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Abstract
Adhesion and migration of vascular smooth muscle  
cells (VSMCs) play an important role in the  
pathogenesis of atherosclerosis. These processes 
involve the interaction of VSMCs with extracellular 
matrix proteins. Here, we investigated integrin  
isoforms and signaling pathways mediating the  
adhesion and migration of VSMCs on βig-h3, a  
transforming growth factor (TGF)-β-inducible extra -
cellular matrix protein that is elevated in ather-
osclerotic plaques. Adhesion assays showed that 
the αvβ5 integrin is a functional receptor for the  
adhesion of aortic VSMCs to βig-h3. An YH18 motif 
containing amino acids between 563 and 580 of 
βig-h3 was an essential motif for the adhesion and  
growth of VSMCs. Interaction between the YH18 motif 
and the αvβ5 integrin was responsible for the  
migration of VSMCs on βig-h3. Inhibitors of pho -
sphatidylinositide 3-kinase, extracellular signal- 
regulated kinase (ERK), and Src kinase reduced the  
adhesion and migration of VSMCs on βig-h3. βig-h3  
triggered phosphorylation and activation of AKT, 
ERK, focal adhesion kinase, and paxillin mediating  
the adhesion and migration of VSMCs. Taken  
together, these results suggest that βig-h3 and αvβ5  

integrin play a role in the adhesion and migration of 
VSMCs during the pathogenesis of atherosclerosis. 

Keywords: atherosclerosis; βIG-H3 protein; integrin 
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Introduction
Atherosclerosis involves multiple processes includ-
ing endothelial dysfunction, inflammation, vascular 
proliferation, and alteration in extracellular matrix. 
Recent studies have emphasized the role of in-
flammation in mediating all stages of atheros-
clerosis (Libby et al., 2002). In addition to inflamma-
tion, migration and proliferation of vascular smooth 
muscle cells (VSMCs) are the key processes of 
neointima formation in atherosclerosis and vascular 
injury. VSMCs may contribute to the development of 
atherosclerosis through the production of infla-
mmatory cytokines such as monocyte chemoattrac-
tant protein-1, and through the synthesis of matrix 
proteins (Newby and Zaltsman, 2000; Dzau et al., 
2002; Libby, 2002). VSMCs may also be important in 
maintaining the stability of the plaque through the 
formation of a firm fibrous cap (Newby and 
Zaltsman, 2000; Dzau et al., 2002; Libby, 2002). 
These processes involve the interaction of VSMCs 
with matrix and changes in intracellular signaling 
pathways that regulate cell migration. 
    Integrins are cell surface heterodimeric proteins 
composed of α and β subunits and responsible for 
cell adhesion to matrix. Different integrins mediate 
binding of different cell types to specific matrix 
proteins such as collagen (e.g., α1β1, α2β1) or 
fibronectin (e.g., αvβ3, α5β1) (Hynes, 2002). Among 
them, β1 and β3 integrins have been involved in the 
adhesion and migration of VSMCs on fibronectin, 
laminin, and collagen (Clyman et al., 1990; Clyman 
et al., 1992). In addition to adhesion, integrins initiate 
intracellular signaling pathways by recruiting and 
activating protein kinases such as focal adhesion 
kinase (FAK). These signaling pathways are invol-
ved in the regulation of cell migration, proliferation, 
and survival (Giancotti and Ruoslahti, 1999). 
    βig-h3 is a 68-kDa matrix protein whose express-
ion is highly induced by transforming growth factor-β 
(TGF-β) in several cell types including keratinocytes, 
fibroblasts, mammary epithelial cells, and melanoma 

