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Abstract. 31 integrin has been considered to be a
mysterious adhesion molecule due to the pleiotropy
in its ligand-binding specificity. However, recent
studies have identified laminin isoforms as high-
affinity ligands for this integrin, and demonstrated
that a3B1 integrin plays a number of essential roles in
development and differentiation, mainly by mediating
the establishment and maintenance of epithelial tis-
sues. Furthermore, a3B1 integrin is also implicated in
many other biological phenomena, including cell
growth and apoptosis, angiogenesis and neural
functions. This integrin receptor forms complexes
with various other membrane proteins, such as the
transmembrane-4 superfamily proteins (tetraspa-
nins), cytoskeletal proteins and signaling molecules.
Recently, lines of evidence have been reported
showing that complex formation regulates integrin
functions in cell adhesion and migration, signal
transduction across cell membranes, and cytoskeletal
organization. In addition to these roles in physio-
logical processes, a3B1 integrin performs crucial
functions in various pathological processes, especially
in wound healing, tumor invasion and metastasis,
and infection by pathogenic microorganisms.
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Introduction

The integrin family of cell adhesion molecules plays
important roles in various physiological and patho-
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Abbreviations: ECM extracellular matrix; MMP, matrix metallo-
proteinase

logical processes by mediating cell-extracellular ma-
trix (ECM) and cell-cell interactions. These adhesion
receptors are heterodimers of transmembrane glyco-
proteins (o and B subunits); various combinations of
the o and B subunits produce polymorphisms of li-
gand specificity (reviewed by Albelda & Buck, 1990;
Ruoslahti, 1991; Hynes, 1992; Sheppard, 2003). In
mammals, 18 a-subunits and 8 B-subunits have been
defined, which assemble to form 24 different adhesion
receptors. The o3Pl integrin (CD49¢c/CD29) is a
member of the Bl integrin subfamily, and in early
studies was referred to as very late activation antigen
(VLA)-3 (Takada et al., 1987), extracellular matrix
receptor (ECMR)-1 (Wayner et al., 1988), galacto-
protein b3 (Tsuji et al., 1990), and chicken integrin
complex band 2 (Hynes et al., 1989). This integrin has
been suggested to be a functional receptor for a
variety of extracellular matrix (ECM) proteins,
including fibronectin, collagen, and laminin-1 (a
prototype of laminin). However, its physiological
function was until recently not well defined, in con-
trast to other integrins of interest, such as o581 in-
tegrin as a specific receptor for fibronectin, members
of the B2 integrin subfamily (aL.f2, aMB2 and aXp2
integrins) in terms of leukocyte function in immunity,
and alIbf3 integrin in platelet aggregation. However,
recent studies have demonstrated that a3B1 integrin
serves as a high-affinity receptor for isoforms of
laminin, including laminin-5, and that this integrin
exerts crucial functions by mediating specific adhe-
sion events in a variety of biologically important
processes. Mice deficient in o3 integrin have greatly
contributed to functional analyses of this integrin in
the development and differentiation of various tissues
and organs such as the kidneys, lungs, and skin
(Kreidberg et al., 1996; Kreidberg, 2000). Moreover,
a3B1 integrin forms complexes with other cell-mem-
brane and cytoskeletal proteins, and these complexes
are thought to play essential roles in cell adhesion,
motility, signaling, transport, and other cell mem-
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brane functions. In addition, this integrin is impli-
cated in tumor invasion and metastasis, and also in
infection by pathogenic microorganisms.

Structure

The o3B1 integrin is a transmembrane glycoprotein
consisting of a non-covalently associated heterodimer
(a3 and Bl subunits). The integrin a3 subunit is
associated exclusively with the B1 subunit, as distinct
from some other o subunits, such as a4, a6, and aV
subunits, which can be associated with other B su-
bunits as well as with 1. The cDNA for the hamster
integrin o3 subunit has been cloned (Tsuji et al., 1990),
as has that for the corresponding human (Tsuji,
Hakomori & Osawa, 1991; Takada et al., 1991) and
mouse (Takeuchi et al., 1995) subunits. The human o3
subunit in its mature form is composed of 1,019
amino-acid residues, including a large extracellular
domain, a single transmembrane domain and a short
cytoplasmic domain; the overall structure is similar to
that of other integrin o subunits (Fig. 1). Electron
microscopic observation has revealed that an integrin
heterodimer is composed of a globular domain and
two rod-like domains (Nermut et al., 1988).

The integrin o3 subunit is characterized by the
absence of an I-domain (insertion domain) and the
presence of a cleavage site. The I-domain is homol-
ogous to the von Willebrand factor (VWF) A domain
that is present in several integrin o subunits, such as
o2, oL, and oM subunits. This domain plays a pivotal
role in the ligand-binding function of these integrins.
The cleavage site is also present in the a5, a6, allb,
and oV subunits in the region proximal to cell
membranes, and these o subunit polypeptides are
posttranslationally cleaved by a specific protease to
generate heavy and light chains that remain associ-
ated by a disulfide bond (between Cys-814 and Cys-
872, numbered from Phe at the N-terminus of the
mature o3 subunit) (Krokhin et al., 2003). Integrin o
subunits contain seven repeated sequences, each with
a 60-70 amino-acid stretch, in their N-terminal re-
gions. In the a3 subunit, three repeats out of the se-
ven each have a metal-binding sequence of the
general structure DX(D/N)X(D/N)GXXD, as is the
case with the other integrin o subunits. All integrins
require divalent cations (Mg?" and Mn?") for
binding to their ligands. The seven repeated se-
quences were predicted by Springer (1997) to fold
into a seven-bladed B-propeller structure, as based on
their sequence homology with phospholipase D and
the trimeric G-protein B subunit; moreover, the B-
propeller structure is thought to be involved in ligand
binding by I-domain-lacking integrins.

The oVB3 integrin, a receptor for vitronectin,
fibronectin, thrombospondin, and osteopontin, is
structurally the best characterized integrin, as based
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Fig. 1. Schematic structure of a3f1 integrin. Both a3 and B1 sub-
units are transmembrane glycoproteins, which are non-covalently
associated and form a heterodimer. The globular domain of the a3
subunit consists of a seven-bladed B-propeller structure with seven
repeats of homologous sequences, and it associates with the PA
domain of the B1 subunit to constitute a ligand-binding pocket.
The o3 subunit is posttranslationally cleaved by a protease to
generate heavy and light chains that remain associated by a
disulfide bond. The cytoplasmic domains of the o381 heterodimer
are associated with various proteins, including calreticulin (a
multifunctional calcium-binding protein), cytoskeletal proteins,
and signaling molecules.

on X-ray crystallography of its extracellular domains
(Xiong et al., 2001). Their study was the first case of
a crystallographic analysis of integrin molecules and
they revealed that the integrin heterodimer is com-
posed of a globular “head” and two rod-like “tail”
domains. This overall shape is in agreement with
previous electron microscopic observations. The
crystallographic analyses have demonstrated that the
major point of contact between the o and  subunits
is located in the respective N-terminal globular do-
mains, and supported the prediction made by
Springer (1997) that the seven homologous repeats
in the o subunit form a B-propeller structure with
seven blades. The B-propeller structure in the o
subunit interacts with the vWF A domain (BA do-
main or I-like domain) present in the N-terminal
region of the B subunit, and the interface formed by
the B-propeller structure and the A domain creates
the ligand-binding pocket (Springer 2002; Xiong et
al., 2002; Humphries et al., 2003). Such crystallo-
graphic data regarding the VB3 integrin have pro-
vided great insight into the structure of other
integrin molecules.
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The region in the a3 subunit that is critical for the
binding of 31 integrin to ECM containing laminin-
5 (a high-affinity ligand for a3B1 integrin) was ana-
lyzed by the epitope-mapping of several function-
blocking anti-o3 integrin antibodies and by site-di-
rected mutagenesis (Zhang et al., 1999). The results
demonstrated that the boundary between repeats 1
and 2 (residues 75-80) and the boundary between
repeats 2 and 3 including the Thr-162 and Gly-163
residues (numbering in the mature form of the o3
subunit) are crucial for ligand binding. These two
regions are separated in the primary structure; how-
ever, they are close to each other in the proposed p-
propeller model. Another report has demonstrated
that a mutation of the Tyr-186 and Trp-188 residues
located in repeat 3 of the a3 subunit failed to promote
adhesion to laminin-5 (Krukonis et al., 1998). These
results suggest that the second and/or third blades of
the B-propeller are critical for the recognition of the
ECM ligand.

