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ICAM-3 enhances the migratory and invasive potential
of human non-small cell lung cancer cells by inducing
MMP-2 and MMP-9 via Akt and CREB
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Abstract. We have previously reported that intercellular
adhesion molecule-3 (ICAM-3) is associated with an increase
of cellular radio-resistance and cancer cell proliferation. In
this study, we hypothesized that ICAM-3 has an additional
effect on cancer cell migration and invasion because
molecules induced by ICAM-3 are known as regulators of
cell migration and invasion. To examine this hypothesis, we
used NCI-H1299 non-small cell lung cancer (NSCLC) cell
line (p53 and PTEN null cell) and constructed an ICAM-3-
over-expressing stable transfectant, which exhibited
increased cell migration and invasion. The increased
migration and invasion resulted from up-regulation of
expression and activities of MMP-2 and MMP-9. ICAM-3
also increased Akt phosphorylation, which caused an increase
in cellular migration/invasion and MMP activities. Activity
of several transcriptional factors located downstream in the
Akt pathway was also tested, and constitutive activation of
adenosine 3', 5'-monophosphate response element-binding
protein (CREB) by ICAM-3 was detected. Blockage of the
Akt pathway attenuated CREB activation, and a decrease in
CREB expression reduced cellular migration/invasion and
activity of MMPs. This result indicates that CREB functions
in the signaling pathway between Akt and MMP. We also
showed ICAM-3-induced cell migration and invasion in NCI-
H460 NSCLC cells (wild-type p53 and PTEN cell) through
the same signaling pathway. Taken together, our findings
suggest that ICAM-3 stimulates cancer cell migration/
invasion via ICAM-3/Akt/CREB/MMP pathway regardless
of p53 and PTEN status, and this reflects the possibility that
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ICAM-3 could be considered as a candidate for anti-cancer
drug development and as a cancer diagnostic marker.

Introduction

Cancer cells are characterized by various activities that are
distinct from those of normal cells. Invasion and metastasis
are major characteristics of cancer, composed of multi-step
processes that are critically dependent on the ability of cells
to move away from original cancer site, which involves
gaining access to the vasculature of the lymphatic system, to
move from the primary tumor to distant sites where they
grow in a favorable microenvironment at a secondary location
(1-3). Therefore, migration of cancer cells and degradation of
the extracellular matrix (ECM) are important steps in cancer
invasion and metastasis. Expression or activities of various
ECM-degrading enzymes, such as matrix metalloproteinase
(MMP) family proteins, are required and various intracellular
signaling pathways involving phosphoinositide 3-kinase (PI3
kinase)/Akt and mitogen-activated protein kinase (MAPK)
signaling pathways induce ECM-degrading enzyme activity
(1-3). Because most of these intracellular signaling pathways
inducing invasion and metastasis commence at the cell
surface (4,5), cell surface molecules play an important role in
cell invasion and metastasis. Neural cell adhesion molecule
(NCAM) and carcinoembryonic antigen (CEA) are well-
known cell surface molecules that are involved in invasion
and metastasis of multiple myeloma and colorectal cancers
(6,7).

The ICAM family proteins comprises cell surface mole-
cules that are homologous to NCAM and are members of the
single passed type 1 immunoglobulin superfamily (IgSF) that
are anchored at the cellular membrane (8). The ICAM family
consists of five subfamilies ICAM-1 to ICAM-5) of heavily
glycosylated cell surface receptors with common functional
or structural homologies (9-12). These proteins contain
extracellular domains, transmembrane residues and cyto-
plasmic tail residues. The extracellular domains of ICAM
protein have roles in the immune response and inflammation
through various cell-cell interactions. ICAM-3 binds to the
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leukocyte function-associated antigens (LFAs) and Mac-1,
which in turn induces a T cell response (13). ICAM-3 is also
involved in dendritic cell functions by binding to C-type
lectin dendritic cell-specific ICAM-grabbing non-integrin
(DC-SIGN) (9,14). Interestingly, the ICAM proteins appear
to have a dual role in cancer. ICAM molecules may target
and block tumor progression by stimulation of an immune
response such as leukocyte activation (15,16). Conversely,
other investigations have shown that ICAM molecules are
involved in cancer malignancy because their increased
expressions are associated with a poor diagnosis, lower
survival rates and metastasis in some cancers including mela-
noma, breast cancer and leukemia (17-24). We have also
reported that an increase of ICAM-3 expression in several
cancer cells and specimens of cervical cancer patients induced
enhanced radio-resistance by the activation of focal adhesion
kinase (FAK) (25) and promoted cancer cell proliferation by
the activation of Akt and p44/42 MAPK (26). Therefore, these
previous reports imply that ICAM-3 has various undefined
roles in cancer.