βig-h3 triggers signaling pathways mediating adhesion and 
migration of vascular smooth muscle cells through αvβ5 integrin
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cells (Skonier et al., 1994). βig-h3 plays a role in cell 
adhesion, migration, and wound healing (LeBaron et 
al., 1995; Kim et al., 2000; Bae et al., 2002; Park et 
al., 2004). In addition, βig-h3 is involved in certain 
human diseases. Mutations of βig-h3, for example, 
have been identified and are implicated in corneal 
dystrophies (Munier et al., 1997; Endo et al., 1999). 
βig-h3 is down-regulated in melorheostosis and 
involved in osteogenesis (Kim et al., 2000). More-
over, βig-h3 is elevated in the aorta of diabetic rats 
and its production is induced by high glucose in 
VSMCs (Ha et al., 2003), suggesting a role for 
βig-h3 in the development of diabetic angiopathy. Of 
interest is that βig-h3 is elevated in macrophages 
and VSMCs in atherosclerotic and restenotic human 
arteries (O’Brien et al., 1996). These findings sug-
gest a role for βig-h3 in the pathogenesis of ather-
othrombosis and restenosis. Here we investigated 
integrin isoforms and intracellular signaling path-
ways that are responsible for the adhesion and 
migration of VSMCs on βig-h3. 

Materials and Methods
Recombinant proteins, reagents, antibodies, and  
cells
Recombinant proteins including βig-h3, D-I, D-II, 
D-III, D-IV, D-IV-LAAR, YH18, YH18-Con, and 
∆H1H2(6) were prepared as previously described 
(Kim et al., 2000; 2002). Phosphatidylinositide 
3-kinase (PI3K) inhibitor LY294002, ERK kinase 
inhibitor PD98059, protein tyrosine kinase inhibitor 
genistein, and Src family kinase inhibitor PP2 were 
purchased from Calbiochem (San Diego, CA). Rab-
bit polyclonal anti-human βig-h3 antibody was pre-
pared by immunizing rabbits with human recom-
binant βig-h3 protein. Rabbit polyclonal anti-FAK and 
mouse monoclonal anti-phospho-ERK were from 
Santa Cruz Biotechnologies (Santa Cruz, CA). 
Rabbit polyclonal anti-AKT and anti-phospho-AKT 
were from Cell Signaling Technology (Beverly, MA). 
Anti-ERK, anti-phospho-FAK, anti-paxillin, and anti- 
phospho-paxillin were from Transduction Labora-
tories (Lexington, KY). Aortic VSMCs (Clonetics, 
CC-2571) were grown in DMEM supplemented with 
10% FBS, sodium pyruvate, penicillin G and strepto-
mycin. All experiments were performed using cells 
between the third and the fifth passage. 

Cell adhesion assays
Ninety-six-well culture plates (BD Bioscicences, 
Mountain View, CA) were coated with the indicated 
proteins at 4oC overnight. Then, the plates were 
rinsed three times in phosphate-buffered saline 

(PBS), and uncoated surfaces were blocked with 2% 
heat-inactivated BSA for 1 h at 37oC. Aortic VSMCs 
(2 × 104 cells) were plated to each well and 
incubated for 1 h, and then unattached cells were 
removed by rinsing twice with PBS. Attached cells 
were incubated with 50 mM citrate buffer, pH 5.0, 
containing 3.75 mM p-nitrophenyl- N-acetyl-D-gluco-
saminide (hexosaminidase substrate) and 0.25% 
Triton X-100 for 1 h at 37oC. The reaction was 
stopped, and color was developed by the addition of 
50 mM glycine buffer, pH 10.4, containing 5 mM 
EDTA. Absorbance was measured at 405 nm in a 
microplate reader (Titertek Instrument, Inc., Hum-
tsville, AL). 

Cell migration assays
Cell migration assays were performed as previously 
described (Kim et al., 2000; 2002). For cell mi-
gration, the under surface of the membrane of 
trans-well plates (8 µm pore size, Costar, Cam-
bridge, MA) was coated with proteins at 4oC 
overnight and blocked with 2% BSA. Then aortic 
VSMCs (105 cells per well in 200 µl medium) were 
seeded in the upper compartment of filters. After 6 h 
of migration, cells in the upper chamber of the filter 
were removed, and nonmigrating cells on the top of 
the filters were removed with a cotton swab. 
Migrating cells on the lower side of the filter were 
fixed with 8% glutaraldehyde and then stained with 
0.25% crystal violet in 20% methanol. Each experi-
ment was repeated in duplicate, and counting was 
done in nine randomly selected microscopic high 
power fields (× 200).