In the cytoplasmic tail of the a3 subunit, an
amino-acid sequence motif, GFFKR, is found in the
region proximal to the transmembrane domain. This
motif is well-conserved among integrin o subunits,
and is recognized by a multifunctional calcium-
binding protein referred to as calreticulin. The bind-
ing of calreticulin to the GFFKR motif regulates the
state of activation of integrin receptors (Coppolino et
al., 1995a) and it mediates a signal transduction
pathway in cells (Ito, Seyama & Kubota, 2001). The
Ser-1010 (the 10th amino-acid residue from the C-
terminus) in a QPSXXE motif, which is conserved in
multiple o subunits (a3A, a6A, and a7A subunits),
was found to be phosphorylated (Zhang et al.,
2001a). Such phosphorylation may not be directly
catalyzed by any of the known protein kinase C
(PKC) isoforms, although PKC does play an indirect
role in promoting phosphorylation at this site. The
phosphorylation appeared to be implicated in the
tyrosine phosphorylation of cellular proteins, such as
focal adhesion kinase and paxillin, as well as in cell
spreading and migration, suggesting that phosphor-
ylation in this context regulates the interaction of
a3B1 integrin with the cytoskeleton.

A structural variant of the o3 subunit in the
cytoplasmic domain was identified in the murine
heart and brain (Tamura et al., 1991). This variant is
referred to as the a3B subunit, whereas the authentic
o3 subunit is referred to as the a3A subunit. These
two splice variants are generated by alternative exon
usage (Tsuji et al., 1999). To date, no difference in the
ligand-binding specificity of the a3A and o3B sub-
units has been detected, although their respective
tissue distributions differ. The expression of the a3B
subunit in adult tissues is more restricted than that of
the a3A subunit, which is widely distributed in almost
all tissues (de Melker et al., 1997). In heart tissue, for
example, the a3A subunit is strongly expressed on
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vascular smooth muscle cells, whereas the a3B sub-
unit is detected only on endothelial cells of veins. A
recent report has suggested that the cytoplasmic do-
main of the a3 subunit plays a role in regulating the
cell surface expression of the heterodimer (DiPersio,
Trevithick & Hynes, 2001). The o3B subunit was
found to accumulate intracellularly in keratinocytes
on collagen matrices, although both a3Apl and
a3Bp1 localized to focal contacts in keratinocytes on
laminin-5-rich ECM. This finding suggests that
binding to the high-affinity ligand may stabilize the
surface expression of the a3Bf1 heterodimer. Cyto-
plasmic variants such as those of the a3A and «3B
subunits have also been identified for the a6 and o7
subunits.

The amino-acid sequences of the human a3 and
B1 subunits contain 14 and 12 potential N-glycosyl-
ation sites (Asn-X-Ser, where X is not Pro), respec-
tively, in their extracellular domains (Argraves et al.,
1987; Tsuji et al., 1991). In addition to containing N-
linked carbohydrate chains, a3B1 integrin purified
from HT29 colon carcinoma cells contains O-linked
oligosaccharides (Prokopishyn et al., 1999). The N-
linked carbohydrates are mainly of the complex-type
of oligosaccharides with B1-6 branched side chains
and short poly-N-acetyllactosamine units (Galfl-
4GIcNAcPl-; n < or = 3), and o3Pl integrin
expressed in colon cancer is a major carrier of on-
codevelopmental carbohydrate epitopes defined by
monoclonal antibody. a3B1 integrin is a sialoglyco-
protein and the linkages of the sialic acid residues
may affect the tumorigenicity and invasiveness of
malignant glioma cells (Yamamoto et al., 2001). The
replacement of a2-3-linked sialic acid residues abun-
dantly present in N-glycans of the a3B1 integrin with
a2-6-linked sialic acids by the transfection of glioma
cells with a2-6 sialyltransferase cDNA resulted in a
decrease in the extent of in vitro invasion and in-
tracranial tumor formation of these cells. The gly-
cosylation of a3fB1 integrin is likely to modulate the
function of the a3p1 integrin receptor.

Cell Adhesion and Motility

In early studies using function-blocking monoclonal
antibodies, o3B1 integrin was implicated as an
adhesion receptor for fibronectin, collagen, and
laminin-1 (classical laminin) (Wayner & Carter, 1987,
Takada et al., 1988; Elices, Urry & Hemler, 1991).
However, the expression of a3p1 integrin in a3-neg-
ative cells by cDNA transfection did not exhibit
strong adhesion to these ECM proteins, suggesting
that none of them has a high affinity for this integrin
(Weitzman et al., 1993). A glycoprotein found in
basement membranes in a complex with laminin, an
entactin/nidogen, was also proposed as a ligand for
a3B1 integrin (Dedhar et al., 1992; Wu, Chung &
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McDonald, 1995). Moreover, this integrin was re-
ported to be involved in intercellular adhesion
through o3B1-03B1 homophilic or a2p1-a3B1 heter-
ophilic interactions (Sriramarao, Steffner & Gehlsen,
1993; Symington, Bkada & Carter, 1993). The ligand-
binding specificity of a3B1 integrin remains some-
what unclear, as cell adhesion is usually mediated by
multivalent interactions with various adhesion mol-
ecules.

It has been reported that a high-affinity ligand for
a3B1 integrin, designated as epiligrin, is present in
most epithelial basement membranes (Carter, Ryan
& Gahr, 1991). Two epiligrin-related ECM proteins,
kalinin and nicein, have subsequently been identified
as ligands for o3Pl integrin (Marinkovich et al.,
1993). Both ECM proteins are defective in junctional
epidermolysis bullosa (JEB) Herlitz’s disease, a group
of heritable blistering diseases. Furthermore, another
protein that possessed cell scattering activity, desig-
nated as ladsin, was isolated from a conditioned
medium of a human gastric carcinoma cell line, and
subsequently was found to bind to a3Bl integrin
(Miyazaki et al., 1993; Kikkawa, Umeda & Miyazaki,
1994). Biochemical and immunological analyses have
demonstrated that epiligrin, kalinin, nicein, and lad-
sin are essentially identical and are members of the
laminin family of ECM proteins. They are currently
referred to collectively as laminin-5, which consists of
three specific subunits, a3, B3, and y2. All laminins
are structurally heterotrimeric, and the combination
of the three subunits produces a variety of laminin
isoforms (Engvall & Wewer, 1996). The interactions
between laminin isoforms and o3B1 integrin have
been studied extensively. In addition to laminin-5,
laminin-10 (a5B1v1), laminin-11 (a5p2y1), and lami-
nin-8 (a4PB1y1) are recognized by a3p1 integrin (Eble
et al., 1998; Kikkawa, Sanzen & Sekiguchi, 1998;
Fujiwara et al., 2001). However, it has also been re-
ported that anti-o3 integrin antibody did not inhibit
cell attachment to laminin-10/11 (Ferletta & Ekblom,
1999). The reason for these apparently controversial
results is not clear, but the discrepancy may have
been the result of the use of two different methods,
and/or by differences in the state of posttranslational
processing of the laminin isoforms. Hemler and co-
workers quantitatively analyzed the binding of a3p1
integrin to laminin-5 by using recombinant soluble
chimeric proteins, in which a3p1 integrin was fused
with a Fos/Jun heterodimer (Eble et al., 1998). They
found that binding affinity was markedly increased
upon the addition of Mn>" or an activating antibody
(anti-integrin Bl subunit), and that the Ky value for
the binding to laminin-5 was estimated to be 27 nM
in the presence of Mn”>". Subsequently, Sekiguchi
and co-workers performed a similar analysis, but
instead used natural a3p1 integrin purified from hu-
man placenta and incorporated into liposomes; they
demonstrated that the Ky value for binding to lami-
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nin-5 was 4 nM (in the presence of Mn”> ") (Nishiuchi
et al., 2003). Moreover, the binding affinity for lam-
inin-10/11 was approximately 3-fold higher than that
for laminin-5. They suggested the importance of the
interaction between a3B1 integrin and laminin-10/11,
because of the wide distribution of laminin-10/11 in
the basement membranes of various adult tissues.