In this study, we investigated whether ICAM-3 increased
cell migration and invasion because it has been shown that
ICAM family proteins activate several proteins such as integrin
molecules and IKK proteins involved in cancer invasion
(15,17,18). As ICAM-3 over-expressing stable transfectant
displayed elevated migration and invasion ability, we
attempted to identify the molecule driving migration and
invasion. MMP proteins showed increased expressions and
activities, which resulted in increased cell migration and
cancer invasion in ICAM-3 stable transfectants. To investi-
gate the intracellular signaling between ICAM-3 and MMP
proteins, we tried to detect components involved in ICAM-3-
induced cell migration and invasion. Because PI3 kinase/Akt
pathway and p44/42 MAPK are located downstream in the
ICAM-3 pathway, these molecules and those downstream
from them were investigated preferentially, and we found
that CREB, one of the transcription factors, is also involved
in cell migration and invasion activated by ICAM-3 signaling.
Therefore, these results provided us with more information
regarding ICAM-3-related signaling pathway and defined the
role of ICAM-3 in invasion and metastasis of cancer cells.

Materials and methods

Cell culture and reagents. The human NSCLC cell lines NCI-
H460 and NCI-H1299 were purchased from the American
Type Culture Collection (Rockville, MD, USA). NCI-H1299
cells were grown in RPMI-1640 (Gibco-Invitrogen, Grand
Island, NY, USA) medium supplemented with 10% fetal
bovine serum (Gibco-Invitrogen) and 1% penicillin-strepto-
mycin (Invitrogen) under a humidified atmosphere with 5%
CO, at 37°C. LY294002, OA-Hy and MMP-9 inhibitor I
were purchased from Calbiochem (La Jolla, CA, USA).

To determine the function of ICAM-3, we transfected
NCI-H1299 cells with pcDNA3 and wild-type ICAM-3
(pcDNA3-ICAM-3) plasmids using Lipofectamine 2000
(Invitrogen, Carlsbad, CA, USA). Colony selection and
maintenance of stably transfected cells were performed with
the use of G418 (Invitrogen). In siRNA treatment, NCI-H1299
stable transfectant cells were transiently transfected with a
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control siRNA (sc-37007; Santa Cruz Biotechnology, Santa
Cruz, CA, USA) and CREB siRNA (Santa Cruz Biotechnology,
sc-29281) using Lipofectamine 2000 (Invitrogen), according
to the protocol recommended by the manufacturer. NCI-
H460 and NCI-H1299 cells were transfected transiently with
pcDNA3 and wild-type ICAM-3 (pcDNA3-ICAM-3)
plasmids using Lipofectamine 2000 (Invitrogen).

Immunoblot assay. Cells were harvested and washed twice
with ice-cold PBS. Cells were dissolved with 50 pul of RIPA
buffer [150 mM NaCl, 1% NP-40, 0.5% deoxycholic acid,
0.1% SDS, 50 mM Tris (pH 8.0)] containing phosphatase
and protease inhibitors for 30 min at 4°C. Lysates were sepa-
rated using 12% SDS-PAGE (sodium dodecyl sulfate-
polyacrylamide gel electrophoresis) and proteins were trans-
ferred to a nitrocellulose membrane (Invitrogen). Membranes
were incubated with primary antibodies according to the
manufacturer's protocol, subsequently washed with PBS-T
(phosphate-uffered saline Tween-20), and were incubated
with an appropriate secondary antibody dependent to primary
antibody. An ECL detection system (GE Healthcare UK,
Chalfont St. Giles, UK) was used to detect the target proteins.
Anti-ICAM-3 antibody was obtained from Abcam (Cambridge,
UK), while phospho-Akt, Akt and phospho-CREB, CREB
antibodies were obtained from Cell Signaling Technology
(Danvers, MA, USA). MMP-2 and MMP-9 antibodies were
purchased from Calbiochem (La Jolla).

RNA isolation, cDNA synthesis and PCR. Total RNA isolation
for reverse transcription (RT)-PCR was performed with
TRIzol (Invitrogen) according to the manufacturer's protocol
and complementary DNA was synthesized with 5 ul of
StrataScript buffer (10X), 1 ul of ribonuclease inhibitor
(40 U/ul), 2 ul of ANTP mixture (100 mM) and 1 ul of
StrataScript reverse transcriptase (50 U/ul). The reaction was
performed for 1 h at 42°C. Reagents were obtained from
Stratagene (La Jolla).

