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The development and progression of tumor cells is controlled by
their interactions with neighboring host cells and a variety of
microenvironmental factors including extracellular matrix (ECM)
molecules, growth factors and proteinases. Cell-adhesive ECM
proteins are a prerequisite for growth and migration of many
types of cells. Their interactions with integrins and other cell
surface receptors induce intracellular signaling that regulates the
actin cytoskeleton and gene expression. The basement membrane
protein laminin-5 is a notable cell adhesion molecule, which
promotes cellular adhesion and migration much more efficiently
than other ECM proteins. There is accumulating evidence that
laminin-5 is involved in tumor growth and progression. With
special reference to laminin-5, this article reviews the regulatory
mechanisms of cellular adhesion and migration by ECM molecules
and their significance in tumor progression. (Cancer Sci 2006; 97:
91-98)

Tissue microenvironments are thought to play a critical
role in the development and progression of tumor cells."?
Tumor cells interact with surrounding host cells such as fibro-
blasts, inflammatory cells and vascular endothelial cells, and
also with a variety of soluble and insoluble microenvironmental
factors, including ECM molecules, growth factors, cytokines
and proteinases. These interactions determine the behavior of
tumor cells in vivo. Microenvironmental factors are produced by
both host and tumor cells, and their production is regulated in
either a paracrine or autocrine manner by the factors themselves.
Tumor cells are likely to create microenvironments suitable for
their own growth. For example, tumor cells stimulate neigh-
boring vascular endothelial cells to induce angiogenesis, thus
allowing tumor cells to grow rapidly. Tumor cells stimulate
surrounding stromal cells to express MMP, which are the
molecules that promote invasive growth of tumor cells by
degrading surrounding ECM barriers.® It should also be noted
that metastatic carcinoma cells must pass through many
different environments, such as the original tumor nest and
connective tissues as well as the vasculature, to reach distant
metastatic sites. Different functions are required for tumor cells
to survive and grow in these different environments. Therefore,
to respond to and to modulate host microenvironments seem to
be the principle capabilities of metastatic tumor cells. Autocrine
factors and cell surface receptors of tumor cells obviously
play pivotal roles in tumor—host interactions.
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Approximately 20 years ago, Lance A. Liotta and his group
proposed the three-step hypothesis of tumor cell invasion,
where it was suggested that tumor cells first attach to laminin
on a BM, locally degrade type IV collagen in the BM with
tumor-associated proteinases, and then finally migrate into
the interstitial stroma.” His group also discovered that the
stromal ECM protein fibronectin suppresses the metastatic
potential of mouse melanoma cells, whereas laminin enhances
it. Since their findings, numerous other studies have further
revealed details of tumor cell-ECM interactions. In particular,
these studies revealed the detailed mechanisms involved in
the ECM degradation by tumor cells, showing new members
of the ECM-degrading MMP.®> For a long period of time,
the ECM was generally regarded as a physical barrier that
invading tumor cells have to penetrate.®® A recent study has
demonstrated that the three-dimensional ECM structure also
blocks tumor cell growth and that expression of MT1-MMP
can rescue the suppressed cell growth.® However, it is
becoming evident that ECM molecules play a more active
role in the control of tumor growth and invasion.

Tumor cell and ECM interactions

ECM molecules, such as collagens, fibronectin, laminins,
vitronectin and proteoglycans, not only create tissue architec-
ture but also regulate complex cellular functions by binding
specific cell-surface receptors, most typically integrins. Integrins
are large transmembrane proteins consisting of o and
subunits. In mammals, 18 o and eight B subunits associate in
different combinations to form at least 24 integrins that bind
to distinct ligands. Interactions between ECM molecules and
integrins activate many intracellular signal mediators,
including FAK, src, PKC, small GTPases, p130CAS, PI3K
and MAPKs, resulting in alterations in the actin cytoskeleton
and gene expression (Fig. 1).” The ECM/integrin-mediated
signaling pathways cooperate with signaling pathways from
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intracellular signaling pathways through scaffold proteins, cytoskeletal proteins, protein kinases and other signal mediators. In concert with
the signal transduction from receptor tyrosine kinases (RTK), the integrin-mediated signaling regulates actin organization and gene
expression, leading to changes in cellular functions such as adhesion, motility, morphology, proliferation, apoptosis and differentiation. The
activation of two small GTPases, Rac and Cdc42, and phosphatidylinositol-3-kinase (PI3K) is particularly important for tumor cell motility and

invasion.

