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ABSTRACT

THE EXPRESSION AND FUNCTION OF INTEGRINS IN HUMAN

KERATINOCYTES

INTERACTION OF INTEGRINS AND THEIR LIGAND REGULATES CELL

ADHESION AND MIGRATION

by

KEN ZHANG

Adhesion and migration of keratinocytes is essential in the re-epithelialization of

cutaneous wounds. Integrin receptors play crucial roles in these processes by interacting with

the provisional wound matrix. We tested the hypothesis that differential expression of

integrins and deposition of endogenous ligand have functional consequences on epithelial

wound healing.

We found that human keratinocytes adhere and migrate better on collagen type I

coated surfaces than on collagen type IV-coated surfaces. By using affinity chromatography,

we have demonstrated that q231 integrin binds better to collagen type I than type IV. The

addition of HGF/SF enhances the adhesive and migratory effect, especially on collagen type

I, via ož91. Furthermore, we found that there was no change in the expression of 0.2, 0.3,

a 5, 0.6 and 31 in these keratinocytes with treatment of HGF/SF.

Next, we demonstrated that keratinocytes adhered to and migrated poorly on laminin

1 substrates. Squamous cell carcinoma cells, on the other hand, readily attached to and

migrated on laminin-1 substrates via c.631 complex, which is not detected on keratinocytes.

This differential expression of the 0631 complex appears to be regulated by heterodimer
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formation from differential £1 subunit availability in the normal vs carcinoma cells.

Furthermore, laminin-1 also blocked keratinocyte adhesion to other immobilized ligands, such

as fibronectin or collagen type I. Collectively, our results indicate that laminin-1 is a

restrictive ligand for normal keratinocytes, which appears to be a result of (1) the failure of

the cells to assemble and express the q631 complex and (2) the sensitivity of the cells to the

anti-adhesive activity of laminin-1 itself.

In an additional study, we found that keratinocyte migration was accompanied by

secretion and deposition of endogenous laminin-5 (kalinin/epiligrin/nicein). Furthermore, cell

migration, but not initial adhesion, was blocked by both anti-03 and anti-laminin-5 antibodies

and partially inhibited by anti-0.6 antibody. Cycloheximide, a protein synthesis inhibitor,

blocked cell migration significantly on collagen type I, but only slightly on laminin-5

substrates.

The results from these studies demonstrate that (1) the specificities of expression and

function of integrin receptors are crucial in keratinocyte adhesion and migration, and (2)

keratinocyte migration is dependent not only on exogenous ligands but, more importantly,

endogenously secreted and deposited laminin-5. We suggest that cell adhesion, deposition of

endogenous ligands and cell migration are sequential events in keratinocytes during cutaneous

wound healing processes. These events, in vivo, are modulated by various growth factors,

including HGF/SF.
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CHAPTER ONE

INTRODUCTION



During the process of cutaneous wound repair, keratinocytes from the edge and base

of the wound migrate over a provisional matrix. Keratinocyte locomotion is an essential

process during early wound healing, and cellular division occurs only after a lag phase (Clark,

1985). Like a number of other biologic processes (attachment, spreading, proliferation, and

differentiation), cell motility has been shown to be dramatically influenced by extracellular

matrix (ECM) components such as fibronectin, laminins and collagen (O’Keefe, et al., 1985).

Keratinocytes synthesize most of the components present in the basement membrane zone,

such as collagen type IV, laminins and collagen type VII. (Stenn, et al., 1992). In a resting

stage, keratinocytes attach to each other and to the underlying basement membrane

components. Following wounding, keratinocytes become activated. They migrate in the

wound-bed matrix and are exposed to different adhesion proteins present in the connective

tissue and in the blood clot. Cultured human keratinocytes (HK) have been demonstrated to

attach on a number of these adhesion proteins, such as collagens, fibronectin, vitronectin and

thrombospondin. On the other hand, tumors have been described as wounds that never

healed. Squamous cell carcinoma (SCC) cells in different stages of tumor progression exhibit

distinct markers and change in the expression of adhesion receptors. It is now known that

carcinoma cells readily attach to laminin-1 substrates, and this interaction has been correlated

with metastatic potential (Liotta and Stetler-Stevenson, 1991). In all cases, most of these

cell-matrix interactions of normal keratinocytes and SCC are mediated by cell surface

receptors - integrins.



Keratinocytes and Epidermal Homeostasis

The epithelial cells of the epidermis are called keratinocytes. They are organized into

multiple layers, the deepest of which (the basal layer) is attached to a basement membrane,

while the outermost is exposed to the air. The majority of proliferating keratinocytes are

located in the basal layer, and cells undergo terminal differentiation as they move through the

suprabasal layers towards the tissue surface.

Since the epidermis is renewed throughout adult life and proliferation is confined to

a distinct subpopulation of cells in the basel layer, that subpopulation must contain stem cells.

Epidermal homeostasis requires that the rate of production of new cells in the basal layer must

be balanced by the rate of loss of terminally differentiated cells from the tissue surface; thus,

on average, for every stem cell division, one daughter will remain a stem cell and the other

will terminally differentiate (Potten, 1989; Watt, 1988). The essential property of normal

epidermis is its ability to maintain a balance between proliferation and terminal differentiation

and to re-establish that balance following injury (Potten, 1981).

In HK cultures, after isolation from the epidermis, cells originating from the basal

layer attach to the culture dish, divide and give rise to individual colonies of cells. When

cultured previously quiescent cells become activated, which could be an analog of wound

closure. Activation of keratinocytes may be important not only in wound healing (Grinnell,

1990), but also in skin disorders predisposed to develop into squamous cell carcinomas

(Smoller, 1990). Features of activated keratinocytes include synthesis of hyperproliferative

keratins (Sun, 1985) and urokinase-type plasminogen activator (Grondahl-Hansen, 1988), cell

attachment to fibronectin (Takashima et al., 1985), and cell spreading and migration on



collagen type I and fibronectin (Guo et al., 1990).

Basement Membranes

Basement membranes are deposited by endothelial, epithelial and some mesenchymal

cells. They from a structure that plays two main purposes (Schittny and Yurchenco, 1989).

One is to provide an architectural framework to support cells and create compartments for

biointeractions. The other is to bind bioactive macromolecules (e.g. growth factors) that

transmit signals to cells. Several classes of structural and cell-interactive components can be

identified in basement membranes. Collagen type IV, laminin, entactin (nidogen) and heparan

sulfate proteoglycans are unique to basement membranes and appear to be essential in

forming underlying architecture. Collagen IV and laminin-1 are capable of self-assembly.

Components such as fibronectin and SPARC (secreted protein, acidic, rich in cysteine) are

also found in some basement membranes, but are not unique to these matrices and may not

be required for underlying architecture. Collagen type VII is an example of a component

which serves to bridge basement membranes to adjacent cells and stroma (Keene et al., 1987).

Laminins

Laminins are a family of structurally related basement membrane proteins composed

of a heterotrimer of polypeptide chains: one heavy O. chain and two light chains designated

3 and Y (Timpl and Brown, 1994, Burgeson, et al., 1994). At present nine genetically distinct

laminin chains are known to exist (Timpl and Brown, 1994; Burgeson, et al., 1994;

Tryggvason, et al., 1993), but it is likely that the repertoire in vivo is larger. These chains can

form a variety of trimeric isoforms, but relatively little is known about their biological roles.



isoforms to date. Laminin-1 was originally identified as a major noncollagenous protein

present in neutral buffer extracts of the mouse EHS tumor (Timpl. et al., 1979). Soon after

it was shown to have a unique cross-shaped structure and to possess distinct cell-binding

properties (Terranova, et al., 1980). It is the first ECM matrix protein to be produced during

mouse embryogenesis and is present in the basement membranes of many but not all tissues.

This, together with the variety of other biological activities (Timple and Dziadek, 1986;

Liotta, et al., 1986), indicates a central structural and functional role within basement

membranes. Klein et al. (1988) have shown that laminin-1 plays an important role in the

development of epithelial cell polarity in the kidney. The B and Y chains are constitutively

expressed in kidney mesenchyme, whereas the appearance of the O. chain is dependent on

embryonic induction and coincides with the onset of cell polarization. Furthermore, antisera

against the C-terminal globule of the o chain inhibit polarization of kidney epithelium.

It is established that laminin-1 has multiple functional domains. For example, the long

arm near the globular end of the o chain of laminin (E8 fragment) promotes cell adhesion and

migration. Integrins off■ ;1 (Gehlsen et al., 1988, 1989), off■ ;1 (Aumailley et al., 1990) and

o,731 (Kramer et al., 1991) have been identified as receptors for this region of laminin.

Laminin-5, another member of the laminin family, is a component of certain basement

membranes synthesized and deposited by keratinocytes., It is composed of ot3, B3 and Y2

chains and has been designated laminin-5 based on a new nomenclature (Burgeson et al.,

1994). The genes encoding these three chains have all been cloned in recent years (Kallunki,

et al., 1992; Gerecke, et al., 1994; Ryan, et al., 1994). It was originally detected in the

anchoring filaments of the skin (Rousselle et al., 1991; Yurchenco and O'Rear, 1994). Carter
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et al. (1991) localized the protein to the basement membranes of human skin, lung, and

intestine using a monoclonal antibody (mAb). Laminin—Y2 chain gene expression has also

been shown to be a characteristic of some epithelial cells in the human and mouse embryo,

as determined by in situ hybridization (Kallunki, et al., 1992). Laminin-5 isoform may also

be present in different variants, as there is evidence for alternative splicing of the primary

transcripts for the Y2 and o.3 chains (Kallunki, et al., 1992; Ryan, et al., 1994).

Laminin-5 has been identified and characterized in cultures of keratinocytes as a

disulfide-linked heterotrimer precursor. It has subunits of 200, 155, and 140 kD which are

rapidly processed by cleavage of the 200- and 155-kD chains into 165- and 105-kD

polypeptides, respectively (Rousselle et al., 1991; Marinkovich et al., 1992). The laminin-5

molecule is similar or identical structurally and immunologically to nicein (Marinkovich et al.,

1993 a and b; Verrando et al., 1987, 1993) and epiligrin (Carter et al., 1991; Domloge

Hultsch et al., 1992).

It is evident that both the B3 and the Y2 chains, and thus presumably laminin-5, are

essential for the adhesion of basal keratinocytes to the basement membrane, because defects

in these genes have been associated with junctional forms of epidermolysis bullosa, a severe

skin blistering disease in which the epidermis de-adheres from its supporting basement

membrane (Aberdam, et al., 1994; Bandoin et al., 1994; Pulkkinen, et al., 1994a and b; Uitto,

et al., 1994). In wound conditions, laminin-5 gene expression and immunoreactivity have

been found in migrating keratinocytes in healing skin wounds (Ryan, et al., 1994; Pyke, et al.,

1994).



Integrin Receptor Family

It has been approximately two decades since the first members of the integrin family

were identified as individual cell-surface molecules which medicate attachment to ECM.

Specific classes of integrins also mediate important cell-cell adhesive interactions. The term

‘integrins’ reflects the role of these receptors in integrating the intracellular cytoskeleton with

the ECM (Hynes, 1987). Such integration remains a predominant recognized function of

integrins, and ECM proteins constitute the major category of integrin ligands. Integrin ligands

now include bacterial and viral proteins, coagulation and fibrinolytic factors, complement

proteins and cellular counter-receptors, in addition to epithelial and vascular matrix

components. These integrin-mediated adhesive interactions are closely involved in the

regulation of many cellular functions, including morphogenesis during embryonic

development, wound healing, tumor cell growth and metastasis, programmed cell death,

hemostasis, leukocyte homing and activation, bone resorption, clot retraction, and the

response of cells to mechanical stress (Astrkenas et al., 1994; De Simone, 1994; Juliano and

Haskill, 1993; Schwartz and Ingber, 1994; Shattil et al., 1994).

Integrins are composed of O. and ■ º transmembrane subunits and form more than 20

different receptors. Alternative splicing of the o and 3 subunits adds additional complexity

(Hynes, 1992). Ligands of integrins are not only the components of ECM but also counter

receptors (such as ICAMs or even other integrins) on adjacent cells, leading to homo- or

heterotypic aggregation. These ligands cross-link or cluster integrins by binding to adjacent

integrin molecules on the cell surface. Both receptor clustering and ligand occupancy leads

to the formation of focal adhesion plaques where integrins link to intracellular cytoskeletal



complexes and bundles of actin filaments. These protein assemblies are critical for the

activation of intracellular integrin-mediated responses, such as modulating cell adhesion and

inducing cell shape changes involved in cell spreading and locomotion (Miyamoto et al.,

1995).

The finctions of individual integrins have been elucidated using cell adhesion assays,

mAbs, and affinity chromatography (Hynes, 1992). Individual integrins can often bind to

more than one ligand and many of them are not highly specific for individual adhesive ligands.

Equally, individual ligands are recognized by more than one integrin. Furthermore, some

integrins recognize integral membrane proteins of the immunoglobulin superfamily (ICAM-1,

ICAM-2, VCAM-1) and mediate direct cell-cell adhesion.

The first binding site to be defined was the Arg-Gly-Asp (RGD) sequence present in

fibronectin, vitronectin, and a variety of other adhesive proteins, which is recognized by

several integrins, e.g. o.531, oilb■ 3, and most ov■ integrins (Cheresh and Spiro, 1987).

Other integrins, such as the O.431 and O.437 complexes, mediate lymphocyte adhesion to

Peyer's Patch high endothelial venules (HEVs) by binding to Glu-Ile-Leu-Asp-Val (EILDV)

in an alternatively spliced segment of fibronectin (Holzman and Weissman, 1989).

Though much is known about the extracellular interactions between integrins and their

ligands, significantly less is known about the intracellular biochemical pathways that integrins

regulate and the cellular functions that are thereby controlled. Analyses of chimeric integrin

receptors or mutant of and ■ subunits have indicated that the [ cytoplasmic domains are

necessary and sufficient to target integrins to focal adhesions in a ligand-independent manner,

whereas the of cytoplasmic domains regulate the specificity of the ligand-dependent



inteactions (Sastry and Horwitz, 1993).

Integrins link ECM proteins on the extracellular face of the cell membrane to

cytosketetal proteins and actin filaments on the cytoplasmic face. Actin-binding proteins that

co-localized with integrins in focal adhesions include O-actinin, talin, vinculin and tensin.

