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SPECIFIC IDOMAINS OF FIBRONECTIN MODULATE PROTEINASE

EXPRESSION, APOPTOSIS AND INVASION

Yvonne L. Kapila

ABSTRACT

Cell-extracellular matrix (ECM) interactions are important in disease processes,

such as inflammation and metastasis, and tissue processes, such as wound healing and

tissue regeneration. The periodontium is a unique system for studying cell-matrix

interactions, since it undergoes some of these processes, and it has one of the highest

metabolic rates in the body. Squamous cell carcinomas (SCC), are useful in understanding

the cell-ECM interactions of invasion in highly malignant tumors. Fibronectin (FN), an

ECM molecule, is likely critical to these interactions, since it contains multiple functional

domains that modulate cell spreading, motility, invasion, proteinase expression, and cell

survival. The purpose of these studies was to understand how FN modulates these

functions in PDL and SCC cells.

We demonstrated that PDL cells undergo increased proliferation and chemotaxis in

response to intact FN versus its fragments. Using substrate zymography, we showed that

a 120-kDa fragment of FN containing the cell-binding region modulates matrix

metalloproteinase (MMP), serine proteinase, and tissue inhibitor of metalloproteinase

(TIMP) expression in PDL cells. Using four recombinant FN proteins that either included

(V+) or excluded (V-) the V region and contained either an unmutated (Hep-H) or mutated,

non-functional, high-affinity heparin-binding domain (Hep-) we found that the V-Hep

protein induces an MMP. However, the V+Hep- protein fails to induce all gelatin

degrading enzymes. Further studies indicated that the V+Hep- protein was likely altering

proteinase expression as a result of inducing apoptosis, since it affected cell spreading and

induced nuclear disintegration and DNA fragmentation. These data indicate that specific
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domains of FN modulate proliferation, chemotaxis, proteinase expression, and cell survival

in PDL cells.

SCC cells revealed increased invasion into a Matrigel/collagen matrix supplemented

with the V-Hep-H protein as compared to the V-Hep- protein. Inclusion of the V region in

the proteins enhanced invasion and migration (on plastic), whereas spreading (on plastic)

was enhanced with the Hep-H domain. These data demonstrate that the heparin-binding

domain and the V region of FN modulate invasion, motility and spreading in SCC cells.

In summary, we propose that fragments of FN convey different signals to cells than

intact FN, possibly providing the cell with cues about an altered cell environment.

Commensurate with these signals, cells then respond by altering their proliferation,

chemotaxis, proteinase expression, cell survival, or invasion.
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CHAPTER I

BACKGROUND, SIGNIFICANCE, AND SPECIFIC AIMS



CHAPTER I

A. INTRODUCTION

The interactions that take place between cells and their extracellular matrix (ECM)

are important to understanding disease processes, such as chronic inflammatory conditions

and tumor metastasis, and complex tissue processes, such as wound healing, tissue

morphogenesis, and maintenance of normal tissue architecture, which involve rapid tissue

turnover. One ECM molecule likely to be important to these cellular processes is

fibronectin (FN), because of its known importance in establishing a stable pericellular

matrix, its role in cellular adhesion, chemotaxis, migration, invasion, and its recent

involvement in proteinase modulation, signal transduction, and cell survival.

The first specific aim in the present studies, was to use periodontal ligament (PDL)

cell-FN interactions as a model system for understanding the basic mechanisms underlying

periodontal disease, regeneration, and maintenance of normal tissue architecture. The

periodontium and PDL cells were chosen because of their unique property of having one of

the highest metabolic rates in the body. This system, therefore provides a novel

opportunity for studying normal cell-ECM interactions in a highly dynamic tissue.

The second specific aim was to used human oral squamous cell carcinoma cell-FN

interactions to evaluate the role of specific domains of FN in the invasion process. In this

interesting model system one can investigate the cell-ECM interactions of a highly

malignant and metastatic process.

The underlying hypothesis was that the intact FN molecule as compared to specific

fragments or domains of FN, interact differently with cells, and that the cellular responses

mediated by these various forms of FN are in turn also different. In testing this hypothesis

and in carrying out these two specific aims, the present body of work has contributed

further to the known roles of FN in proteinase modulation and invasion, and has also shed

light on its role as a cell survival signal.



The overall significance of these findings is in their contribution in providing a

better understanding of the basic mechanisms underlying diseases that afflict the human

race. Periodontal disease is a highly prevalent disease afflicting up to 80% of the adult

population both in the U.S. and in other countries (Papapanou, 1996). Besides the pain

and discomfort it produces, it can produce large fulminating and potentially life-threatening

infections if left untreated (Ferrera et al., 1996), exacerbate existing medical conditions,

such as diabetes (Mealey, 1996), and potentially lead to poor or compromised nutrition

because of the loss of teeth or debilitated dentition it leaves behind. Cancer and the

invasion of tumors are more serious conditions that often lead to death. In the oral cavity,

Squamous cell carcinomas are the most common type of malignant neoplasm and account

for a major portion of deaths related to oral cancer. These tumors represent 4% of all

cancers of males in the United States, but in some Asian countries they are the most

common malignant tumor. At present the survival rate approximates 50% and has not

improved significantly in patients treated over the past several decades (Regezi and

Sciubba, 1993). Much of the morbidity and mortality associated with these tumors is

related to their invasive characteristics. Studies relating to mechanisms used by squamous

cell carcinomas for adhesion, motility, and invasion are, therefore, an important aspect of

cancer therapy.

B. FIBRONECTIN STRUCTURE, FUNCTION, AND ITS RECEPTORS
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ºn ‘. SH Cell Heparin SH Fibrin
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Structure, functional domains, alternative splicing

FN is a well-characterized, structurally complex, multifunctional cell interactive

protein present in a variety of extracellular matrices. The FN gene is approximately 50 kb

and it its coding sequence is subdivided into 50 exons of similar size, several of which

undergo alternative splicing (Hirano et al., 1983; Schwarzbauer et al., 1987;

Schwarzbauer, 1991; Hynes, 1990). It’s primary sequence consists of a series of

homologous repeating subunits, namely Type I, Type II, and Type III (Hynes, 1985) (see

preceding Figure). There are 12 type I repeats, 2 type II repeats, and 15-17 type III

repeats. In the gene, each exon encodes one of the type I or II repeating subunits, while

the larger type III repeats require the contribution from two exons.

FN's molecular structure consists of 2 disulfide-bonded monomers of about 250

kDa, which are attached via a pair of disulfide bonds near the carboxy(C)-terminus. The

monomers contain several functional domains, formed by the repeating units, which bind

to the ECM molecules, fibrin, collagen, and heparin. The type I repeats are used in

domains that bind to heparin, fibrin, and collagen, while the type II repeats are found only

in the collagen-binding domain. The type III repeats are part of the domains that bind cells

or heparin (Mosher, 1989; Hynes, 1990). These domains interact with cells, via cell

surface integrin and proteoglycan receptors (Hynes, 1985), discussed in more detail below.

While FN is encoded by only one gene, it exists in multiple forms that arise from

alternative splicing of its RNA precursor. This processing occurs at three main sites to

yield up to 20 different forms of heterodimeric FN. Thus in terms of the isoforms of FN,

the primary transcript is alternatively spliced, such that three distinct regions, EIIIA (ED

A), EIIIB (ED-B), and V (IIICS), of the transcript are completely included or excluded,

and in the case of the V region partially included or excluded (Kornblihtt et al., 1985;

Schwarzbauer et al., 1983; 1987; Norton & Hynes, 1987; Sekiguchi et al., 1986). The V

region undergoes the most complex pattern of alternative splicing, such that five different

sequence patterns are possible in this region (Mosher, 1989; Hynes, 1990). Little is



known about the regulation of this alternative splicing, although spliced sequences tend to

be retained in cellular FNs (Vartio et al., 1987; Oyama et al., 1989). Plasma fibronectin,

made largely in the liver, generally lacks EIIIA and EIIIB, although it contains 50% or less

of the V region (Herschberger and Culp, 1990). This further illustrates that the pattern of

FN splicing is cell-type specific (Ffrench-Constant and Hynes, 1989), since hepatocytes

making plasma FN exclude EIIIA and EIIIB, while fibroblasts synthesize cellular FN that

may or may not contain the EIIIA and EIIIB domains. Functionally, the EIIIA and EIIIB

units have been associated with periods of cell migration and morphogenesis, and the V

region contains distinct cell adhesion sites (Mould et al., 1991a and b; Komoriya et al.,

1991). The cellular FNs are produced by a wide variety of cell types including embryonic

and malignant cells, which secrete and organize these molecules into complex matrices. In

general, cellular FNs contain higher proportions of alternatively spliced sequences than

plasma FNs. Multiple alternatively spliced forms of FN may therefore, be present at any

given time within tissues.

Still other levels of complexity in the FN molecule arise from posttranslational

modifications and proteolytic degradation. FN can be glycosylated, phosphorylated, and

sulfated (Olden et al., 1979; Zhu and Laine, 1985; Mosher, 1989). Additionally,

proteolytic enzymes, such as trypsin, chymotrypsin, cathepsin, metalloproteinases and

others are capable of cleaving FN into fragments that retain biologic function (Hynes,

1990). For example, proteolytic FN fragments have been shown to induce cell migration

and chemotaxis (Seppa et al., 1981; Postlewaite et al., 1981; Norris et al., 1982; Clark,

1988; Doherty et al., 1990; Odekon et al., 1991), MMP expression (Werb et al., 1989;

1990, Tremble et al., 1995; Huhtala et al., 1995), and cartilage dissolution (Homandberg et

al., 1992), modulate the invasion process (McCarthy et al., 1986), and block leukocyte

adhesion and infiltration (Hines et al., 1994; Wahl et al., 1994). Furthermore, these

fragments have been found in vivo at sites of inflammation in arthritis (Clemmensen and

Andersen, 1982; Carsons et al., 1985; Griffiths et al., 1989; Xie et al., 1992) and



periodontal disease (Talonpoika et al., 1989, 1993), suggesting that they have a role to play

in physiologic processes. However, the specific role these FN fragments play in these

processes has not been delineated. Furthermore, since FN is a complex molecule with

multiple functional regions, the specific domains likely important to these inflammatory

processes have not been examined.

Fibronectin Receptors

O3

/ Syndecans
31 < O4 CD44N O.5 GlycolipidsIntegrins OV Non-Integrins Heparan sulfate

proteoglycans

33 _- Ov Chondroitin sulfate
T- Ollb proteoglycans

36 OV

Integrin receptors

The FN cell surface receptors include the integrin family. The integrins mediate

multiple cell functions including cell adhesion, migration, and invasion, through

intracellular re-arrangements of cytoskeletal proteins and activation of signaling molecules.

The integrins are a large group of heterodimeric glycoproteins comprised of noncovalently

linked o. and 3 subunits, which link the ECM to the cell interior. The O. subunits are

homologous to one another while the 3 subunits form their own homology group. Both

subunits have a large extracellular domain, a transmembrane domain, and a small

cytoplasmic domain (30 to 50 amino acids), except the 34 subunit which has a 1000-amino

acid cytoplasmic domain (Hogervorst et al., 1990; Suzuki and Naitoh, 1990). The



extracellular domain of the O. subunits contains several calmodulin-type divalent cation

binding sites, while the 3 subunit may have one such site. It is these cation-binding sites

that are thought to confer the divalent cation dependency for integrin function (Loftus et al.,

1990). There are several O. and 3 subunits that can pair up in various combinations to form

at least 16 integrins. The extracellular domains of both subunits are thought to be involved

in ligand-binding to ECM molecules, which include FN, collagen, laminin, and vitronectin,

other ECM and blood coagulation proteins, and cell surface counter receptors on

leukocytes. The short cytoplasmic domains of the O. and 3 subunits do not have any

intrinsic enzymatic activity, although the 3 subunit is considered important in mediating the

communication to intracellular signaling components.

