and critic-
al roles in the angiogenesis of a wide variety of human ma-
lignant tumors. The angiogenic activities of MTA1 protein
in NSCLC has been reported in our previous study [31].
However, the roles of MTA1 protein in angiogenesis of
NSCLC cell line have not yet been addressed.

To further specifically confirm the regulation of migra-
tion, invasion, and angiogenesis of 95D cells by MTA1
protein, siRNA-mediated down-regulation of MTA1 protein
was employed. 95D cells were transfected with three
siRNAs specific for MTA1 gene, and the MTA1-targeted
siRNAs specifically and significantly down-regulated the
MTALI1 protein expression, while the level of MTA1 protein
was unaffected with negative control-siRNA, demonstrating
the highly selectivity and efficacy of these chemically
synthesized siRNAs. After MTA1 protein was down-
regulated by MTAI1-siRNA, the migration and invasion
potentials of 95D cells significantly decreased, which is
consistent with the previous report [32], indicating that
MTAI1 protein mediated regulation of the aggressive pheno-
types of 95D cells in vitro, while the regulating pathways is
not clear. It is well known that MMP-9 is critically
involved in the processes of cancer cell migration and inva-
sion [33,34]. The regulatory role of MTAI protein on
MMP-9 has been investigated in different malignant
tumors; however, the results were controversial [35—37].
This may be due to the complex process involving MTA1
protein regulates MMP-9 or MTA1 protein plays different
regulatory roles on MMP-9 in different malignant tumors.
Up to now, there were no data available regarding the regu-
latory roles of MTA1 protein on MMP-9 in NSCLC cell
lines. Our results showed that down-regulation of MTAI
protein expression by RNAi did not significantly decrease
MMP-9 protein levels of 95D cells, then we further per-
formed gelatin zymography assay to detect the MMP-9 ac-
tivity after MTA1l RNAi and found that MTAI1-siRNA
transfection decreased MMP-9 activity in the conditioned

Figure 5 Down-regulation of MTAL1 protein decreased MMP-9 activity of 95D cells (A) Gelatin zymography assay. (B) The quantitative analysis of

the MMP-9 activity of 95D cells.
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Figure 6 Down-regulation of MTA1 protein decreased tube formation of HUVECs induced by conditioned medium Tube formation assay: (A)
MTA1-siRNA 95D cells; (B) control-siRNA 95D cells; (C) 95D cells (x200). (D) The quantitative analysis of the tube formation of HUVECs induced

by conditioned medium.

medium significantly, indicating that MTAT1 protein exerts
its effects on migration and invasion of 95D cells partly by
regulating the MMP-9 activity, rather than MMP-9 protein
levels, and then providing a novel mechanism underlying
the relation between MTAI protein and aggressive pheno-
type of 95D cells. However, the exact mechanisms involved
in MTA1 protein mediating MMP-9 activity still needs to
be elucidated at molecule level.

NSCLC is an angiogenesis-dependent tumor and angio-
genesis plays central roles in the progression and blood-
borne metastases [38,39], then we analyzed the possible
angiogenic potential of MTA1 protein by tube formation
assay in vitro. Interestingly, our results showed that down-
regulation of MTA1 protein by RNAi in 95D cells could
significantly decrease the tube formation of HUVECs
induced by conditioned medium, demonstrating a novel
role for MTA1 protein in tumor angiogenesis and the
angiogenic potential of MTA1 protein represents a novel
therapeutic target for anti-angiogenesis in patients with
NSCLC. However, the exact mechanisms necessary for
MTAT1 protein to exert its angiogenic functions in regulat-
ing tumor angiogenesis still remain to be elucidated by
further in-depth studies.

Taken together, our studies provided direct experimental
evidence for the first time that MTA1 protein mediated regu-
lation of the migration, invasion, and angiogenesis poten-
tials of 95D cells in vitro. These findings provided new

insights and potentially clinical utility for MTA1 protein as
an effective therapeutic target for NSCLC by inhibiting mi-
gration, invasion, and angiogenesis of cancer cells.
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