Binding sites for o-actinin have been shown to contribute to £1 focal contact localization

(Reszka et al., 1992). Thus, actin filaments may link to integrins through talin, O-actinin,

vinculin, which binds to both talin and O-actinin, or tensin, which binds to vinculin, or through

a combination of these integractions (Johnson and Craig, 1995; Weisberg and Chen, 1994).

These assemblies of structural proteins are believed to play important roles in stabilizing cell

adhesion and regulating cell shape, morphology, and mobility (reviewed by Clark and Brugge,

1995).

Protein phosphorylation is one of the earliest events detected in response to integrin

stimulation. Tyrosine phosphorylation has been shown to be a common response to integrin

engagement in many cell types including fibroblasts, carcinoma cells, and leukocytes

(Desimons, 1994; Juliano and Haskill, 1993 and Hynes, 1994). Protein kinase C(PKC) and

mitogen-activated protein (MAP) kinases, which are members of serine-rhreonine kinase

family, are also activated upon integrin stimulation and inhibitors of PKC block cell

attachment and spreading in certain cell systems (Chen et al., 1994). Integrin engagement can

also induce an increase in the intracellular calcium concentration (Juliano and Haskill, 1993;

Schwartz and Denninghoff, 1994), elevation of intracellular pH (Schwartz and Ingber, 1994),

gene expression (Damsky and Werb, 1992) and regulating programmed cell death (Schwartz

and Ingber, 1994).



To understand how integrins regulate these events, it is critical to identify and

characterize the intracellular signaling pathways activated by integrin-ligand interactions.

Antibody-mediated crosslinking of integrins or engagement of integrins with ECM ligand,

in platelets or cultured cells, induce the phosphorylation of several proteins. It is now firmly

established that one of the major substrates for integrin-induced tyrosine phosphorylation is

a protein tyrosine kinase (PTK) called focal adhesion kinase (FAK or pp 125 **) (Guan, et

al., 1992; Kornberg, et al., 1992; Lipfert, et al., 1992; Burridge, et al., 1992; Schaller, et al.,

1993), which appears to play a central role in integrin-mediated signal transduction. Integrin

induced phosphorylation of FAK requires the cytoplasmic domain of the B integrin subunit,

and clustering of chimeric integrin receptors expressing several B cytoplasmic domains is

sufficient to induce FAK phosphorylation (Schaller and Parsons, 1994; Lukashev et al.,

1994). It appears that FAK utilizes multiple binding interactions in vivo to localize to focal

adhesions and FAK tyrosine phosphorylation sites can serve as binding sites to couple FAK

with cellular proteins that contain SH2 domains (Pawson, 1995). Through these linkages,

FAK is capable of integring multiple signals triggered by integrins.

Integrin mediates cell-to-ECM and cell-to-cell interactions (Carter et al., 1990b,

Hynes, 1992; Larjava et al., 1990; Sonnenberg, 1993a). The integrins cº■■ 1 and 0.331 are

widely expressed in various tissues and cultured cells, and are especially abundant in

proliferating epithelial tissues (Carter et al., 1990b, Larjava et al., 1993 b). These integrins

are components of focal adhesion plaques, which associate with actin-containing stress fibers

and control motility and adhesion (Carter et al., 1990b, Larjava et al., 1990; Larjava, 1991).

They are also involved in cell-cell interactions (Carter et al., 1990b, Kurpakus et al., 1991;
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Symington et al., 1993). By contrast, integrin c.634 is expressed primarily in epithelial and

Schwann cells (Sonnenberg et al., 1990a). The function of 0.634 is not clear, even though

there is evidence that ob■ ?4 binds to laminin (Lee et al., 1992). The strong reaction of anti-■ }4

antibodies with the basal region of epithelial cells from a variety of tissues and inhibition of

the formation of hemidesmosomes on cornea epithelial cells with anti-■ }4 monoclonal antibody

suggest that it may be involved in cell-matrix interactions. Evidence indicates that O.634 is

the primary adhesion receptor in hemidesmosomes in vivo (De Luca et al., 1990, 1994;

Marchisio et al., 1991; Niessen et al., 1994; Sonnenberg et al., 1993b) and hemidesmosome

like stable anchoring contact (SAC) structures in vitro (Carter et al., 1990a), which are not

required to contact actin-containing cytoskeleton. There are also evidence indicates that the

polarization of c.634 to the basal surface of the cells, perhaps induced by a putative anchoring

filament-associated ligand, triggers the assembly of hemidesmosome plaque formation (Jones

et al., 1991; Kurpakus et al., 1991). Recent evidence strongly suggests that cº■■ 1 and o.634

are receptors for laminin-5 (Carter et al., 1991; Marchisio et al., 1993; Niessen et al., 1994;

Symington et al., 1993; Wayner et al., 1993).

o6, 31 and 34 integrins expressed in both HK and SCC cells. Normal HK form

strong and stable interaction with basement membrane via these integrins. In contrast, SCC

readily migrate on and invade through the basement membrane substrates and metastases to

distant location. In this study, we examined the regulation of different of expression and

function of these integrins between HK and SCC cells.
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Keratinocyte Wound Healing, Integrins and Growth Factors

During wound healing, keratinocytes lose their attachment to the basement membrane

and migrate over the wound bed. Although the signals regulating this migration are still not

well defined, a number of in vitro studies have suggested that both ECM proteins present in

the wound bed, such as fibronectin, thrombospondin, and vitronectin, and polypeptide growth

factors released in the wound environment, such as transforming growth factor ol and 3,

epidermal growth factor (EGF) and hepatocyte growth factor/scatter factor (HGF/SF), are

involved in keratinocyte activation (O'keefe et al., 1985; Hebda, 1988; Munjal et al., 1990).

Altered keratinocyte-matrix and keratinocyte-keratinocyte contacts (Adams and Watt, 1993)

are among the wound conditions that disrupt the normal expression and distribution of

integrins during re-epithelialization.

Cell-cell and cell-substratum interactions play a major role in regulating the

morphogenesis of the epidermis (Edelman, 1984; Ekblom et al., 1986). In cultured HK, cell

substratum adhesion is mediated by at least two adhesive structures, weak interactions via

close contacts and strong interactions via focal adhesions (Burridge et al., 1988). Both oz■■ 1

and oº■■ 1 involved formation of focal adhesions (Carter et al., 1990a). There are evidence

indicate that ozºl localized in focal adhesions with initial HK adhesion to exogenous

collagen; the interaction of ot331 with the secreted laminin-containing ECM was primarily

responsible for HK adhesion in long term culture (Carter et al., 1990a). Compared to

stationary basal keratinocytes, migrating keratinocytes express higher levels of 31 family

integrins and possibly other integrins containing ov (Hertle et al., 1992; Cavani et al., 1993;

Juhasz et al., 1993; Gailit et al., 1994 and Larjava et al., 1993b, Haapasalmi et al., 1996).

12



Recently, Larjava et al. (1993b) showed that, in vivo, the expression of integrin 31 subunits

was increased in keratinocytes during migration. The [1-associated O2 and o.3 subunits were

expressed constantly by wound keratinocytes whereas the OS subunit was present only in

keratinocytes during reepithelialization. Furthermore, migrating cells started to express ov

integrins which were not present in the nonaffected epithelium (Happasimi et al., 1996). More

studies needed to examine the role of integrins on HK such as O.231, O.331 and O.634, during

the cell migration.

Studies from both in vivo and in vitro have shown that laminin-5 is one of the earliest

ligand secreted and deposited by HK (Larjava et al., 1993b; Carter et al., 1991). It is not clear

that the role of laminin-5 in HK wound healing, especially the role on HK adhesion and

migration. We hypothese that regulation of HK migration is integrin related and it not only

depends on the exogenous ligand, but, more importantly, depends on endogenous secreted

and deposited ligand (laminin-5).

During wound healing, proliferation and lateral migration of keratinocytes are

simulated and the cells synthesize and respond to a range of inflammatory cytokines and

growth factors (Grinnell, 1990; Mizoguchi et al., 1991 and Mooradian et al., 1992). One of

the prominent mitogen candidates is HGF/SF, a protein secreted by fibroblasts (Stoker et al.,

1987; Nakamura et al., 1989; Gherardi and Stoker, 1990) that causes epithelial colonies to

spread and separate into isolated cells. Additionally, HGF/SF also stimulates the migration

of different mouse epithelial cell lines (Stoker, 1987).

HGF/SF was identified as a motility- and invasion-inducing factor for epithelial and

endothelial cells (Gherardi and Stoker, 1990; Bussolino et al., 1992; Grant et al., 1993) in a

13



paracrine fashion. The receptor for HGF/SF is a tyrosine kinase receptor encoded by the c

met proto-oncogene (Bottaro et al., 1991). By examining a hybrid receptor tyrosine kinase

consisting of the extracellular part of the nerve growth factor receptor and the transmembrane

and cytoplasmic parts of Met, Weidner et al. (1993) showed that cell dissociation, motility,

invasiveness, morphogenesis, and proliferation of MDCK epithelial cells can be induced by

nerve growth factor. These results indicate that all the diverse biological effects of HGF/SF

are transduced by the Met receptor. C-Met is expressed in both normal and malignant

epithelial cells and several other cell types, including endothelial cells and melanocytes (Chan

et al., 1988; Renzo et al., 1991). Recently, Matsumoto et al. (1994) found that HGF/SF

induces tyrosine phosporylation of pp.125* and promotes migration and invasion of SCC

cells in vitro. During wound healing, epithelial cells could be exposed to different growth

factors, including HGF/SF, which directly or indirectly affect wound healing processes. The

effect of HGF/SF on cell motility and integrin expression of HK has been studied in this

report.
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OUTLINE OF PRESENT STUDY

In this study, we used cultured HK as a model to study integrin-ligand interaction.

We examined expression and function of integrins on HK, especially the interaction of oz■■ 1

with collagens and their regulation by HGF/SF. Compared with SCC cells, we further

evaluate the synthesis and expression of laminin-binding integrins oé, B1 and 34. Finally, by

studying the interaction of laminin-5 and its receptors, O.331 and O.634, we tested the

hypothesis that endogenously secreted and deposited ligand is important for HK motility.

To characterize and study the expression and function of integrins on HK and their

interaction with ECM ligands, several different approaches were used. In the first part of the

study, primary cultures of HK were established with serum-free keratinocyte growth medium

and the integrin profile of HK was identified. We used adhesion and migration assays to

evaluate HK interaction with purified ECM ligands, and subsequently used perturbing

antibodies to determine the role that specific integrins played in the adhesion and migration

processes. We also found that collagen type I, compared with collagen type IV, is a preferred

ligand for 0.231 by using an affinity chromatography assay. Next, we investigated the effect

of a growth factor, HGF/SF, on the interaction of integrins and their ligands and the

regulation of cell adhesion and migration. In an vitro wound healing assay, HGF/SF

significantly stimulated the reepithelialization on collagen type I-coated surfaces via the 0.231

integrin receptor, but there was only minimal stimulation of reepithelialization on collagen

type IV substrates. Similar results were observed in the cell migration assay on collagen types

I- and IV-coated surfaces. Finally, FACS analysis revealed that there were no significant

changes in the expression level of 0.231 after HGF/SF treatment for 24 h.
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In part two of the study, we further examined the adhesion and migration of HK to

laminin-1 substrates. We used ligand-affinity chromatography and immunoprecipitation to

analyze the radioactively labeled cells in order to elucidate the expression and function of

laminin-1 receptors on HK. We also compared a squamous cell carcinoma cell line (SCC

25) with normal HK in their expression and function of laminin receptors. The results showed

that SCC cells, but not keratinocytes, expressed high levels of the O631 laminin receptor. In

keratinocytes there was a complete conversion of 0.6 into 06:34 with no detectable level of

c.631. Metabolic labeling studies revealed that there was higher level of 34 in keratinocytes

than in SCC cells. In contrast, SCC cells had moderately higher amounts of mature ■ ºl than

did keratinocytes, which would favor formation of 0.631 integrins. Metabolic labeling also

showed that there is a large pool of pre-■ }1 in SCC cells, whereas, HK had undetectable levels

of pre-É1. Pulse-chase labeling showed that rates of synthesis and maturation of 31 integrin

are faster in HK than in SCC. These results suggest that, in HK, the lack of a pool of pre-■ ºl

integrin restricts a 631 expression and the lack of additional functional laminin-1 receptors

limits the ability to interact with laminin-1.

In part three of the study, we further examined the role of individual integrins in

promoting HK migration. We found, unexpectedly, that antibodies to ot3 and, to a lesser

extent, O.6 significantly inhibited cell locomotion on both collagen type I and fibronectin.

Time-course immunofluorescence staining revealed that keratinocyte migration was

accompanied by deposition of endogenous laminin-5. Since both cº■■ 1 and 0.634 integrins

are known receptors for this ligand, this observation suggested that migrating keratinocytes

may use freshly deposited laminin-5 in their locomotion. Indeed, further investigation showed
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that anti-laminin-5 blocking antibodies effectively inhibited keratinocyte motility on both

collagen and fibronectin substrates. Furthermore, cell migration on laminin-5-coated

substrates was blocked by both anti-03 and anti-laminin-5 antibodies and partially inhibited

by anti-o.6 antibody. In the presence of cycloheximide, which blocks protein synthesis, cell

migration on collagen type I substrates was significantly inhibited, but migration on laminin-5

substrates was affected only to a minor degree. Laminin-5 did not appear important in initial

attachment of keratinocytes, since adhesion of cells to collagen type I- or fibronectin-coated

surfaces was not blocked by antibody to integrins 0.3 or 0:6 or to laminin-5, but could be

inhibited by antibody to 0.2 or 0.5, respectively.