The classical FN integrin receptor is known as the oSB1 integrin (Pytela et al.,

1985), which binds to the FN central cell-binding domain, containing the arginine, glycine,

aspartic-acid (RGD) sequence. Although other integrins, ov■ ;1 (Vogel et al., 1990), ov■ ö6

(Busk et al., 1992), ov■ ;3 (Charo et al., 1990), oft■ ;1 (Ruoslahti and Pierschbacher, 1987;

Buck and Horwitz, 1987; Hynes, 1987; Ruoslahti, 1991), and olIb■ 3 (Ginsberg et al.,

1988; reviewed in Haas and Plow, 1994) also recognize this region of FN. Integrins also

recognize other regions of FN, including the CS1 and REDV sites within the IIICS or V

alternatively spliced segment and the carboxy-terminal heparin-binding domain. These

sites are recognized by the o431 and o.437 integrins (Wayner et al., 1989; Mould and

Humphries, 1991; Mould et al., 1990 and 1991; Massia and Hubbell, 1992; rev in Potts

and Campbell, 1994).

Integrin signaling

Upon engaging ligand, such as FN, the 3 subunit is thought to couple with

cytoplasmic proteins that nucleate the formation of large protein complexes containing both

cytoskeletal and signaling proteins. Specifically, the 3 subunit binds to the actin-binding

cytoskeletal proteins talin and O-actinin (Otey et al., 1993; Tapley et al., 1989), and to



paxillin and the signaling molecule focal adhesion kinase (FAK) (Schaller et al., 1995).

Vinculin also colocalizes to these sites and binds O-actinin (Johnson and Craig, 1995),

while tensin seems to be an anchor for actin filaments (Lo et al., 1994). Thus actin, may

link to integrins through talin, O-actinin, vinculin (which binds talin and O-actinin), or

tensin (which binds vinculin) (Clark and Brugge, 1995). This network of cytoskeletal

proteins is thought to be important not only for regulating cell shape and motility, but also

in providing a framework for the association of signaling proteins that mediate integrin

induced signal transduction and associated changes in cell behavior. The identification of

integrin-mediated signaling pathways and proteins has been facilitated by the vast amount

of information available for growth factor receptor and cytokine signaling pathways.

Similar to these pathways, integrin signaling includes protein phosphorylation as an early

event. Both tyrosine and serine/threonine kinases seem to be involved in these

phosphorylation events, since proteins, such as FAK, are tyrosine phosphorylated and

activated, and serine/threonine kinases, such as protein kinase C and mitogen-activated

protein kinases are activated upon integrin engagement or are localized to focal contacts

(Chen et al., 1994; Schlaepfer et al., 1994; Schaller and Parsons, 1994; Vuori and

Ruoslahti, 1993; Woods and Couchman, 1992; Guan et al., 1991; Kornberg et al., 1991;

Kornberg and Juliano, 1992; Schaller et al., 1992; Hanks et al., 1992). Src family kinases,

Src and csk, are also activated and associate with FAK during integrin signaling (Kaplan et

al., 1994; Okamura and Resh, 1994; Cobb et al., 1994; Xing et al., 1994; Sabe et al.,

1994; Bergman et al., 1995). Other components of the integrin-mediated signaling

pathways include the SH2-SH3 adapter proteins, Grb2, Crk, PI-3K, and PLC which either

associate with FAK or paxillin or become activated in an integrin-dependent manner

(Schlaepfer et al., 1994; Birge et al., 1993; Chen et al., 1996; Chen and Guan, 1994;

Somogyi et al., 1994; Blake et al., 1994). Small molecular weight GTPases, Ras, Rho

and others are also activated upon integrin engagement (Ridley and Hall, 1992; Renshaw et

al., 1996; Hildebrand et al., 1996; Clark and Hynes, 1996). Although, it appears that this



multitude of molecules may be involved in several integrin-mediated signaling pathways

(Chen et al., 1996; Lin et al., 1997).

Integrin regulation

Since integrins mediate multiple and distinct cell functions, it was puzzling as to

how a single receptor could accomplish the activation of multiple cell responses. This has

been explained in part by experiments that compared the roles of receptor occupancy and

aggregation or clustering of integrins. In essence, at least three or different four conditions

need to be satisfied for the maximal accumulation of integrin-mediated signaling and

cytoskeletal proteins. For example, integrin aggregation produces only co-accumulation of

the cytoskeletal protein tensin and a few signaling proteins, while integrin aggregation,

occupancy, tyrosine kinase activity, and cytoskeletal integrity produce maximal

coaccumulation of signaling and cytoskeletal proteins (Miyamoto et al., 1995a and b;

Yamada and Miyamoto, 1995). The latter scenario likely mimics the interactions of

integrins with intact ECM molecules such as FN, which are capable of inducing a full

response, while the former case likely mimics the interactions of integrins with ECM

proteolytic fragments, such as FN fragments found at sites of inflammation, which may

cause receptor redistribution or clustering, but not the activation of the other signaling

components. Thus, the idea that integrins function through a stepwise formation of a series

of molecular hierarchies of cytoskeletal and signaling molecules, is important to

understanding how different FN forms might mediate signals that are mechanistically

different and thus yield different cellular responses.

Other levels of integrin regulation also exist, and include interactions with other

integrins, cross-talk with growth factor or cytokine receptors, the presence of inside-out

signaling, and alternative splicing of integrin subunits, to name a few. Thus, besides

regulatory interactions with matrix molecules, integrins can also be regulated by other

integrins, through mechanisms that involve signaling pathways (Blystone et al., 1994:



1995) or alterations in gene expression (Huhtala et al., 1995). Integrin activation enhances

growth factor receptor-mediated signals (McNamee et al., 1993; Sundberg and Rubin,

1996) and vice versa (Rankin et al., 1996; Matsumoto et al., 1994; Mainiero et al., 1996;

Brooks et al., 1997; Parsons and Parsons, 1997). Furthermore, integrin cytoplasmic

domains can change the ligand-binding affinity of integrins through a mechanism known as

“inside-out signaling” (Hughes et al., 1995; Chen et al., 1994a, b). Another level of

regulation may be the ability to express alternatively spliced variants of integrin subunits

(Akiyama et al., 1994; Balzac et al., 1993; 1994; Meredith et al., 1995), thereby

modulating cell function.

Key regulatory components that mediate cross talk between integrin and growth

factor-mediated signaling may involve molecules such as FAK, which can be

phosphorylated via both pathways (Rankin et al., 1996; Matsumoto et al., 1994).

Similarly, the small molecular weight GTPases, Ras and Rho are important to integrin

(Ridley and Hall, 1992; Renshaw et al., 1996; Hildebrand et al., 1996; Clark and Hynes,

1996) and growth factor-mediated signaling (Bennett et al., 1994; Zubiaur et al., 1995;

Hess et al., 1997), thus delineating other potential molecules important to the integration of

signals by these two receptor classes. While these data introduce some aspects of integrin

signaling, the communication links among these pathways remain to be elucidated as does

the understanding of how integrins actually illicit alternative cell responses as a result of

different ligands, such as FN and its fragments.

Non-integrin receptors

There are also non-integrin receptors involved in FN recognition, which include a

distinct class of surface proteins that contain heparan sulfate chains and are therefore

proteoglycans (Saunders and Bernfield, 1988). Furthermore, these receptors are thought

to interact with integrins cooperatively in the processing of ECM information (Damsky and

Werb, 1992), and as such are likely to also influence cell responses to FN. Furthermore,
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FN-receptors are not limited to mammalian or eurkaryotic cells, since proteins on the

surface of bacteria also bind FN (Froman et al., 1987; Bozzini et al., 1992; McGavin et al.,

1993; Ratliff et al., 1993), which may add another level of complexity to tissue

regeneration, wound healing, and cell-matrix interactions in a bacterially-infected

environment, as in the diseased periodontium.

FN: role in wound healing, tissue remodeling, and inflammation

Although cooperative functioning of the integrin and proteoglycan receptor classes

is likely to be important in regulating normal cellular responses to intact FN (Damsky and

Werb, 1992), this receptor cooperativity may be lost when FN is fragmented, resulting in

altered cellular signals and function. This is illustrated by the fact that a 120 kDa fragment

of FN, which contains the RGD integrin-receptor binding sequence but lacks the C

terminal proteoglycan- and integrin-receptor binding sites (i.e. the heparin-binding domain

and CS1 site), stimulates expression of elevated levels of MMPs in cultured cells, whereas

contact with intact FN represses MMP expression (Huhtala et al., 1995). In the case of the

FN fragment, cooperativity among integrins or integrins with proteoglycans is no longer

possible, unlike the full complement of interactions that is available with the intact

molecule. Therefore intact FN is an important integrator of both matrix organization and

establishment of a functional unit that includes both the cell, its receptors and their

interactions, and its extracellular environment. However, if present in fragmented form,

FN may no longer function in its normal role as an integrator of signals with the matrix and

cells in its environment. In this latter scenario, specific domains of FN can be cleaved into

functional proteolytic fragments by proteinases generated during wounding in chronic

inflammatory states (Clemmensen and Andersen, 1982; Carsons et al., 1985; Griffiths et

al., 1989; Xie et al., 1992). The fragments can in turn promote cell migration and

chemotaxis (Seppa et al., 1981; Postlewaite et al., 1981; Norris et al., 1982; Clark, 1988;

Doherty et al., 1990; Odekon et al., 1991), and new synthesis of matrix-degrading
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enzymes (Werb et al., 1989; 1990, Tremble et al., 1995; Huhtala et al., 1995). Thus the

state of the FN molecule, whether intact or fragmented is critical to the signals it conveys

and to its interactions with cells.

Alternatively spliced forms of FN seem to play a role in wound healing in skin

(Kurkinen et al., 1980; Grinnell et al., 1981, 1992; Clark et al., 1982 a, b) and at sites of

high tissue remodeling as in embryogenesis (Ffrench-Constant and Hynes, 1988; Ffrench

Constant et al., 1989; Norton and Hynes, 1987). Spliced FN variants (EIIIA, EIIIB, and

V) are more abundant in embryonic tissues versus adult tissues (Peters et al., 1996; Peters

and Hynes, 1996). The pattern of splicing seen in the embryo is different from that present

in normal dermis, in which FN lacks the EIIIA, EIIIB, and V exons (Ffrench-Constant and

Hynes, 1989). In the mouse embryo there is generally a widespread pattern of expression

of the three spliced variants of FN, however as development proceeds, there is a gradual

decline in staining of all three variants relative to the total FN pool. The most dramatic

difference in expression in the developing embryo is the dramatic selective reduction of the

EIIIA segment in hyaline cartilage, but not in the axial skeleton (Peters and Hynes, 1996).