The concentration of each synthesized cDNA was deter-
mined. PCR reactions were performed with the following
primers: ICAM-3, 5'-GTGAACTGCAGTACTGATTGT-3'
and 5'-GGTGATGTTAGAGGAGCCTGT-3"; MMP-2, 5'-
CAGGCTCTTCTCCTTTCACAAC-3' and 5'-AAGCCACG
GCTTGGTTTTCCTC-3"; MMP-9, 5-TGGGCTACGTGAC
CTATGACAT-3' and GCCCAGCCCACCTCCACTCCTC-3';
2-microglobulin (32M), 5'-GTGGAGCATTCAGACTTGT
CTTTCAGCA-3' and 5'-TTCACTCAATCCAAATGCG
GCATCTTC-3'.

Wound healing assay. To perform the wound healing assay,
stably transfected cells were seeded (3x10°) on 35-mm cell
culture dishes and were incubated overnight under a humi-
dified atmosphere with 5% CO, at 37°C. The wound was
generated with the tip of a micropipette after confirming the
full confluence of the seeded cells, and cells were washed
twice with serum-free medium. Serum-free medium containing
0.1% BSA was added, and wound healing was observed
under a microscope after 24 h.

Gelatin zymography. PcDNA3 and ICAM-3 NCI-H1299
stable transfectants were seeded on a 6-well plate, washed
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with serum-free medium and incubated for 24 h in serum-
free medium under a humidified atmosphere with 5% CO, at
37°C. Incubated serum-free media were loaded and proteins
were separated with the use of a 0.1% gelatin SDS-PAGE gel
(10%). After separation, gel renaturation was performed with
2.5% Triton X-100 buffer for 1 h, and the gelatin gel was
incubated with developing solution (50 mM Tris pH 7.5,
20 mM NaCl, 10 mM CaCl,, 1 uM ZnCl,, 0.1% NaN,) for 1 h.
The developing buffer was changed after primary incubation,
and a secondary incubation was performed for 24 h at 37°C.
The gel was stained with 5% Coomassie Brilliant Blue stain
(Sigma, St. Louis, MO, USA).

Migration and invasion assay. Migration and invasion assays
were performed as described by Bae et al (27). Collagen
(3 pgl/ul, Sigma)-coated transwells (0.8 ym pore; Corning,
NY, USA) were used to detect cell migration and Matrigel-
coated transwells (1 mg/ml, Invitrogen) were used to detect
cell invasion. Cells (2x10%) were washed with serum-free
media twice and then added to the upper chamber of each
transwell. Serum-free medium containing 0.1% BSA was
added to the lower chamber, and the transwells were incubated
for 18 h with 5% CO, at 37°C. Cell staining was performed
with deep quick solution (Merck, Whitehouse Station, NJ,
USA), according to the manufacturer's protocol. Stained cells
were counted under a microscope and statistical analysis was
performed.

Electrophoretic mobility shift assay. PcDNA3 and ICAM-3
NCI-H1299 stable transfectants were harvested and nuclei
were isolated as previously described (28). Electrophoretic
mobility shift assay (EMSA) system was purchased from
Promega (Madison, WI, USA) and all procedures were
performed as described by the manufacturer.

Statistical analysis. All experiments were repeated at least
three times. Data were calculated with the use of GraphPad
Prism software (GraphPad Software, La Jolla), and differences
between experimental groups were determined with use of
the t-test. Error bars indicate standard deviations (SD) and
p-values were calculated.