In summary, these results indicate the important specificities of integrins in their

expression and function and they also suggest that regulatory mechanisms of ECM ligands,

especially endogenous secreted and deposited laminin-5, modulate cell adhesion and

migration.
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CHAPTER TWO

MATERIALS AND METHODS

E.
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Cell Culture

Normal human gingival specimens were obtained as redundant tissue from routine

procedures at the Dental Clinics of the University of California, San Francisco. Neonatal

foreskins were obtained from the Well Baby Nursery (University of California, San

Francisco). Cultures of human gingival or foreskin keratinocytes were isolated as described

by Boyce and Ham (1985) with modifications. The tissues were first treated with dispase

(grade II, Boehringer-Mannheim, Indianapolis, IN) at 4°C overnight to separate the

epithelium from connective tissue. The collected epithelial sheets were digested with trypsin

(0.05%) at 37°C for 10 min and washed with phosphate-buffered saline (PBS) containing

bovine serum albumin (BSA) (1 mg/ml) and soybean trypsin inhibitor (100 pig■ ml) to release

individual keratinocytes. Keratinocytes were then plated in tissue culture dishes pre-coated

with collagen type I (5 ug/ml) and maintained in serum-free Keratinocyte Growth Medium

(KGM) (Clonetics, San Diego, CA) with a calcium concentration of 0.075 mM. The cells

were fed every three days and passaged at pre-confluence by trypsinization; cell were used

for experiments from passage two to five and were in log phase growth. For most of the

experiments, foreskin keratinocytes were used; in some experiments, gingival keratinocytes

were used with similar results. Cultures were passaged by trypsin 24 h prior to attachment

and migration assays to facilitate the detachment of cells with EDTA. The human squamous

cell carcinoma cell line, SCC-25, was from the American Type Culture Collection (ATCC)

and were cultured as described by ATCC.
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Antibodies

Antibodies used include rat monoclonal antibody to the G1 subunit (AIIB2) and to the

o:6 subunit (J1B5) (generously provided by Dr. Caroline Damsky, University of California,

San Francisco; Damsky et al., 1989), mouse monoclonal anti-■ )4 (3E1) (Telios

Pharmaceuticals, San Diego, CA), rat monoclonal anti-0.6 (GoH3) a gift of Dr. A.

Sonnenberg, Netherlands Cancer Institute, (Sonnenberg et al., 1988a), mouse monoclonal

antibodies to 0.231 (P1H5), to 0.391 (P1B5) and to 0.531 (P1D6) (provided by Dr. William

Carter, University of Washington, Seattle) (Wayner and Carter, 1987), rabbit anti-mouse

laminin-1 antibodies (GIBCO, Grand Island, NY), goat anti-mouse IgG and goat anti-rat

IgG-Sepharose (Sigma Chemical Co., St. Louis, MO). Antibodies for immunofluorescence

staining and cytofluorometric analysis included: goat anti-mouse, -rat and -rabbit IgG

conjugated with FITC and goat anti-mouse IgG conjugated with rhodamine (Jackson Immuno

Research, West Grove, PA). Two mAb to laminin 5 were used: BM2 was from Dr. R.E.

Burgeson (Harvard Medical School, Boston, MA), and GB3 was from SeroTech (Verrando

et al., 1987, 1991).

Cell-surface Labeling

Cell-surface proteins were radiolabeled with *I by the lactoperoxidase-glucose

oxidase method as previously described (Kramer et al., 1989). Preconfluent cells were

removed from tissue culture dishes with 2 mM EDTA, 0.05% BSA in PBS, washed three

times with cold 50 mM Tris-HCl, 20 mM glucose, 150 mM NaCl, 1 mM MnSO, and then

resuspended at a final concentraition of 1x10° cells/ml in the same buffer. Iodination was
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initiated by adding carrier-free Na’”I (Amersham, Arlington Hts., IL), glucose oxidase

(Sigma), and lactoperoxidase (Calbiochem) at final concentrations of 250 mCi/ml. The

suspension was gently mixed by rotating the tube at 5 rpm on ice for 20 min. The reaction

was terminated by adding excessive volume of the buffer (without glucose), and the cells were

recovered by centrifugation.

Immunoprecipitation

Whole cell lysate or column fractions were processed for immunoprecipitation with

•ces primary antibody by previously described methods (Cheng and Kramer, 1989).

Briefly, each sample was incubated with antibodies and specific anti-IgG-Sepharose at 4°C

for 2 h. The unbound materials were removed by extensive washing with 1 mM NaCl and

0.1% SDS in 0.1% NP-40, 10 mM Tris-HCl (pH 7.4) and 1 mM CaCl2. The recovered

immunoprecipitates were solubilized in sample buffer (Laemmli, 1970) and analyzed by 7%

SDS-PAGE under reduced and non-reduced conditions followed by autoradiography.

Cell Adhesion Assay

Cell adhesion was measured by a microcolorimetric assay as previously described

(Kramer at al., 1989; Matsumoto et al., 1994). Briefly, 96-well flat-bottom microtiter plates

(Fisher) were coated with various ECM ligands in a range of concentrations and incubated

at 37°C for 1 h. The wells were then rinsed, and non-specific adherence was blocked with

0.1% BSA in Dulbecco's minimum essential medium (DMEM) for 1 h. The cell suspension

was prepared by incubating cultured cells with 2 mM EDTA and then with 0.05% trypsin in
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PBS. Detached cells were immediately washed with 5% fetal bovine serum (FBS) in PBS and

then with 0.1% BSA in DMEM. The cells were pre-incubated with or without mAbs or, in

some experiments, with or without cycloheximide, for 30 min at room temperature. The final

plating concentration was 2x10" cells per well. Cells were allowed to adhere for 30 min at

37°C in 5% CO2. Non-adherent cells were removed by rinsing with 0.1% BSA in DMEM.

Adherent cells were then fixed with 1% formaldehyde for 10 min and stained with 2% crystal

violet blue for 5 min. Finally, the adherent cells were solubilized by adding 1% sodium

dodecyl sulfate (SDS) (50 ul per well) and the absorbance was measured at 562 nm. In some

of the experiments, adherent cells were measured by a microcolorimetric assay for

hexosaminidase. The data are expressed as the mean of triplicate wells + s.d. Nonspecific

cell adhesion as measured on BSA-coated wells has been subtracted.

In Vitro "Wound"Assay

Cells (10°/500 ul) were plated in 24-well tissue culture dishes precoated with collagen

type I (10 pg/ml). After 24h incubation, confluent monolayers of cells were "wounded" with

a plastic pipet tip to create a cell-free zone in each well, and indentation marks were made

on the cell-free zone. The wells were then recoated with collagen type I (10 pg/ml) for 15

min at 37°C to reestablish a fresh ligand surface, subsequently washed and treated with 0.1%

BSA in PBS to block nonspecific adherence. The cells were then continuously incubated for

24h in KGM with or without mabs. In some assays, HGF/SF was added. Photographs were

taken at selected time intervals after wounding with the indentation marks aligned.

To evaluate the wound healing quantitatively, a computer image program (NIH
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Image) was used to measure total cell migration (residual cell-free gap). Each determination

represents the mean of three individual experiments + s.e.m.

Cell Migration Assay

The method of Albrecht-Buehler (1977) as modified by Woodley et al. (1988) for

human keratinocytes was used to measure cell motility. Briefly, coverslips were coated with

colloidal gold salts and placed in 24-well microtiter plates; the coverslips were then coated

for 2 h at 37°C with purified ECM proteins in Hanks Balanced Salt Solution with 1 mM CaCl,

and MgSO, Cells (2x10') in 300 ul medium were seeded onto coverslips and incubated for

15 h in a humidified incubator. For antibody inhibition studies, the cells were first allowed

to attach for 90 min. Unattached cells were then gently removed by replacement with the

medium. Either a control antibody or test antibodies were added to the well. Cultures were

incubated at 37°C for 15 h, washed and fixed in 3% formaldehyde in PBS. The cells were

examined with an inverted microscope under dark field optics, and the percentage of area of

each field occupied by phagokinetic tracks was calculated by using computer-assisted image

analysis, to yield the migration index (Woodley et al., 1988).

In some experiments, cell migration was evaluated, as previously described

(Matsumoto et al., 1994), in modified Boyden chambers (Neuroprobe, Bethesda, MD) with

8-pum-porosity polyvinylpyrolidone-free polycarbonate filters (Nucleopore, Pleasanton, CA).

Briefly, the undersurface of the filters was precoated with bovine dermis collagen type I

(Celtrix, Palo Alto, CA), fibronectin (Collaborative Biomedical Products, Bedford, MA) or

laminin-5 (from Dr. R.E. Burgeson, Harvard Medical School, Boston, Ma) either overnight
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at 4°C or for 1 h at 37°C. Nonspecific adhesion was then blocked with 0.1% BSA in DMEM.

The lower chamber was filled with DMEM containing 0.1% BSA. The cell suspension was

prepared and incubated with or without mabs or cycloheximide as described above for

adhesion assays. A 50-pil aliquot of cell suspension was added to the upper chambers, and

cells were allowed to migrate in the presence or absence of various mabs for 4.5 h at 37°C

in 5% CO2. Then the upper surface of the filter was wiped with a rubber policeman to

remove nonmigratory cells. Cells that had migrated to the undersurface of the filter were

fixed with 1% formaldehyde for 10 min and then stained with 2% crystal violet blue for 5 min.

For each chamber, the number of migrating cells in five randomly chosen fields (magnification

x 500) was counted. Each determination represents the mean of three individual wells +

S.C.III.

Ligand-Affinity Chromatography

Laminin-entactin complex was purified from the mouse EHS tumor (Paulson et al.,

1989) and conjugated to Sepharose CL-4B (Pharmacia LKB Biotechnology Inc. Piscataway,

NJ). In some other experiments, purified collagen type I or type IV was conjugated to

Sepharose 4B (Kramer et al., 1989). These columns were then equilibrated with running

buffer (buffer A, 50 mM Tris-HCl, 50 mM octyl-3-D-glucopyranoside, 0.1 mM

phenylmethylsulfonyl fluoride (PMSF), 1 mM MnSO, pH 7.4) (Kramer et al., 1989). *I-

surface-labeled cells were lysed in running buffer containing 100 mM octyl-3-D-

glucopyranoside and centrifuged at 700 g for 10 min, and then centrifuged again at 14,000

g for 15 min. The resulting supernatant was applied to columns (1 ml) of the conjugated

24



Sepharose, washed with five column volumes of running buffer, and bound material was

eluted first with 0.2 MNaCl in running buffer, followed by 10 mM EDTA in divalent cation

free running buffer. Fractions (1 ml) were collected, subjected to immunoprecipitation with

anti-integrin antibodies, and analyzed by SDS-PAGE in 7% polyacrylamide gels (Laemmli,

1970). Molecular mass standards included prestained proteins markers of 180 kD, 116 kD,

84 kD and 67 kD (Sigma Chemical Co., St. Louis, MD).

Flow Cytometry

Cultured cells were detached with 2 mM EDTA and washed with PBS containing 1%

normal goat serum. The cell suspension was then incubated with appropriate dilutions of anti

integrin antibody for 45 min at 4°C. After washing, the cells were incubated with secondary

FITC-labelled goat anti-mouse or goat anti-rat antibody (Jackson ImmunoResearch) for 20

min. Finally, after washing, the cells were fixed in 0.1% formaldehyde for 10 min at 4°C and

then analyzed with a flow cytometer (FACScan, Laboratory for Cell Analysis, University of

California, San Francisco). Cell analysis was gated on forward and size scatter intensities.

The results presented in single parameter flow cytometric histograms.

Immunofluorescence Staining

Cells were plated on glass coverslips precoated with various ECM ligands and

incubated at 37°C for selected time intervals as described by Cheng and Kramer (1989). In

some experiments, coverslips were coated with various ECM ligands for 1 h and then washed

with PBS. In some of the experiments, laminin-1-free surface tracks were generated by
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scraping with a microfine plastic pipet tip. Cells were plated on pre-coated coverslips for

selected times. Adherent cells were fixed for 10 min in 1% freshly prepared formaldehyde in

PBS containing 5% sucrose, and then permeabilized for 5 min in 0.4% Triton X-100 in 100

mM Tris-HCl (pH 7.5). Nonspecific reactivity was blocked with 1% normal goat serum in

PBS for at least 60 min. The cells were then stained with primary antibodies for 1 h and

counterstained with fluorescein- or rhodamine-labeled secondary antibodies for additional

30 min. The coverslips were washed and then mounted with Fluoromount-G (Fisher) and

examined on a microscope equipped with epiluminescent optics.

Antibody Affinity Chromatography

Rat monoclonal antibody to otó (J1B5) was coupled to Sepharose 4B at a protein

concentration of 1 mg/ml. The columns (1 ml) were equilibrated with buffer B (50 mM Tris

HCl, 150 mM NaCl, 0.5% NP-40, 1 mM PMSF, 1 mM CaCl, pH 7.5). After loading the

*I-surface-labelled cell lysate on the column and incubating for 15 min, the column was

washed first by 20 bed volumes of buffer B, and then washed with buffer C (1 M NaCl, 50

mM Tris-HCl, 1 mM CaCl, 0.5% NP-40, pH 7.5). Finally, the column was eluted with 50

mM diethylamine, 1 mM CaCl2, 0.5% NP-40, pH 10.0 and the eluate was immediately

neutralized with 1 ml of 1 M Tris-HCl, pH 6.8. The column fractions were subjected to

sequential immunoprecipitation with different monoclonal antibodies, then analyzed by SDS

PAGE followed by autoradiography.
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Northern Blot Analysis

Total cellular RNA was isolated by the guanidinium-cesium chloride method as

described (Cheng et al., 1991). RNA (20 pig) was separated by electrophoresis in 1% agarose

gels containing 6% formaldehyde. Gels were stained with ethidium bromide to visualize the

positions of 28 S and 18 S RNA and to verify load amounts of RNA. The RNA was then

transferred to Hybond-N membranes (Amersham Corp., Arlington Heights, IL) by capillary

blotting and fixed to the filter by UV exposure. *P-labeled cDNA fragments specific for each

integrin subunit were used as probes. Bluescript plasmid, containing the cDNA for human

as and 31 were obtained from Dr. Robert Pytela (University of California, San Francisco);

those for human■ , were from Dr. Vito Quaranta (Scripps Research Institute, La Jolla, CA).

Plasmids were collected and separated on S-300 spin-columns; plasmid purity and size were

confirmed in formaldehyde agarose gels. Fragments were labeled with a-”[P] d-CTP by

random oligonucleotide primer synthesis. Hybridizations were carried out at 60°C in a buffer

containing 50% formamide, 5x SSC, 5x Denhardt's solution, 0.1% SDS, and 0.3 mg/ml

salmon sperm DNA (Sigma Chemical). After washing twice at room temperature for 15 min

with 1x SSC, 0.1% SDS and once at 65°C in 0.1% SDS for 1 h, the filters were then exposed

to X-ray film at -70°C with an intensifying screen.