In the adult mouse, the staining for all three spliced variants is reduced, while staining for

the EIIIB segment is the most restricted, to blood vessels, smooth muscle, the eye, and

cartilaginous structures (Peters et al., 1996). Interestingly, the EIIIB form of FN seems to

be absent in bovine tracheal cartilage (Stechschulte et al., 1997). In wounded skin, cFNs

that contain the alternatively spliced EIIIA and EIIIB exons are upregulated and their

mRNA transcripts are localized to the base of the wound during healing (Ffrench-Constant

et al., 1989). In other wound healing model systems, all three alternatively spliced forms

of FN are present, although different forms seem to be present at different times of healing

(Barnes et al., 1995; Matthews and Ffrench-Constant, 1995). Wound healing in the eye is

different from these other systems, since the spliced forms of FN are present in both the

wounded and unwounded state (Vitale et al., 1994; Spaillate et al., 1994). Similarly, PDL

tissues express the alternatively spliced forms of FN even in the unwounded state
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(Lukinmaa et al., 1991), consistent with the relatively high constitutive remodeling that is

characteristic of the periodontium (Sodek, 1977). However, it is probable that the levels of

the EIIIA-, EIIIB- and V- containing forms of FN are elevated in the wounded or diseased

periodontium or that these forms of FN serve a unique function in these processes.

Evidence for this is derived from studies of other chronic inflammatory conditions, which

indicate that the CS1 site of the V region of FN is elevated and correlates with inflammation

in rheumatoid arthritis, and furthermore, seems to be involved in the recruitment of alpha 4

beta 1 expressing leukocytes in synovitis (Elices et al., 1994), although the same is not true

in osteoarthritis (Rencic et al., 1995). Taken together, these data indicate that alternatively

spliced forms of FN are important to wound healing and inflammatory processes, yet little

is known about these spliced FN variants and their specific roles in remodeling and

modulating inflammation in the periodontium.

FN fragments are implicated in chronic inflammatory conditions, such as arthritis

and more recently in periodontal disease. Several investigators not only detect FN

fragments in synovial fluid from inflamed arthritic joints but these fragments are elevated in

the more advanced stages of disease (Clemmensen and Andersen 1982; Carsons et al.,

1985; Griffiths et al., 1989; Xie et al., 1992). Furthermore, these fragments when cultured

with cartilage induce degradation of this tissue (Homandberg et al., 1992), apparently by

inducing the expression of matrix-degrading enzymes (Xie et al., 1994). At a cellular

level, these fragments induce the expression of matrix-degrading enzymes in synovial

fibroblasts (Werb, et al 1989, 1990; Tremble et al., 1994; Huhtala et al., 1995). More

pertinent to periodontal disease, non-specific fragmentation of FN has been demonstrated

in diseased gingival crevicular fluid samples (Talonpoika et al., 1989, 1993). The source

and significance of these FN fragments in the periodontium remains to be determined.
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C. THE PERIODONTIUM AND PERIODONTAL LIGAMENT CELLS

Plaque within
deepened gingival
suicus (PCCKET)

Junctional
Epithelium (JE)
Gingival Connective º º

Tissue cEjº º (PE) c

Supragingival
Plaque
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—within periodontal pocket
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Ahveolar Bone Apical termination of
junctional epithelium

Figure 1: The Periodontium in Health, Gingivitis and Periodontitis.
D=dentin, E=enamel, C-cementum, CEJ-cementoenamel junction (reproduced with
permission; Armitage, 1995)

The role the ECM plays in modulating PDL cell functions is critical to

understanding the basic mechanisms underlying the processes of periodontal disease,

homeostasis and regeneration of the periodontium. FN, one of these ECM molecules, is

likely to play a central role in these processes, since a FN-rich pericellular matrix tends to

favor maintenance of tissue architecture and wound repair. However, degradation of FN,

into proteolytic fragments, as is likely to occur in chronic inflammation, can promote cell

migration, chemotaxis, and new synthesis of matrix-degrading proteinases. The following

review will discuss the molecules within the periodontium that can participate in these cell

matrix interactions.

Periodontal ligament and its components in health

The periodontal unit consists of an outer layer of gingival tissue, underlying

cementum, alveolar bone, and PDL. These tissues are all intimately associated with the

tooth and each provides vital functions for the health and maintenance of the chewing

apparatus. In health, the epithelium of the gingival tissues joins the PDL at the level of the
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cemento-enamel junction, in the area of the junctional epithelium to help form a "seal"

against microorganisms or the ingress of pathologic agents. A natural crevice or "pocket"

is formed between the tooth and these gingival tissues, which houses gingival crevicular

fluid.

While these tissue and their attachments appear static and fixed, they are in fact

quite dynamic, undergoing a process of constant remodeling and renewal. In healthy

periodontium an appropriate balance of ECM synthesis and degradation is required for

normal tissue formation and maintenance of tissue architecture. ECM molecules and their

receptors, as well as proteinases and their inhibitors, are all involved in this process of

matrix remodeling. In the periodontium, the tissue components taking part in the balance

between biosynthesis and degradation include the PDL and the gingival tissues.

The gingival tissues and their epithelial layer provide a protective outer layer against

constant local irritants and mechanical trauma. These tissues consist of a series of

collagenous fibers, non-collagenous proteins, various glycosaminoglycans (GAGs),

proteoglycans, and resident cells, primarily gingival fibroblasts. Collagen type I is the

predominant collagen in the gingiva, while type III, IV, V, and VI are also present, but in

lesser amounts (Becker et al., 1986; Chavrier et al., 1984; Cho et al., 1984; Romanos et

al., 1991). Noncollagenous proteins in the gingiva include FN (Cho et al., 1984; Tucker et

al., 1991), which is ubiquitous in the connective tissue (Narayanan et al., 1985). Another

feature of the gingival tissues is that they are metabolically very active. The ECM proteins,

such as collagen, with a half-life of 5 days (Page and Ammons, 1974), are constantly

undergoing breakdown and turnover.

The mineralized tissues of the periodontium are the cementum and alveolar bone.

Cementum is a unique, avascular, alymphatic, non-innervated tissue comprised of

cementocytes, cementoblasts and a thin mineralized organic matrix that covers the root

surface of teeth. Cementum contains primarily collagens (type I and III) (Birkedahl

Hansen et al., 1977), although FN has also been identified in cementum in the
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cementoblast and pre-cementum layers of teeth (Lukinmaa et al., 1991). Alveolar bone is

the housing and supporting structure of teeth. It is similar to skeletal bone, which contains

numerous cells (osteoblasts, osteoclasts, and osteocytes) and collagen (type I and some

type III and V (reviewed in Carranza, 1984; Hauschka et al., 1989) as the predominant

protein component. FN has been identified on the periosteal and endosteal surfaces of

alveolar bone (Lukinmaa et al., 1991), and as such is likely to be a breakdown product in

the tissue destructive phase that is associated with periodontitis.

The PDL provides attachment for teeth to bone and support against masticatory

forces. It is a highly cellular tissue with several layers of collagenous fibers, interspersed

with an ECM composed of several non-collagenous proteins, GAGs, and proteoglycans.

The collagen fibers of the PDL contain primarily type I fibrils (80%), although some type

III fibrils (20%) are also present (Becker et al., 1991; Butler et al., 1975). These principal

fibers insert into cementum and alveolar bone as Sharpeys fibers. Other non-collagenous

proteins in the PDL include FN, which is ubiquitously and uniformly distributed in the

ligament (Andujar et al., 1985; Pitaru et al., 1986; Lukinmaa et al., 1991). The cells of the

PDL may be classified into connective tissue cells, epithelial cells, defense cells and those

associated with the neurovascular elements. The most numerous connective tissue cells are

the fibroblasts which occupy approximately 50% by volume of the PDL excluding the

blood vessels (reviewed in Berkovitz and Shore, 1982), and within this group of PDL cells

there appears to be a slowly dividing group of progenitor cells in paravascular sites

(McCulloch, 1985). Similar to the gingiva, the PDL has a rapid turnover of proteins and it

is one of the most metabolically active tissues in the body (Sodek 1977). Collagen, which

has a half-life of only 1 day in the PDL, and other molecules, such as FN, are undergoing

rapid breakdown and turnover, to provide for the continual remodeling of the connective

tissue. This rate or turnover is even more rapid than that in the gingiva or skin, where the

corresponding half lives are 5 and 15 days, respectively (Page and Ammons, 1974; Sodek,

1977). With this amount of matrix turnover in the PDL, matrix-degrading enzymes and
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their inhibitors are likely very important in this constant process of renewal. In fact, both

matrix-degrading enzymes and ECM breakdown byproducts have been identified in normal

healthy periodontal tissues and fluid (Golub et al., 1976; Kryshtalskyjet al., 1986, 1987;

Talonpoika et al., 1989; 1993; Reynolds et al., 1994; Ingman et al., 1994a).

Periodontal ligament cell properties and characteristics

The PDL fibroblasts, which are the focus of much of these studies, are a unique

population of heterogeneous cells. They are pleomorphic in terms of their size, shape,

surface morphology, doubling time, alkaline phosphatase levels, and macromolecular

synthesis (Roberts and Chamberlain, 1978; Roberts et al., 1982; reviewed in Berkovitz and

Shore, 1982; Cho and Garant 1984; Roberts and Morey, 1985; Otsuka et al., 1988;

Somerman et al., 1988; Mariotti and Cochran, 1990; Arceo et al., 1991; Hou and Yaeger,

1993), including levels of collagen and FN synthesis (Hou and Yaeger, 1993), and ratios

of collagen types (Limeback et al., 1983). They attach to FN (Somerman et al., 1989),

express FN and collagen type I and III (Hou and Yaeger, 1993), and they seem to produce

a greater amount of FN than fibroblasts from normal or pathologic gingival tissues (Hou,

1993). Their interactions with FN are likely through integrin receptors, since integrin

subunits known to interact with FN, namely ov and 0.5, have been immunolocalized to

PDL fibroblasts in tissue sections (Steffensen et al., 1992). They are also capable of

producing bone-like nodules in vitro (Arceo et al. 1991), suggesting that there is a subset

of osteoprogenitor cells within the PDL fibroblasts or that the cells themselves may be a

bone-lineage derivative.

Periodontal ligament and its components in disease

In periodontal disease, precipitating factors, such as microorganisms and their by

products initiate an inflammatory process which leads to the dissolution of tissue

components. Clinically this is detected as an increase in pocket depth or recession, with or
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without bleeding upon probing and gingival redness, and radiographically as loss of

alveolar bone height. In the more advanced stages of the disease teeth become mobile from

the excessive loss of supporting periodontal structures. Thus in the periodontal disease

process, there is a net loss of PDL, cementum and alveolar bone.

This net loss of tissue in periodontal disease can be viewed as a balance that first

tips toward enhanced tissue degradation and remodeling. This is necessary to clear debris

and recruit cells from outside the immediate wound area, thereby inducing cell migration.

In the healing phase of an acute episode of periodontal inflammation, the balance then shifts

back to net matrix production, while in a chronic disease state the balance is not restored

and the scales stay tipped toward net tissue destruction, setting up chronic inflammatory

periodontal breakdown. Some of the features of this inflammatory process include the

activation of immune cells and the induction of cytokines, the presence of periodontopathic

bacteria and their byproducts, the concomitant appearance of bacterial- and host-derived

enzymes, and the generation of ECM breakdown products. In the last case, matrix

fragments are generated that can stimulate cell motility and enhance production of matrix

degrading enzymes, which can in turn generate more matrix fragments and perpetuate the

cycle (Werb et al., 1989, 1990).

More specifically, during disease, gingival tissues show a marked change in their

collagen content, the species of collagen present, and FN (Narayanan et al., 1980, 1985).

As early as 4 days after the initial accumulation of dental plaque there is a rapid loss of 60–

70% collagen at the affected site (Page and Schroeder, 1976). This is characterized by a

dramatic reduction in acid soluble and insoluble collagen, the later being the mature, more

cross-linked form of the molecule (Narayanan and Page, 1976). There is a relatively small

shift, approximately a 4% reduction, in type I collagen, but the changes in types III and V

collagen are significantly different from healthy tissue. More specifically, type III collagen

is reduced by 50% and a novel type of collagen not seen in health (trimer type I collagen,

2% of total collagen) appears in the inflamed gingiva (Narayanan et al., 1980). Thus, the
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cycle of periodontal matrix degradation and synthesis in health and in disease, points to

collagen turnover as an important mediator in this balance. Since FN binds to collagens,

the destruction of collagen is likely to lead to an altered FN distribution and stability, and to

the presence of FN breakdown products in the form of fragments.