Several recent reports have added other proteins
to a line-up of ligands for a3B1 integrin. Thrombo-
spondin-1 (TSP-1), a major component of the
a-granules of platelets, is also known as an ECM
protein that is produced in many cell types upon
stimulation with growth factors, and TSP-1 also
supports adhesion in certain cell types, including
small cell lung carcinoma (SCLC) cells. The adhesion
of SCLC cells to TSP-1 was inhibited by antibodies
that recognize integrin o3 or Bl subunits (Guo et al.,
2000). Furthermore, neurite-like outgrowth and
growth inhibition of SCLC cells on a TSP-1 substrate
were abolished by treatment with anti-o3 integrin
antibody. The high-affinity binding of TSP-1 to
SCLC cells was dependent on heparin, suggesting
cooperation between sulfated glycosaminoglycans or
glycolipids and a3B1 integrin in the process of cell
adhesion.

More recently, tissue inhibitor of metallopro-
teinase (TIMP)-2 was proposed as a ligand for a3fp1
integrin. Matrix metalloproteinases (MMPs) are in-
volved in angiogenesis, and TIMP-2, an inhibitor of
these enzymes, abrogates endothelial cell prolifera-
tion in vitro and angiogenesis in vivo. However, these
processes are independent of the inhibition of MMPs,
and they require a3p1 integrin-mediated binding of
TIMP-2 to endothelial cells (Seo et al., 2003). The
action of TIMP-2 was shown to involve both a de-
crease in total protein tyrosine phosphatase activity
associated with Bl integrin subunits as well as a dis-
sociation of the phosphatase SHP-1 from the 1 sub-
units. Thus, it is likely that a3p1 integrin is the second
target for TIMP-2, and the binding of TIMP-2 to
a3B1 integrin modulates cell growth by intracellular
signaling.

The urokinase-type plasminogen activator
receptor (UPAR, CD87), a glycosylphosphatidyl-
inositol (GPI)-anchored surface protein, was pro-
posed as a cis-acting ligand for a3B1 integrin (Wei et
al., 2001). uPAR is present on the surface of many
cell types, and is implicated in cell migration and
tissue remodeling during inflammation, wound heal-
ing, and cancer metastasis through 1) the proteolytic
cascade initiating from the activation of uPA, 2) the
modulation of integrin function such as that of aM 32
integrin (CD11b/CD18, Mac-1), and 3) direct binding
to vitronectin, which supports cell adhesion and
migration. uPARs physically associate with a3B1 in-
tegrin (Kyq < 20 nM) via their extracellular domains,
and they are also known to be functionally associ-
ated, i.e., antibodies against a3 integrin have been
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shown to block uPAR-mediated cell adhesion to vi-
tronectin. Moreover, o3B1 integrin mediates uPA/
uPAR signaling, leading to the functional modula-
tion of a2PB1 and a5B1 integrins, as verified by studies
of epithelial cells from o3 integrin-deficient mice. The
binding of uPA to uPAR enhanced a2B1-dependent
adhesion to collagen and a5f1-dependent adhesion to
fibronectin in o3 integrin-positive cells, but not in o3
integrin-deficient cells. The region of the integrin o3
subunit responsible for the binding to uPAR was
assigned as being located in a surface loop within the
B-propeller (repeat 4), which is close to, although still
outside of the laminin-5 binding site (Zhang et al.,
2003a). This suggests that the integrin o3 subunit has
at least two distinct sites for interactions with distinct
ligands within its B-propeller structure. A novel li-
gand for a3B1 integrin, Reelin, was recently identified
in the central nervous system and was found to play a
crucial role in the development of the cerebral cortex
(Dulabon et al., 2000). This protein will be discussed
in more detail in the following section.

Invasin is a protein that is present in the outer
membranes of Yersinia species bacteria, and it at-
taches to the surface of the eukaryotic host cell, fol-
lowed by internalization of the bacterium. Several
different integrins, including o3B1 integrin, are rec-
ognized by invasin (Isberg & Leong, 1990). Cross-
inhibition studies with soluble a3B1 integrin have
indicated that invasin displaced laminin-5 from the
integrin receptor, suggesting that the binding sites for
both proteins are either identical or sterically over-
lapping (Eble et al., 1998). However, analyses using
function-blocking monoclonal antibodies and site-
directed mutagenesis have indicated that both bind-
ing sites were mutually very close in the N-terminal j3-
propeller structure, but the precise locations were
slightly different (Krukonis et al., 1998; Zhang et al.,
1999). Recently, human herpes virus 8 (HHV-8),
known as Kaposi’s sarcoma-associated herpes virus,
was reported to interact with a3B1 integrin on the
surface of host cells via envelope glycoprotein B of
the virus (Akula et al., 2002). The binding of a3l
integrin to the virus glycoprotein is dependent on an
Arg-Gly-Asp (RGD) sequence, suggesting a distinct
mechanism from the recognition of laminin-5. The
entry of HHV-8 into the target cells is likely to in-
volve a3B1 integrin, because HHV-8 infectivity was
inhibited by antibody against «3p1 integrin and by a
soluble form of a3f1 integrin.

Ladsin is one of the previous names for laminin-
S; the older term is derived from the known biological
activities, i.e., promoting cell adhesion and motility (a
large cell-adhesive scatter factor) (Miyazaki et al.,
1993; Kikkawa et al., 1994). Laminin-5 was shown to
stimulate chemotactic and chemokinetic migration as
well as the adhesion of various cell types. In addition,
laminin-5 was reported to promote the migration and
invasion of malignant glioma and melanoma cells in

119

an o3Pl integrin-dependent manner (Fukushima et
al., 1998; Tsuji et al., 2002). Thus, laminin-5 (ladsin)
is a unique ECM component, which may be involved
in cell migration. The expression of a3p1 integrin on
human melanoma cells is correlated with their
migratory phenotype, and anti-a3 integrin antibodies
are good inhibitors of the migration of these cells on
low-affinity ligands (laminin-1, fibronectin, and col-
lagen IV) and of chemoinvasion through a reconsti-
tuted basement membrane (Matrigel) (Natali et al.,
1993; Melchiori et al., 1995).

In contrast, laminin-5 inhibits human keratino-
cyte migration driven by collagen matrices. The
inhibitory effect of laminin-5 on keratinocyte motility
is known to be reversed by anti-a3 integrin antibody
(O’Toole et al., 1997). In keratinocytes, the interac-
tion of laminin-5 with a3B1 integrin appears to be
associated with immobility. However, another report
indicated that keratinocyte migration was accompa-
nied by the deposition of endogenous laminin-5, and
this type of migration was blocked by anti-a3 integrin
and anti-laminin 5 antibodies (Zhang & Kramer,
1996). These results suggest that migrating keratino-
cytes use laminin-5 freshly deposited by themselves
during locomotion. This apparent inconsistency re-
garding the effects of laminin-5 on keratinocyte
migration might be accounted for by a closer con-
sideration of the processing of laminin-5 following its
secretion from the cell. The C-terminal globular do-
main of the a3 chain of laminin-5 is cleaved by spe-
cific proteases such as plasmin to generate the mature
form (Goldfinger, Stack & Jones, 1998). Keratinocyte
migration on fibronectin or collagen IV requires en-
dogenous laminin-5 deposition, which is pre-
dominantly detected in its unprocessed form (Decline
& Rousselle, 2001). Interestingly, the migration of
keratinocytes requires the interaction of laminin-5
with 02B1 integrin, which normally serves as a
receptor for collagen. In addition to the interactions
between ECM proteins and integrins, the subsequent
cellular signaling cascades are important for the
regulation of cell migration. These cascades are likely
to include complex pathways involving a variety of
signaling molecules (reviewed by Holly, Larson &
Parise, 2000 and by Ridley et al., 2003).