Metabolic Labeling and Immunoprecipitation

Pre-confluent cultures were first incubated with methionine- and cysteine-free Iscove's

medium for 1 h and then labeled for 18 h with 40 puCi/ml of *S-methionine and -cysteine

(NEN Research Products, Wilmington, DE). Cells were solubilized directly on the plates with
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TNC buffer (10 mM Tris-HCl, 0.5 mM CaCl, 0.5% NP-40, pH 7.4) containing 5 mM cold

methionine for 45 min at 4°C. For pulse-chase labeling, the cell culture was processed as

above except the cells were labeled with 40 puCi/ml of *S-methionine and -cysteine for 30

min and washed extensively with tissue culture medium contains excess cold methinonine and

cysteine. The cells were then solubilized at selected time intervals. After centrifugation to

remove nuclei and debris, cell lysates were processed for immunoprecipitation with excess

primary antibody as described above.
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CHAPTER THREE

RESULTS
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PART1

HGF/SF Stimulates Keratinocyte Migration on Collagen Substrates via 0291 Integrin

In a previous study (Kim et al. 1992a), we reported that HK migrate on both collagen

types I and IV. However, on collagen type IV, a higher ligand concentration was required

and then though the migration of the cells was still less extensive. In the present study, we

evaluated the affinity of oº■■ 1 integrin for both collagen types I and IV. We found that oz■■ 1

preferentially binds to collagen type I than type IV. We also demonstrated that HGF/SF

stimulates the cell migration on collagens, which is mediated by integrin o.231, without

changing its expression levels.

Identification of cell adhesion receptors-integrins

We analyzed the expression profile of integrin receptors of HK by

immunoprecipitation of surface “I-labeled HK using a panel of mabs specific against

individual integrins. The autoradiographs (Fig. 1.1) showed that these cells expressed most

of the known 31 complexes, with O2 and O.3 expressed at high levels, O.6 expression at a

moderate level and off at a low level. The results also revealed the moderate level of

expression of 0.634 and av which associated with 35 subunit. Corresponding with these

results, immunofluorescence staining of HK and epithelial tissue sections also revealed similar

patterns of integrin expression (data not shown).

To directly examine the interaction of integrin with ECM proteins, especially collagens

type I and IV, cell adhesion and adhesion inhibition assays were used (Fig. 1.2 A and B). We

found that HK adhered more efficiently to collagen type I than to collagen type IV (Fig.
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1.2A). Mabs too.2 and 31 integrins completely blocked cell attachment, and mAb to OS had

no effect (Fig. 1.2B). Furthermore, we used an in vitro wound healing assay to study

differences in HK migration on these ECM ligands (Fig. 1.3). HK were first plated on the

indicated ECM ligands. After scratching a wound, the surfaces were re-coated with the same

ECM ligands. After 24 and 48 h incubation with KGM, cell migration was photographed.

We found that there was a significantly higher level of cell migration on collagen type I

substrates than on any other substrates. Furthermore, laminin-1, and collagen type IV-coated

surfaces showed an inhibitory effect on cell migration compared with BSA-coated surfaces

(Control). These results are in agreement with those of the cell adhesion assay that collagen

type I is a permissive ligand for HK which promotes cell adhesion and migration.

Affinity of 0.231 for collagen type I and IV

HK preferentially adhere to and migrate on collagen type I rather than type IV. One

possible explanation is that the integrins in HK have a higher affinity for collagen type I than

for collagen type IV. In order to test this hypothesis, we performed ligand-affinity

chromatography with both collagen type I- and IV-Sepharose columns. The results revealed

that the receptors (110 and 150 kD under non-reduced conditions; 130 kD under reduced

conditions) where only eluted by 10 mM EDTA buffer (Fig. 1.4A) from the collagen type I

column. However, the receptors could be eluted by nonspecific low salt washing buffer from

the collagen type IV column (Fig. 1.4B). Subsequent immunoprecipitation with anti-02 mAb

confirmed that the receptors are 0231 integrins (Fig. 1.5). These results strongly suggest that

0.231 has higher affinity for collagen type I than type IV. This binding affinity is likely to play
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a significant role in adhesion and migration of the cells on different collagens.

Effect of HGF/SF on migration of HK

HGF/SF is one of the prominent factors produced by fibroblasts that may have an

important effect on keratinocytes during epithelial wound healing. We next examined the

effect of HGF/SF on keratinocyte migration. First, by using the Boyden chamber assay (Fig.

1.6), we found that HGF/SF significantly increased the number of migrating HK on collagen

type I-coated filters, but it had only a slight stimulative effect on collagen type IV-coated

filters. Second, in in vitro wound healing assays, HK covered the collagen type I-coated

wound surfaces in the presence of HGF/SF (10 ng/ml) (Fig. 1.7B, F, J and N) significantly

faster than under control conditions (without HGF/SF) (Fig. 1.7A, E, I and M). However,

on collagen type IV-coated wound surfaces, not only was there minimum cell migration

without HGF/SF (Fig. 1.8A), but also minimum stimulation of cell migration in the presence

of HGF/SF (Fig. 1.8B).

We hypothesized that the stimulative effect of HGF/SF on the cell migration is

mediated via integrin receptors. To test this hypothesis, we performed wound healing assays

on collagen type I substrate in the presence of anti-integrin mabs. Cell migration was

partially blocked with anti-02 (VM1) mab (Fig. 1.7C, G, K and O) and totally blocked by

anti-■ ºl (AIIB2) mAb (Fig. 1.7D, H, L and P). Furthermore, on collagen type IV-coated

surfaces, the migration of the cells was totally blocked by both mAbs (Fig. 1.8C and D).

These results are consistent with those of wound healing assays and also showed that

stimulation of migration by HGF/SF is integrin-ligand-specific. Taken together, these results
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indicated that the stimulation of cell migration on collagen type I by HGF/SF is via the £1

integrin family and that q231 played an important part on the cell migration. They agreed

with our previous study (Chen, et al., 1993) that q231 integrins are the primary collagen

receptors on HK. Furthermore, these results also suggest that besides cººl integrins, other

member(s) of the ■ l integrin family are involved in the migration process (this will be

addressed in Part 3 of this chapter). Finally, the data implied that the stimulation of cell

migration by HGF/SF is via integrin receptors and is only effective on a permissive ligand,

such as collagen type I.

Effect of HGF/SF on the expression of integrins

We next measured the surface expression of 31-family integrins on HK by FACS

analysis. The cells were plated on collagen type I (10 pg/ml)-coated dishes and cultured in

presence or absence of HGF/SF (10 ng/ml) for 24 h prior to the experiment. We found that

there were no significant differences in the expression of q2, a3, 0.6 and 31 integrins under

either condition (Fig. 1.9). This result eliminated the possibility that the enhanced cell

migration induced by HGF/SF is via upregulation of the expression of 31-family integrin

receptors, even though the anti-02 and anti-■ ºl mabs blocked the cell migration.
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FIGURE LEGENDS

Figure 1.1. Integrin profile. Expression profile of integrin receptors of HK was

analysed by immunoprecipitation of surface”I-labeled HK, using a panel of mabs specific

against individual integrins. The autoradiograph shows precipitates, under non-reduced

condition, by different mabs in each lane as follows: lane 1, anti-O.2; lane 2, anti-O2; lane 3,

anti-o:3; lane 4, anti-o.5; lane 5, anti-o.6; lane 6, anti-VnR.

Figure 1.2. Cell adhesion and inhibition of cell adhesion on collagens. HK were

plated on substrates of collagen type I (type I) and collagen type IV (type IV0. The cells

were incubated at 37°C for 30 min with mabs to integrins (AIIB2, anti-p1; P1B5, anti-o:3;

P1D6, anti-o.5) or without mab (BSA). The values for cell adhesion are expressed as the

means and standard deviations of triplicate wells.

Figure 1.3. Cell migration on ECM proteins. HK were grown on various matrices

to confluence and then experimentally wounded by scraping. Migration and wound healing

was assessed at 48 h except where indicated for collagen I. The control on PBS (C), on

collagen type I after 24 h (col. I 24 h), on collagen type I after 48 h (col. I), on vitronectin

(VN), on fibronectin (FN), on laminin (LN) and on collagen type IV.

Figure 1.4 c.291 preferentially binds to collagen type I than type IV. HK were *I-

surface-labeled, lysed and chromatographed on collagen columns. Panel A shows fractions

from collagen type I-Sepharose column under nonreduced condition: fractions of running

buffer elution (lane 1), fractions of NaCl (200 mM) elution (lanes 2 and 3), EDTA-eluted

fractions (lanes 4-6). Panel B shows the fractions from collagen type IV-Sepharose column

under nonreduced and reduced conditions: fractions of running buffer elution (lanes 1 and 2),
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fractions of NaCl (200 mM) elution (lanes 3-5), EDTA-eluted fractions (lanes 6-8).

Molecular marker (kD) is indicated on the left.

Figure 1.5. Sequential immunoprecipitation with anti-0231 (lanes 1,2,3) and anti-■ ºl

(lanes 4,5) from an EDTA-eluted fraction of a collagen type I column under nonreduced

conditions. Molecular marker (kD) is indicated on the left.

Figure 1.6. Migration of keratinocytes on collagen type I substrates. Cell migration

was evaluated using a modified Boyden chamber with an 8-plm porous filter coated with

collagen type I and type IV substrates. Cells were allowed to traverse the filter for 2.5 h with

or without the presence of HGF/SF. Substrate concentrations are indicated at bottom of the

figure. Each point represents the mean + s.e.m. of three replicate wells.

Figure 1.7. Effect of HGF/SF on HK migration on collagen type I substrates. The in

vitro wound surfaces were created on confluent monolayers of cells cultured in 24-well tissue

culture plates. Collagen type I (10 pg/ml) was coated on wound surfaces for 15 min at 37°C.

After washing with PBS, wells were replanished with fresh KGM (control wells) (A, E, I and

M), plus HGF/SF (10 ng/ml) (B, F, J and N), plus HGF/SF and anti-02 mAb (VM1) (C, G,

K and O), and plus HGF/SF and anti-B1 mAb (AIIB2) (D, H, L and P). The photos were

taken at 4 h, 8 h, 12 h and 24 h.

Figure 1.8. Effect of HGF/SF on HK migration on collagen type IV substrates. The

procedures are as mentioned in figure 1.7 except on collagen type IV substrates. The

photographs were taken 24 h after wounding. Panel A: control; Panel B: with HGF/SF; Panel

C: HGF/SF and anti-o.2 mAb (VM1); Panel D: HGF/SF and anti-B1 mAb (AIIB2).

Figure 1.9. HGF/SF does not change expression of integrins. HK were cultured in
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the absence or presence of HGF/SF (10 ng/ml) for 24 h. The cells were then subjected to

FACS analysis for their expression of integrins. The mabs used to label cells were anti-02

(VM1), anti-03 (VM2), anti-0.6 (J1B5) and anti-■ ºl (AIIB2). The logarithmically amplified

fluorescence intensity is plotted.
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PART 2

Restricted Expression and Function of Laminin-1-Binding Integrin in Keratinocytes

In the first part of this study, we focused on HK adhesion and migration on collagens.

We found that HK preferentially adhere to and migrate on collagen type I than on type IV and

that HGF/SF stimulates their migratory activities without changing their expression of

integrins. In this part of the study, we further examined adhesion and migration of

keratinocytes to laminin-1, a major adhesive ligand in epithelial basement membranes.

On laminin-1 substrates, keratinocytes adhere poorly and fail to migrate

We examined the adhesion of keratinocytes to substrates of alternating laminin-1-

containing and laminin-1-free tracks. When cultured on these substrates, HK exclusively

attached to and spread on the tracks denuded of laminin-1 (Fig. 2.1A). Immunofluorescence

staining with anti-o.6 antibody revealed that the HK had formed extensive arrays of integrin

containing plaques at their basal surfaces, and that these integrin condensations strictly

avoided the laminin-1-coated zones. Furthermore, cells appeared to migrate along the

laminin-1-free areas (Fig. 2.1B), displaying the typical morphology of motile keratinocytes.

In these migratory cells, in contrast to cells that had spread, staining for 0.6 was not found in

plaques in the lamellipodia, but rather was present in a diffuse pattern over the cell surface.

For comparison, we also examined the behavior of transformed keratinocytes (SCC cells) on

these substrates. The SCC cells, in contrast to HK, attached to both laminin-1-coated and

laminin-1-free tracks (Fig. 1C and D) and tended to concentrate on the laminin-1-rich zones.

SCC cells were able to form dense oé-containing adhesion plaques on either substrate.
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The avoidance of laminin-1 substrates by HK suggested that for them, laminin-1 was

a poor ligand for adhesion. We tested this directly in standard adhesion assays (Fig. 2.2A and

B) in which the cells were assessed for their capacity to adhere to substrates coated with

collagen types I and IV, fibronectin, and laminin-1. The HK adhered most efficiently to

collagen type I and fibronectin, but also attached well to collagen type IV. However, they

failed to attach to any significant extent on laminin-1 substrates, even at high coating

concentrations. In contrast, the SCC cells adhered well to laminin-1, even at relatively low

coating concentration (10 pg/ml) (Fig. 2.2B).

We next assessed the migration of HK and SCC cells on different ligands, using

phagokinetic assays in which colloidal gold salts are layered onto coverslips (Fig. 2.3A). In

these relatively long-term experiments (15 h), the HK eventually attached to the laminin-1

substrates after several hours of incubation (not shown). Even so, migration of HK on

laminin-1 was negligible. On the other hand, HK migrated well on substrates coated with

collagen type I or fibronectin; relatively poor migration was seen on collagen type IV (showed

in Part One). Consistent with their adhesion profiles, the SCC cells migrated best on laminin

1, with much lower rates of migration on the other substrates. In a dose-response study, the

migration of SCC cells on laminin-1 approached a plateau between 100 and 200 pg/ml of

ligand coating concentration (Fig. 2.3B). Even at higher ligand coating concentration (>300

pg/ml), however, the HK failed to migrate. Examples of HK and SCC cell migration patterns

on the colloidal gold substrates coated with laminin-1 or BSA (Fig. 24) reflect the high

acceleration of SCC cells on laminin-1, producing random track formation, in contrast to the
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small halos of substrate clearance generated by the HK.