Cell proliferation assays
Cell proliferation was assayed using twenty-four well 
culture plates coated with the indicated proteins. 
Aortic VSMCs (5 × 104 cells) that were synchroni-
zed by serum starvation for 24 h were plated onto 
each well. After incubation for 24 h, cell proliferation 
was measured by counting cell numbers using a 
hematocytometer.

Inhibition of adhesion and migration
Various chemical kinase inhibitors or function block-
ing antibodies against integrins were examined for 
their ability to prevent cells from adhering or 
migrating on the prepared substrata. Cells (2 × 105 
cells/ml) were pre-incubated individually with the 
indicated reagents at 37oC for 30 min. The pre- 
incubated cells were transferred onto plates or 
trans-wells coated with proteins and then incubated 

further for 1 h at 37oC. Attached or migrated cells 
were then quantified as described above. 
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Immunoblotting
Cells lysates were prepared and subjected to 
SDS-PAGE, transfer, and blotting with the indicated 
antibodies as previously described (Lee and Ruo-
slahti, 2005). The intensity of a protein band was 
quantified by densitometry of immunoblots using Fuji 
Film MacBAS Software (Fuji Photo Film, Tokyo, 
Japan). 

Results
The αvβ5 integrin is a functional receptor for aortic  
VSMCs adhesion to βig-h3
Figure 1A shows diagrams of βig-h3 and its do-
mains. βig-h3 consists of four Fas-1 domains, which 
are designated as D-I, D-II, D-III, and D-IV domain 

(Kim et al., 2002; Nam et al., 2003). Each domain 
has two conserved Fas-1 regions known as H1 and 
H2. ∆H1H2(6) is a fragment of D-IV domain that 
lacks both H1 and H2 region and also the 
carboxy-terminal EPDIM motif. D-IV-LAAR is a 
mutant D-IV domain, where all conserved amino 
acids had been substituted. The YH18 motif contains 
18 amino acids including tyrosine and histidine at 
the positions between 563 and 580, while the 
YH18-Con contains a scrambled sequence. 
    Previous studies have shown that the αvβ3 and 
αvβ5 integrins mediate VSMC migration on vitro-
nectin (Clyman et al., 1992; Kappert et al., 2001; 
Stawowy et al., 2004). In this regard, we investi-
gated the effects of function-blocking antibodies 
against αvβ3 and αvβ5 integrins on the adhesion of 
aortic VSMCs to βig-h3. A function-blocking antibody 

Figure 1. The αvβ5 integrin is a functional 
receptor of aortic VSMCs for the adhesion on 
βig-h3. (A) Diagrams showing βig-h3 and its 
domains. The underlined letters represent 
scrambled amino acid sequences. Italicized 
underlined letters represent mutated amino 
acids. (B) Cells were pre-incubated with or 
without function-blocking monoclonal anti-
bodies against the αvβ3 or αvβ5 integrin 
and then plated onto the culture dishes coat-
ed with wild-type (WT) βig-h3, D-I, D-II, D-III, 
and D-IV domain for 1 h. The number of cells 
attached to the substrates was then 
measured. Data represent mean ± SD of 
three separate experiments. *P ＜ 0.05 by 
Student’s t-test.
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against the integrin αvβ5 inhibited the adhesion of 
aortic VSMCs to wild-type βig-h3 as well as D-I, D-II, 
D-III, and D-IV domains of βig-h3 (Figure 1B). In 
contrast, a function-blocking antibody against the 
αvβ3 integrin did not inhibit the adhesion of aortic 
VSMCs to βig-h3 and individual domains (Figure 
1B). These findings indicate that the αvβ5 integrin is 
the functional receptor on aortic VSMCs for ad-
hesion to βig-h3.