Association with Other Membrane Proteins

It is known that o3B1 integrin forms complexes with
other membrane proteins, including receptors and
transporters for bioactive molecules, and transmem-
brane-4 superfamily (TM4SF, tetraspanin) proteins,
as well as with cytoskeleton-linked proteins. These
complexes are thought to play key roles in cell
adhesion, motility, signaling, transport, and other cell
membrane functions (Table 1). In some prostatic
carcinoma cell lines, the covalent association of the
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Table 1. Complex formation of a3B1 integrin with other membrane components

Associated protein Cell

Reference

Receptors and transporter

Transferrin receptor
Amino acid transporter

CD87 (uPAR)
Tetraspanins (TM4SF)
CD9

(DRAP27, MRP-1)

CD63
CDS81 (TAPA-1)
CDS2

CD151
(PETA-3)

NAG-2
CO-029
Ig superfamily
CD147
(EMMPRIN, Basigin, 0X47, M6)
EWI-2

Other proteins
Calreticulin

DRAL/FHL2

Prostatic carcinoma
Ehrlich cells

Breast carcinoma (MDA-MB-231)

Vero, A431, MG63 cells

Breast carcinoma (MDA-MB-231)
S-16 Schwann cells

Keratinocytes

Fibrosarcoma (HT1080)

Breast carcinoma (MDA-MB-231)
Breast carcinoma (MDA-MB-231)
Neuron-like cells (NT2N)

Breast carcinoma (MDA-MB-231)

Endothelial cells

HeLa, A431 cells

Neuron-like cell (NT2N)
Fibrosarcoma (HT1080)

Breast carcinoma (MDA-MB-435)
Colon and pancreatic carcinoma

Fibrosarcoma (HT1080)
DMBA-induced papilloma
Epidermoid carcinoma (A431)

Osteosarcoma (TE-85)
Rhabdomyosarcoma (RD)
HEK?293 (transfected)

Coppolino et al., 1995b

McCormick &
Johnstone, 1995

Wei et al., 2001

Nakamura et al., 1995
Berditchevski et al., 1996
Hadjiargyrou et al., 1996
Jones, Bishop & Watt, 1996;
Okochi et al., 1997
Berditchevski et al., 1995
Berditchevski et al., 1996
Berditchevski et al., 1996
Stipp & Hemler, 2000
Berditchevski &
Odintsova, 1999
Yanez-Mo et al., 1998
Sincock et al., 1999
Serru et al., 1999
Stipp & Hemler, 2000
Yauch et al., 2000
Tachibana et al., 1997
Claas et al., 1998

Berditchevski et al., 1997b

Owens & Watt, 2001

Stipp, Kolesnikora &
Hemler, 2003

Leung-Hagesteijn et al., 1994
Ito et al., 2001
Wixler et al., 2000

transferrin receptor (CD71) and the integrin o3 sub-
unit has been demonstrated (Coppolino et al., 1995b).
The o3 subunit heavy chain (approximately 130 kDa)
was linked to a monomer of the transferrin receptor
(approximately 95 kDa) via a disulfide bond to form
a complex (approximately 225 kDa). The transferrin
receptor is normally a homodimer that is involved in
the internalization of iron-bound transferrin into
cells. It has not yet been clarified how transferrin
receptor function and/or that of o3 integrin are
modulated by complex formation. During purifica-
tion of the Na'-dependent A-system amino-acid
transporter from the octyl glucoside extract of Ehr-
lich cell plasma membranes, the integrin o3 subunit
was co-purified (McCormick & Johnstone, 1995).
The involvement of o3Pl integrin in transporter
function was suggested by findings showing that anti-
a3B1 integrin antibody partially inhibited transport
activity and that the transfection of cells with o3 in-
tegrin cDNA increased A-system transport.
Tetraspanins (TM4SF), a family of membrane
proteins characterized by the presence of four trans-
membrane domains, are physically associated with

various integrin heterodimers. Two tetraspanins,
CD9 and CD63, were reported to form complexes
with a3B1 integrin (Berditchevski, Bazzoni & Hemler,
1995; Nakamura et al., 1995). The CD9-a3f1 integrin
complex was found in Vero cells, A431 epidermoid
carcinoma cells, and MG63 osteosarcoma cells, and
was also associated with a membrane-anchored form
of heparin-binding epidermal growth factor-like
growth factor (proHB-EGF). Since this growth fac-
tor stimulates neighboring cell proliferation in a
juxtacrine mode, it is possible that this complex of
growth factors and cell adhesion molecules is in-
volved in controlling cell proliferation during the
cell-cell adhesion process (Nakamura et al., 1995).
The CD9 molecule functions in a variety of biologi-
cally important phenomena, including cell motility
(Miyake et al., 1991) and adhesion, migration, pro-
liferation, and the neurite outgrowth of Schwann cells
(Hadjiargyrou & Patterson, 1995; Banerjee, Hadji-
argyrou & Patterson, 1997); some of these functions
may be carried out by the CD9-a3B1 integrin com-
plex. On the other hand, in fibrosarcoma cells, CD63
specifically forms a complex with a phosphatidyl-
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inositol 4-kinase (PI 4-K) (Berditchevski et al.,
1997a). Thus, CD63 may link PI 4-K activity to a3p1
integrin and may thus act as a transducer of phos-
phoinositide signaling, leading to integrin-dependent
cell adhesion and motility.

Other members of the tetraspanin family, CDS81
(Berditchevski, Zutter & Hemler, 1996), CD82 (Ber-
ditchevski & Odintsova, 1999), and CD151 (Yanez-
Mo et al., 1998; Serru et al., 1999), were subsequently
reported to associate with o3B1 integrin. Among
these, the CD151-a3B1 integrin complex has been
most extensively studied. Generally, integrin-tetra-
spanin interactions are observed only under “mild
detergent” (such as Brij 97 and CHAPS) conditions,
but the CD151-a3pB1 integrin complex is rather stable
under ‘‘stringent detergent” (such as digitonin and
Triton X-100) conditions (Serru et al., 1999; Stipp &
Hemler, 2000). The CDI151-a3p1 integrin complex
contributes to a variety of cell adhesion and motility
functions. For example, in endothelial cells, this
complex is localized at endothelial cell-to-cell junc-
tions. Antibodies against CD151 as well as anti-a31
integrin antibody inhibited the migration of endo-
thelial cells and modulated in vitro angiogenesis,
suggesting the involvement of this complex in their
motility (Yanez-Mo et al., 1998; Sincock et al., 1999).
Moreover, antibodies to either CD151 or a3f1 inte-
grin both reduced neutrophil migration induced by a
chemotactic peptide (Yauch et al., 1998). PI 4-K was
also associated with a3fB1 integrin via CDI151, as in
the case of CD63, and PI 4-K plays a role in neu-
trophil migration as well. One report has suggested
the function of the CD 151-a3f31 integrin complex in
neurite formation (Stipp & Hemler, 2000). The
neurite outgrowth of NT2N neuron-like cells induced
by laminin-5 was inhibited by anti-CD151 and anti-
CDS81 antibodies. The regions responsible for the
interaction between CD151 and the integrin o3 sub-
unit are thought to be the extracellular domains of
both molecules; the large extracellular loop of CD151
(one of two extracellular loops of the tetraspanin),
and the “stalk” region of the a3 subunit (Yauch et
al., 2000). It is likely that the association of tetra-
spanins modulates integrin function; however, to
date, no evidence has been provided demonstrating
that this association induces conformational changes
in integrin molecules.

Another group of integrin-associated membrane
proteins consists of members of the immunoglobulin
superfamily. For example, CD147 (EMMPRIN/bas-
igin/OX47/M6) is associated with a3B1 integrin and
a6B1 integrin (Berditchevski et al., 1997b). CD147 is
a membrane protein with homophilic counter-recep-
tor binding activity and it plays a role in cancer
metastasis and angiogenesis by the regulation of
MMP production (EMMPRIN is derived from
extracellular matrix metalloproteinase inducer).
Antibodies to CD147 and an inhibitor of homophilic

121

interactions (recombinant CD147-Fc fusion protein)
inhibited both MMP-2 production by breast cancer
cells and their invasion using Matrigel-reconstituted
basement membranes. However, it remains unclear
whether or not the integrins are involved in these
processes (Sun & Hemler, 2001). A member of the
immunoglobulin superfamily of membrane proteins,
referred to as EWI-2, is indirectly associated with
a3pB1 integrin via tetraspanin CD9 or CD81 (Stipp et
al., 2003). The function of EWI-2 is not known;
however, the overexpression of EWI-2 in A431 epi-
dermoid carcinoma cells was shown to impair the
a3B1 integrin-dependent migration of these cells on a
laminin-5-coated surface.