Keratinocytes do not express the q631 laminin-1 receptor

The failure of keratinocytes to adhere to and migrate efficiently on laminin-1

substrates suggested that they may not express functional laminin-1 receptors. We assessed

the potential differences in integrin adhesion receptor profiles between the keratinocytes and

SCC cells, using several approaches. First, we used blocking mAb to specific integrin

subunits in assays to identify the integrins that promote adhesion of SCC cells to laminin-1.

Optimal blocking concentrations of mab to 0.6 and 31, but not to 0.2 or 0.3, were found to

completely inhibit the adhesion of SCC cells to laminin-1 (Fig. 2.5A). These results implied

that the finctional laminin-1 receptor in SCC cells is the c.631 complex. We next evaluated

the adhesion of SCC cells to the laminin-1 fragments E8 and P1. The E8 fragment is known

to contain the binding site for both oº (Gelsen et al., 1989) and o.6 (Sonnenberg et al., 1990b)

as well as the related a 7 integrin (Kramer et al., 1991; von der Mark et al., 1991). SCC cells

adhered well to both intact laminin-1 and the E8 fragment and modestly to the P1 fragment

(Fig. 2.5B). Anti-o.6 blocking antibody completely abolished SCC cell adhesion to laminin-1

and to the E8 fragment and also partially inhibited adhesion to the P1 fragment. Similarly,

anti-■ }1 mAb almost completely inhibited SCC cell adhesion to intact laminin-1, the E8 and

P1 fragments. These results are consistent with the conclusion that SCC cells adhere to

laminin-1 primarily at the E8 domain, using 0.631.

We then tested the effect of anti-integrin antibodies on SCC cell migration on laminin

1 substrates (Fig. 5C). Consistent with their effects on adhesion to laminin-1, we found that
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migration was completely blocked with anti-0.6 and anti-■ }l antibodies. Antibody to 0.5

(P1D6) did not influence migration. Curiously, anti-0.3 (P1B5) antibody enhanced SCC cell

migration on laminin-1.

We next used ligand-affinity chromatography on laminin-1-Sepharose columns to

identify laminin-1-binding integrins expressed by the keratinocytes and SCC cells. In these

studies, cells were surface-labeled by *I, and cell lysates were processed for affinity

chromatography. Fractions eluted from laminin-1-Sepharose columns were then subjected

to immunoprecipitation with specific mabs to 0.6, O2, and 0.3 (Fig. 2.6A). In the case of HK,

small amounts of the o?■ ;1 complex but negligible amounts of 0.631 or o:331 were detected

in the column fractions. However, when SCC cells were analyzed in exactly the same fashion,

large amounts of c.631 and small amounts of 0.331 were recovered from the laminin-1

columns.

To further characterize the relative expression of the oté■ ;1 complex by keratinocytes

and SCC cells, we performed antibody-affinity chromatography to quantitatively isolate all

q6-containing integrins. In these studies, *i-labeled cell lysates were passed over columns

of 0.6-antibody-Sepharose and bound material was eluted for analysis. Fractionation by SDS

PAGE revealed that the material eluted from the columns consisted of a set of radiolabeled

bands ranging between 80 and 200 kD. When this eluted material was subjected to

immunoprecipitation with anti-06 or anti-■ émabs, nearly the same radiolabeled polypeptide

profile was recovered (Fig. 2.6B); an additional band of 90 kD was present in the preparations

from SCC cells and it appears to be a degradation product of the 34 subunit. With the HK,

immunoprecipitation with anti-■ ºl antibody recovered little if any material, indicating

49



negligible amounts of 0.631 expression on these cells. However, consistent with the results

in Fig. 6A, anti-■ ºl antibody recovered moderate amounts of the 0.631 complex from the SCC

cells, and a broad ■ ºl band at 116 kD is visible in the total anti-o.6 immunoprecipitate from

these cells. For both cell types, anti-■ é antibody immunoprecipitated large amounts of the

o,634 complex, with major polypeptides corresponding to 180-200, 170, 130 (34 subunits and

its cleaved polypeptides) and 140 kD (0.6 subunits) under non-reducing conditions. These

proteins were quantitatively recovered on the anti-0.6 antibody columns, as assessed by

immunoprecipitation of the cell lysates after they were processed on the columns (not shown).

The difference between these cell types in c.631 expression could be related to

differences in the overall levels of 0.6, 31 and 34 integrin subunits expressed on HK and SCC

cells. We assessed surface expression of these integrins, using cytofluorometric analysis, and

found that both cell types had similar levels of expression of the cé, Q1 and 34 subunits (Fig.

2.7). The oz and oº subunits also were expressed at similar levels on both cell types (not

shown).

It is possible that the cytoplasmic concentration of newly synthesized integrin subunits

does not correlate directly with the surface expression of these integrins. To determine

whether the failure of keratinocytes to express q631 is due to low levels of synthesis of either

the oté or the [1 subunit, we first used Northern blot analysis to analyze integrin mRNA levels

in HK and SCC cells (Fig. 2.8). *P-labeled integrin o.6, 31 and 34 cDNA fragments were

used as probes. In comparison with SCC cells, HK had a higher level of 34 mRNA, a

somewhat higher level of 0.6 mRNA, but a similar level of 31 mRNA.

We next examined the level of synthesis of integrin proteins, using metabolic labeling
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with [*S]methionine and [*S]cysteine followed by immunoprecipitation of the cell extracts

with mabs against the G1 and the £4 subunits (Fig. 2.9A). The results showed that SCC cells

had moderately higher amounts of mature 31 than did keratinocytes; in addition, SCC cells

had a large pool of pre-■ )1, which, as shown in other studies (Larjava et al., 1990), is an

incompletely processed form with slightly higher electrophoretic mobility than the mature £1

subunit. Also, the collection of a chains that were potentially associated with 31 (0.2, a3, 0.5

or 0.6) appeared to be present in higher quantities in the SCC cells. In contrast, HK had

undetectable levels of pre-■ ºl and a slightly higher level of 34 subunit than in SCC cells. This

is consistent with the results obtained from Northern blotting, which showed that HK had

higher levels of 34 mRNA than did SCC cells (Fig. 2.8).

To further evaluate the rate of maturation of 31 subunit, we performed pulse-chase

metabolic labeling on HK. The result showed that the pool of pre-É1 appeared in 1 and 2 h

chase samples and completely disappeared in 4 and 6 h samples (Fig. 2.9B). These data

confirmed our result (Fig. 2.9A) that the undetectable levels of pre-É1 in HK are due to the

rapid maturation or degradation processes.

Laminin-1 is anti-adhesive for keratinocytes

The poor adhesion of keratinocytes to laminin-1 substrates may reflect not only the

absence of appropriate receptors but also a direct inhibitory effect of this ligand on cell

attachment. To evaluate this possibility, we coated substrates first with one of several ligands

normally adhesive for HK, and then with laminin-1. Under conditions in which HK normally

adhere well to fibronectin, the additional presence of immobilized laminin-1 resulted in a
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striking decrease in cell adhesion (Fig. 2.10A). The inhibitory effect of laminin-1 was

stoichiometric, and high concentrations of fibronectin could overcome the laminin-1-induced

anti-adhesive activity. We next tested whether the inhibitory effect of laminin-1 on cell

adhesion was due to perturbation of specific integrin function or represented a general

paralysis of cell attachment. In these experiments, cells were seeded onto substrates coated

with anti-integrin antibodies (either anti-o.6 or anti-■ é IgG) which normally could promote

adhesion by binding to the surface receptor subunit. Curiously, co-immobilized laminin-1 was

also able to inhibit the antibody-induced adhesion (Fig. 2.10B). Furthermore, the inhibition

was again strictly stoichiometric, since high coating concentrations of antibody could

overcome the inhibitory effect of laminin-1.

SCC cells were similarly tested for the effects of laminin-1 on their adhesion to

substrates coated with fibronectin (Fig. 2.10C) or collagen type I (not shown); only a

moderate anti-adhesive effect was observed. To eliminate the adhesion-promoting activity

of laminin-1 that might mask its anti-adhesive properties, the assays were also conducted in

the presence of anti-0.6 blocking mAb. Under these conditions, co-immobilized laminin-1

significantly inhibited adhesion of SCC cells to fibronectin.

Finally, we evaluated the capacity of various laminin-1 fragments to induce anti

adhesive behavior in keratinocytes. We tested the E1'fragment (most of the cross region of

laminin-1), the E3 fragment (last two loops of C-terminus of the O. chain), the E4 fragment

(first globular domain of 31 chain), the E8 fragment (most of the long arm of laminin-1,

lacking the E3), P1 (the inner cross of laminin-1) and the rG domain (recombinant,

representing the 5 loops of the C-terminus of the o chain). Significant anti-adhesive activity
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was detected in the E1', P1 and E8 fragments; little or no activity was found in the E3, E4,

or rC fragments (Fig. 2.11).
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FIGURE LEGENDS

Figure 2.1. Keratinocytes avoid laminin-1 substrates. Cells were seeded onto

coverslips with alternating laminin-1-free and laminin-1-coated tracks and incubated for 18

h. The samples were then processed for immunofluorescence staining with anti-0.6 (GoH3)

monoclonal antibody. (A) Keratinocytes that have attached preferentially to tracks devoid

of laminin-1. Large arrowheads indicate areas where cells have confronted the boundary of

the laminin-1 substrate. Small arrowheads show a thin strip of laminin-1 coating which the

cell's lamellipodia and associated c.6 integrin have avoided. (B) A keratinocyte migrating in

a narrow track devoid of laminin-1; condensations of 0.6 integrin were not present.

Arrowheads indicate lamellipodia. (C) and (D) SCC cells spread on the coverslip surface

whether coated with laminin-1 or not. Arrowheads indicate staining of 0.6-containing

condensations. Bar, 25 p.m.

Figure 2.2. Cell adhesion to ECM proteins. The cells were plated on polystyrene

microtiter wells coated with the indicated ECM proteins and were processed as described in

Materials and Methods. (A) HK were plated on laminin-1, collagen type I, collagen type IV

and fibronectin at a range of concentrations. Background adhesion to control BSA substrates

was less than 10% of mean values and has been subtracted from all data points. (B) HK or

SCC cells were plated on wells coated with 10 or 100 pg/ml laminin-1 or collagen type I. For

(A) and (B), values represents the mean + s.d. of three replicate wells.

Figure 2.3. Cell migration on laminin-1. (A) Migration index of HK and SCC cells

on substrates coated with laminin-1 (90 pg/ml), collagen type I (15 pg/ml), collagen type IV

(15 pg/ml) or fibronectin (90 pg/ml). (B) HK or SCC cells were seeded on the substrates
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coated with the indicated concentration of laminin-1 and incubated for 15 h at 37°C; the

migration index was then determined as described in Materials and Methods. For (A) and

(B), values represents the mean + s.d. of three replicate wells.

Figure 2.4. Migration tracks of cells on laminin-1. Coverslips were coated first with

colloidal gold salts and then with either control BSA (1 mg/ml) (A and C) or laminin-1 (180

pg/ml) (B and D) as described in Materials and Methods. The coverslips were seeded with

HK (A and B) or SCC cells (C and D), incubated for 15 h, fixed, and photographed. Bar, 100

|im.

Figure 2.5. Anti-0631 antibody inhibits SCC cell adhesion and migration on laminin-1

and laminin-1 fragments. SCC cells were seeded on substrates coated with (A) laminin-1

(100 pg/ml), (B)laminin-1 or the E8 or P1 fragments (100 pg/ml), or (C) laminin-1 (180

pg/ml). In the presence of optimal concentrations of anti-integrin antibodies, cells were

incubated for 30 min for the adhesion assays (A and B) or 15 h for the migration assays (C).

The mabs included anti-02 (P1H5 ascites, 1:100), anti-03 (P1B5 ascites, 1:100), anti-0.5

(P1D6 ascites, 1:100), anti-0.6 (GoH3 hybridoma supernatant, 1:10) and anti-■ ºl (AIIB2

ascites, 1:100). Results are expressed as percentage of cell attachment adhesion or as

migration index. Values represent the mean + s.d. of three replicate wells.

Figure 2.6. Transformed keratinocytes, but not normal keratinocytes, express the

c.6.31 laminin-1 receptor. (A) HK and SCC cells were *I-surface-labeled and the detergent

extracts were chromatographed on laminin-1-Sepharose columns as described in Materials

and Methods. After washing, material bound to laminin-1-Sepharose columns was eluted

with 0.2 MNaCl in running buffer. Fractions were sequentially immunoprecipitated with anti
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o:6 (GoH3), anti-c.2 (P1H5), and anti-g3 (P1B5) mab. (B) Lysates of *I-surface-labeled

HK and SCC cells were chromatographed on columns of anti-o.6 antibody (J1B5) conjugated

to Sepharose. After washing, bound material was eluted as described in Materials and

Methods. Fractions were then sequentially immunoprecipitated with anti-0.6 (GoH3), anti-■ ºl

(AIIB2) or anti-■ é (3E1) monoclonal antibodies. Samples were processed for SDS-PAGE

under nonreducing conditions.

Figure 2.7. Cytofluorometric analysis of integrin subunits. Cells were stained with

(A) control FITC-labeled rabbit anti-rat IgG antibody alone, (B) anti-0.6 antibody (GoH3),

(C) anti-■ ºl antibody (AIIB2), or (D) anti-■ é antibody (3E1). Fluorescence staining profiles

of integrin subunits are presented in solid lines for HK, dotted lines for SCC cells.

Figure 2.8. Expression of 0.6, 31 and £4 integrin subunit mRNA. Total cellular RNA

was purified as described in Materials and Methods. Equal amounts of RNA (20 pig) were

separated by electrophoresis in a 1% agarose gel and transferred to a nitrocellulose filter. The

filters were then hybridized with *P-labeled a6, 31, and 34 cDNA probes and subjected to

autoradiography. The positions of ribosomal RNA are indicated.