growth factor receptors to promote cell proliferation and to
prevent cell apoptosis. Thus, integrin binding to ECM ligands
is essential for cellular adhesion and migration, as well as for
cellular survival and proliferation. It is believed that, com-
pared to normal cells, tumor cells are less dependent on
adhesion substrates (i.e. less dependent on integrin signaling);
this is termed ‘anchorage-independent cell growth’ or ‘lack
of anchorage dependency’. However, many kinds of tumor
cells require cell adhesion substrates for sufficient cell
growth in vitro. Therefore, the integrin-mediated signals from
cell adhesion substrates support tumor growth and invasion
in vivo.

Many ECM molecules also regulate tumor cell functions via
non-integrin receptors. For example, laminins interact with
syndecans, o-dystroglycan and a 67-kDa receptor, besides
integrins.® Some ECM molecules contain cryptic domains.
Limited proteolysis of these ECM proteins releases biologically
active fragments that regulate cellular functions. For example,
the anti-angiogenic proteins endostatin and tumostatin are
released by limited proteolysis from the BM proteins type
XVIII collagen and type IV collagen, respectively.? It should
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be emphasized that a variety of ECM molecules interact with
specific cell receptors, thus inducing different intracellular
signals and different biological effects.

Laminins are major cell adhesion substrates in epithelial
BM, and their interaction with integrins o631, a31 or o634
at the cell surface regulates not only epithelial cell adhesion
to the BM but also normal cellular functions such as prolif-
eration, polarity and differentiation. Early stage carcinoma
cells or differentiated carcinomas are often surrounded with
BM structures and exhibit normal epithelia-like structures
(Fig. 2a).1"” The normal cell-like morphology and behavior of
benign tumor cells are likely dependent on their interaction
with laminins, as well as an intercellular interaction via E-
cadherin. When tumor cells invade into the stroma, they change
their morphology from an epithelial type to a mesenchymal
(or fibroblastic) type (Fig. 2b). This epithelial-mesenchymal
transition in cell morphology seems to depend at least in part
on the tumor cell interaction with stromal ECM molecules,
such as fibronectin, interstitial collagens (e.g. type I, II, III
and V collagens) and various kinds of glycosaminoglycans.
Stromal growth factors such as TGF-f, fibroblast growth factors
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Fig. 2. Two distinct types of morphology of well-differentiated human gastric carcinomas.®® (a) Tumor cells forming glandular structures
surrounded by continuous basement membranes (BM). The laminin-5 in the BM was immunostained for the laminin y2 chain (arrows).
(b) Tumor cells invading the stroma. Only invading or budding tumor cells show strong intracellular staining for the y2 chain. Note that
invading tumor cells in the right panel have lost the epithelial cell polarity, which is seen in the tumor cells on the neoplastic BM in the left

panel. The laminin y2 chain was immunostained with the anti y2-chain monoclonal antibody D4B5.

(a)

Fig. 3. Comparison of domain structures of
(a) laminin-1 and (b) laminin-5. (a) Laminins
containing the a1, a2 and o5 chains have a
typical cross-shaped structure. (b) Several
domains present in the short arms of the
three laminin-1 chains are absent in those of
the o3, B3 and Y2 chains of laminin-5. The Int
following letters indicate the functional
domains capable of binding to the respective
ligands: Agr, agrin; Col, collagen; oDG, o-
dystroglycan; Fub2, fibullin-2; Hep, heparin;
HSPG/Synd, heparansulfate proteoglycans/
syndecan; Int, integrin; Nd, nidogen. Pol
indicates a site for self-polymerization.

and hepatocyte growth factor also play an important role in the
epithelial-mesenchymal transition of tumor cells.® A recent
model experiment of in vitro cell transformation has shown
that the transforming growth factor-B-mediated epithelial—
mesenchymal transition of mammary epithelial cells is
accompanied by the loss of laminin-5 production and the
upregulation of fibronectin and its a5B1 integrin receptor.!?
Another study has shown that type I collagen downregu-
lates expression of the tumor suppressor gene BRCA2 in
prostate cancer cells, leading to enhanced cell prolifera-
tion."” Thus, the migration of tumor cells from the primary
tumor site into the interstitial stroma is one of the most criti-
cal steps for the malignant conversion and metastasis of tumor
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cells. This step requires the detachment of tumor cells from
the BM laminins, as well as the matrix degradation by
proteinases.