Thus, o3B1 integrin, as well as other integrins,
forms a large complex with various membrane pro-
teins including those of the tetraspanin family and the
immunoglobulin superfamily of glycoproteins. These
complexes have been reported to be localized within
specialized membrane microdomains, referred to as
glycosphingolipid-enriched microdomains (GEMs,
sometimes also called “‘lipid rafts” (Claas et al., 2001;
Kawakami et al., 2002; Hakomori, 2002). Recently,
much attention has been focused on these microdo-
mains, because the compartmentalization of various
membrane proteins with receptor and/or signaling
function facilitates efficient cascades for signal
transduction (Simons & Toomre, 2000). The CD9-
a3B1 integrin and CDS81-a3pB1 integrin complexes
were, at least in part, found to localize in GEMs
(Claas, Stipp & Hemler, 2001). GM3 ganglioside is
present in GEMs, and it promoted the CD9-a3f1
integrin complex formation, causing the suppression
of laminin-5/03B1 integrin-dependent cell motility.
This finding suggests that GM3 regulates cell motility
through the formation of the CD9-a3B1 integrin
complex (Kawakami et al., 2002).

As described in the previous section, the cyto-
plasmic region of integrin o subunits interacts with
calreticulin via a GFFKR motif present at the border
of the transmembrane and cytoplasmic domain.
Various other proteins, including cytoskeletal pro-
teins, actin-binding proteins, and signaling molecules,
are associated with the cytoplasmic region of integrin
heterodimers; most of the associated proteins interact
with B subunits (reviewed by Liu, Calderwood &
Ginsberg, 2000). These proteins are most likely to
regulate integrin function in cell adhesion and moti-
lity, and they also regulate the signal transduction for
many cellular events. Some enzymes involved in sig-
nal transduction (e.g., protein kinase C (PKC) and
phosphatidylinositol 4-kinase (PI 4-K)) also interact
indirectly with integrin o3 subunits via tetraspanins
(Berditchevski et al., 1997a; Zhang et al., 2001b). The
a3B1 integrin-tetraspanin complexes may not be di-
rectly linked to the cytoskeleton. However, the
treatment of the cell with cytochalasin B resulted in
the relocation of the complexes into intracellular



122

vesicles, suggesting that the actin cytoskeleton plays a
role in the distribution of tetraspanins into adhesion
structures (Berditchevski & Odintsova, 1999).

Recent reports have shown that the a3B1 inte-
grin-CD151 complex is also located at the lateral
surface of epithelial monolayer cells and is involved
in intercellular adhesion (Chattopadhyay et al., 2003;
Shigeta et al., 2003). The association of a3p1 integrin
with CD151 in that location promotes E-cadherin-
mediated cell-cell adhesion. This promotion of
adhesion was regulated in part by the gene expression
of PTPu, a membrane-associated protein tyrosine
phosphatase known to be involved in cadherin-med-
iated adhesion (Chattopadhyay et al., 2003). The
upregulation of PTPy facilitates the further associa-
tion of the o3Pl integrin-CD151 complex with
PKCBII (protein kinase CBII), RACKI1 (receptor for
activated C kinase-1), B-catenin and E-cadherin to
form a multimolecular complex (Fig. 2). This large
complex is thought to modulate E-cadherin-mediated
cell—cell adhesion of epithelial cells, probably through
the dephosphorylation of B-catenin. The crosstalk
between the integrin-tetraspanin complex and the
cadherin-catenin complex is likely to be crucial for
the morphogenesis of epithelial tissues. It has also
been reported that the interaction between a3f1 in-
tegrin and laminin-5-containing ECM promoted the
formation of gap junctional intercellular communi-
cation (GJIC) of a monolayer culture of keratino-
cytes (discussed in the following section).

Genes

Human genes for the integrin o3 and 1 subunits are
located on chromosomes 17 and 10, respectively
(Jones, van der Flier & Sonnenberg, 1998). Both the
human and mouse genes for the integrin o3 subunit
contain 26 exons (Jones et al., 1998; Tsuji et al.,
1999). The number of exons of the a3 subunit gene is
similar to that of the other integrin o subunits.
However, the exon/intron organization differs some-
what among o subunits. In the o subunits of members
of the B2 integrin subfamily (al. and oM subunits),
for example, each metal-binding sequence is encoded
by a single exon, whereas the first metal-binding se-
quence of the a3 or allb subunit is encoded by two
separate exons. These differences are of interest from
an evolutionary perspective. As described above, a
cytoplasmic variant of the o3B subunit is generated
by alternative exon usage. Exon 25, which encodes
the entire cytoplasmic domain of o3A subunit, is
skipped in the mRNA for the o3B subunit, the
cytoplasmic domain of which is instead encoded by
exon 26 (Tsuji et al., 1999).

A number of studies have demonstrated the
aberrant expression of a3p1 integrin in various tumor
cells in association with changes in their invasive and
metastatic potentials (to be discussed in the last
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Fig. 2. The involvement of a3B1 integrin in cell-cell adhesion. (4)
The association of a3B1 integrin with CD151 in the lateral mem-
branes of epithelial cells induces the expression of PTPu. A mul-
timolecular complex composed of a3B1 integrin-CD151-PKCBII-
RACK -PTPu-B-catenin-E-cadherin is organized and the E-cad-
herin-containing complex mediates cell-cell adhesion (Chattopad-
hyay et al., 2003). PKCBII, protein kinase CBII; RACKI, receptor
for activated C kinase-1; PTPp, protein tyrosine phosphatase p. (B)
The binding of 31 integrin of keratinocytes to ECM containing
laminin-5 promotes the assembly of connexin 43 to facilitate gap
junctional intercellular communication (GJIC). This promotion is
mediated by a Rho-dependent signaling pathway (Lampe et al.,
1998).

section). The transcriptional regulation of the inte-
grin o3 subunit is therefore of considerable interest.
The promoter region of the mouse integrin o3 subunit
was recently characterized (Kato et al., 2002). The
gene contains a CCAAT box, but lacks a TATA box.
Most integrin o subunits lack both TATA and
CCAAT boxes, except for the integrin o4 subunit
gene that includes both TATA and CCAAT boxes,
and also excepting the integrin o6 subunit gene that
contains a TATA-like box but lacks a CCAAT box.
Luciferase assay following the transfection of gastric
carcinoma cells with a series of deletion constructs of
the 5’-flanking region revealed that the sequence be-
tween positions =260 and —119 bp (relative to the
major transcription start site) was required for effi-
cient transcription. The introduction of mutation in
one of the Ets-binding sequences greatly decreased
promoter activity, suggesting that the transcription of
the o3 integrin gene in these cells is regulated by the
Ets-family of transcription factors. The sequence
surrounding the Ets-binding consensus sequence is
well conserved within human and mouse genes. The
members of the Ets-family of transcription factors
control the expression of numerous genes that are
critical for cellular proliferation, differentiation,
development, transformation, and apoptosis (Seme-
ntchenko & Watson, 2000).

Development and Differentiation

Mice deficient in o3 integrin die during the neonatal
period due to defects in the lungs and the kidneys,
suggesting that this integrin plays a crucial role in
development and differentiation (Kreidberg et al.,
1996). This integrin is located at podocytes and
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Bowman’s capsule in the kidneys, and in the pul-
monary alveoli of the lung; the epithelial organization
of these organs may be impaired in o3 integrin-defi-
cient mice. In addition to these tissues, this integrin is
detected in most keratinizing and glandular epithelia,
perineurium, basal lamina of smooth muscular fibers,
vascular media, and myoepithelial cells of the parotid
and breast (Bartolazzi et al., 1993a). The a3pB1 inte-
grin is expressed on the basolateral surfaces of epi-
thelial cell membranes, and is thought to function in
the establishment and maintenance of epithelial tis-
sues of these organs.