Results

ICAM-3 enhances migration and invasion. To investigate the
role of ICAM-3 in cell migration and invasion, we made
ICAM-3 over-expressing stable tansfectants of NCI-H1299
cells (NCI-H1299 ICAM-3 stable transfectant), as described
in Materials and methods. NCI-H1299 cells transfected with
the pcDNA3 vector (NCI-H1299 pcDNA3 stable transfectant)
served as the control. High expression of ICAM-3 in NCI-
H1299 ICAM-3 stable transfectants was confirmed by RT-
PCR (Fig. 1A, upper panel) and by immunoblot assay (Fig. 1A,
lower panel). We observed high-level expression of exo-
genous ICAM-3 in NCI-H1299 ICAM-3 stable transfectants,
whereas there was no detectable expression of ICAM-3 in
NCI-H1299 pcDNA3 stable transfectants. This result indi-
cates that NCI-H1299 cells did not express ICAM-3 to
detectable level in the transcriptional or translational step.
Cell migration was analyzed by wound-healing assay using
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0.1% BSA-containing serum-free media (Fig. 1B, upper
panel). Wounds generated on the cell plate of NCI-H1299
ICAM-3 stable transfectants were almost completely healed
at 24 h, but wounds of NCI-H1299 pcDNA3 stable trans-
fectants were not. Enhanced migration by NCI-H1299 ICAM-3
stable transfectants was confirmed by quantitative analysis
using collagen-coated transwells (Fig. 1B, lower panel). The
mean migrated proportion of NCI-H1299 pcDNA3- and
ICAM-3 stable transfectants were about 100 and 168.8%,
respectively. Enhanced invasion of NCI-H1299 ICAM-3
stable transfectants was confirmed by the use of Matrigel-
coated transwells (Fig. 1C). The mean invaded proportion of
pcDNA3- and ICAM-3 stable transfectant cells was approxi-
mately 100 and 176.1%, respectively. The results indicate
that ICAM-3 enhanced cellular migration and invasion in this
system.

Enhanced migration and invasion by ICAM-3 is mediated by
MMP-2 and MMP-9. To further elucidate the mechanism
underlying ICAM-3-induced migration and invasion, we
determined MMP-2 and MMP-9 expression levels (Fig. 2A).
The NCI-H1299 ICAM-3 stable transfectant cells showed a
two-fold increase in expression of MMP-2 and MMP-9
compared with the control cells. Based on this finding, we
conclude that ICAM-3 increased the expression of both
MMP-2 and MMP-9. Gelatin zymography was performed to
assess MMP-2 and MMP-9 activity (Fig. 2B). As expected,
NCI-H1299 ICAM-3 stable transfectants showed elevated
MMP-2 and MMP-9 activities. The next step was to determine
if increased MMP-2 and MMP-9 expression or activity
induced by ICAM-3 directly affect cell migration (Fig. 2C)
or invasion (Fig. 2D). We used specific pharmacological
inhibitors of the MMP proteins. Cells were treated with 10 M
OA-Hy (an MMP-2-specific inhibitor), 500 ng/ul MMP-9
inhibitor I (an MMP-9-specific inhibitor) or a combination of
OA-Hy and MMP-9 inhibitor I, and migration and invasion
assays were performed. In both assays, migration and invasion
rates of pcDNA3 and ICAM-3 stable transfectant cells
treated with the individual inhibitors were reduced by appro-
ximately 20-30%, whereas the combination of both inhibitors
reduced migration and invasion rates by about 40-80%, as
compared to controls. These results suggested that both
MMP-2 and MMP-9 activations induced by ICAM-3 directly
participate in increased migration and invasion.

Akt is involved in ICAM-3-induced cell migration and
invasion. As our previous studies have shown that ICAM-3
induces activation of Akt or the p44/42 MAPK pathway, we
attempted to clarify if Akt or p44/42 MAPK contributes to
cellular migration and invasion in the present system. First,
we performed an immunoblot assay for phospho-Akt (Fig. 3A)
and employed gelatin zymography using conditioned media-
treated with DMSO or LY294002 (20 uM; a PI3 kinase/
Akt pathway inhibitor) (Fig. 3B). We detected an increase of
the phospho-Akt level in ICAM-3 stable transfectant cells
(Fig. 3A) and a decrease in MMP-2 and MMP-9 activity
following LY294002 treatment (Fig. 3B). These results
suggested that Akt is involved in the signaling induced by
ICAM-3 resulting in increased MMP-2 or MMP-9 activity
induced by ICAM-3. As modification of MMP-2 and MMP-9
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Figure 1. ICAM-3 increases migration and invasion. (A) Construction and
confirmation of a control mock vector (pcDNA3) or ICAM-3 stable trans-
fectants of NCI-H1299 cells. pcDNA3 and ICAM-3 represent NCI-H1299
cells transfected with pcDNA3 and ICAM-3, respectively. The upper panel
depicts RT-PCR assay of stable transfectants. The molecular sizes of ICAM-3
and B-2M PCR products detected using RT-PCR were 186 base pairs and
190 base pairs, respectively. The lower panel shows an immunoblot assay of
stable transfectants. ICAM-3 (110 kDa) and B-actin (43 kDa) expression
was detected in stable transfectants. (B) NCI-H1299 ICAM-3 stable
transfectant displayed increased cell migration. The upper panel shows the
wound-healing assay, and the lower panel depicts migration assay using the
transwell system. (C) NCI-H1299 ICAM-3 stable transfectants exhibited
increased cell invasion. Migration data were calculated where each value
represents the mean of three independent experiments, and error bars reflect
standard deviations (SD). The p-values between NCI-H1299 pcDNA3 and
ICAMS3 stable transfectants were determined with use of the t-test. “p<0.05.