Regeneration strategies

Surgical techniques aimed at regenerating the lost PDL, cementum, and bone

following disease rely on the use of specific cell exclusion methods, such as insertion of

semiporous membranes, between the soft and hard tissues to mechanically exclude the

unfavorable epithelial cell migration along the root surface (Nyman et al., 1982; Selvig,

1983). These membrane barriers preferentially allow the PDL cells, cementum, and

alveolar bone to repopulate the root surface, thereby forming a connective tissue versus

long junctional epithelial attachment. The assumption here is that a connective tissue

attachment minimizes or eliminates pocket formation, while a long junctional epithelial

attachment leads to a non-physiologic and compromised situation, with renewed pocket

formation around the teeth.

Other measures, such as biological manipulation of the root surface by either

partially demineralizing the surface with tetracycline HCL or citric acid or applying growth

factors (FGF, PDGF, and IGF) or ECM components, seem to confer certain properties on

fibroblasts in general and on PDL cells that would aid in regeneration (Urist, 1965a, b,

Register, 1973; Boyko et al., 1980; Grotendorst et al., 1981; Seppa et al., 1981 and 1982;

Terranova et al., 1982, 1986a and b, 1987, 1989; Lynch et al., 1989). The ECM molecule

FN is likely important in this regard since it promotes in vitro PDL cell proliferation,

attachment, and chemotaxis (Terranova et al., 1982, 1986a and b, 1987, 1989).

Specifically the heparin-binding domain with its major site of interaction on III.13 (Bober

Barkglow and Schwarzbauer, 1991) and the cell binding domain, are likely to be important

in regeneration, since heparan sulfate and FN improve the capacity of collagen barriers to
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prevent apical migration of the junctional epithelium during the initial stages of periodontal

wound healing (Pitaru et al., 1991). Additionally, heparan sulfate binds bFGF and

protects it from proteolytic degradation by extracellular proteinases, which are abundant at

sites of neovascularization or cell invasion (Saksela et al., 1988), and bf{GF itself has been

implicated in periodontal wound healing and regeneration (Caffesse and Quinones, 1993).

Also, the proteolytically-derived, cell binding fragment of FN, from either plasma or cell

surface-FNs, promotes chemotaxis of fibroblasts (Seppa et al., 1981), whereas the

collagen-binding peptide is inactive. These findings suggest that the heparin- and cell

binding domains on FN probably play key roles in fibroblast migration and periodontal

regeneration. In vivo studies further support the role of intact FN in periodontal

regeneration (Caffesse et al., 1985; 1987; Smith et al., 1987; Caffesse et al., 1988). Thus,

while intact FN is important in the process of regeneration, specific domains may also be

involved in this process, however their exact roles in the regeneration and wound healing

of the periodontium remains to be determined.

FN's location and interactions in the periodontal ECM are ideal for its participation

in regeneration of a connective tissue matrix following wounding or disease. FN and its

isoforms have been immunolocalized to the dental pulp, odontoblastic layer, pre

cementum, PDL and, possibly in the alveolar bone matrix (Lukinmaa et al., 1991). FN

coats the collagen fibrils of at least type I and type III collagen in the PDL (Cho et al., 1986;

Huang et al., 1991) and gingiva, and it sometimes fills the spaces between the cell

membrane and adjacent collagen fibrils (Pitaru et al., 1986). In addition, PDL DNA

synthesis and collagen formation is most active adjacent to the alveolar bone and in the

middle of the PDL and least active on the cementum side (reviewed in Carranza, 1984).

These studies suggest that there is an overlap in the location of fibroblast turnover and the

presence of FN, and as such, FN is likely to be involved in the regeneration along and

repopulation of the root surfaces.
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D. MATRIX METALLOPROTEINASES, SERINE PROTEINASES AND

THEIR REGULATION

General classification and their regulation

The two major types of enzymes implicated in the destruction and modulation of the

ECM are the matrix metalloproteinase (MMP) family and serine proteinases, including the

plasminogen activator (PA) family and their inhibitors. Members from both of these

enzyme families have been found in periodontal tissues and fluids (Sodek and Overall,

1992; Brown et al., 1995; Kinnby et al., 1994; Ingman et al., 1996; Ryan et al., 1996) and

are likely involved in periodontal breakdown and normal tissue turnover.

The MMPs are so named because of their dependence on zinc and calcium for

catalytic activity, and for their ability to degrade the ECM. It is this and their ECM

substrate specificity, inhibition by the tissue inhibitors of metalloproteinases (TIMPs),

secretion as zymogens, and sequence homology that characterizes the MMPs as members

of one family (Alexander and Werb, 1991). The names given to the MMPs have generally

been based on their substrate specificity, although a set nomenclature, based on a

numbering system is now used (Table I) (Nagasi et al., 1992). MMPs are synthesized as

latent proenzymes, activated in vitro following proteolytic cleavage by plasmin or

stromelysin (Werb et al., 1977; Alexander and Werb, 1989; 1991), and controlled

extracellularly through their inhibition by TIMPs (tissue inhibitors of MMPs) (reviewed in

Birkedal- Hansen et al., 1993).

In terms of their regulation, MMPs can be divided into two groups. One group,

comprised of MMP-1, -3, -9, and -11, is responsive to growth factors and cytokines,

whereas the other group, comprised of MMP-2 and -8, is not. MMP-2 is widely expressed

and does not appear to be easily repressed or induced (Salo et al., 1991; Overall et al.,

1991a).
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The plasminogen activators (PAs), urokinase-type (u-Pa) and tissue-type (t-Pa)

(Table II) are serine proteinases that convert inactive plasminogen to active plasmin. These

activities are controlled by a series of several specific inhibitors, plasminogen activator

inhibitors (PAI-1 and -2), protease nexin I (PN-1), O-2-antiplasmin, and aprotinin (Saksela

and Rifkin, 1988; Laiho and Keski-Oja, 1989). t-Pa is involved in regulating the clotting

process, while u-Pa is involved in fibrinolysis, biological remodeling, and in the invasion

process. Plasmin itself is a serine proteinase which can cleave a broad spectrum of

substrates, including FN and fibrin, both of which are cleaved rapidly and at multiple sites,

while type I and II collagens are not cleaved at all. It is generally thought that plasminogen

dependent pathways degrade provisional or rapidly remodeling matrices, while leaving the

more stable structures, such as type I and II collagens, intact. In addition, plasminogen

dependent pathways are thought to have a potent destructive potential since plasminogen

concentration in plasma and interstitial fluids is in the range of 100 to 200 pg/ml, which is

at least 10 to 100 fold greater than that estimated for MMPs (reviewed in Alexander and

Werb, 1989; reviewed in Birkedahl-Hansen et al., 1993).

Another group of serine proteinases, likely involved in periodontal tissue turnover,

is comprised of the PMN neutrophil elastase and cathepsin G. These proteinases have been

observed in periodontal tissues and crevicular fluid (Smith et al., 1994; 1995; Alavi et al.,

1995; Rauschenberger et al., 1994; Ingman et al., 1994b). Furthermore, since these

proteinases are capable of degrading a variety of ECM proteins including type IV collagen,

FN, laminin, and heparan sulfate proteoglycans (reviewed in Birkedal-Hansen et al.,

1993), they are all that more likely to be involved in the degradation of periodontal and

gingival matrices.

These two classes of proteolytic enzymes, the MMPs and serine proteinases, are

interactive, appear to form a lytic cascade for ECM degradation, and are likely involved in

periodontal matrix turnover.
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Table I: Members of the matrix metalloproteinase (MMP) family and their
substrate specificities

Type Enzyme-TMNTFTTTTFDR) ECNTand
Name sk MMP Substrates

Collagenase# Fibroblast MMP-1 || 52/57 Collagen I, II, III, VII, VIII, X;
collagenase doublet gelatin
PMN MMP-8 || 75 Collagen I, II, III, VII, VIII, X;
collagenase gelatin

Stromelysin; Stromelysin-1 || MMP-3 |55/60 Proteoglycan core protein; fibronectin;
doublet laminin; collagen IV, V, IX, X;

elastin; procollagenase
Stromelysin-2 || MMP-10|55/60 Proteoglycan core protein; fibronectin;

doublet laminin; collagen IV, V, IX, X;
elastin; procollagenase

Matrilysin / | MMP-7 || 28 Fibronectin; laminin; collagen IV;
Putative gelatin; procollagenase; proteoglycan
metallo core protein
proteinase-1

Gelatinases | 72-kDa MMP-2 || 72 Gelatin; collagen IV, V, VII, X, XI;
gelatinase elastin; fibronectin; proteoglycan core

protein
92-kDa MMP-9 || 92 Gelatin; collagen IV, V; elastin;
gelatinase proteoglycan core protein

Others Macrophage | Non 53 Elastin, proteoglycans, IgG, a2
metallo- assigned macroglobulin
elastase

º-
Stromelysin-3 || MMP-11| ? º

-

MT-MMPS MT- Q Gelatin (MT-MMP-1)
MMP-1
to 4

(from Birke.Tal-Hansen■ e■ al., 1993 as modified
according to Nagase et al., 1992; Imai et al., 1996; Puente et al., 1996)

FK TT557TWTTFT-7■

Table II: Members of the plasminogen activator (PA) family and their
substrate specificities

Enzyme Mr (kDa) ECM substrates

u-Pa 50 Plasminogen, FN

|-
Hº- 4. Plasminogen

(Saksela and Rifkin, 1988; Alexander and Werb, 1991)
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Inhibitors - TIMPs and PAIs

There are several ECM proteinase inhibitors including TIMPs, PAIs, protease

nexin-1, aprotinin, O2-antiplasmin, 0.1-proteinase inhibitor, ovostatin, pregnancy zone

protein, and 0.2-macroglubulin, although we will focus on specific inhibitors of MMPs, the

TIMPs, and of PAs, the PAIS.

TIMPs are a family of four proteins characterized by their specific inhibition of

MMPs, their structural similarity, and their ability to from classic noncovalent bimolecular

complexes with the active and sometimes latent forms of MMPs. TIMPs inhibit the activity

of the fully competent MMPs and also block or retard MMP precursor activation (reviewed

in Birkedahl-Hansen, 1993), thereby regulating matrix degradation by at least two

mechanisms. Four members of the TIMP family (TIMP-1, -2, -3, -4 ) have been

sequenced and cloned. TIMP-3, unlike TIMP-1 and -2 is unique in its direct association

with the matrix (Leco et al., 1994). TIMP-4, the latest and most recently cloned and

sequenced, contains the characteristic 12 cysteine residue TIMP signature, and it shares

37% sequence identity with TIMP-1 and 51% identity with TIMP-2 and -3 (Greene et al.,

1996; Leco et al., 1997).