In the basal layer of the skin epidermis, kerati-
nocytes abundantly express a3B1 and a6p4 integrins,
which serve as receptors for laminin isoforms
including laminin-5, a major component of the
basement membrane between the epidermis and the
dermis. The a6B4 integrins constitute the hemides-
mosome, the structural machinery connecting basal
keratinocytes with the underlying basement mem-
branes (Borradori & Sonnenberg, 1999). A causal
relationship has been suggested between inactivating
mutations in the genes coding for laminin-5 subunits,
a6B4 integrin or other hemidesmosomal proteins, and
epidermolysis bullosa, a blistering disorder of the
skin. On the other hand, «3B1 integrin is recruited
into focal contacts in cultured cells. In a3B1 integrin-
deficient mice, matrix disorganization and concomi-
tant blistering were observed at the dermal-epidermal
junction in the skin (DiPersio et al., 1997). Those
results suggest the role of o3Pl integrin in the
establishment and/or maintenance of basement
membrane integrity, while a6B4 integrin is required
for stable adhesion of the epidermis to the basement
membrane through hemidesmosomes. It was reported
that cultured cells with a high level of a3B1 integrin
expression deposited in vitro increased amounts of
ECM proteins such as entactin and fibronectin into
the pericellular matrices, as compared to cells with a
low level of expression (Wu et al., 1995). Recently,
the roles played by this integrin in the organization of
laminin-5 in the ECM produced by keratinocytes
were investigated (deHart, Healy & Jones, et al.,
2003). Keratinocytes derived from o3B1 integrin-
deficient mice were unable to assemble proper lami-
nin-5 matrix organization. In terms of supporting
laminin-5-dependent cell adhesion and migration, the
characteristics of the matrix produced by the a3 in-
tegrin-null keratinocytes were distinct from those
produced by the matrix of wild-type cells. These
observations suggest that o3Bl integrin is very
important for determining the incorporation of lam-
inin-5 into its proper higher-order structure within
the ECM of keratinocytes; moreover, the organiza-
tional state of laminin-5 is thought to exert an influ-
ence on laminin-5 matrix function.

In addition to their adhesion to basement mem-
branes, keratinocytes are known to laterally connect
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Fig. 3. Keratinocyte migration in wound repair. Quiescent epi-
dermal keratinocytes anchored to basement membranes via a6p4
integrin are activated upon injury, and cells at the wound edge are
committed to become “leading” and “‘following” keratinocytes.
Activated leading keratinocytes migrate over exposed dermal col-
lagen via 02B1 integrin and they deposit laminin-5 as a provisional
basement membrane. By utilizing the deposited laminin-5 as a
scaffold, the following keratinocytes migrate mainly via a3f1 in-
tegrin. The leading keratinocyte migration via o2B1 integrin is
Rho-dependent, whereas the following keratinocyte migration via
a3B1 integrin is Rho-independent (Goldfinger et al., 1999; Nguyen
et al., 2000).

to adjacent cells through adhesion structures includ-
ing desmosomes and gap junctions. It has been
demonstrated that the adhesion of keratinocytes on
laminin-5 via a3p1 integrin promoted the formation
of gap junctional intercellular communication (GJIC)
(Lampe et al., 1998). Keratinocytes that adhered to
laminin-5 were more efficiently able to assemble with
gap junctional protein connexin 43 to form functional
GJIC than were those keratinocytes adhering to
collagen or fibronectin; furthermore, this type of
promotion was thought to be mediated by a Rho-
dependent signaling pathway (Fig. 2).

During wound healing, the profile of integrin
expression is dramatically changed, and keratinocyte
migration is stimulated, accompanying the increased
expression and deposition of laminin-5 (Larjava
et al., 1993). The cooperative roles played by a2f1,
a3B1, and a6P4 integrins in keratinocyte migration
and wound repair have been proposed (Nguyen et al.,
2000). Quiescent epidermal keratinocytes anchored to
laminin-5 in basement membranes via a6pB4 integrin
are activated upon wounding, and cells at the wound
edge are transformed into an epidermal outgrowth
composed of “leading” and “‘following” subpopula-
tions of keratinocytes (Fig. 3). Activated leading
keratinocytes are characterized by the expression of
elevated levels of a precursor form of laminin-5.
These cells migrate over exposed dermal collagen by
the use of a2P1 integrin and they deposit laminin-5 as
a provisional basement membrane. By utilizing the
deposited laminin-5 as a scaffold, the following
keratinocytes migrate mainly via o381 integrin. The
precursor form of laminin-5 preferentially interacts
with a3fB1 integrin to mediate migration (Goldfinger
et al., 1998; 1999). Subsequently, the following events
take place: 1) GJIC is promoted by a3p1 integrin-
mediated adhesion, 2) laminin-5 is processed by
proteases to generate its mature form, which is a
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high-affinity ligand for a6B4 integrin, and 3) a6p4
integrin assembles to form hemidesmosomes. The
migratory process of keratinocytes involves reversible
changes in cell adhesion between the stable anchoring
mediated by a6p4 integrin and the dynamic transient
adhesion system mediated by a2B1 and a3p1 inte-
grins. Change in the intracellular signaling of these
cells has also been suggested, i.e., leading keratino-
cyte migration via o2fB1 integrin is dependent on a
low-molecular-weight G protein, Rho (involved in
actin stress fiber regulation), whereas the following
keratinocyte migration via a3p1 integrin is Rho-
independent (Nguyen et al., 2001).

The function of o3Pl integrin in keratinocyte
apoptosis (Fujisaki & Hattori, 2002), cell prolifera-
tion via a MAP kinase pathway (Gonzales et al.,
1999), the regulation of stress fiber formation (Ho-
divala-Dilke et al., 1998), and hair follicle main-
tenance and morphogenesis (Conti et al., 2003) have
also been suggested.

Podocytes of the renal glomerulus are specialized
cells that wrap the glomerular capillaries with long,
interdigitated foot processes, and these cells are in-
volved in kidney function as an ultrafiltration barrier
along with the glomerular basement membrane
(GBM). In the kidney of a3B1 integrin-deficient mice,
the GBM was extremely fragmented and disorga-
nized, and glomerular podocytes were unable to form
mature foot processes (Kreidberg et al., 1996). The
a3B1 integrin is thought to be responsible for the
attachment of these foot processes to the GBM
(Kreidberg, 2000). Similar defects in glomerulogene-
sis associated with an abnormal GBM were observed
in laminin o5 mutant embryos, suggesting that the
interaction between o3B1 integrin and laminin 10/11
plays a crucial role in normal glomerulogenesis (Mi-
ner & Li, 2000). The kidneys of a3p1 integrin-defi-
cient mice are also known to have defects in the
branching morphology of the collecting tubules
(Kreidberg et al., 1996). Subclones of Madin-Darby
canine kidney (MDCK) cells exhibit branching tub-
ulogenesis in collagen gel in vitro. A decrease in the
levels of expression of a3fB1 integrin by antisense
RNA resulted in the inhibition of branching tubulo-
genesis (Jiang et al., 2001). Moreover, a3B1 integrin
has been implicated in the pathogenesis of kidney
failure. In renal ischemic injury, the expression of
both a3B1 integrin and laminin-5 was enhanced (Zuk
& Matlin, 2002). This receptor—ligand combination
may be involved in the pathogenesis of acute renal
failure and/or in repair of the injured kidney through
the promotion of the regeneration of the damaged
epithelium.

Another major defect in a3B1 integrin-deficient
mice has been observed in the lung. In mutant mice,
branching of the lung bronchi was decreased, and the
large bronchi extended to the periphery (Kreidberg
et al., 1996). It is known that a3B1 integrin is located
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at the basal surface of basal cells in the adult airway
epithelium and it is thought to play a role in orga-
nizing the basement membranes into an ordered
structure and in branching morphogenesis (Shepp-
ard, 2003).

The integrin expression profile is dramatically
changed during liver organogenesis, but the func-
tional roles played by a3f1 integrin remain unclear.
However, in the differentiation of a liver-derived cell
line in vitro, an antisense RNA construct directed to
o3 mRNA inhibited morphological and proliferative
responses of the cell (Lora et al., 1998). In intrahe-
patic biliary epithelial cells, the enhanced expression
of the integrin a3 subunit as well as that of the a2, a6,
and B4 subunits was observed in association with
laminin deposition during liver organogenesis (Cou-
velard et al., 1998).