activity affected cellular migration and invasion capacities,
we investigated whether LY294002 might also affect these
processes. In the migration and invasion assay, blocking of
Akt with LY293002 inhibited cell migration and invasion
(Fig. 3C and D). We therefore suggest that ICAM-3 activates
Akt, which subsequently affects cellular migration and
invasion through modulation of MMP-2 or MMP-9 activity.
Interestingly, LY294002 also suppressed MMP-2 and MMP-9
activity in NCI-H1299 pcDNA3 stable transfectants as well
as NCI-H1299 ICAM-3 stable transfectant. This pheno-
menon may be attributed to the capacity of LY294002 to
inhibit the activity of Akt affected by other upstream signaling
component in NCI-H1299 cells, especially because as this
cell does not have the phosphatase and tensin homolog
(PTEN) gene, an endogenous intracellular inhibitor of PI3
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Figure 2. ICAM-3 enhances migration and invasion through activation of MMP-2 and MMP-9. (A) An increase in MMP-2 and MMP-9 expression was
detected with RT-PCR. Relative expression ratios of MMP-2 and MMP-9 in NCI-H1299 pcDNA3 and ICAM-3 stable transfectants were detected and
calculated with Gel Documentation system (Bio-Rad, USA). (B) Activity of MMP-2 or MMP-9 in NCI-H1299 pcDNA3- and ICAM-3 stable transfectants
were detected using gelatin zymography. (C and D) Stable transfectants were pre-treated with specific inhibitors of MMP-2 (OA-Hy), MMP-9 inhibitor I, or a
combination of OA-Hy and MMP-9 inhibitor I for 18 h, and migration (C) and invasion assays (D) were performed as described in Materials and methods.
Numbers above each bar represent the mean of three independent experiments and error bars indicate standard deviations (SD). p-values were calculated using
the t-test. “p<0.05; “'p<0.001.



186 PARK et al: ICAM-3 INDUCES CANCER CELL MIGRATION/INVASION

A B

NCI- H1299
NCI- H1299

P
QD &
S

R §
Sy . phospho-Akt

S— <« AKL
& D

pcDNA&'DMSO FPCDNASILY" pcDNA3/DMSO
) 3 "’ e "= 2 i A

. ., § A - . .

L a’ $ Iy

L 3 DL

: X -. . e B ol
. -l & ¥ > 43 - B3 - 7 V

L .‘.‘l "y " . ’ ’ Gy .
: J- LRl ik

‘C‘.“m“ ICAM3/DMSO ICAM3JLY

175
200 152 - * %k
—
100, 100
g g
S T 84.1 5
£100 ' 100 - -
g
=3 £
56.5 49.
= T
0 0 T T
' ' O < 0 A
0 A (S T Y KA & Y
N .:_j!'v 7 av L C 9 &
& A

Figure 3. Akt is involved in ICAM-3-induced increase of cell migration and invasion. (A) Immunoblot assay of phospho-Akt or Akt was performed with NCI-
H1299 pcDNA3 or ICAM-3 stable transfectants. (B) Gelatin zymography. NCI-H1299 pcDNA3 or ICAM-3 stable transfectants were treated with DMSO or
20 uM LY294002 for 18 h and conditional media were collected, and gelatin zymography was performed. LY represents LY294002-treated samples. (C and D)
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Treated cells were harvested and subjected to the migration or invasion assays. Mean values above each bar presented in (C) and (D) were calculated from
three independent experiments and error bars indicate standard deviations (SD). p-values were calculated with use of the t-test. “p<0.05, “p<0.001.
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Figure 4. CREB activation through Akt is involved in ICAM-3-induced increase of cell migration and invasion. (A) EMSA assay determined that CREB is
located at downstream of Akt in NCI-H1299 ICAM-3 stable transfectant. LY indicated LY294002-treated cells. NCI-H1299 pcDNA3 or ICAM-3 stable
transfectants were treated with DMSO or 20 yM LY294002 for 18 h, harvested, and an EMSA assay was performed. The lower panel indicated an
immunoblot assay of lamin B. (B) Inhibition of CREB leads to downregulation of MMP-2 and MMP-9 activity. The upper panel showed the immunoblot
assay of control siRNA- or CREB siRNA-treated NCI-H1299 pcDNA3 or ICAM-3 stable transfectants, while the lower panel depicts gelatin zymography of
control siRNA-treated or CREB siRNA-treated NCI-H1299 pcDNA3 or ICAM-3 stable transfectants. (C and D) The decrease of CREB expression
suppressed migration (C) and invasion (D). Data presented in (C) and (D) were derived from three independent experiments, and mean of three independent
experiments were indicated. Error bars indicate standard deviations (SD) and p-values were calculated with the use of t-test. “p<0.05, “p<0.001.