Regiula_tic_m of cell adhesion and migration
by laminin-5 (laminin-332)

Laminins are a family of large glycoproteins present in various
types of BM, which plays important roles in both tissue
construction and regulation of cellular functions."® The
laminin molecules all consist of three subunits (or chains) of

o, B and v, linked by disulfide bonds to form the well-known
cross-shape structure (Fig. 3). To date, more than 15 laminin
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isoforms with different combinations of the al-o5, B1-f3
and y1-y3 chains have been identified. Each laminin chain
contains many functional domains, allowing the laminins to
interact with various molecules in the ECM. For example,
laminin o chains (o.1-05) contain a large LG domain in
their C-terminus, which is divided into five homologous
subdomains (LG1-LGS5). The LG domain is thought to be a
major site of interaction with specific receptors on the cell
surface, including integrins, syndecans and o-dystroglycan.
The N-terminal region (or short arm) of the three chains
contains functional domains that are mainly involved in
matrix assembly.!?

For a long time, the biological activity of laminin was
studied exclusively using mouse laminin-1, because it can
be easily prepared from the mouse EHS tumor. Recently,
this laminin was found to be a fetal type of laminin and
rarely expressed in adult tissues. It has also become clear that
each laminin has a specific biological activity. Of the many
laminin isoforms, laminin-5 (a333y2) is unique in both
structure and activity (Fig. 3). Laminin-5 is a major adhesive
component of the epidermal BM."*!> The short arms of the
three laminin-5 chains are truncated and lack some domains
present in other laminins, and the B3 and y2 chains are found
only in laminin-5. A recent study has characterized a new
laminin-5 isoform, laminin-5B, that contains a long 03
chain, called a3B.19 Although laminin-5B has not been
detected in cultured cells, it appears to be expressed in normal
tissues at higher levels than laminin-5 (or laminin-5A).17
Very recently, new laminin nomenclature, based on the number
of o, B and vy chains, has been proposed."® In the new nomen-
clature, laminin-1 (a1B17y), laminin-5 (033Y2) and laminin-
5B (a3BP37y2) are referred to as laminin-111, laminin-332
and laminin-3B32, respectively. In this article, however, the
long-used name of laminin-5 is used for laminin-332.

According to its unique structure, laminin-5 shows a
characteristic biological activity. In 1993, we purified a large
cell-scattering factor with a novel laminin-like structure from
the conditioned medium of human gastric adenocarcinoma
cells.!"” This protein, named ladsin, was also secreted by
many squamous cell carcinoma lines. Its unique activity and
secretion by human cancer cells suggested its possible
involvement in tumor metastasis and invasion. Earlier, three
other groups found novel keratinocyte-derived ECM proteins,
designating them nicein, kalinin and epiligrin."*'> Later
studies revealed that all of these proteins were an identical
laminin isoform and the proteins were collectively given the
new name of ‘laminin-5’. /n vitro, laminin-5 promotes attach-
ment, spreading, scattering and migration of non-tumorigenic
epithelial cells by interacting mainly with integrin o3p1 at
far lower concentrations than other cell adhesive proteins
(Fig. 42).?%2Y Laminin-5 also stimulates human tumor cells
to form marked lamellipodia (Fig. 4b), leading to enhanced
cell migration and invasion in vitro.?>* Interaction of laminin-
5 with integrin a3B1 or a6B4 induces intracellular signal
transduction to support cellular survival, proliferation and
migration by activating many signal mediators such as focal
adhesion kinase, protein kinase C, phosphatidylinositol 3-
kinase, Rac, ERK, JNK and nuclear factor ¥B.?*?% Such
activity of laminin-5 contrasts with the activity of fibronectin,
which induces marked stress fibers and supports stable cell
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Fig. 4. (a) Cell-scattering activity and (b) cell-spreading activity of
laminin-5. (a) The rat liver cell line BRL was incubated with (right)
or without (left) 60 ng/mL of purified laminin-5 for 2 days in serum-
free culture."™ Marked cell scattering is seen with laminin-5. (b) The
human bladder carcinoma cell line EJ-1 was incubated in a serum-
free medium for 6 h on culture plates precoated with (right) or
without (left) 0.3 ug/mL laminin-5. The cells were fixed and then
examined by scanning electron microscopy in collaboration with Dr
H. Sawada, Yokohama City University Medical School (unpublished
data). EJ-1 cells can not spread on the non-coated plate (left), but
they rapidly spread and migrate on the laminin-5 substrate,
forming notable lamellipodia (right).