Individual TIMPs may have specific physiologic roles, since they form preferential

complexes with only certain MMPs. TIMP-1 complexes with both MMP-1 (Welgus et al.,

1985) and MMP-9 (Goldberg et al., 1989; Howard et al., 1991a and b), while TIMP-2

complexes with MMP-2 (Moore et al., 1992; Ward et al., 1991a and b). TIMP-2 in

general is more effective than TIMP-1 against both gelatinases (MMP-2 and -9), whereas

TIMP-1 is more effective against fibroblast collagenase (MMP-1) (rev. in Birkedal-Hansen

et al., 1993; Howard et al., 1991b). TIMP-1 cannot bind inactive MMP-2, but it can bind

and inhibit the active form of MMP-2 (Kolkenbrock et al., 1991; Howard and Banda,

1991). The TIMP active site remains to be determined and is elusive, since no bonds are

cleaved as a result of complex formation between the TIMPs and MMPs.
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Regulation of TIMPs is quite different among the four members. TIMP-1 is highly

inducible at the transcriptional level in response to many cytokines and hormones (Edwards

et al., 1992; Lotz and Guerne, 1991; Sato et al., 1991). Similarly, TIMP-3 is inducible

with mitogenic stimuli and is subject to cell cycle regulation (Wick et al., 1994). In

contrast, TIMP-2 is constitutively expressed (Stetler-Stevenson et al., 1990).

TIMPs are secreted by many cells and are found in many tissues and fluids,

including serum and human saliva (Greene et al., 1996; Stetler-Stevenson et al., 1990;

Boone et al., 1990; Sodek and Overall, 1988, Overall et al., 1991b; Staskus et al., 1991;

Pavloff et al., 1992).

Table III: Members of tissue inhibitor of metalloproteinase (TIMP) family
and their MMP specificities

Inhibitor Mr (kDa) MMP specificity
TIMP-1 28 MMP-1, -9

TIMP-2 21 MMP-2,-9

TIMP-3 25 unknown

TIMP-4 22 unknown
TETT et al., 1992; Saskºs et al., 1991; reviewed in Birkedahl-Hansen et al., 1993;
Kishnani et al., 1995; Greene et al., 1996; Leco et al., 1997)

The PAIs include PAI-1 and -2 and PN-1. PAI-1 is present in many cell types and

at high concentrations in the liver and spleen (Simpson et al., 1991). During its interaction

with u-PA, PAI-1 is cleaved and then it dissociates from u-PA, such that active enzyme and

inactive inhibitor are released. It is upregulated by growth factors, cytokines, and

glucocorticoids. PAI-2 is made by macrophages in placenta and PN-1 is made by many

cell types, including fibroblasts (reviewed in Alexander and Werb, 1991).

Table IV: Members of the plasminogen activator inhibitor (PAI) family

inhibitor | Mr (kDa) PA specificity
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PAI-1 45/52 u-Pa, t-PA

PAI-2 47 u-Pa

PN-1 45 u-Pa

TGTE: et al., 1986; Antalis et al., 1988; Alexander mTwº TJJTF 77 et al.,
1995)

Role in chronic inflammatory diseases

In chronic inflammatory diseases, such as arthritis, MMPs and serine proteinases

seem to play a role in the tissue destructive phase seen in these conditions. FN fragments,

which are present in the synovial fluid from arthritic joints, are thought to induce the

expression of MMPs and u-PA (Clemensen and Andersen, 1982; Carsons et al., 1985;

Griffiths et al., 1989; Homandberg et al., 1992; Xie et al., 1992; 1994). The MMPs can in

turn cause further tissue destruction and release of ECM fragments, thus setting up of cycle

of chronic destruction of joint tissues (Werb et al., 1989, 1990).

In the periodontium, these same molecules and their regulation are strongly

implicated in the breakdown and reformation of the ECM in health and in chronic

inflammatory periodontal disease. Numerous studies in the periodontal literature have

demonstrated elevated levels of MMPs in diseased versus healthy periodontal tissues and

fluids (Golub et al., 1976; Larivee et al., 1986; Kryshtalskyjet al., 1986; Gangbar et al.,

1990; Sorsa et al., 1990; Meikle et al., 1994). Furthermore, studies on the regulation of

MMPs and TIMP by transforming growth factor B (TGF-B) and concanavalin A, suggest

that these molecules can be used to generate a formative or resorptive cellular phenotype,

respectively, in human gingival fibroblasts (Overall et al., 1991b; Overall and Sodek,

1990). TGF-B has been shown to upregulate ECM synthesis, including FN, favoring the

establishment of net tissue reconstruction. On the other hand, TGF-B has been shown to

mediate monocyte adhesion, chemotaxis, and enzymatic digestion of the ECM by triggering

the transcriptional regulation of both 92-kDa and 72-kDa gelatinase (Wahl et al., 1993),
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Suggesting that TGF-B may also play a pivotal role in the early phases of inflammation and

repair. In addition, a new neutral MMP which is active on collagen fragments, is

Synthesized by osteoblasts, PDL fibroblasts, and was identified in the gingival crevicular

fluid (Overall and Sodek, 1987). Thus the regulation of MMPs and TIMP expression is

likely to be critical in the control of periodontal tissue remodeling, pathologic soft and hard

tissue destruction, and periodontal tissue restitution following disease.

E. APOPTOSIS

Characteristics

Apoptosis or programmed cell death occurs commonly and is a universal

mechanism that occurs as part of normal processes, as in tissue morphogenesis in the

developing embryo (Glucksmann, 1951; Saunders, 1962; 1966), and in disease processes,

such as cancer (Levine et al., 1991). Apoptosis, an active process requiring chemical

signals, is distinguishable from necrosis or "accidental" cell death, which is a

nonphysiologic or passive type of cell death, usually caused by extreme trauma or injury to

the cell (Kerr et al., 1972). The term apoptosis was first coined by Kerr and co-workers

who mistakenly thought the process was a variation of necrosis (Kerr et al., 1965; 1971;

1972).

Morphologically, apoptosis is characterized by condensation and margination of

nuclear chromatin (pyknosis), cytoplasmic shrinkage and cell rounding, plasma membrane

blebbing (zeiosis), nuclear condensation and fragmentation with concomitant DNA

fragmentation, and the formation of apoptotic bodies. The cytoskeleton seems to play an

important role in this process, since the plasma membrane becomes untethered and

undergoes rapid blebbing (Samali et al., 1996). The cell volume shrinkage seen in

apoptosis is due to budding of the endoplasmic reticulum, such that the vesicles generated

migrate and fuse to the plasma membrane giving the blebbed appearance. The energy for

this apparently comes from mitochondria, which remain structurally and functionally intact
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during this process (Samali et al., 1996). In terms of the DNA fragmentation, three stages

have been described. The first stage involves single strand nicks (Gorcyca et al., 1992;

Gromowski et al., 1986), which are thought to occur early, the second stage involves large

DNA fragmentation of 50-200 kbp (Brown et al., 1993; Cohen et al., 1994), and the third

stage (by about 4 h) involves large nucleosome size fragments of 180-200 kbp (Wyllie,

1980; Wyllie et al., 1984), which occur late in the process and are considered the

biochemical hallmark of apoptosis (Wyllie and Morris, 1982).

Regulatory molecules

These apoptotic cellular changes are thought to be triggered by extracellular

molecules or processes that initiate a complex mechanism of signals inside the cell. These

death-promoting extracellular triggers include glucocorticoids, irradiation, growth factor

serum, hormone, or anchorage withdrawal, and T-cell mediated signals, like those

mediated by the Fas molecule, a member of the tumor necrosis factor family. Just as there

are death promoting signals there are also cell survival signals, which are thought to include

growth factors or other serum proteins. Thus, the intracellular signals that regulate the fate

of the cell are also comprised of both cell survival and cell death signals. The cell death

signals include cysteine proteases (Martin and Green, 1995), such members of the

interleukin-13 converting enzyme (ICE) family (CPP-32/apopain, ICH-1 and -2, MCH-2,

-3, and -4, and MIH1), calpain and CRP, calcium dependent proteases, and an as of yet

unidentified cell death protease inhibited by plasminogen activator inhibitor-2 (Dickinson et

al., 1995; Zhivotovsky et al., 1996; Samali et al., 1996). An MMP inhibitor also seems to

play a role in the apoptotic signaling cascade, by regulating the amount and type of Fas

molecule on activated effector cells (Zhivotovsky et al., 1996). Oxygen radicals and

antioxidants (Buttke and Sanstrom, 1994; McGowan et al., 1996; Richter and Kass, 1991)

have also been considered death signals, while the cell survival signals include the Bcl-2

protein, which has been localized to mitochondria and appears to have antioxidant
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properties (Hockenbery et al., 1993). Other classical signaling molecules are also thought

to be important in the onset of apoptosis, and these may include an increase in intracellular

Cat?, PKC, or cAMP/PKA (Samali et al., 1996).

Additionally, several cell death and survival genes have been described. The ced-3

and ced-4 genes described in C. elegans and the mammalian homolog of ced-3, ICE,

promote apoptosis, while ced-9 prevents apoptosis (Miura et al., 1993; Driscoll and

Chalfie, 1992). Other genes whose products are positive or negative regulators of

apoptosis are proto-oncogenes and tumor suppressor genes. Both p53, the tumor

suppressor gene, and the c-myc oncogene, are inducers of apoptosis. Bcl-2 forms a

heterodimer with a homologous protein called bax (bcl-2 associated X protein) that

accelerates apoptosis (Oltavi et al., 1993). It is thought that the ratio of bcl-2 to bax is what

determines whether a cell undergoes cell death or survival.

Role of FN

The role of FN in apoptosis has been one of protection against programmed cell

death or as a cell survival signal. As an intact molecule, FN, through its integrin receptors,

protects some cell types from undergoing apoptosis (Zhang et al., 1995). The integrin

signals mediating this protective function seem to involve the pp.125° signal transduction

molecule (Crouch et al., 1996; Frisch et al., 1996; Hungerford et al., 1996) or the Bcl-2

pathway, independent of pp.125° (Zhang et al., 1995). This difference in utilization of

pp.125° as the signaling molecule may depend on cell type. Beyond this, however, little

is actually known about the role of FN in mediating this survival signal, and certainly it is

not known if the integrity of the molecule (i.e. if it is not intact, but fragmented) is

important in conveying the same life-promoting signals to cells.

In periodontal tissues, FN is present within the PDL, although its specific role as a

cell survival signal for PDL cells has not been explored. Tooth development data, indicates

that apoptotic processes are present in PDL cells during the eruption process (Bronckers et
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al., 1996), although the molecules and signals that mediate these changes are not known.

The role of FN in PDL cell survival as it relates to normal tissue processes or disease states

remains to be determined.

F. INVASION

Invasion is a complex process wherein tumor cells "break away" from their

surrounding environment and metastasize, often leading to a more compromised prognosis

in the host and often death. This process of "breaking away" involves multiple interactions

between the tumor cells and their surrounding matrix. Some of these interactions include

cell adhesion and de-adhesion, motility and migration, and ultimately invasion through host

tissues.

Role of integrin receptors

The cell-surface receptors implicated in these cell interactions belong to the integrin

and the proteoglycan families, since they have been implicated in the invasion and

metastasis of tumors (Akiyama et al., 1995; Vlodavsky et al., 1992; Soncin et al., 1994).

Furthermore, coordinate interactions among these receptors have been implicated in tumor

cell adhesion to extracellular matrix (ECM) components (Iida et al., 1992; Drake et al.,

1992). Since some of these adhesive interactions can be blocked by small synthetic

peptides derived from ECM molecules, peptide blocking experiments have also identified

specific molecules that are potentially useful for therapy (Wahl et al., 1994).

ROle Of FN

One such molecule which has been studied for its potential therapeutic use is FN.

Fragments from the RGD cell-binding, heparin-binding, and alternatively spliced V region

of FN have been used extensively to better understand tumor cell adhesion, motility, and

invasion

:
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Initially small peptides from different domains of FN were tested for their ability to

inhibit metastasis. Both the RGD and CS1 peptides were found to inhibit experimental

metastasis of melanoma cells (Humphries et al., 1986a, b, Saiki et al., 1989; 1990; ).