kinase/Akt pathway (24). The correlation between p44/42
MAPK activation and increased MMP-2 or MMP-9 levels
was additionally investigated. In the immunoblot assay,
increased p44/42 MAPK phosphorylation was detected, but
PD98059, an inhibitor of p44/42 MAPK signaling pathway
did not influence the activity of MMP-2 or MMP-9 (data not
shown).

CRERB is involved in ICAM-3-induced cell migration and
invasion-intermediating signaling from Akt to MMP proteins.

Based on the previous reports that have indicated promotion
of migration/invasion by Akt is related to the activity of
various transcription factors (11,29), we attempted to identify
downstream targets of the Akt. An EMSA assay was per-
formed to examine several transcription factor candidates,
including AP-1, NF-xB, SP-1, Oct-1 and CREB (data not
shown). CREB alone was found to be in a constitutively
activated state in NCI-H1299 ICAM-3 stable transfectant
cells (Fig. 4A). Attenuated CREB activity after LY294002
treatment indicated that CREB is located downstream of the
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Akt (Fig. 4A). Immunoblot assay of lamin B was performed as
a control for the nuclear fraction of EMSA assay (Fig. 4A,
lower panel). To confirm the effects of CREB in the system,
we treated stable transfectant cells with a specific CREB
siRNA or control siRNA (Fig. 4B). Elimination of CREB by
siRNA treatment was confirmed with immunoblot assay
(Fig. 4B, upper panel). When activity of MMP proteins was
examined by gelatin zymography, CREB siRNA-treated cells
showed decreased MMP activity (Fig. 4B, lower panel).
Migration and invasion assays were also performed, and
CREB siRNA-treated ICAM-3 stable transfectants showed
decreased migration and invasion by approximately 40-60%
(Fig. 4C and D). These results indicated that CREB plays a
role as a mediator between Akt and MMP, and ICAM-3/
Akt/CREB/MMP are present in the signaling pathway.

Transient transfection of ICAM-3 also induces increase of
cell migration and invasion of human non-small cell lung
cancer cells. Because NCI-H1299 pcDNA-3 or ICAM-3
stable transfectant clones only were used for the above
results, we transfected with exogenous ICAM-3 to NCI-
H1299 cells transiently and performed cell migration and
invasion assay (Fig. 5). As shown in Fig. 5, transiently
increased ICAM-3 expression also enhanced cell migration
and invasion in accordance with results of stable trans-
fectants. To prove whether transiently increased ICAM-3
expression also induced the ICAM-3/Akt/CREB/MMP
pathway, immunoblot assay was performed and specific
pharmacological inhibitors (LY294002, OA-Hy and MMP-9
inhibitor I) were used. Expression of ICAM-3, phospho-Akt,
phospho-CREB, MMP-2 and MMP-9 was increased (Fig.
5Aa) and treatments of specific pharmacological inhibitors
also suppressed cell migration (Fig. 5Ab) and invasion
(Fig. 5Ac) in transiently increased ICAM-3 expressing cells.
We also showed that elimination of CREB by specific siRNA
treatment inhibited increase of cell migration and invasion by
ICAM-3 in combination with CREB siRNA (Fig. 5B). In Fig.
5B, increase of ICAM-3 expression and decrease of CREB
expression were confirmed by immunoblot assay (Fig. 5Ba).
To confirm these results in NCI-H1299 cells, we transfected
ICAM-3 into NCI-H460 NSCLC cells transiently, and then
confirmed that increase of ICAM-3 expression in NCI-H460
cells also enhanced cell migration and invasion as shown in
Fig. 6. These results indicated that the enhancement of cell
migration and invasion by ICAM-3 in NCI-H460 cells was also
dependent on the ICAM-3/Akt/CREB/MMP signaling
pathway. This repeated the results obtained with NCI-H1299
cells, which was shown with immunoblot assay of phospho-
Akt, phospho-CREB, MMP-2 and MMP-9 (Fig. 6Aa).
Inhibition of Akt and MMP proteins by specific pharmaco-
logical inhibitors (LY294002, OA-Hy and MMP-9 inhibitor I)
(Fig. 6Ab and Ac) and elimination of CREB by CREB
siRNA treatments (Fig. 6Bb and Bc) also decreased cell
migration/invasion, which induced by ICAM-3 in NCI-H460
cells.