adhesion by activating RhoA via integrin 0.581.%> Studies
with recombinant laminin-5, in its entirety or in its functional
domains, have revealed its structure and function relation-
ship. The major integrin-binding site is located in the LG3
domain of the o3 chain,***” while the short arms of the B3
chain® and the y2 chain,®?3? and the LG4-5 domain of the
o3 chain® contain active sites required for the matrix
assembly of laminin-5.

In the epidermal BM, laminin-5 is a component of the
anchoring filaments and plays an essential role in the stable
anchorage of basal keratinocytes to the underlying connective
tissue.!"*!5 The association of laminin-5 with integrin o634
is critical to form stable hemidesmosome structures in the
skin.®? Therefore, genomic defects in any of the three laminin-
5 subunits causes the lethal skin disease known as Herlitz’s
junctional epidermolysis bullosa.®® When the skin is injured,
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Fig. 5. Regulation of activities of laminin-5 by proteolytic processing of a3 and y2 chains. In many cultures, the a3 chain is almost
completely cleaved between the LG3 and LG4 domains, while the y2 chain is partially cleaved at domain Il to produce the 105-kDa chain.
Arrows in the left model indicate the cleavage sites. The processing of the o3 chain converts a less active laminin-5 to an active form
regarding both adhesion and motility activities. The processing of the y2 chain converts laminin-5 from a static adhesion state to a migratory
state. The a3 and y2 chain fragments released from laminin-5 by the proteolytic cleavages, both of which contain a heparin-binding site,
modulate cellular adhesion and migration independently or in concert with processed laminin-5.4% In rat laminin-5, the 105-kDa y2 chain
is further cleaved by MT-MMP at the site shown by a dotted arrow to produce an 80-kDa y2 chain and a 30-kDa domain Ill fragment.®”

Another dotted arrow indicates a proteolytic cleavage of the B3 chain, which occurs far less frequently than that of the y2 chain.®®

laminin-5 is overexpressed by the keratinocytes at the wound
edge. The potent cell migration-promoting activity of laminin-
5 is thought to contribute to wound healing®-* as well as
tumor invasion.®> However, it remains unclear how laminin-
5 regulates both stable cell adhesion and cell migration.
Much attention has been focused on the proteolytic process-
ing of laminin-5. Human laminin-5 is synthesized and secreted
as a precursor form consisting of a 190-kDa o3 chain, a 135-
kDa B3 chain and a 150-kDa y2 chain. After secretion, the
o3 and y2 chains undergo specific proteolytic processing to
produce a mature form of laminin-5 containing cleaved a3
and Y2 chains. Initially, Quaranta and his group reported that
the proteolytic cleavage of the 150-kDa y2 chain of rat laminin-
5 to a 80-kDa form by gelatinase A (MMP-2) or MT1-MMP
elevates the cell migration activity of the laminin-5.%%” The
Y2 chain of human laminin-5 is cleaved mainly to a 105-kDa
form by astacin-like metalloproteinase families, which include
bone morphogenetic protein-1 and mammalian Tolloid.®® A
recent study with recombinant laminin-5 mutants clearly shows
that the cleavage of human laminin y2 chain to the 105-kDa
isoform increases the cell motility activity of laminin-5 but
decreases its cell adhesion activity (Fig. 5).47 In contrast to the
laminin Y2 chain, the 190-kDa o3 chain is almost completely
cleaved between LG3 and LG4 in the C-terminal LG domain,
producing laminin-5 with the 160-kDa o3 chain and releasing
the LG4-LG5 fragment with heparin-binding activity.®” Tt
was reported that laminin-5 with the uncleaved a3 chain
stimulates cell migration, whereas the cleaved laminin-5 isoform
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supports stable cell adhesion.®” However, recent studies with
laminin mutants have demonstrated that the cleavage of
the o3 chains in human laminin-6 (or laminin-311) and
laminin-5 leads to an enhancement in both cell adhesion and
motility activities, that is, activation of the latent or less active
forms (Fig. 5).%'0 In addition, it has been shown that the
proteolytic cleavage of the y2 chain®3? or the o3 chain®V
impairs the ability of laminin-5 to deposit onto, or to be
assembled into, the ECM. The B3 chain is relatively resistant
to proteolysis, but it has been shown to be partially cleaved
at the short arm in normal keratinocyte cultures as well as
some cancer cell lines.®® The B3 chain cleavage leads to a
decrease in cell adhesion activity and the complete loss of the
type VII collagen-binding activity of laminin-5.