The YH18 motif of βig-h3 mediates the adhesion  
and growth of aortic VSMCs
We have previously reported that the YH18 motif of 
βig-h3 mediates the adhesion of fibroblasts and 
endothelial cells through interaction with the αvβ5 
and αvβ3 integrins, respectively (Kim et al., 2002; 
Nam et al., 2003). In this regard, we investigated a 
protein motif(s) responsible for the adhesion of aortic 
VSMCs to βig-h3. The adhesion of VSMCs to βig-h3, 

D-IV domain, and ∆H1H2(6) were as efficient as the 
cell adhesion to vitronectin (Figure 2A). In contrast, 
VSMCs adhered to a D-IV-LAAR mutant at a lesser 
degree (Figure 2A). The adhesion of aortic VSMCs 
to βig-h3 and D-IV as well as vitronectin was blocked 
by the YH18 motif, but not by the YH18-Con (Figure 
2B). These findings indicate that the YH18 motif 
within βig-h3 D-IV domain is an essential element for 
the adhesion of aortic VSMCs to βig-h3. 
    To determine the effect of βig-h3 on the growth of 
aortic VSMCs, cells were synchronized by serum 
starvation and then plated onto dishes coated with 
the indicated proteins. βig-h3 as well as D-IV domain 
and ∆H1H2(6) supported the growth of aortic 
VSMCs, while the D-IV-LAAR mutant or BSA 
supported little the cell growth (Figure 2C). These 
results indicate that βig-h3 and its domains con-
taining the YH18 motif play a role in supporting the 
growth of aortic VSMCs. 

Figure 2. The YH18 motif of βig-h3 mediates the adhesion and growth of 
aortic VSMCs on βig-h3. (A) VSMC adhesion to culture dishes coated with 
the indicated proteins. (B) Inhibition of VSMC adhesion by the YH18 motif. 
Cells were pre-incubated with BSA, buffer (none), or 300 µM of the syn-
thetic YH18 or YH18-Con peptide and then plated onto culture dishes coat-
ed with βig-h3, D-IV, or vitronectin (VN) for 1 h. The number of cells at-
tached to the substrates was then measured. (C) Growth of aortic VSMCs. 
Cells synchronized by serum starvation were seeded onto culture dishes 
coated with the indicated proteins. After cells were grown for the indicated 
time period, the number of cells was counted. Data represent mean ± SD 
of three separate experiments. *P ＜ 0.05 by Student’s t-test.
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βig-h3 supports migration of aortic VSMCs through  
interaction between the YH18 motif and the αvβ5 
integrin   
Migration of aortic VSMCs was facilitated when cells 
were plated on βig-h3, D-IV domain, ∆H1H2(6), or 
vitronectin, while little migration was observed on 
D-IV-LAAR mutant or BSA (Figure 3A). The migra-
tion of aortic VSMCs on βig-h3 or D-IV domain was 
completely blocked by the YH18 motif or the function 
blocking antibody against the αvβ5 integrin, but not 
by the YH18-Con or the antibody against the αvβ3 
integrin (Figure 3B). These results indicate that the 
migration of aortic VSMCs on βig-h3 is dependent 
on the interaction between the YH18 motif of βig-h3 
and the αvβ5 integrin. 

Adhesion and migration of aortic VSMCs on βig-h3 
are suppressed by inhibitors for PI3K, ERK, protein  
tyrosine kinase, and Src kinase 
To investigate protein kinases involved in the αvβ5 
integrin-mediated adhesion and migration of aortic 
VSMCs on βig-h3, cells were incubated with several 
types of specific protein kinase inhibitors. The 
adhesion of aortic VSMCs on βig-h3 was suppress-
ed in a dose-dependent manner by LY294002, 
PD98059, genistein, and PP2, which are specific 
inhibitors for PI3K, ERK, protein tyrosine kinase, and 
Src family kinase, respectively (Figure 4A). In 
addition to adhesion, the migration of aortic VSMCs 
on βig-h3 was also suppressed by these kinase 
inhibitors in a dose-dependent manner (Figure 4B). 