Discussion

Our present study suggests several new functions of ICAM-3.
First, ICAM-3 induced increase in cancer cell migration/
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invasion as confirmed by the wound-healing assay and
migration/invasion assays using transwell plates (Fig. 1). We
also found that these physiological changes resulted from
elevated expression and activity of MMP-2 and -9 proteins,
well-known inducers of cell migration and invasion (Fig. 2A
and B). It was shown in several cancer types that various
factors induced high expression MMP-2 and MMP-9;
Tonizing radiation promote hepatocellular carcinoma cell
invasion with increase of MMP-9 expression (4), enhancement
of Bcl-2 expression increase gastric cancer cell invasion with
increase of MMP-2 expression and activity (27), insulin-like
growth factor-1 (IGF-1) induces invasion of distinct breast
cancer cell lines (MDA-MB231, MDA-MB-435 and SUM-
159-PT) with induction of MMP proteins (30), and hepatitis
B viral HBx protein increase hepatocellular carcinoma
invasion potential with induction of MMP-9 gene expression
(31). Our results also defined the role of ICAM-3 as an
inducer of MMP proteins, and it increased cell migration and
invasion via increase of activities of MMP-2 and -9.
Treatments of specific pharmacological inhibitors to these
MMP proteins suppressed cancer cell migration and invasion
(32-34), which additionally indicates that ICAM-3 is an
upstream effector to MMP proteins. Second, our results also
have showed that enhancement of cell migration/invasion
which was induced by ICAM-3 was composed of various
components of intracellular signaling pathway. We found
ICAM-3-Akt-CREB-MMPs pathway that intermediate
migration and invasion induced by ICAM-3. As ICAM-3
activated Akt in our previous study (26), we postulated these
proteins were involved in increased cell migration and
invasion by ICAM-3. In our results, inhibition of Akt
suppressed activity/expression of MMP and cell migration/
invasion, which agree with previous results of Bae er al,
Weng et al and Yoeli-Lerner et al that PI3 kinase/Akt
promotes cell migration and invasion through the induction
of MMP proteins and modulation of MMP expression, and
they also indicated that treatment of LY294002 suppressed
cell migration and invasion (27,29,30). Du and Montminy
reported that CREB is located at downstream of Akt, which
induced phosphorylation of Ser-133 of CREB and then
stimulated expression of the target gene via the activation of
CREB (35). They also showed that Akt stimulated recruiting
of CREB-binding protein (CBP) to CREB as well as
phosphorylation of CREB. We also showed that elimination
of CREB protein decreased activities of MMP proteins and
then decreased cell migration/ invasion (Fig. 4B-D). It is
known that CREB induces metastasis of melanoma via
MMP-2 and the adhesion molecule such as MCAM/MUCI18
(36), and dominant-negative mutant CREB has been shown to
suppress metastasis (37). Therefore, our results suggest that
ICAM-3-induced activity of MMP proteins and the increase
of cell migration and invasion were intermediated by CREB.
However, elimination of CREB protein failed to block
migration and invasion perfectly, which imply that other
signaling pathways or proteins might also affect migration
and invasion in our system.

The enhancement of cell migration and invasion by
ICAM-3 in NCI-H1299 cells did not show a relationship
between ICAM-3, p53 and PTEN because NCI-H1299 cell
line is p53- or PTEN-null, but NCI-H460 cell line contains
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Figure 5. Transiently up-regulated ICAM-3 also increased cell migration/invasion of NCI-H1299. (A) NCI-H1299 cells were transiently transfected with
pcDNA3 or ICAM-3, and immunoblot assay of ICAM-3, phospho-Akt, Akt, phospho-CREB, CREB, MMP-2 and MMP-9 were performed (Aa). ICAM-3-
transfected NCI-H1299 cells were pre-treated with DMSO, LY294002 or a combination of OA-Hy and MMP-9 inhibitor I for 18 h, and then migration (Ab)
and invasion assays (Ac) were performed as described in Materials and methods. LY indicated LY294002-treated cells. (B) NCI-H1299 cells also were co-
transfected with combinations of pcDNA3 or ICAM-3 plasmids and control siRNA or CREB siRNA, and then and migration (Bb) and invasion assays (Bc)
were performed. Efficiency of transfection was confirmed by immunoblot assay with ICAM-3 and CREB antibodies (Ba). Data presented were derived from
three independent experiments, and each mean value of three independent experiments is indicated in the graphs. Error bars indicate standard deviations (SD)
and P values were calculated with use of t-test. “p<0.05; “p<0.001.