The above-mentioned studies demonstrate that the biological
activity of laminin-5 is regulated by the proteolytic processing
of the three chains. However, it is not reasonable to explain
the conversion of laminin-5 from the stable cell adhesion state
to the migratory state, or vice versa, only by its proteolytic
processing, as laminin-5 with an unprocessed Y2 chain and a
processed 03 chain still exhibits high cell motility activity
compared to other laminins.®” A recent study has shown that
a soluble form of laminin-5 is able to stimulate cell migration
by binding to integrin o331 on the cell surface.® Such activity
is not seen in other laminins or in other cell adhesion proteins.
In vivo, laminin-5 is assembled into the hemidesmosome
structures of BM and supports stable cell adhesion. When the
BM structure is broken by injury or proteolysis, cells are
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Fig. 6. A model for regulation of tumor cell migration by laminin-5 and its y2 chain fragments. /In situ carcinoma cells often deposit laminin-
5 onto the underlying basement membrane (BM) structures (left side) (also see the left panel of Fig. 2). The laminin-5 (red circles) assembled
into the BM matrix stably anchors these cells to the BM through interaction with integrin a6p4. When the BM structures are not synthesized
or disrupted, tumor cells are able to migrate into interstitial stroma (right side). Tumor cells at the invasion front overexpress the laminin
v2 chain monomer rather than the laminin-5 trimer (see the right panel of Fig. 2). Proteolytic fragments of the laminin y2 monomer (blue
diamonds) may promote the tumor cell invasion by binding to EGF receptor and other unidentified receptors.®? It is also possible that
laminin-5 that has not been assembled into the BM structure stimulates tumor cell invasion as a soluble ligand.

stimulated to migrate. Based on these facts, it is speculated
that the laminin-5 assembled into the BM supports stable cell
adhesion, whereas unassembled laminin-5, like growth factors,
stimulates active cell migration (Fig. 6). The proteolytic cleav-
age of laminin-5 chains is likely to prevent laminin-5 from its
matrix assembly and keep it in an active state for cell migration.

Role of laminin-5 in tumor growth and
invasion

As described above, laminin-5 promotes cell migration as a
soluble factor, as well as an insoluble substrate. Expression
of laminin-5 in tumor cells is stimulated by growth factors
and a tumor promoter in vitro."” Forced expression of
laminin-5 promotes the growth of human tumor cells in nude
mice.“V Interaction of laminin-5 with type VII collagen plays
an important role in the development of skin cancers.“?
Interaction of integrin o3B1 with vascular laminin-5 mediates
pulmonary arrest and metastasis.“® Furthermore, there are a
number of studies showing that two laminin-5 receptors,
integrins o3B1 and o6P4, are associated with the malignant
behavior of tumor cells.*? All of these studies strongly
support the hypothesis that laminin-5 expression in cancer
cells promotes their growth, invasion and metastasis.