Following these initial studies with small peptides, larger protein fragments of FN were

then tested for their ability to modulate adhesion, motility and invasion of tumor cells.

Data seem to indicate that in order for FN fragments to have a maximal effect on cell

function their domains need to be presented as contiguous and connected segments and not

as isolated fragments, although individual fragments do display some functional activity.

An initial study demonstrated that a FN fragment from the cell-binding domain (75 kDa)

promoted melanoma cell adhesion, spreading, and motility, whereas a fragment containing

the heparin-binding domain and CS1 site (33 kDa), promoted only cell adhesion and

spreading (McCarthy et al., 1986). Peptides within this 33 kDa fragment and from the

high-affinity heparin-binding domain (FN-C/H-I, FN-C/H-II, FN-C/H-III and CS1)

mediated this melanoma cell adhesion through cooperative interactions between integrins

and proteoglycans, the latter involving both chondroitin sulfate and heparan sulfate (Iida et

al., 1992; Drake et al., 1992; Mould et al., 1994; Mould and Humphries, 1991). Larger

proteins from the high affinity heparin-binding domain in concert with the RGD-cell

binding domain (CH-271) promoted complete spreading and migration of fibrosarcoma

cells, unlike that observed with proteins that contained only the cell-binding domain (C-

274), the heparin-binding domain (H-271) or the combination of the these two fragments

(Yoneda et al., 1995). The story is somewhat confusing, since the CH-271 protein also

inhibited adhesion, invasion, and metastasis of lymphoma or melanoma cells (Yoneda et

al., 1994; Saiki et al., 1990, 1993). Interestingly the CS1 peptide from the alternatively

spliced V region by itself was also capable of inhibiting lung metastasis at least comparable

to that seen with the C-274 protein (Saiki et al., 1990). However, what is apparent from

these studies is that in order to illicit maximal cell responses, the cell-and heparin-binding

domains need to be presented to cells as contiguous and connected components on the same

:
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protein and not as separate fragments. Furthermore, all three of the FN domains/sites, the

RGD site within the cell-binding domain, the C-terminal heparin-binding domain, and the

CS1 site within the alternatively spliced V region, seem to be important in mediating

functions relevant to invasion. Although many domains of FN have been implicated in

mediating tumor cell functions, the contributions of each domain and the relative

importance of each family of receptors to these processes are difficult to assess. However,

these evaluations are important since they may suggest potential therapeutic interventions

by targeting the portions of the FN molecule that play the greatest role in the invasion

process. These inquiries are often best made using recombinant proteins that exhibit altered

function because of specific point mutations rather than deletions of large protein segments,

which may alter protein function nonspecifically.

G. SUMMARY

In summary, FN is a complex molecule capable of mediating multiple and specific

cell functions. These various functions may be mediated in part by the status of the FN

molecule. Intact FN likely maintains a physiologic state, while fragments of FN may

induce cells to undergo changes appropriate to an altered ECM environment. These

changes in cell response are also likely mediated in part by integrin FN receptors in

cooperation with proteoglycan, growth factor, or cytokine receptors. The periodontal

tissues and the PDL cells within are a unique model system for studying the effects of FN

and its fragments on cell behavior, since these tissues have the highest reported metabolic

rate (Sodek, 1977), yielding ECM fragments to the surrounding environment, which can in

turn interact with and alter cell responses. It is not known if PDL cells respond differently

to intact FN or its fragments, yet this is critical to understanding the processes of wound

healing and regeneration. There is in vivo evidence that FN fragments are present not only

at healthy periodontal sites but that they are elevated at diseased sites (Talonpoika et al.,

1989; 1993). In addition, since MMP expression is altered by FN fragments in other cell

:
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types (Huhtala et al., 1995), and since MMP levels are increased at sites of periodontal

disease (Golub et al., 1976; Larivee et al., 1986; Kryshalskyjet al., 1986), these studies

will investigate the role of FN fragments in modulating MMP expression. Also PDL cell

survival and specifically the role of FN in this process is an important part of the puzzle in

understanding tissue interactions in the periodontium, so this will be addressed in our

studies. Thus, PDL cell-interactions with FN are a novel model system for understanding

wound healing and tissue interactions in the periodontium. Another interesting approach

for understanding how FN affects cell behavior, is that of tumor cell biology. More

specifically, squamous cell carcinomas and their interactions with FN, are useful for

studying one facet of a highly malignant and metastatic process. Much evidence already

exists to support the idea that various forms of FN alter cell behavior dramatically. The

physiologic relevance of findings from these two cell systems has obvious implications for

understanding tumor metastasis and treatment of cancer, tissue regeneration, and wound

healing in general.

H. REFERENCES

Akiyama SK, Hasegawa E, Hasegawa T, and Yamada KM. (1985). The interaction of

fibronectin fragments with fibroblastic cells. J Bio Chem 260, 13256-13260.

Akiyama SK, Yamada SS, Yamada KM and LaFlamme SE. (1994). Transmembrane

signal transduction by integrin cytoplasmic domains expressed in single-subunit chimeras.

J Biol Chem 269, 15961-15964.

Alavi AL, Palmer RM, Odell EW, Coward PY, and Wilson RF. (1995). Elastase in

gingival crevicular fluid from smokers and non-smokers with chronic inflammatory

periodontal disease. Oral Dis 1, 110-114.

.

33



Alexander CM and Werb Z. (1989). Proteinases and extracellular matrix remodeling.

Curr Opin Cell Biol 1, 974-982.

Alexander CM and Werb Z. (1991). Extracellular matrix degradation. In: Cell biology of

the extracellular matrix. Elizabeth Hay (ed.), Plenum Press, New York, pp. 255-294.

Andujar MB, Magloire H, Hartmann DJ, Ville G, and Grimaud J-A. (1985). Early mouse

molar root development: cellular changes and distribution of fibronectin, laminin and type

IV collagen. Differentiation 30, 111-122.

Antalis TM, Clark MA, Barnes T, Lehrbach PR, Devine PL, Schevzov G, Goss NH,

Stephans RW, and Tolstoshev P. (1988). Cloning and expression of a cDNA coding for a

human monocyte-deived plasminogen activator inhibitor. PNAS 85,985-989.

Arceo N, Saulk JJ, Moehring J, Foster RA, and Somerman M.J. (1991). Human

periodontal cells initiate mineral-like nodules in vitro. J Periodont 62,499-503.

Armitage GC. (1995). Clinical evaluation of periodontal diseases. Periodontol 2000 7,

39–53.

Balzac F, Belkin AM, Koteliansky VE, Balabanov YV, Altruda F, Silengo L andTarone G.

(1993). Expression and functional analysis of a cytoplasmic domain variant of the beta 1

integrin subunit. J Cell Biol 121, 171-178.

Balzac F, Retta SF, Albini A, Melchiorri A, Koteliansky VE, Geuna M, Silengo L and

Tarone G. (1994). Expression of beta 1B integrin isoform in CHO cells results in a

dominant negative effect on cell adhesion and motility. J Cell Biol 127, 557-565.

34



Barnes JL, Torres ES, Mitchell RJ and Peters JH. (1995). Expression of alternatively

spliced fibronectin variants during remodeling in proliferative glomerulonephritis. Amer J

Pathol 147, 1361–1371.

Becker J, Schuppan D, Hahn, EG, Albert G, and Reichart P. (1986). The

immunohistochemical distribution of collagens type IV, V, VI, and laminin in the human

oral mucosa. Arch Oral Biol 31, 179-186.

Becker J, Schuppan D, Rabanus JP, Rauch R, Niechoy U, and Gelderblom HR. (1991).

Immunoelectron microscopic localization of collagens type I, V, VI, and of procollagen

type III in human periodontal ligament and cementum. J Histochem Cytochem 39, 103

110.

Bennett AM, Tang TL, Sugimoto S, Walsh CT and Neel BG. (1994). Protein-tyrosine

phosphatase SHPTP2 couples platelet-derived growth factor receptor beta to Ras. Proc

Natl Acad Sci USA 91, 7335-7339.

Bergman M, Joukov V, Virtanen I and Alitalo K. (1995). Overexpressed Csk tyrosine

kinase is localized in focal adhesions, causes reorganization of alpha v beta 5 integrin, and

interferes with HeLa cell spreading. Mol Cell Biol 15, 711–722.

Berkovitz BKB and Shore RC. (1982). Cells of the periodontal ligament. In: The

periodontal ligament in health and disease, ed. Berkovitz BKB, Moxham BJ, Newman

HN, pp25-49. Elmsford, NY: Pergamon Press Ltd.

35



Birge RB, Fajardo JE, Reichman C, Shoelson SE, Songyang Z, Cantley LC and Hanafusa

H. (1993). Identification and characterization of a high-affinity interaction between v-Crk

and tyrosine-phosphorylated paxillin in CT10-transformed fibroblasts. Mol Cell Biol 13,

4648–4656.

Birkedal-Hansen H, Butler WT, and Taylor RE. (1977). Characterization of the insoluble

collagens of bovine dental cementum. Calcif Tissue Res 23, 39-44.

Birkedal-Hansen H, Moore WGI, Bodden MK, Windsor LJ, Birkedal-Hansen B, DeCarlo

A, and Engler JA. (1993). Matrix metalloproteinases: A review. Crit Rev Oral Biol Med

4, 197-250.

Blake RA, Schieven GL and Watson SP. (1994). Collagen stimulates tyrosine

phosphorylation of phospholipase C-gamma 2 but not phospholipase C-gamma 1 in human

platelets. Febs Letters 353,212-216.

Blystone SD, Graham IL, Lindberg FP and Brown E.J. (1994). Integrin alpha v beta 3

differentially regulates adhesive and phagocytic functions of the fibronectin receptor alpha 5

beta 1. J Cell Biol 127, 1129-1137.

Blystone SD, Lindberg FP, LaFlamme SE and Brown E.J. (1995). Integrin beta 3

cytoplasmic tail is necessary and sufficient for regulation of alpha 5 beta 1 phagocytosis by

alpha v beta 3 and integrin-associated protein. J Cell Biol 130, 745-754.

Bober-Barkqlow FJ and Schwarzbauer JE. (1991). Localization of the major heparin

binding site in fibronectin. J Biol Chem 266, 7812-7818.

36



Boone TC, Johnson JM, DeClerck YA, and Langley KE. (1990). cDNA cloning and

expression of a metalloproteinase inhibitor related to tissue inhibitor of metalloproteinases.

PNAS 87, 2800-2804.

Boyko GA, Brunett DM, Melcher AH. (1980). Cell attachment to demineralized root

surfaces in vitro. J Periodont Res 15, 297-303.

Bozzini S, Visai L, Pignatti P, Petersen TE, and Speziale P. (1992). Multiple binding

sites in fibronectin and the staphylococcal fibronectin receptor. Eur J Biochem 207, 327–

333.

Brooks PC, Klemke RL, Schon S, Lewis JM, Schwartz MA and Cheresh DA. (1997).

Insulin-like growth factor receptor cooperates with integrin alpha v beta 5 to promote tumor

cell dissemination in vivo. J Clin Inves 99, 1390–1398.

Brown DG, Sun XM, and Cohen GM. (1993). Dexamethasone-induced apoptosis

involves cleavage of DNA to large fragmens prior to internulceosomal fragmentation. J

Biol Chem 268, 3037-3039.

Brown JM, Watanabe K, Cohen RL, and Chambers DA. (1995). Molecular

characterization of plasminogen activators in human gingival crevicular fluid. Arch Oral

Biol 40, 839-845.