wild-type p53 and PTEN (28). Several previous reports and Gadea et al presented that p53 inhibits cell migration and
presented that both p53 and PTEN, major tumor suppressors, invasion through suppression of chemokine stromal cell-
regulate cell migration and invasion (38-40); Moskovits et al ~ derived factor 1 (SDF-1/CXCL12) expression level and
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Figure 6. Transient transfection of ICAM-3 to NCI-H460 induced increased cell migration/invasion. (A) NCI-H460 cells were transiently transfected with
pcDNA3 or ICAM-3, and then immunoblot assay of ICAM-3, phospho-Akt, Akt, phospho-CREB, CREB, MMP-2 and MMP-9 were performed (Aa). ICAM-3-
transfected NCI-H460 cells pre-treated with DMSO, LY294002 or a combination of OA-Hy and MMP-9 inhibitor I for 18 h, and then migration (Ab) and
invasion assays (Ac) were performed. LY indicates LY294002-treated cells. (B) NCI-H460 cells also were co-transfected with combinations of pcDNA3 or
ICAM-3 plasmids and control siRNA or CREB siRNA, and immunoblot assay (Ba) was performed for detection of ICAM-3 and CREB. Migration (Bb) and
invasion assays (Bc) were performed with the co-transfected cells. Data presented were derived from three independent experiments, and mean values of three
independent experiments were indicated. Error bars indicate standard deviations (SD) and P values were calculated with use of t-test. “p<0.05, **p<0.001.
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RhoA-Rho-associated coil-containing protein kinase (ROCK)
pathway, respectively (38,39). Tamura et al reported that
PTEN induces tyrosine dephosphorylation of FAK through
direct interaction and inhibits cell migration and invasion
(40). However, our results in Fig. 6 indicate that enhance-
ment of cell migration and invasion by ICAM-3 were
independent of intracellular p53 and PTEN status.

Taken together, our results suggest that ICAM-3 induced
an increase in cell migration and invasion, and it was
mediated via ICAM-3-Akt-CREB-MMP protein pathways,
and these phenomena were not affected by p53 and PTEN. In
addition to increase of radio-resistance and cell proliferation,
these results revealed a novel role of ICAM-3 in promoting
migration and invasion. Furthermore, our present study
supports the possibility that this signaling pathway may
intermediate various cell phenotypes induced by ICAM-3. As
Akt has a role in migration/invasion induced by ICAM-3,
increase of migration and invasion in this study shared a
common intracellular signaling pathway with promotion of
cell proliferation in ICAM-3 over-expressing cells (26).
Although we did not investigate the involvement of FAK in
ICAM-3-induced cell migration and invasion in this study,
increase of radiation resistance induced by ICAM-3 was
dependent on FAK activation (25). Many investigators have
reported that interaction of FAK with Akt have various roles
in cellular adhesion, cell survival and drug resistance and
radio-resistance (41-44). Therefore, we postulated that FAK
could be one of the major components in ICAM-3-induced
signaling.

Our results also suggest that ICAM-3 could be a therapeutic
candidate for cancer treatment since ICAM-3 induced
various intracellular signaling processes especially related to
tumor malignancy and radio-resistance. Development of
increased migration, invasion and radio-resistance in cancer
patients presents very serious obstacles for cancer treatment.
However, few studies have described the intracellular mecha-
nism underlying the relationship between migration/invasion
and radio-resistance, although radiation is known as one of
the extracellular stresses that affects cancer invasion, which
involves induction of expression of MMP proteins and
modification of the cytoskeleton (45,46). A more compre-
hensive study, especially with the use of in vivo systems, on
effect of ICAM-3 signaling and related mechanisms is
required to understand the role of ICAM-3 in cancer, and a
series of in vivo studies may provide evidence that would
facilitate the treatment of cancer. To date, the use of
monoclonal antibodies, antisense oligonucleotides and small
molecules abolishing the action ICAM-1 have been generated
for treatment of anti-inflammation and rheumatoid arthritis
(47). Our findings on ICAM-3 and the associated signaling
pathways may suggest new therapeutic targets to treat immune
diseases and cancer.
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