The roles played by the integrin receptors in the
differentiation of intestinal epithelial cells were stud-
ied by using a Caco-2 colon adenocarcinoma cell line
(Zhang et al., 2003b). When cultured in 3-dimen-
sional Matrigel, Caco-2 cells display epithelial-like
phenotypes such as cell polarization, cytoskeletal
reorganization, adherens junction rearrangement,
and decreased proliferation in association with an
increased expression of o3 integrin. Some of these
phenotypic changes have been blocked, either by
antibodies directed to the integrin o2, o3, and Bl
subunits, or by transfection with o2 and o3 integrin
antisense DNA.

Epithelial cells from various tissues are able to
produce important cytokines and chemokines in re-
sponse to stimulation by proinflammatory cytokines,
and these cytokines are known to regulate the im-
mune system. Colonic Caco-2 cells produce interleu-
kin (IL)-6, IL-8 and monocyte chemoattractant
protein (MCP)-1 upon stimulation with IL-1 proin-
flammatory cytokine. The pretreatment of these cells
with anti-o3 integrin antibody suppressed the secre-
tion of these cytokines (Lubin, Segal & McGee,
2003). A similar suppressive effect of the antibody
was observed in tumor necrosis factor (TNF)-o-
stimulated IL-6 secretion from A549 lung adenocar-
cinoma cells. Antibody binding to o3B1 integrin ap-
pears to generate a negative intracellular signal
against cytokine production.

Electron microscopic studies of the sub-
mandibular glands of mice carrying a targeted
mutation in the o3 integrin gene exhibited an aber-
rant differentiation phenotype with defects in cell
polarity and the basement membrane (Menko et al.,
2001). Biochemical analysis has demonstrated the
altered expression and/or localization of several
ECM proteins and adhesion molecules. These chan-
ges correlated with alterations in the state of activa-
tion of Ras-extracellular signal-regulated kinase
(ERK), as well as changes in the expression and/or
localization of Rho GTPases (Cdc 42 and Rho A),
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which regulate the organization of the actin cyto-
skeleton.

In addition to epithelial tissue function, endothe-
lial cells and myocytes are regulated by o381 integrin.
Anti-a3 integrin antibody inhibited angiotensin II-in-
duced angiogenesis (Dominguez-Jimenez et al., 2001).
It has also been shown that the 31 integrin-CD151
complex normally located at the lateral junctions of
endothelial cells was downregulated upon angiotensin
II-induced angiogenesis. The role of a3B1 integrin in
endothelial cell motility was discussed in the previous
section (Yanez-Mo et al., 1998; Sincock et al., 1999).
Examination of a3p1 integrin isoforms and their
function in cultured neonatal myocytes suggested the
possibility that this integrin is involved in the stabil-
ization of myofibril assembly and in the maintenance of
sarcomere structure (Kim et al., 1999). One possible
function of a3B1 integrin, i.e., aiding in the develop-
ment of intestinal smooth muscle, was also suggested
by analyses of mice deficient in the laminin o5 chain (a
component of laminin-10/11) (Bolcato-Bellemin et al.,
2003).

Function in the Nervous System

The involvement of a3p1 integrin in the development
of the nervous system was suggested by severe defects
in the cerebral cortex of mice deficient in this integrin
(Kreidberg et al., 1996; Anton, Kreidberg & Rakic,
1999). Related defects in the cerebral cortex include
abnormal laminar organization, abnormal radial glia
differentiation, and impaired neuron-glia interac-
tions. Recently, a new ECM protein with serine
protease activity, referred to as Reelin, was identified,
and this protein controls neuronal migration during
the development of laminar structures of the mam-
malian brain, including the cerebral cortex, hippo-
campus, and cerebellum (D’Arcangelo et al., 1995;
Hong et al, 2000; Quattrocchi et al., 2002). Reelin has
been shown to bind to a3B1 integrin, and this inter-
action may promote proper laminar organization of
the cortex (Dulabon et al., 2000).

The outgrowth of retinal neurons is induced by
proteolytically processed or antibody-activated lam-
inin-1, and the primary receptors used in the retinal
neuron response are o331 and a6B1 integrins (Ivins et
al., 1998). One means by which the CD151-a3p1 in-
tegrin complex is involved in the neurite outgrowth of
NT2 N neuron-like cells induced by laminin-5 was
described in the previous section (Stipp & Hemler,
2000). Additional roles played by other integrin
members in the development of the cerebral cortex
have recently been reviewed by Schmid & Anton
(2003).

The possible involvement of 31 integrin in the
establishment of learning and memory has also been
suggested by several lines of evidence. Kramar et al.
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(2002) examined the effects of anti-o3 integrin anti-
body on rat hippocampal long-term potentiation
(LTP), an experimental model of synaptic plasticity,
and found that this integrin contributes to the con-
solidation of LTP. Subcellular fractionation experi-
ments have demonstrated that o3 integrin is localized
in synaptic membranes. Chan et al. (2003) found that
heterozygous mutant mice with decreased expression
of o3 integrin reduce the magnitude of NMDA
receptor-dependent hippocampal LTP. Moreover, a
deficiency in spatial memory, assessed by a water
maze, was shown in mice with reduced expression of
a3, o5, and o8 integrins. These results suggest the
implication of a3f1 integrin in synaptic function in
cooperation with other integrins. The mechanism by
which o3fB1 integrin and other adhesion molecules
influence LTP still remains unclear, and therefore it
remains to be elucidated in future studies.

Expression in Tumor Cells

Galactoprotein b3, a historical term for a3p1 inte-
grin, was given to a cell-surface membrane glyco-
protein showing enhanced expression upon the
oncogenic transformation of fibroblasts by SV40 or
polyoma virus (Carter & Hakomori, 1976; Tsuji et
al., 1990), suggesting its relevance to the phenotype of
tumor cells. A number of studies have demonstrated
the altered expression of o3Bl integrin in various
tumors (Table 2). In gastric carcinoma, hepatocellu-
lar carcinoma, melanoma, and brain tumors, the
expression of a3B1 integrin in these cells is increased
when compared to that in normal counterparts, and
frequently a positive correlation is observed with the
malignant phenotypes, including invasive and meta-
static potential. On the other hand, in lung, colon,
ovary, breast, and prostate carcinomas, a decrease in
the expression of a3B1 integrin is associated with
tumorigenic transformation. Statistical analyses of
the clinical specimens from lung and colon cancer
cases have shown that reduced expression of a3 in-
tegrin is a poor prognosis factor in patients with lung
adenocarcinomas and colon cancer (Adachi et al.,
1998; Hashida et al., 2002).

The influence of the aberrant expression of in-
tegrins was assessed by utilizing transgenic mice in
which the a2B1 or o3Pl integrin was expressed in
the epidermis and the mice were subjected to skin
carcinogenesis (Owens & Watt, 2001). Although
equal numbers of benign squamous papillomas
were observed in the transgenic and the wild-type
animals, the frequency of the conversion of pa-
pillomas to malignant squamous cell carcinomas
was lower in o3B1 transgenic mice than in o2f1
transgenic and wild-type mice. Furthermore, papil-
lomas in the o3fB1 integrin-transgenic mice showed
less proliferative capacity and more differentiated
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Table 2. Expression of 31 integrin in various tumors
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Organ Phenomenon

Reference

Positive correlation between a3f1 integrin expression and tumorigenesis/malignancy:

Ura et al., 1998

Giannelli et al., 2001
Giannelli et al., 2002

Natali et al., 1993
Schumacher &
Schaumburg-Lever, 1999
Kishima et al., 1999

Gastric Association of o3 integrin expression with
liver and peritoneal metastases.
Liver TGF-B1 stimulates o3 integrin expression
in hepatocellular carcinoma concomitant
with transformation into an invasive phenotype.
Higher expression in metastatic tumors.
Melanoma Increased expression of a3 integrin in association
with the degree of dermal invasiveness.
Glioma and Correlation between o3 integrin expression and
Medulloblastoma the grade of malignancy.
Astrocytoma Increased expression of a3 and B1 subunits (some also

Paulus et al., 1993

show increased expression of o5, oV, B3, and 4 subunits).