Figure 2.9. Analysis of 31 and 34 integrin subunit biosynthesis. Panel A: HK and

SCC cells were metabolically labeled with [*S]methionine and [*S]cysteine as described in

Materials and Methods and cell lysates were immunoprecipitated with anti-■ ºl (AIIB2) (lanes

1, 4, 7 and 10) and anti-Q4 (3E1) (lanes 2, 5, 8 and 11) antibodies or control antibody (SP2)

(lanes 3, 6, 9 and 12) as described in Materials and Methods. The immunoprecipitates were

then analyzed by SDS-PAGE and autoradiography. Lanes 1 to 6, nonreducing conditions;

lanes 7 to 12, reducing conditions. Positions of integrin subunits and molecular mass
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standards (kD) are indicated. Panal B: For pulse-chase labeling, cells were labeled with *S-

methionine and -cysteine for 30 min, washed with a medium containing excess unlabeled

methionine and cysteine and incubated further in complete medium as described in "Materials

and Methods". The cells were then extracted with TNC lysis buffer at different time intervals

and the cell lysates were immunoprecipitated with anti-■ ºl mab and analyzed by SDS-PAGE

and autoradiography. Chase time intervals: lane 1, 0 h; lane 2, 1 h; lane 3, 2 h; lane 4, 4 h;

lane 5, 6 h.

Figure 2.10. Laminin-1 is anti-adhesive for keratinocytes and SCC cells. (A) Wells

were coated with collagen type I alone or with collagen type I followed by laminin-1. HK

were then assayed for attachment as in Figure 2. (B) Wells were coated with the indicated

concentration of anti-0.6 (135-13C) or anti-■ }4 (439-9B) antibody alone or with antibodies

followed by laminin-1 (20 pg/ml). HGK were then assayed for adhesion. (C) Wells were

coated with fibronectin (5 pg/ml) or laminin-1 alone, or fibronectin followed by laminin-1.

SCC cells were then assayed for adhesion; where indicated, anti-0.6 mAb (GoH3, 1:10) was

added to the cell suspensions. Values represents the mean + s.d. of three replicate wells.

Figure 2.11. Specific fragments of laminin-1 are anti-adhesive for keratinocytes.

Wells were coated with fibronectin (5 pg/ml) followed by the indicated concentrations of

laminin-1 or its fragments (E1', E3, E4, E8, P1, or G) (upper panel). Another set of wells

were coated with laminin-1 or laminin-1 fragments only (lower panel). Keratinocytes were

then assayed for adhesion as detailed in the legend to Figure 2.2. Values represents the mean

+ s.d. of three replicate wells.
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Figure 2.4
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PART 3

Interaction of a 331 Integrin and Endogenous Laminin-5 (Kalinin) Promotes Migration

of Keratinocytes

In the first two parts of our study, we analysed the interaction of HK with exogenous

ECM ligands, especially the regulation of cell adhesion and migration by the expression and

function of integrins. In the last part of our study, we address the important function of

endogenous ligand(s) in regulation of HK adhesion and migration.

Role of integrins in HK adhesion and migration

We investigated the ability of HK to attach to collagen type I by using cell adhesion

assays. Attachment of the cells to collagen type I was concentration dependent and reached

a maximal level at about 0.3 pg/ml of collagen coating (Fig. 3.1A). To determine the integrin

dependancy of cell adhesion to collagen type I, we incubated HK with selected anti-integrin

mAbs (Fig. 3.1B). Cell adhesion was inhibited completely by mabs to 0.2 and 31, which

together compose a receptor for collagen type I. This result confirmed our earlier finding

(Fig. 1.2). Anti-0.5, anti-o.6 and anti-03 mabs had minimal effects. The finding that mab to

o:3 did not block adhesion contrasted with reports that in keratinocytes, O.3 acts as a collagen

receptor (Carter et al., 1990a, Larjava et al., 1991).

Next, we used modified Boyden chamber assays to determine the role of integrins in

cell migration. Cells were allowed to migrate for 4.5 h on a filter precoated with collagen

type I (1-100 pg/ml) in the presence or absence of anti-integrin mAbs. Cell motility on

collagen type I was concentration dependent (Fig. 3.2A), approaching a plateau at about 30
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pg/ml of collagen coating; in the absence of the collagen type I coating, migration did not

occur. MAb to the collagen receptor (0:2) (Fig. 3.2B) and anti-■ : 1 mAb (data not shown)

completely abolished cell migration. Such a result is expected since cell adhesion is a

prerequisite for cell motility. MAb to the fibronectin receptor as had no effect on cell

migration. Unexpectedly, however anti-03 and anti-0.6 mAbs substantially inhibited cell

migration in a dose-dependent manner, with anti-0.3 mab being more effective in blocking

motility than anti-0.6 mab. Taken together, these findings suggested that q} and, to lesser

extent, 0.6 function in promoting cell motility, but have only a minimal effect on cell

attachment to a collagen type I substrate.

Deposition of laminin-5 by keratinocytes

Our finding that oº and 0.6 mabs did not block cell adhesion but did inhibit cell

motility on collagen type I was unexpected, and raised the question of what ligands these

receptors were interacting with. It has recently been learned that one of the ligands for 0.3-

and 06- containing integrins is laminin-5 (also known as kalinin, nicein and epiligrin), which

is a member of the laminin family secreted by keratinocytes (see Introduction). To investigate

the possible involvement of laminin-5 in HK adhesion and migration, we performed

immunocytochemistry at several time points after plating HK on collagen type I. Cells were

plated on coverslips coated with collagen type I, incubated for the indicated times, fixed,

permeabilized and finally stained by immunofluorescence with a mAb to laminin-5 (GB3).

After 30 min of plating, a fraction of the adherent cells had begun to spread, and in these cells

laminin-5 staining was evident only as rings at the peripheral borders of the cells (Fig. 3.3A).

.
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By 60 to 90 min, most cells had attached and spread and had begun to move from their initial

attachment sites, leaving behind deposits of laminin 5 (Fig. 3.3B, C). Between 2 and 4 h, cells

migrated and left multiple rings and trails of deposited laminin 5 on the coverslips (Fig. 3.3D,

E, F); the rings of laminin-5 deposits frequently showed a striated pattern of staining. These

results indicated that HK secrete and deposit laminin-5 locally on to the substrate, where it

is therefore available for cell adhesion and migration at later time periods.

Role of laminin-5 in cell adhesion and migration

Integrins a 331, 0:631 and 0.634 have been suggested to be primary receptors for

laminin-5. To determine the role of laminin-5 in HK motility, we tested a blocking mAb to

this molecule (BM2). In the presence of BM2, keratinocyte locomotion on a collagen type

I substrate was significantly inhibited (Fig. 3.4B), although BM2 had a negligible inhibitory

effect on initial HK adhesion to collagen type I (Fig. 3.4A). These results, when considered

with those in Figs, 3.1-3.3, indicate that at early times (30 min) cells adhere to collagen type

I via 0231. Once they have adhered, secretion and deposition of endogenous laminin-5 play

a crucial role in cell migration.

We next tested the binding of cells to laminin-5-coated substrates and found that cell

adhesion to these substrates was concentration dependent (Fig. 3.5A), approaching maximum

adhesion at a coating of 5 pig■ ml, with significant attachment (~50%) on a coating of 1 pg/ml

of ligand. Anti-03 and anti-laminin-5 mAbs significantly blocked cell attachment. Studies of

dependency of integrin showed that anti-o.6 mab blocked cell attachment partially, and anti

q2 and anti-aš mAbs had a minimal effect (Fig. 3.5, B).
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To study further the role of laminin-5 in cell migration, additional assays were

conducted on laminin-5-coated filters. Cell migration on laminin-5 substrates was highly

efficient; a half-maximal response induced with a substrate coating of ~ 1 mg/ml exceeded the

level of migration produced on 10 pg/ml collagen type I (Fig. 3.6A). Next, a panel of

blocking måbs was tested in a migration assay on laminin-5 substrates. As in the adhesion

assay, both anti-03 and anti-laminin-5 mAbs blocked about 90% of cell migration (Fig. 3.6B).

Anti-o.6 mab blocked more than 30% of cell migration, but anti-03 and anti-o.6 together

blocked migration by more than 95%. There was only a slight inhibitory effect with anti-02

mAb, and no effect on cell migration in the presence of anti-0.5 mAb. These results further

confirmed the stimulatory role of laminin-5 in cell migration and the role of 0.3 and, to lesser

extent, c.6 in mediating HK migration on laminin-5. In addition, the data suggest that q2 in

keratinocytes does not interact with laminin-5 or stimulate cell motility on this substrate.

Next, we plated HK on fibronectin-coated filters to determine if, as in the case of

collagen, contact with fibronectin also stimulated HK migration and the production of

laminin-5. Anti-■ ºl mab inhibited HK migration on fibronectin-coated substrates by nearly

80% (Fig. 3.7). Anti-o.5 as well as anti-o.3 and anti-laminin-5 mAbs reduced cell migration

by about 60%. Anti-o.6 mAb also had an inhibiting effect, but to a lesser extent (about 35%).

By contrast, anti-02 mAb had a minimal effect. These results supported the notion that both

collagen type I and fibronectin could promote HK attachment and subsequent promotion of

migration on deposited laminin-5. Furthermore, these data also show that oº interaction with

laminin-5 is important for cell motility, not only on collagen type I but also on other ligands,

including fibronectin. The fact that an optimal concentration of blocking anti-91 mAb did not
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completely inhibit motility on fibronectin suggests that another receptor family (e.g., ov■ ø)

may contribute to cell motility on this substrates.

To further examine the effect of conditions for cell attachment on subsequent cell

migration, we used an in vitro wound healing assay. In these assays, unlike the short-term

cell adhesion and migration assays, we examined the migration of cells that had been attached

to the substrate for 24 h. Cells were cultured first on a collagen type I substrate for 24 h, by

which time they had formed a confluent monolayer. Next, a scratch wound in the monolayer

was introduced, and the denuded portion of the culture dish surface was re-coated with

collagen type I. Immunofluorescence staining confirmed that this procedure removed all

detectable matrix components such as laminin-5 or fibronectin. The cultures were then

incubated with selected blocking mabs and the reepithelialization of the "wound" over time

was assessed. Phase-contrast micrographs (Fig. 3.9A) and computer-assisted image analysis

data (Fig. 3.9B) revealed that anti-02 plus anti-03 mAbs, as well as anti-■ ºl mab, significantly

impeded cell migration (> 80%). Separately, anti-03 and anti-02 mAb inhibited cell migration

partially (70% and 30%, respectively). Anti-0.5 mAb had a minimal effect. The inhibitory

effect of anti-02 was significantly less in the wound healing assay than in the cell migration

assay (Fig. 2B). Furthermore, cells began to detach in the presence of anti-laminin-5 mAb

(data not shown). This difference indicates that this long term assay focuses on motility

rather than initial attachment and that motility is mediated primarily by the interaction of 0.3

integrin with laminin-5. Interestingly, anti-0.6 had no demonstrable effect on

reepithelialization, although it did have a significant inhibitory effect in Boyden chamber cell

migration assays (Fig. 3.2B and 3.5B). Anti-laminin-5 mAb treatment also substantially
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blocked monolayer reepithelization but also caused substantial detachment of keratinocytes

(not shown).

If secretion of laminin-5 after attachment is crucial for HK migration, then inhibition

of protein synthesis by the cells should reduce or block their motility. We tested this by using

cycloheximide, a specific inhibitor of protein synthesis. On collagen type I substrates,

cycloheximide (5 pig■ ml) significantly (80%) inhibited HK migration (Fig. 3.9A) but had only

a minor effect (10%) on HK attachment (Fig. 3.9B). On laminin-5 substrates, however,

cycloheximide had less of an inhibitory effect (30%) on cell migration (Fig. 3.9C) and no

effect on cell adhesion (Fig. 9D). These results support the contention that biosynthesis and

secretion of endogenous laminin-5 play a crucial role in HK migration.

We next used immunocytochemistry to investigate the deposition of laminin-5 on

different ECM ligands (Fig. 3.10). Cells were first plated on either 1% BSA, collagen type

I (10 pg/ml), fibronectin (10 and 20 pg/ml) or collagen type IV (1 and 10 pg/ml) for 4 h.

After fixing and permeabilizing, cells were stained with anti-laminin-5 antibody (GB3). The

results indicated that after this extended period of incubation, there was focal deposition of

laminin-5 on all ligands tested, including BSA. Thus, while HK do not initially adhere to BSA

substrates, after 4 h of incubation they are able to deposit kalinin and initiate cell spreading

on the normally non-adhesive surface.
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FIGURE LEGENDS

Figure 3.1. Attachment of keratinocytes on a collagen type I substrate. Cell adhesion

was determined after 30 min incubation using a colorimetric assay as described in Materials

and Methods. (A) Ligand dose-response. (B) Inhibition of cell adhesion on wells coated with

10 pg/ml collagen type I substrate without or with anti-02 (VM1), -0.3 (P1B5), -o.5 (BIIG2),

-0.6 (GoH3) and -31 (AIIB2) mabs at concentrations detailed in Materials and Methods.

Each point represents the mean + s.d. of three replicate wells.

Figure 3.2. Migration of keratinocytes on a collagen type I substrate. Cell migration

was evaluated using a modified Boyden chamber with an 8-plm porous membrane coated with

collagen type I. Cells were allowed to traverse the membrane for 4.5 h. (A) Ligand dose

response. (B) Inhibition of migration in the absence or presence of anti-02 (open square), -0.3

(closed diamond), -0.5 (closed square) and -0.6 (open diamond) mabs. The dilution factors

are indicated at bottom of figure except that for anti-0.6 mAb the dilution was 1, 5 and 10

pg/ml. Each point represents the mean + s.e.m. of three replicate wells.

Figure 3.3. Time course of keratinocyte deposition of laminin-5 on a collagen type I

substrate. Glass coverslips were pre-coated with 10 mg/ml of collagen type I. Cells were

allowed to adhere on the coverslips for 30 min (A), 60 min (B), 90 min (C), 2 h (D), 3 h (E)

and 4 h (F). After fixing and permeabilizing, adherent cells were stained with antibodies to

laminin-5 (GB3) and counter-stained by fluorescein-labeled secondary antibodies.