Adhesion and migration of aortic VSMCs on βig-h3 
involves phosphorylation of AKT, ERK, FAK, and  
paxillin
To investigate the downstream signaling pathways 
involved in the adhesion and migration of aortic 
VSMCs on βig-h3, the phosphorylation and acti-
vation of intracellular kinases were determined using 
phospho-specific antibodies against the kinases.  
Phosphorylation and thus activation of AKT, a 
downstream kinase of PI3K, were increased by the 
adhesion of aortic VSMCs to βig-h3 D-IV domain 
compared to poly-lysine, which mediates non-inte-
grin dependent adhesion (Figure 5A). Phospho-
rylation and activation of ERK, FAK, and paxillin 
were also increased by the adhesion of aortic 
VSMCs to βig-h3 D-IV domain compared to poly- 
lysine (Figure 5B-D). In addition to adhesion, 
phosphorylation of AKT, FAK, and paxillin were 
increased when cells migrate on βig-h3 D-IV domain 
compared to non-migrating cells or migrating cells 
on non-coated culture plates (Figure 5A, C and D). 
Phosphorylation of ERK, however, was not increa-
sed by the migration of aortic VSMCs on βig-h3 D-IV 
domain (Figure 5B). 

Discussion
In this study, we showed that βig-h3 mediates 
adhesion and migration as well as growth of aortic 
VSMCs through the interaction between the YH-18 
motif and the αvβ5 integrin. We also showed that 
βig-h3 triggers phosphorylation and thus activation 
of intracellular signaling pathways including AKT, 

Figure 3. βig-h3 supports migration of aortic VSMCs through the interaction between the YH18 motif and the αvβ5 integrin. (A) Cells were plated onto 
the culture dishes coated with the indicated proteins, and then cell migration was measured. (B) Cells were pre-incubated with the indicated peptides 
(300 µM) or antibodies (5 mg/ml) before plating onto culture dishes coated with the indicated proteins, and then cell migration was measured. Data rep-
resent mean ± SD of three separate experiments. *P ＜ 0.05 by Student’s t-test.
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ERK, FAK and paxillin mediating adhesion and 
migration of VSMCs. These findings suggest that 
βig-h3 and the αvβ5 integrin play an important role in 
the adhesion, migration and proliferation of VSMCs 
that occur during neointima formation in athero-
sclerosis.
    Alterations in extracellular matrix components 
have been described in atherosclerotic plaques and 
shown to influence cellular processes such as 
adhesion, migration and proliferation. For example, 
βig-h3 is elevated in human atherosclerotic and 
restenotic arteries, more abundantly in the intima 
than the media, and detected in the plaque 
macrophages as well as smooth muscle cells and 
endothelial cells (O’Brien et al., 1996). We also 
observed that βig-h3 is upregulated in human 
atherosclerotic plaques (data not shown). TGF-β 
isoforms, the potent inducers of βig-h3, and their 
receptors are increased in atherosclerotic lesions 
(Bobik et al., 1999). In the same context, we re-
cently found that the expression of βig-h3 in cultured 
human monocyte-derived macrophages can be 
induced by tumor necrosis factor-α or IL-1β, in-

flammatory cytokines frequently increased in athero-
sclerotic microenvironment (data not published). 
Periostin, a matrix protein that is highly homologous 
to βig-h3, is also elevated in rat arteries after 
vascular injury and localized to smooth muscle cells 
of the neointima and adventitia and promotes 
migration of VSMCs (Lindner et al., 2005). Fas-1 
domains of βig-h3 and related proteins such as 
periostin, stabilin-1, and stabilin-2 have been shown 
to interact with integrins and modulate cell adhesion 
and migration (Gillan et al., 2002; Kim et al., 2002; 
Politz et al., 2002). These Fas-1 domain-containing 
proteins thus seem to play a common role in cell 
adhesion and migration. In addition to Fas-1 do-
main-containing family of proteins, some matrix 
proteins including collagen, fibronectin, thrombos-
pondin-1, vitronectin, tenascin, and osteopontin have 
been shown to be elevated in response to vascular 
injury or in atherosclerotic plaues and promote 
migration of VSMCs (Giachelli et al., 1993; Liaw et 
al., 1994; Batchelor et al., 1998; Willis et al., 2004). 
In fact, osteopontin transgenic mice develop athero-
sclerosis (Chiba et al., 2002). Taken together, VSMC 