Many immunohistochemical studies have shown that
laminin-5 or its subunits are highly expressed in various
types of human cancers. In particular, the laminin Y2 chain is
expressed in tumor cells at the invasion front or in budding
tumor cells in many types of human cancers such as adeno-
carcinomas of the colon, breast, pancreas and lung, squamous
cell carcinomas, and melanomas.®>*4% However, some other
studies have shown that expression of laminin-5 is reduced
during the progression of human carcinomas, and its expression
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is associated with lower invasive and metastatic activity.“”*®

This discrepancy seems to have arisen from the fact that most
studies have analyzed only the y2 chain in order to detect the
laminin-5 protein. Our immunohistochemical studies, using
three separate antibodies against the o3, B3 or y2 chains,
have demonstrated that in adenocarcinomas of the stomach?
and lung®” well-differentiated carcinoma cells often deposit
laminin-5 on the neoplastic BM, but carcinoma cells invading
into the underlying stroma strongly express only the y2 chain
and accumulate it intracellularly (Fig.2). As the a3 and B3
chains are scarcely detected in budding or invading tumor
cells, the y2 chain is thought to be solely overexpressed in
the tumor cells. It has also been found that some cancer cell
lines secrete the y2 chain as a monomer in vitro.'” Many
other studies have shown strong immunostaining for the y2
chain in invading tumor cells. The laminin y2 chain is now
regarded as one of the most typical invasion markers. The -
catenin (Wnt) signaling pathway is known to induce a coor-
dinate expression of the laminin y2 chain and MT1-MMP
in colorectal carcinomas.®?

What is the significance of the laminin Y2 chain expression
in tumor invasion? In many cases, in situ carcinomas progress
to invasive carcinomas. The BM structures surrounding or
supporting tumor cell clusters are correlated with a better prog-
nosis, while the lack or discontinuity of these BM structures
is one of the important prognostic factors.®" BM structures
can be disrupted by the failure of tumor cells to make BM
components, as well as by their proteolytic degradation. These
changes are expected to allow tumor cells to invade into
interstitial space (Fig. 6). Overexpression of the laminin y2
chain by tumor cells, as well as lowered or impaired expression
of the laminin o3 and/or B3 chains, may contribute to the
loss of BM structures in invasive carcinomas, as laminin-5 is
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an important BM component (Fig. 2b). There is another
possibility, that the laminin y2 chain monomer itself enhances
tumor invasion. As the laminin Y2 chain does not contain any
integrin-binding sites, it does not support cellular adhesion.
However, a recent study has shown that domain III (or the
laminin epidermal growth factor-like domain LE) of the
laminin y2 chain, which can be released from the y2 short
arm by cleavage at two separate sites by MTI-MMP or
MMP-2, is able to stimulate cell migration by binding to the
epidermal growth factor receptor.5? This suggests that the
Y2 fragment may support tumor cell invasion into the stroma
(Fig. 6). The activity of the y2 fragment may also contribute
to cell migration in other pathological and physiological
conditions. Further studies are needed to clarify whether this
mechanism occurs in vivo.

Conclusion

Studies with purified laminin-5 have shown that it efficiently
promotes cellular adhesion and migration through binding
to integrin a3f1. Development of recombinant laminin-5
expression systems have revealed its structure and function
relationship. Furthermore, it has been shown that proteolytic
cleavage of the three laminin-5 chains modulates the biological
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activity of laminin-5. The cleavage of laminin-5 also prevents
its matrix assembly, leaving laminin-5 as an active cell motility
factor. MMP and other matrix proteinases are often over-
expressed in tumor microenvironments. Thus, coordinated
action between laminin-5 and matrix proteinases appears to
be important for enhanced cell migration in tumor tissues.
Immunohistochemical studies have shown that in situ
carcinomas often deposit laminin-5 on neoplastic BM
structures, while tumor cells infiltrating into stromal tissues
and budding tumor cells overexpress the laminin Y2 chain
monomer. The failure of laminin-5 deposition is expected to
enhance the dissemination of tumor cells from the original
tumor nest and their epithelial-mesenchymal transition.
Proteolytic fragments of the Y2 chain may stimulate tumor
cell invasion. These possibilities should be verified in future
studies.
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