Negative correlation between o381 integrin expression and tumorigenesis/malignancy:

Lung Decreased o3 integrin expression in small cell
lung carcinomas.
Inverse correlation between o3 integrin expression
and prognosis.
Colon Inverse correlation between a3 integrin expression
and prognosis.
Ovary Reduced a3 integrin expression with loss of basal
localization in tumors.
Breast Low expression of B1, 02 and a3 subunits in tumors.
Prostate Reduced expression of a3 integrin on invasive cells.

Bartolazzi et al., 1995
Barr et al., 1998
Adachi et al., 1998

Hashida et al., 2002
Bartolazzi et al., 1993b
Pignatelli, Hanby &

Stamp, 1991
Dedhar et al., 1993

phenotypes, suggesting the inverse correlation of
a3B1 integrin expression in papillomas and their
malignancy.

Two integrins, a2B1 and «3B1, are involved in
gastric cancer metastasis in different ways. Immuno-
histochemical studies of clinical specimens have re-
vealed that o2PB1 integrin expression was associated
with lymph node and liver metastases, and that o331
integrin expression was associated with liver and
peritoneal metastases (Ura et al., 1998). An experi-
mental model also indicated that the expression of
o2B1 and/or a3P1 integrin on gastric carcinoma cells
was correlated with their potential for peritoneal
metastasis (Nishimura et al., 1996). These data sug-
gest that the integrin molecules, at least in part,
determine the organ specificity for metastasis of
gastric cancer. In an experimental mouse model of
metastasis, CHO cells that expressed a4pl integrin
developed bone metastasis, and the same cells, but
with an appropriate level of expression of a581 in-
tegrin, developed kidney metastasis (Matsuura et al.,
1996; Tani et al., 2003). Furthermore, a subclone of a
human non-small cell lung cancer cell line with a high
potential for brain metastasis was shown to express a
higher level of a3 integrin than did a subclone with
bone metastatic potential or a parental line, and
blocking of integrin a3p1 integrin was found to de-
crease the incidence of brain metastasis. (Yoshimasu
et al., 2004).

The positive and negative correlations between
integrin expression on tumor cells and their malig-
nant phenotypes (Table 2) are based primarily on the
statistical analysis of data derived from clinical
specimens, and therefore such results do not neces-
sarily apply to individual cases. In breast cancer, for
example, the expression of o3B1 integrin on meta-
static mammary carcinoma cells was specifically in-
creased in comparison to that of non-metastatic cells
(Tawil et al., 1996). In contrast, the treatment of
metastatic breast carcinoma cells (MDA-MB-435)
with Maspin, a product of a tumor suppressor gene,
resulted in the inhibition of their motility and inva-
sion concomitant with the increased expression of
both o3 and o5 integrin (Seftor et al., 1998).

The expression of a3B1 integrin is likely to exert
an influence on the malignant behavior of tumor cells
by regulating their motility. Migration and invasion
of glioma and melanoma cells on either a high-affinity
ligand (laminin-5) or low-affinity ligands (fibronectin,
collagen, and laminin-1) inhibited the antibodies
against integrin o3 and B1 subunits (Melchiori et al.,
1995; Fukushima et al., 1998; Tsuji et al., 2002). In
colon carcinoma cells (Lovo), the expression of a3p1
integrin as well as that of CD63 tetraspanin was up-
regulated in low metastatic cells; in this case, migra-
tion and invasion were enhanced by anti-CD63
antibody in a phosphoinositide 3-kinase (PI 3-K)-
dependent manner (Sordat et al., 2002). However, in
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other colon carcinoma cells (LIM1215), the cell
migration induced by epidermal growth factor (EGF)
was inhibited by either an EGF receptor kinase
inhibitor or a MAP kinase kinase inhibitor, but not
by a PI3-K inhibitor. Inhibition experiments using
antibodies have indicated that basal cell migration on
laminin-10 is mediated by o331, but not by o231 or
a6p4 integrins (Pouliot, Nice & Burgess, 2001).

It should be noted that the migration and invasion
of tumor cells involves the production of ECM-de-
grading enzymes, including matrix metalloproteinase
(MMP), by these cells. Recently, Morini et al. (2000)
reported that the treatment of invasive mammary car-
cinoma (MDA-MB-231) cells with an anti-a3 integrin
antibody reduced the production of MMP-9 (type IV
collagenase), in addition to reducing migration and
invasion by these cells. Moreover, immobilized lami-
nin-5 induced A375 melanoma cells to secrete matrix
metalloproteinase-9 (Tsuji et al., 2002). These results
suggest that the interaction of a3f1 integrin with its
ligand transduces an “outside-in signal” into a cell,
leading to the production of MMP. In contrast, in
human glioma (SNB19 and U251) and rhabdomyo-
sarcoma (RD) cells, anti-a3 integrin antibodies dem-
onstrated enhanced invasion into Matrigel, in
association with increased levels of MMP-2 secretion
from these cells (Chintala et al., 1996; Kubota et al.,
1997). In these cells, anti-a3 integrin antibodies acted as
agonists of MMP-2 secretion. The antibody-induced
MMP-2 secretion from RD cells was mediated through
a calreticulin-dependent pathway (Ito et al., 2001). In
addition, the ligation of the a3p1 integrin-tetraspanin
complex in MDA-MB-231 cells embedded in Matrigel,
as observed using monoclonal antibodies, stimulated
the production of MMP-2 and increased the invasive
potential of these cells in a Matrigel penetration assay
(Sugiura & Berditchevski, 1999). The enhanced MMP-
2 production was inhibited by an inhibitor of PI 3-K,
but not by an inhibitor of protein tyrosine kinases.

Currently, there is only a limited understanding of
the regulatory mechanism of integrin o3 subunit
expression; however, a3 integrin was found to be
downregulated in osteosarcoma and neuroblastoma
cells due to the overexpression of N-myc oncogene
(Judware & Culp, 1997a, b); a similar downregulation
was observed in small cell lung carcinoma cells as a
result of the overexpression of c-myc oncogene (Barr et
al., 1998). These results are in agreement with the ob-
served correlation between the reduced expression of
o3 integrin in these cells and the malignancy associated
with the amplification of these oncogenes. On the other
hand, transforming growth factor (TGF)-B1 upregu-
lated o3 integrin expression in non-invasive hepato-
cellular  carcinoma  (HCC) cells, causing
transformation into a motile and invasive phenotype
(Giannellietal.,2001;2002). Invasive HCC cells secrete
a high level of TGF-B1, and patients with metastasis
tend to show increased concentrations of TGF-B1 in
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the serum; these patients also show stronger expression
of TGF-B1 and o3 integrin in the HCC tissue itself. By
contrast, bone morphogenetic protein (BMP)-2, a
TGF-B-related growth factor, was shown to specifi-
cally downregulate a3 integrin expression in osteogenic
sarcoma-derived cell lines (Nissinen, Pirila & Heino,
1997). These contrasting effects of TGF-§ and BMP-2
on o3 integrin expression are likely to be regulated via
pathways involving Smad proteins.

Numerous reports have demonstrated the pres-
ence of changes in integrin expression profiles in
cancer cells, and such reports have addressed the
relevance of such changes to malignant phenotypes.
(for reviews, see: Varner & Cheresh, 1996; Ruoslahti,
1999; Holly et al., 2000; Orr et al., 2000; Hood &
Cheresh, 2002).

Concluding Remarks

During the last decade, the detailed structural and
functional characterization of a3fB1 integrin has been
carried out. As illustrated in this article, a3p1 integrin
plays crucial roles in the organization of epithelial
and endothelial tissues by exerting functions related
to cell adhesion and migration, which in turn are
prerequisites for the development and differentiation
of various organs. Several lines of evidence have
shown that o3B1 integrin function is regulated by
various types of associated molecules, including other
membrane proteins, intracellular signaling molecules,
and cytoskeletal proteins. The regulatory mecha-
nisms of o3Pl integrin function, as well as the
cooperation of a3B1 integrin with other integrins and
other families of adhesion molecules, remain to be
elucidated. In addition, as a3p1 integrin serves as a
receptor for “outside-in signals™, it will be important
in future studies to account for how such signals are
transduced into cells, and how such processes can
lead to the modification of cellular function. Finally,
the aberrant expression of a3B1 integrin in various
tumor cells and the relevance of such atypical
expression to malignant phenotypes remain impor-
tant issues in the diagnosis and treatment of cancer.
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