Figure 4. Adhesion and migration of aortic 
VSMCs on βig-h3 are inhibited by inhibitors for 
PI3K, ERK, and Src kinase. Cells were pre-in-
cubated with PI3K, ERK, and Src kinase in-
hibitors at the indicated concentrations, and 
then plated onto culture dishes coated with 
βig-h3. After incubation for 1 h, cell adhesion 
(A) and migration (B) on the βig-h3-coated 
dishes were measured. Data represent mean
± SD of three separate experiments. *P ＜
0.05 by Student’s t-test.
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interaction with matrix proteins that are elevated in 
neointima as components of the atherosclerotic 
plaque may contribute to the pathogenesis of athero-
sclerosis and restenosis after injury.
    Matrix proteins interact with distinct isoforms of 
integrins and promote cell adhesion and migration 
depending on cell types. For example, vitronectin 
has been shown to mediate VSMC adhesion mainly 
through the αvβ5 integrin but not through the αvβ3 
integrin (Clyman et al., 1992; Kappert et al., 2001; 
Stawowy et al., 2004). Both the αvβ3 and αvβ5 

integrins are elevated during neointima formation in 
injured aorta (Kappert et al., 2001). We showed here 
that similar to vitronectin, βig-h3 mediates VSMC 
adhesion and migration through the αvβ5 integrin 
but not the αvβ3 integrin. Migration of fibroblasts on 
βig-h3 is also facilitated through the αvβ5 integrin 
(Kim et al., 2002). On the other hand, βig-h3 
promotes migration of keratinocytes and renal 
tubular epithelial cells through the α3β1 integrin 
(Bae et al., 2002; Park et al., 2004). Furthermore, we 
recently reported that βig-h3 promotes the migration 

Figure 5. Phosphorylations of AKT, ERK, FAK, and paxillin are involved in the adhesion and migration of aortic VSMCs on βig-h3. For adhesion assays, 
cells were grown in suspension (S), or plated onto culture dishes coated with poly-L-lysin (L) or D-IV domain (IV). For migration, cells were grown in 
trans-well chamber coated with or without D-IV, and then migrating (M) and non-migrating (NM) cells were assayed, respectively. After incubation, cells 
were harvested, lysed, and then subjected to Western blotting using antibodies specific for phosphorylated or total form of AKT (A), ERK (B), FAK (C), 
and paxillin (D). Bars represent relative levels of phosphorylated protein normalized by total protein levels.
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of vascular endothelial cells through the αvβ3 
integrin, and a synthetic peptide containing the 
YH-18 motif of βig-h3 has anti-angiogenic activity by 
inhibiting the interaction between the αvβ3 integrin 
and βig-h3 (Nam et al., 2003). Given a key role of 
the αvβ5 integrin in VSMC migration on both βig-h3 
and vitronectin that are elevated in atherosclerotic 
lesions, a function-blocking antibody against the 
αvβ5 integrin or a synthetic peptide containing the 
YH-18 motif could be a promising therapeutic 
approach against atherosclerosis.
    Some tyrosine kinases and small GTP-binding 
proteins have been known to play a role in VSMC 
migration that is induced by growth factors and 
extracellular matrix (Abedi and Zachary, 1995; Willis 
et al., 2004). Platelet-derived growth factor, a potent 
inducer of VSMC migration, stimulates the phospho-
rylation of PI3K, ERK, FAK, and paxillin (Abedi et al., 
1995; Cospedal et al., 1999). Hepatocyte growth 
factor induces VSMC migration by phosphorylating 
PI3K, Akt, ERK, FAK, and Pyk2 (Taher et al., 2002; 
Ma et al., 2003). We showed here that βig-h3 
triggers phosphorylation and activation of Akt, FAK 
and paxillin but not that of ERK for mediating 
migration of VSMC through the interaction with the 
αvβ5 integrin. Phosphorylation of ERK, however, is 
still required in the adhesion of VSMCs to βig-h3. 
Given the importance of adhesion in cell migration, it 
would explain the decrease of cell migration by a 
ERK kinase inhibitor as shown in migration assays. 
Similar to βig-h3, vitronectin also triggers the acti-
vation of FAK and Akt but not of ERK (Stawowy et 
al., 2004). Taken together, although VSMC migration 
on matrix shares some signaling pathways in 
common, distinct signaling pathways are still invol-
ved in the migration depending on the nature of 
growth factors and extracellular matrix proteins. 
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