Figure 3.4. Effect of anti-laminin-5 mAb (BM2) on keratinocyte adhesion and

migration. Cell adhesion (A) and cell migration (B) were assayed on a collagen type I

substrate (10 pg/ml) as described in Figs. 1 and 2 in the absence or presence of various
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concentrations of BM2. Each point represents the mean + s.d. in cell adhesion and the mean

+ s.e.m. in cell migration of three replicate wells.

Figure 3.5. Attachment of keratinocytes on a laminin-5 substrate. Cell adhesion was

determined as described in Materials and Methods. (A) Ligand dose-response. The 100%

mark corresponds to the cell attachment on 10 pg/ml collagen type I substrate, assayed

simultaneously. (B) Inhibition of cell adhesion on 2.5 pg/ml laminin-5 substrate in the

absence (control) or presence of anti-a2 (VM1), -0.3 (P1B5), -o.5 (BIIG2), -0.6 (GoH3) and

-laminin-5 (BM2) mabs. Each bar represents the mean + s.d. of three replicate wells.

Figure 3.6. Migration of keratinocytes on a laminin-5 substrate. Cell migration was

evaluated as in Fig. 2, but the filters were coated with laminin-5. (A) Dose-response to ligand

coating. The 100% mark corresponds to the cell migration on 10 pg/ml collagen type I

substrate, assayed simultaneously. (B) Inhibition of migration in the absence (control) or

presence of anti-02 (VM2), -0.3 (P1B5), -0.5 (BIIG2), -0.6 (GoH3) and -laminin-5 (BM2)

mAbs. Each point represents the mean + s.e.m. of three replicate wells.

Figure 3.7. Inhibition of keratinocyte migration on a fibronectin substrate. Cell

migration was evaluated as described in Fig. 2 except that filters were coated with fibronectin

(30 pg/ml). Cell migration was assayed in the absence (control) or presence of anti-02

(VM2), -23 (PIB5), -25 (BIIG2), -66 (GoH3), -91 (AIIB2) and -laminin-5 (BM2) mabs.

Each bar represents the mean + s.e.d. of three replicate wells.

Figure 3.8. In vitro wound healing assay on a collagen type I substrate. Confluent

densities of keratinocytes were first plated on collagen type I (10 pg/ml)-coated tissue culture

dishes for 24 h. A scratch-wound was made as described in Materials and Methods, and the
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ability of cells to migrate and cover the wound surfaces was evaluated in the presence or

absence of selected mAbs. Panel A: Phase-contrast photomicrographs of cell migration. A-G:

15 min after wounding; H-N: 24 h after wounding. Control: no mAb (A and H); other

conditions include mabs to integrins o' (B and I), 0.3 (C and J), oz+03 (D and K), 0:5 (E and

L), 0.6 (F and M) and £1(G and N). Panel B: Image analysis of the photomicrographs. The

percentage of cell migration was calculated by measuring the area of denuded surface

covered by migrating cell layer. Each bar represents the mean + s.e.m. of three separate

experiments.

Figure 3.9. Effect of inhibition of protein synthesis on keratinocyte migration and

attachment. Cell migration and adhesion were studied as described in Figs. 1 and 2 in the

absence or presence of cycloheximide (5 ng/ml). Cell migration (A) and cell attachment (B)

on 10 pig■ ml collagen type I substrate. Cell migration (C) and cell attachment (D) on 2.5

pg/ml laminin-5 substrate. Each bar represents the mean ± s.e.m. for cell migration and mean

+ s.d. for cell attachment of three replicate wells.

Figure 3.10. Deposition of laminin-5 by keratinocytes on various ECM ligands. Glass

coverslips were pre-coated with BSA (1%) (A), collagen type I (10 pg/ml) (B), collagen type

IV (1 and 10 pg/ml) (C and D), and fibronectin (10 and 20 pg/ml) (E and F). Cells were

allowed to adhere to these proteins for 4.5 h and were then stained by immunofluorescence

with anti-laminin-5 mAb (GB3).
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Figure 3.3
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Figure 3.10

87



CHAPTER FOUR

DISCUSSION
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The adhesion and migration of keratinocytes play an important role in the wound

healing process. They are early events during wound healing and primarily involved with

activated keratinocytes, ECM ligands and their receptors. Cell adhesion and migration could

be categorized into following aspects: (1) cell activation characterized by the upregulating

synthesis and expression of adhesion receptors; (2) deposition of nascent ECM ligands either

from wound fluid, or secreted by adjacent and migrating cells and (3) regulatory effect of

motility inducing growth factors such as EGF and HGF/SF. In the present studies, I focused

on the expression and function of keratinocyte integrins and their ligands, especially

endogenously secreted laminin-5.

Cultured HK was used as a model to study the role of integrins in wound healing.

These cells express high levels of O231, O.331 and O.634 integrins (Fig. 1.1). By comparing

each integrin activities towards different ECM ligands, we found that HK adhered better on

collagen type I than type IV. Furthermore, the migration of HK was increased on collagen

type I substrates compared to collagen type IV substrate. Anti-o.2 and anti-■ ºl integrin mabs

blocked the cell adhesion and migration on both collagen types I and IV and therefore these

integrins are the receptors for these ligands.

The affinity of a integrin towards a specific ligand may vary and is dependent on

divalent cations and the structure of each ligand. To determine whether o’■■ 1 integrins have

different binding activities for collagen types I and IV, we performed ligand-affinity

chromatography using radiolabeled cell lysates and found that oz■ ;1 was preferentially

retained on collagen type I columns. This appears to explain the preferential adhesion and

migration of HK on collagen type I rather than type IV substrates. Recently, Kern et al.
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(1993) found that comparing different collagens, o.131 showed the highest affinity for

collagen type IV, whereas o.231 had high affinity for collagen type I. One explanation for

these differences is that the specific sequences in the major binding site of collagen type I for

an is not present in collagen type IV (Kern et al., 1993; Vandenberg et al., 1991). These

results further suggest that an intact triple-helical conformation and some unique amino acid

sequences are important for the interaction of interstitial and basement membrane collagens

with ozºl integrins.

Cell migration is considered to be a key component of wound healing. The

mechanisms regulating cell locomotion involve cytoskeletal contractile proteins, ECM ligands

and their receptors (Luna and Hitt, 1992; Regen and Horwitz, 1992; Stossel, 1993).

Motility factors are also known to be important in stimulating cell migration (Warm and

Dowrick, 1989). Several growth factors have been implicated in stimulating the process of

cell motility and invasion (Mizoguchi et al., 1991; Mooradian et al., 1992). In our previous

study (Chen et al., 1993), we showed that EGF and TGF-o: stimulated HK locomotion on

collagen substrates. Treatment of HK with EGF or TGF-o for 24 h upregulate the expression

of ot2. Subsequentially, we found that HGF/SF significantly stimulated HK migration on

collagen type I via integrins, mainly oº■■ 1, and on fibronectin via O.S. Since the expression

of integrins may be modulated by various growth factors (Santala and Heino, 1991; Enenstein

et al., 1992), we also examined whether integrin levels were affected by HGF/SF but found

no significant change in the level of integrin expression. Even though the mechanism by

which HGF/SF stimulates HK migration is yet to be determined, the recent report by

Matsumoto et al. (1994) has provided more insight into this matter. The results suggest that
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src-related tyrosine kinase activity induced by c-met/HGF/SF significantly induces integrin

and cytoskeleton reorganization, increases p125*phosphorylation, and eventually stimulates

cell motility and invasion.

In most epithelial basement membranes, which include the epidermis and the oral

mucosa, the major laminin type present appears to be the classical laminin represented by the

EHS laminin used in the present studies (Engvall et al., 1990; Klein et al., 1990; Paulsson,

1992). We have examined the behavior of keratinocytes toward this laminin (laminin-1). In

agreement with our in vitro wound healing results, I found that keratinocytes failed to adhere

to laminin-1 under conditions that permit other cells, such as transformed keratinocytes, to

attach, spread, and migrate. The reasons for this difference in adhesion are complex; the

present experiments suggest that the key factors are (1) the failure of keratinocytes to express

the q631 complex or other functional laminin-1 receptors, and (2) a general paralysis of

keratinocyte adhesion induced by the immobilized laminin-1. The lack of keratinocyte

adhesion to laminin-1 may be a mechanism by which these cells are prevented from invading

laminin-1 rich matrices.

The mechanism by which keratinocytes are unable to express high levels of the C.631

complex appears to be related to the preferential association of 0.6 with 34. Previous studies

with other epithelial cell lines have suggested that this preferential association can occur

(Hemler et al., 1989; Sonnenberg et al., 1988 and 1990a). In keratinocytes there appears to

be a complete association of 0.6 with 34, with no detectable level of 0.631. Both Northern

blot analysis and metabolic labeling studies suggested somewhat higher levels of 34 in the

keratinocytes than SCC cells, which, by mass action, would favor G694 association. In
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addition, the relative levels of the other nascent of subunits (0.2, 0.3, 0.5) that can combine

with the ■ ºl partner may effectively compete against C.6 for available 31 subunits. Another

consideration, as shown here and previously reported by Larjava (1991), is that the

keratinocytes have essentially no pre-■ ºl pool. By using pulse-chase analysis, we found that

there was no pre-É1 detected during a 4-6 h chase. This suggested that the [1 subunit is a

limiting factor. As it combined with individual or subunits, the resulting heterodimers are

rapidly processed.

It is intriguing that in wound healing assays, anti-o.2 mAb did not completely block

the HK migration on collagen type I substrate, but did block the initial adhesion. Anti-p1

mAb was effective in blocking both adhesion and migration. This suggested that other

member(s) of the 31 integrin family played a role in the cell migration on this substrate. This

will be addressed later.

Previous studies have shown that relatively long incubation times (6-24 h) for cultured

keratinocytes are needed to achieve reasonable levels of mann to immobilized laminin-1

(Carter et al., 1990a, DeLuca et al., 1990; Adams and Watt, 1990). Carter et al. (1990a)

provided evidence that in extended attachment assays, keratinocytes secrete a unique

basolateral ECM and that q231 and 0.634 integrins are involved in adhesion to this substrate.

In other studies, adhesion to laminin-1 after long incubation was blocked by antibody to 34,

but not [91 (De Luca et al., 1990). It is known that keratinocytes eventually form stable

adhesion structures, the hemidesmosomes, in which the c.634 integrin is concentrated (Jones

et al., 1991; Sonnenberg et al., 1991; Stepp et al., 1990). It has been shown that during

prolonged keratinocyte adhesion, the cells secreted and deposited laminin-5, a unique
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adhesive glycoprotein that has also variously been called epiligrin (Carter et al., 1991), kalinin

(Rousselle et al., 1991) or nicein (Patrick Verrando, personal communication); these

disulfide-bonded glycoprotein complexes appear to be identical or similar macromolecules

(Burgeson, 1992). Carter et al. (1991) identified this matrix component as a ligand for the

o:331 integrin, which appears to mediate, at least in part, the adhesion of keratinocytes in

long-term culture. The current results indicate that, for keratinocytes, laminin-1 is non

adhesive, even anti-adhesive, and suggest that for attachment to this ligand the substratum

must be modified by the deposition of other ECM-containing adhesive ligands, including

laminin-5.

Our cytofluorometric analysis and immunoprecipitation studies indicated that both oral

and epidermal keratinocytes express similarly high levels of the laminin-1-binding integrins

o:231 and 0.331; this confirms the results of others for keratinocytes (Adams and Watt, 1990;

Carter yet al., 1990b, 1991; Klein et al., 1990, Larjava et al., 1990). These two integrins have

been shown to function as effective laminin-1 receptors in other systems (reviewed in

Mecham, 1991; Hynes, 1992; Karecla et al., 1994). However, 0.231 binding to laminin-1 is

cell-type-specific (Kirchhofer et al., 1990). In keratinocytes, 0.231 appears to be a laminin-1

and a collagen receptor, as assessed by affinity chromatography, although only small amounts

were recovered from laminin-1 columns (Fig. 2.6A). 0.331, however, was not detected in

significant amounts in fractions eluted from laminin-1-Sepharose columns, suggesting that in

these cells it is not a laminin-1 receptor. It should be noted, however, that cº■■ 1 does not

always bind efficiently to laminin-1-Sepharose columns (Elices et al., 1991). On the other

hand, oº■■ 1 may be binding to artificially deposited laminin-5 present in cell lysates. SCC
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cells also expressed high levels of 0.231 and a 331, yet blocking antibody to either of these

integrins failed to diminish their adhesion to laminin-1 substrates. With the SCC cells, a 631

appears to be the dominant receptor for laminin-1, even though O231 was bound and eluted

from laminin-1-Sepharose columns. That SCC cells use the dé■ ;1 complex for adhesion and

migration on laminin-1 is supported by the observation that the E8 fragment of laminin-1,

which contains the binding site for 0.691, promotes adhesion and migration activities as

efficiently as intact laminin-1.

The ability of laminin-1 to inhibit keratinocyte adhesion to other ligands such as

fibronectin or collagen type I appears to be due to a subset of specific domains. Inhibitory

activity was strongest with the E1, Pl and E8 fragments, which represent the cross region

containing the three short arms of laminin-1 and the terminal half of the long arm of laminin-1,

respectively. Laminin-1 in basement membranes self-associates and interacts with entactin

(nidogen), collagen type IV, heparan sulfate proteoglycan, and possibly other

macromolecules; these interactions may mask the inhibitory effects described here. The

mechanism by which laminin-1 induces inhibition of HK adhesion appears to be a global

paralysis of cell attachment. This is suggested by the capability of co-coated laminin-1 to

block adhesion to immobilized anti-integrin antibody. The cells somehow sense the presence

of laminin-1, but the specific receptors present on keratinocytes that mediate this effect are

unknown. They do not appear to be the 31 or 33 set of integrins, because blocking
antibodies to these integrins did not prevent laminin-1-induced inhibition of adhesion (not

shown).
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Calof and Lander (1991) reported that laminin-1 and merosin are anti-adhesive for

embryonic olfactory neuronal cells. As in the present studies, laminin-1 reduced adhesion to

other ligands, such as fibronectin. What is the in vivo consequence of laminin-1 producing

an anti-adhesive response in keratinocytes? In other systems certain ECM macromolecules,

in particular tenascin, have been shown to exert anti-adhesive effects (Chiquet-Ehrismann et

al., 1988; Faissner and Kruse, 1990; Tremble et al., 1994). We can conjecture that the

presence of certain forms of laminin-1 could restrict the movement of keratinocytes. Thus,

in the experiments described here, we found that HK cells avoided laminin-1 substrates and

maneuvered to areas devoid of laminin-1, to which they preferentially adhered. It is now

accepted that the ECM and surface receptors are important in the regulation of cell sorting

and movement during development and embryogenesis (Hynes and Lander, 1992). The

expression of specific laminin heterotrimers may be important for tissue organization by

promoting or restricting cell migration. In certain developing tissues, laminin-1 is expressed

briefly. This suggests that temporal and spatial signals are provided by the ECM during

organogenesis (Ekblom et al., 1991). For keratinocytes, certain laminin forms may restrain

cells from penetrating the basement membrane; when cells lose this sensitivity, as in

malignancy, invasion of this barrier could be possible.