Buck CA and Horowitz AF. (1987). Cell surface receptors for extracellular matrix

molecules. Ann Rev Cell Biol 103, 1671–1677.

37



Busk M, Pytela R, and Sheppard D. (1992). Characterization of the integrin alpha v beta

6 as a fibronectin-binding protein. J Biol Chem 267,5790-5796.

Butler WT, Birkedal-Hansen H, Beegle WF, Taylor RE, and Chung E. (1975). Proteins

of the periodontium. Identification of collagens with the [alpha 1 (I) 2 and [alpha 1 (III) 3

structures in bovine periodontal ligament. J Biol Chem 250,8907-8912.

Buttke TM and Sanstrom PA. (1994). Oxidative stress as a mediator of apoptosis.

Immunol Today 15, 7-10.

Caffesse RG, Holden MJ, Kon S, and Nasjleti CE. (1985). The effect of citric acid and

fibronectin application on healing following surgical treatment of naturally occurring

periodontal disease in beagle dogs. J Clin Periodontol 12, 578-590.

Caffesse RG and Quinones CR. (1993). Polypeptide growth factors and attachment

proteins in periodontal wound healing and regeneration. Perio 2000 1,69-79.

Caffesse RG, Smith BA, Nasjleti CE, and Lopatin DE. (1987). Cell proliferation after

flap surgery, root conditioning and fibronectin application. J Peridontol 58, 661-666.

Caffesse RG, Kerry GJ, Chaves ES, McLean TN, Morrison EC, Lopatin DE, Caffesse

ER, and Stults DL. (1988). Clinical evaluation of the use of citric acid and autologous

fibronectin in periodontal surgery. J Periodontol 59,565-569.

Carranza F.A. (1984). Glickman's Clinical Periodontology, ed. Carranza FA, pp. 3-39.

Philadelphia, PA: W.B. Saunders Co.

38



Carsons S, Lavietes BB, Diamond HS, and Kinney SG. (1985). The

immunoreactivity, ligand, and cell binding characteristics of rheumatoid synovial fluid

fibronectin. Arthritis Rheum 28, 601-612.

Charo IF, Nannizzi L, Smith JW, and Cheresh DA. (1990). The vitronectin receptor

alpha v beta 3 binds fibronectin and acts in concert with alpha 5 beta 1 in promoting cellular

attachment and spreading on fibronectin. J Cell Biol 111, 2795-2800.

Chavrier C, Couble ML, Magloire H, and Grimaud J.A. (1984). Connective tissue

organization of healthy human gingiva. J Periodont Res 19, 221-229.

Chen HC, Appeddu PA, Isoda H and Guan JL. (1996). Phosphorylation of tyrosine 397

in focal adhesion kinase is required for binding phosphatidylinositol 3-kinase. J Biol

Chem 271, 26329-26334.

Chen HC and Guan JL. (1994). Association of focal adhesion kinase with its potential

substrate phosphatidylinositol 3-kinase. Proc Natl Acad Sci USA 91, 10148-10152.

Chen Q, Kinch MS, Lin TH, Burridge K, Juliano RL. (1994). Integrin-mediated cell

adhesion activates mitogen-activated protein kinases. J Biol Chem 269,26602-26605.

Chen Q, Lin TH, Der CJ and Juliano RL. (1996). Integrin-mediated activation of

mitogen-activated protein (MAP) or extracellular signal-related kinase kinase (MEK) and

kinase is independent of Ras. J Biol Chem 271, 18122-18127.

39



Chen YP, O'Toole TE, Shipley T, Forsyth J, LaFlamme SE, Yamada KM, Shattil SJ and

Ginsberg MH. (1994a). "Inside-out" signal transduction inhibited by isolated integrin

cytoplasmic domains. J Biol Chem 269, 18307-18310.

Chen YP; O'Toole TE; Ylanne J; Rosa JP, Ginsberg MH. (1994b). A point mutation in

the integrin beta 3 cytoplasmic domain (S752-->P) impairs bidirectional signaling through

alpha IIb beta 3 (platelet glycoprotein IIb-IIIa). Blood 84, 1857-1865.

Cho MI and Garant PR. (1984). Formation of multi-nucleated fibroblats in the periodontal

ligaments of old mice. Anat Rec 208, 185-196.

Cho MI, Garant PR, and Lee YL. (1984). Immunohistochemical localization of collagen

(I and III) and fibronectin in inflamed and non-inflamed gingival connective tissue and

sulcular fluid of beagle dogs. J Periodont Res 19,638-641.

Cho MI, Lee YI, and Garant PR. (1986). Localization of fibronectin in gingival

connective tissue of beagle dog: ultrastructural detection with ferritin and peroxidase

conjugated antibodies. J Periodontol 57,413-421.

Clark EA and Brugge JS. (1995). Integrins and signal transduction pathways: the road

taken. Science 268, 233-239.

Clark EA and Hynes RO. (1996). Ras activation is necessary for integrin-mediated

activation of extracellular signal-regulated kinase 2 and cytosolic phospholipase A2 but not

for cytoskeletal organization. J Biol Chem 271, 14814-14818.

40



Clark, RAF. (1988). Potential roles of fibronectin in cutaneous wound repair. Arch

Dermatol 124, 201-206.

Clark, RAF, Dellapelle P, Manseau E, Lanigan JM, Dvork HF, and Colvin RB. (1982a).

Blood vessel fibronectin increases in conjunction with endothelial proliferation and

capillary ingrowth during wound healing. J Invest Dermatol 79, 269-276.

Clark, RAF, Lanigan JM, DellaPelle P, Manseau HF, Dvork HF, and Colvin RB.

(1982b). Fibronectin and fibron provide a provisional matrix for epidermal cell migration

during wound reepithelialization. J Invest Dermatol 79,264-269.

Clemmensen I and Andersen RB. (1982). Different molecular forms of fibronectin in

rheumatoid synovial fluid. Arthritis Rheum 25, 25–31.

Cobb BS, Schaller MD, Leu TH and Parsons JT. (1994). Stable association of pp60src

and pp.59fyn with the focal adhesion-associated protein tyrosine kinase, pp.125FAK. Mol

Cell Biol 14, 147-155.

Cohen GM, Sun XM, Fearhead H, MacFarlane M, Brown DG, Snowdown RT, and

Dinsdale D. (1994). Formation of large molecular fragments of DNA is a key committed

step of apoptosis in thymocytes. J Immunol 153, 507–516.

Crouch DH, Fincham VJ, and Frame MC. (1996). Targeted proteolysis of the focal
FAKadhesion kinase pp.125” during c-MYC-induced apoptosis is suppressed by integrin

signalling. Oncogene 12, 2689-2696.

:

41



Damsky CH and Werb Z. (1992). Signal transduction by integrin receptors for

extracellular matrix: cooperative processing of extracellular information. Curr Opin Cell

Biol 4: 1-10.

Dickinson JL, Bates EJ, Ferrante A, and Antalis TM. (1995). Plasminogen activator

inhibitor type 2 inhibits tumour necrosis factor o-induced apoptosis. Evidence for an

alternate biological function. J Biol Chem 270, 27894-27904.

Doherty DE, Henson PM, and Clark RAF. (1990). Fibronectin fragments containing the

RGDS cell-binding domain mediate monocyte migration into the rabbit lung. J Clin Invest

86, 1065-1075.

Drake SL, Klein DJ, Mickelson DJ, Oegema TR, Furcht LT, and McCarthy JB. (1992).

Cell surface phosphatidylinositol-anchored heparan sulfate proteoglycan initiates mouse

melanoma cell adhesion to a fibronectin-derived, heparin-binding syntetic peptide. J Cell

Biol 117, 1331–1341.

Driscoll M and Chalfie M. (1992). Development and abnormal cell death in C elegans.

TINS 15, 15-19.

Edwards DR, Rocheleau H, Sharma RR, Wills AJ, Cowie A, Hassell JA, and Heath JK.

(1992). Involvement of AP1 and PEA3 binding sites in the regulation of murine tissue

inhibitor of metalloproteinases-1 (TIMP-1) transcription. Biochim Biophys Acta 1171, 41

55.

Elices MJ, Tsai V, Strahl D, Goel AS, Tollefson V, Arrhenius T, Wayner EA, Gaeta FC,

Fikes JD and Firestein GS. (1994). Expression and functional significance of alternatively

42



spliced CS1 fibronectin in rheumatoid arthritis microvasculature. J Clin Invest 93, 405

416.

Ferrera PC, Busino LJ, and Snyder HS. (1996). Uncommon complications of

odontogenic infections. American J Emergency Med 14, 317-322.

Ffrench-Constant C and Hynes RO. (1988). Patterns of fibronectin gene expession and

splicing during cell migration in chicken embryos. Development 104,369-382.

Ffrench-Constant C and Hynes RO. (1989). Alternative splicing of fibronectin is

temporally and spatially regulated in the chicken embryo. Development 106,375–388.

Ffrench-Constant C, Van De Water L, Dvorak HF, and Hynes RO. (1989). Reappearance

of an embryonic pattern of fibronectin splicing during wound healing in the adult rat. J

Cell Bio 109,903-914.

Frisch SM, Vuori V, Ruoslahti E, and Chan-Hui PY. (1996). Control of adhesion

dependent cell survival by focal adhesion kinase. J Cell Biol 134, 793-799.

Froman G, Switakski LM, Speziale P, and Hook M. (1987). Isolation and

characterization of a fibronectin receptor from staphylococccus aureus. J Biol Chem 262,

6564–6571.

Gangbar S, Overall CM, McCulloch CAG, and Sodek J. (1990). Measurement of

collagenolytic activity in mouthrinses: correlation with periodontal disease activity in

adult and juvenile periodontitis. J Periodont Res 25, 257-267.

4 3



Ginsberg MH, Loftus JC, and Plow EF. (1988). Cytoadhesins, integrins, and platelets.

Thromb Haemos 59, 1-6.

Ginsburg D, Zeheb R, Yang AY, Rafferty UM, Andersen PA, Nielsen L, Dang K, Lebo

RV, and Gelehrter TD. (1986). cDNA cloning of human plasminogen activator-inhibitor

from endothelial cells. J Clin Invest 78, 1673–1680.

Glucksmann A. (1951). Cell death in normal vertebrate ontology. Biol Rev 26, 59-86.

Goldberg GI, Marmer BL, Grant GA, Eisen AZ, Wilhelm S, and He CS. (1989). Human

72-kilodalton type IV collagenase forms a complex with a tissue inhibitor of

metalloproteases designated TIMP-2. PNAS USA 86, 8207-8211.

Golub LM, Seigel K, Ramamurthy NS, and Mandel ID. (1976). Some characteristics of

collagenase activity in gingival crevicular fluid and its relationship to gingival disease in

humans. J Dent Res 55, 1049–1057.

Gorczyca W, Bruno S, Darzynkiewicz RJ, Gong J, and Darzynkiewicz Z. (1992). DNA

strand breaks occurring during apoptosis: their early detection by terminal deoxynucleotide

transferase and nick trranslation assays and prevention by serine protease inhbitors. Int J

Oncol 1, 639-648.

Green J, Wang M, Liu YE, Raymond LA, Rosen C, and Shi YE. (1996). Molecular

cloning and characterization of human tissue inhibitor of metalloproteinase 4. J Biol Chem

271, 30375-30380.

.

44



Griffiths AM, Herbert KE, Perrett D, and Scott DL. (1989). Fragmented fibronectin

and other synovial fluid proteins in chronic arthritis: their relation to immune

complexes. Clin Chim Acta 184, 133-146.