Our studies with keratinocytes have suggested that laminin-1 is a relatively poor

substrate. Usually, long-term adhesion assays (6-24 h) are needed to achieve reasonable

levels of keratinocytes adhesion to immobilized laminin-1 (Carter et al., 1990; DeLuca et al.,

1990; Adams and Watt, 1990). Carter et al. (1990) provided evidence that in long-term

adhesion assays, keratinocytes secrete a unique basalateral ECM and that q231 and 0.694

-**
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integrins are involved in adhesion to this substrate. Similarly, long-term adhesion to laminin-1

was blocked by antibody to 34, but not [91 (DeLuca et al., 1990). This study, together with

others, suggests that adhesion and migration of keratinocytes on exogenous ligands in long

term assays could be due to the interaction of the cells with their endogenous secreted and

deposited ligand(s), such as laminin-5.

Several lines of evidence indicate that the migration of HK on collagen type I or

fibronectin substrates is predominantly mediated by endogenously deposited laminin-5. First,

blocking mab to laminin-5 or to its receptors (0.3 and 0.6) inhibited motility of cells plated

initially on collagen type I- or fibronectin-coated substrates. Second, cell migration was

accompanied by the deposition of laminin-5 in a time-dependent process (Fig. 3.3). This,

perhaps, could explain the preferential inhibitory effects of anti-03 and anti-0.6 mabs in the

cell migration assays but not in short-term cell adhesion assays, too brief a period for

significant laminin-5 to be deposited. Third, cell migration on laminin-5-coated substrates

was concentration dependent (Fig. 3.6A) and was blocked almost completely by anti-laminin

5 and anti-03 mAbs and partially by anti-0.6 mab. Finally, cycloheximide significantly

inhibited cell migration, but not cell adhesion, on collagen type I-coated substrates (>80%),

whereas on laminin-5-coated substrates it only partially inhibited cell migration. Taken

together, these results establish an important role for laminin-5 in regulating keratinocyte

motility.

Our studies also revealed that anti-laminin-5 mAb also block HK motility and

eventually detached cells from long-term wound healing assays (data not show).

Furthermore, it has been shown that anti-03 mAb efficiently detached long-term (>5 h)

R_ º
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cultured cells from both laminin-1 and fibronectin substrates (Carter et al., 1990). These

results are consistent with the idea that laminin-5 produced by the HK becomes the dominant

substrate for HK anchorage, following initial attachment to a variety of substrates.

Interaction of permissive ligands with their receptors, such as collagen type I with a 2

integrin and fibronectin with 0.5, is important to facilitate keratinocyte attachment and

migration. Collagen type I and fibronectin are interstitial ECM ligands normally located in

dermis. In normal epidermis, o?91 integrin is located on the apical and lateral plasma

membrane of keratinocytes in the basal and superbasal layers, where it may be involved in

cell-cell adhesive interactions (reviewed by Watt and Hertle, 1994). Following wounding,

keratinocytes may come into contact with collagen type I or fibronectin; they could utilize

o:231 or 0.531, respectively, to form new cell-matrix attachments and to facilitate their

migration to cover the wound. We found that anti-02 mAb, but not anti-0.5 mAb, completely

inhibited cell adhesion and migration on collagen type I substrates. A parallel result was

obtained with fibronectin-coated substrates, on which migration was blocked by anti-0.5 mAb

but not anti-02. The inhibition of cell migration in Boyden chamber assays by anti-02 mAb

(Fig. 3.2B) and anti-0.5 mAb (Fig. 3.7) might have been due to the initial inhibition of cell

attachment on the filters. This conclusion is based on the finding that, in in vitro wound

healing assays where cells had already attached, anti-0.2 mAb only partially blocked cell

migration on collagen type I substrate (Fig. 3.9, A and B). In these assays, the complete

inhibition of cell migration was achieved by combining anti-02 and -0.3 mabs, which further

indicated a dependency on secreted laminin-5.
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o:331 has been proposed to be a promiscuous receptor that mediates not only cell-cell

interaction (Carter et al., 1990; Larjava et al., 1990, Larjava, 1991) but also cell-ECM ligand

interactions, including those with collagens, fibronectin and laminins (Carter et al., 1990). In

our studies with HK we found no evidence, either by using affinity chromatography

(mentioned above) or by using antibody inhibition of cell attachment (Fig. 1B), that the cº■■ 1

integrin acted as a collagen receptor or a fibronectin receptor. We did find, however, that

anti-0.3 mAb significantly blocked cell migration in both Boyden chamber cell migration

assays (Fig. 3.2B) and in in vitro wound healing assays (Fig. 3.9A, B) on collagen type I

substrates. The differences in the roles of 0.3 in cell attachment and cell migration can be

explained as follows: (1) laminin-5 is deposited by keratinocytes after they become attached

(Burgeson et al., 1993) and (2) the inhibitory effect of m/Ab to 0.3 integrin appears after initial

cell attachment. Carter et al. (1990) found that in keratinocytes adhering to collagen, O.231

was localized in focal adhesion plaques and mediated initial cell adhesion. The movement of

o:231 into cell-cell contacts and the movement of 0.331 into focal adhesion plaques was

observed in prolonged cell culture. The interaction of 0.331 and laminin-5 was confirmed by

the finding that cell attachment on laminin-5 substrates was abolished by anti-o.3 mab (Fig.

3.5B).

Findings of the present studies suggest that C.634 is probably acting in concert with

0.331 to promote cell migration, even though &634 also has an important and distinct role in

maintaining anchorage in stationary hemidesmosome-containing cells. Unlike 0.3 integrin,

c.634 in quiescent monolayer HK culture becomes localized into hemidesmosome-like

structures (Hieda et al., 1992; Jones et al., 1991; Kurpakus et al., 1991; Ovaribe et al., 1990;
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Ridelle et al., 1991), also called stable anchoring contact (SAC) structures (Carter et al.,

1990), which play an anchoring or a retention role between keratinocytes and basement

membrane. In a recent study, Sonnenberg et al. (1993) reported that binding of oté■■ 4 to

laminin isoforms occurred in two stages: (1) polarization of receptors at the basal surface, and

then (2) their organization into ring-like structures. Anti-0.6 antibody was unable to prevent

cell adhesion after the clustering process of 0.634 was completed. In agreement with this

notion, we suggest that dé plays a role in mediating early keratinocyte adhesion to secreted

laminin-5, but has only a minor effect on cell motility. This is supported by the findings that

anti-o.6 mab blocked both cell adhesion (Fig. 3.6B) and migration (Fig. 3.5B) on laminin-5-

coated substrates to a similar degree (30%). On a collagen type I substrate anti-o.6 mab had

no effect on adhesion (Fig. 3.1B) but significantly inhibited migration (30%) (Fig. 3.2B).

Furthermore, in in vitro wound healing assays, in which cells had already attached, anti-0.6

mAb failed to block cell migration on collagen type I substrates (Fig. 3.9A, B). These results

suggest specificities of 0.331 and O.634 integrins in regulating cell adhesion and migration.

Laminin-5 is one of the first ECM ligands deposited by migrating keratinocytes during

in vivo wound healing (Larjava et al., 1993b). How the secretion and deposition of laminin-5

are regulated is not yet fully understood. We found that initial cell attachment is necessary

for the assembly of a laminin-5 matrix. Certain anti-integrin mabs, namely anti-o.2 (VM1)

on a collagen type I substrate, anti-o.5 (BIIG2) on a fibronectin substrate and anti-■ ºl (AIIB2)

on both substrates, inhibited cell migration by preventing initial cell attachment on these

ligands. In contrast, mabs such as anti-o:3 (P1B5), anti-o.6 (GoH3) and anti-laminin-5 (BM

2) did not inhibit initial cell attachment, but did block the interaction of the cells with their
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endogenously secreted laminin-5 and thereby abolished its stimulatory effect on cell migration.

The interaction of 0.331 with laminin-5 may induce specific signals necessary for

efficient motility and reepithelialization. During wound healing, matrix metalloproteinase-9

(92-kDa type IV collagenase) is suggested to be involved in keratinocyte migration and is

found to be upregulated (Salo et al., 1994). It has been reported also that the expression of

92-kDa type IV collagenase was stimulated up to several-fold by mabs to 03 and 31 integrins

in a dose-dependent manner (Larjava et al., 1993a). These reports, taken together with our

results, suggest that dº■ }l ligation (with laminin-5) may not only trigger rapid locomotion but

could also induce specific intracellular signals, such as upregulation of metalloproteinase-9,

which are necessary for efficient reepithelialization.

One of the most interesting observations in this study is the finding that keratinocytes

require laminin-5 for maximum motility and that the Cºl integrin appears to be the primary

receptor that mediates this laminin-5-dependent motility. On the other hand, without the cº

laminin-5 signal, the 02 receptor, when binding to collagen, or the 0.5 receptor, when binding

fibronectin, can induce only modest levels of motility. It is possible that q2 by itself or in

combination with other surface receptors induces unique down-stream signaling pathways

that activate the cellular machinery necessary for an efficient forward locomotion. These

multiple functional regulations by either ligands or receptors also observed in other systems.

Liaw et al. (1995) showed that the adhesion to osteopontin is supported by integrins ov■■ 1,

ov■■ 3 and ov■ 5, whereas the migration in response to osteopontin appears to depend on

ov■■ 3. These integrins also have distinct cytokine-dependent pathways. In vivo angiogenesis

in corneal membrane induced by basic fibroblast growth factor or by tumor necrosis factor-o.
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depended on ov■■ 3, whereas angiogenesis initiated by vascular endothelial growth factor,

transforming growth factor-o-, or phorbol ester depended on ov■ 5. These pathways are

filrther distinguished by their sensitivity to calphostin C, an inhibitor of protein kinase C that

blocked angiogenesis potentiated by ov■■ 5 but not by ov■■ 3 (Friedlander et al., 1995), and

also blocked an human pancreatic carcinoma cells (FG cells) migration on vitronectin

mediated by ov■ 5 (Klemke et al., 1994).

o:634 on HK also seems to be involved in laminin 5-stimulated motility, although to

a lesser extent than 0.3. The observation that c.634 promotes motility in HK is somewhat

contrary to the expectation that this receptor would have a restraining role, since it is known

to form hemidesmosome structures. However, the process of mature hemidesmosome

formation presumably occurs only in quiescent and nonmotile keratinocytes and not in

activated cells undergoing cell movement. In another study, we found that the formation of

SAC structures with c.634 by HK was also time dependent, beginning about an hour after

attachment of cells. Our results, together with the findings of others (Carter et al., 1990;

Sonnenberg et al., 1993), indicate that integrins such as 0.634 may have a role in the initial

adhesion process and possibly in the assembly and deposition of laminin-5.

The process of wound healing is crucial in many aspects of oral pathogenesis.

Gingival epithelial cell attachment, migration and formation of junctional epithelium, the

epithelium attachment to tooth, are important in the process of periodontal regeneration and

wound healing after surgery. Periodontitis is one of the most common dental diseases and

involves the junctional epithelium down migration with formation of the periodontal pocket

and subsequent bone loss.
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In recent years, the use of dental implants to provide support for the replacement of

missing teeth has become an important component of restorative dentistry. Gingival

recession with exposure of implant threads and a lack of attached tissue have all been

described as problems associated with the mucosal area adjacent to implants (Hughes and

Howard, 1992). It has been demonstrated that epithelial cells have the ability to attach to

non-biological materials. Most investigators agree that some form of epithelial attachment

or junctional epithelium exists at the implant-abutment/soft-tissue interface (Bauman et al.,

1993).

A major research effort over the past decade is to obtain a new attachment after

treatment of roots previously exposed to periodontal disease and an implant surfaces. Two

main objectives of surgery are suggested: selection of cell populations capable of

regenerating the lost attachment and to arrest epithelial migration after the wound. This is

accomplished by guided tissue regeneration with a membrane, and biological and chemical

surface preparation with ECM proteins, such as fibronectin (Itic and Serfaty, 1990). Pitaru

et al. (1991) showed that heparin sulfate and fibronectin improve the capacity of collagen

barriers to prevent apical migration of the junctional epithelium and enhance the repopulation

of exposed root surfaces by connective tissue cells during the initial stages of periodontal

wound healing. On the other hand, during guided tissue regeneration, the low protein-binding

capacity of the teflon material inhibit epithelial cell migration (Salonen and Persson, 1990).

These studies may provide a rationale for understanding the differences in epithelial behavior

after conventional therapy for periodontitis and during guided tissue regeneration. They also

indicate the important role in epithelium migration and inhibition in periodontal regeneration.
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Integrin-ECM ligand interaction plays important roles in junctional epithelial

attachment to both tooth or implant surfaces. Hormia et al. (1992) showed that the integrin

o:6 subunit was expressed throughout the junctional epithelium. The [4 subunit was

expressed only in cells facing the internal and the external basal laminae and had a basally

polarized distribution. In other parts of gingival epithelium, both integrin subunits were mainly

expressed at the basal aspects of basal epithelial cells. The basement membrane components,

type IV collagen and laminin, could be detected only in the external basal lamina and in other

basement membranes of gingival epithelium. The nature of the junctional epithelial

attachment, the role of laminins in formation and regeneration of junctional epithelium and

the regulation of endogenous ligand deposition by HK are not clear and more studies are

needed in order to improve the strength of this attachment, prevent down migration of the

junctional epithelium and further prevent the progression of periodontal disease.
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