Grinnell F, Billingham RE, and Burgess L. (1981). Distribution of fibronectin during

wound healing in vivo. J Invest Dermatol 76, 181-189.

Grinnell F, HO Ch, and Wyssocki A. (1992). Degradation of fibronectin and vitronectin

in chronic wound fluid: Analysis by cell blotting, immunoblotting, and cell adhesion

assays. J Invest Dermatol 98, 410-416.

Gromkowski ST, Brown TC, Cerutti PA, and Cerottini JC. (1986). DNA of human Raji

target cells is damaged upon lymphocyte-mediated lysis. J Immunol 136, 752-756.

Grotendorst GR, Seppa HE, Kleinman HK, and Martin GR. (1981). Attachment of

smooth muscle cells to collagen and their migration towards platelet derived growth factor.

Proc Natl Acad Sci USA 78, 3669-3672.

Guan JL and Shalloway D. (1992). Regulation of focal adhesion-associated protein

tyrosine kinase by both cellular adhesion and oncogenic transformation. Nature 358,690

692.

Guan JL, Trevithick JE, and Hynes RO. (1990). Retroviral expression of alternatively

spliced forms of rat fibronectin. J Cell Biol 110,833–847.

Guan JL, Trevithick JE, and Hynes RO. (1991). Fibronectin/integrin interaction induces

tyrosine phosphorylation of a 120-kDa protein. Cell Regulation 2,951-964.

--

:

45



Haas TA and Plow EF. (1994). Integrin-ligand interactions: a year in review. (1994).

Curr Opin Cell Biol 6, 656-662.

Hanks SK, Calalb MB, Harper MC, and Patel SK. (1992). Focal adhesion protein

tyrosine phosphorylated in response to cell attachment to fibronectin. Proc. Natl. Acad.

Sci. 89, 8487–

Hauschka PV and Wians FH. (1989). Ostoecalcin-hydroxyapatite interaction in the

extracellular organic matrix of bone. Anat Rec 224, 180-188.

Herschberger RP and Culp LA. (1990). Cell-type specific expression of alternatively

spliced human fibronectin IIICS mRNAs. Mol Cell Biol 10,662-671.

Hess JA, Ross AH; Qiu RG; Symons M, Exton JH. (1997). Role of Rho family proteins

in phospholipase D activation by growth factors. J Biol Chem 272, 1615-1620.

Hildebrand JD, Taylor JM and Parsons JT. (1996). An SH3 domain-containing GTPase

activating protein for Rho and Cdc42 associates with focal adhesion kinase. Mol Cell Biol

16, 3.169-3 178.

Hines KL, Kulkarni AB, McCarthy JB, Tian H, Ward JM, Christ M, McCartney-Francis

NL, Furcht LT, Karlsson S, Wahl SM. (1994). Synthetic fibronectin peptides interrupt

inflammatory cell infiltration in transforming growth factor beta 1 knockout mice. Proc

Natl Acad Sci 91,5187-5191.

:
º

46



Hirano H, Yamada Y, Sullivan M, de Crombrugghe B, Pastan I and Yamada KM. (1983).

Isolation of genomic DNA clones spanning the entire fibonectin gene. Proc Natl Acad Sci

80, 46–50.

Hockenbery DM, Oltavi ZN, Yin XM, Millman CL, and Korsmeyer SJ. (1993). Bcl-2

functions in an anti-oxidant pathway to prevent apoptosis. Cell 75,241-252.

Hogervorst F, Kuikman I, von dem Borne AEGK, and Sonnenberg A. (1990). Cloning

and sequence analysis of beta-4 cDNA: An integrin subunit that contains a unique 118 kd

cytoplasmic domain, EMBO J 9,765-770.

Homandberg GA, Meyers R, and Xie D-L. (1992). Fibronectin fragments cause

chondrolysis of bovine articular cartilage slices in culture. J Biol Chem 267, 3597-3604.

Hou LT. (1993). Synthesis of collagen and fibronectin in fibroblasts derived from healthy

and hyperplastic gingivae. J Formosan Med Assn. 92, 367-72.

Hou LT and Yaeger J.A. (1993). Cloning and characterization of human gingival and

periodontal ligament fibroblasts. J Periodontol 64, 1209-1218.

Howard EW and Banda M.J. (1991). Binding of tissue inhibitor of metalloproteinases 2 to

two distinct sites on human 72-kDa gelatinase. Identification of a stabilization site. J Biol

Chem 266, 17972–17977.

Howard EW, Bullen EC, and Banda M.J. (1991a). Regulation of the autoactivation of

human 72-kDa progelatinase by tissue inhibitor of metalloproteinases-2. J Biol Chem,

266, 13064-13069.

º■ º

:

47



Howard EW, Bullen EC, and Banda M.J. (1991b). Preferential inhibition of 72- and 92

kDa gelatinases by tissue inhibitor of metalloproteinases-2. J Biol Chem 266, 13070

13075.

Huang Y, Ohsaki Y, and Kurisu K. (1991). Distribution of type I and type III collagen in

the developing periodontal ligament of mice. Matrix. 11, 25-35.

Hughes PE, O'Toole TE, Ylanne J, Shattil SJ and Ginsberg MH. (1995). The conserved

membrane-proximal region of an integrin cytoplasmic domain specifies ligand binding

affinity. J Biol Chem 270, 12411–12417.

Huhtala P, Humphries J, McCarthy M, Tremble P, Werb Z, and Damsky CH. (1995).

The RGD and CS-1 containing the cell binding regions of fibronectin signal opposing

effects on metalloproteinase expression via asb1 and a 4b1 integrins.

Hungerford JE, Compton MT, Matter ML, Hoffstrom BG, and Otey CA. (1996).

Inhibition of pp.125° in cultured fibroblasts results in apoptosis. J Cell Biol 124, 1383

1390.

Hynes R. (1985). Molecular biology of fibronectin. Ann Rev Cell Biol 1, 67-90.

Hynes R. (1987). Integrins, a family of cell surface receptors. Cell 48,549-554

Hynes RO. (1990). Fibronectins, Springer-Verlag, Berlin.

■
º:

:

48



Hynes RO. (1992). Integrins: Versatility, Modulation, and Signaling in Cell Adhesion.

Cell 69, 11–25.

Imai K, Ohuchi E, Aoki T, Nomura H, Fuji Y, Sato H, Seiki M, Okada Y. (1996).

Membrane-type matrix metalloproteinase 1 is a gelatinolytic enzyme and is secreted in a

complex with tissue inhibitor of metalloproteinase-2. Cancer Res 56, 2707-2710.

Iida J, Skubitz AP, Furcht LT, Wayner EA, and McCarthy JB. (1992). Coordinate role

for cell surface chondroitin sulfate proteoglycan and alpha 4 beta 1 integrin in mediating

melanoma cell adhesion to fibronectin. J Cell Biol 118,431–434.

Ingman T, Konen M, Konttinen YT, Siirila HS, Suomalainen K, and Sorsa T. (1994a).

Collagenase, gelatinase and elastase activities in sulcular fluid of osseointegrated implants

and natural teeth. J Clin Perio 21, 301-307.

Ingman T, Sorsa T, Kangaspunta P, and Konttinen YT. (1994b). Elastase and alpha-1-

proteinase inhibitor in gingival crevicular fluid and gingival tissue in adult and juvenile

periodontitis. J Periodontol 65,702-709.

Ingman T, Tervahartiala T, Ding Y, Tschesche H, Haerian A, Kinane DF, Konttinen YT,

and Sorsa T. (1996). Matrix metalloproteinases and their inhibitors in gingival crevicular

fluid and saliva of periodontitis patients. J Clin Perio 23, 1127-2232.

Johnson RP and Craig SW. (1995). F-actin binding site masked by the intramolecular

association of vinculin head and tail domains. Nature 373, 261-264.

i

49



Kapila S. The biology of TMJ degeneration: the role of matrix degrading enzymes. In:

Science and Practice of Occlusion. ed. C McNeil. Quintessence Publ., Carol Stream, IL.

(1997).

Kaplan KB, Bibbins KB, Swedlow JR, Arnaud M, Morgan DO and Varmus HE. (1994).

Association of the amino-terminal half of c-Src with focal adhesions alters their properties

and is regulated by phosphorylation of tyrosine 527. EMBO J 13,4745-4756.

Kerr JFR. (1965). A histochemical study of hypertrophy and ischaemic injury of rat liver

with special reference to changes in lysosomes. J Pathol Bacteriol 90,419–435.

Kerr JFR. (1971). Shrinkage necrosis: a distinct mode of cellular death. J Pathol 105,

13–20.

Kerr JFR, Wyllie AH, and Currie AR. (1972). Apoptosis: a basic biological

phenomenon with wide ranging implications in tissue kinetics. Br J Cancer 26, 1790–

1794.

Kinnby B, Matsson L, and Lecander I. (1994). The plasminogen-activating system in

gingival fluid from adults. An intra-individual study before and after treatment of

gingivitis. Scand J Dent Res 102,334-341.

Kishnani NS, Staskus PW, Yang TT, Masiarz FR, and Hawkes SP. (1995).

Identification and characterization of human tissue inhibitor of metalloproteinase-3 and

detection of three additional metalloproteinase inhibitor activities in extracellular matrix.

Matrix Biology 14,479–488.

■

50



Kolkenbrock H, Orgel D, Hecker-Kia A, Noack W, and Ulbrich N. (1991). The complex

between a tissue inhibitor of metalloproteinases (TIMP-2) and 72-kDa progelatinase is a

metalloproteinase inhibitor. EuropJBiochem 198, 775-781.

Komoriya A, Green L, Mervic M, Yamada SS, Yamada KM, and Humphries M.J. (1991).

The minimal essential sequence for a major cell type-specific adhesion site (CS1) within the

alternatively spliced IIICS domain of fibronectin is Leu-Asp-Val. J Biol. Chem. 266,

15075-15079.

Kornberg LJ, Earp HS, Turner CE, Prockop C, and Juliano RL. (1991). Signal

transduction by integrins: Increased protein tyrosine phosphorylation caused by clustering

of 31 integrins. Proc. Natl. Acad. Sci. 88,8392-8396.

Kornberg L and Juliano RL. (1992). Signal transduction from the extracellular matrix: the

integrin-tyrosine kinase connection. TiPs 131, 93-95.

Kornblihtt AR, Umezawa K, Vibe-Pedersen K and Baralle FE. (1985). Primary structure

of human fibronectin: differential splicing may generate at least 10 polypeptides from a

single gene. EMBO 4, 1755-1759.

Kryshtalskyj E, Sodek J, and Ferrier JM. (1986). Correlation of collagenolytic enzymes

and inhbitors in gingival crevicular fluid with clinical and microscopic changes in

experimental periodontitis in the dog. Arch Oral Biol 31, 21-31.

Kryshtalskyj E and Sodek J. (1987). Nature of collagenolytic enzymes and inhibitor

activities in crevicular fluid from healthy and inflamed periodontal tissues of beagle dogs. J

Periodont Res 22, 264-269.

i

5 1



Kurkinen M, Vaheri A, Roberts PJ, and Stenman S. (1980). Sequential appearance of

fibronectin and collagen in experimental granulation tissue. Lab Invest 43,47-51.

Laiho M and Keski-Oha J. (1989). Growth factors in the regulation of pericellular

proteolysis: A review. Cancer Res 49, 2533-2553.

Larivee J, Sodek J, and Ferrier JM. (1986). Collagenase and collagenase inhibitor

activities in crevicular fluid of patients receiving treatment for localized juvenile

periodontitis. J Periodont Res 21, 702-715.

Leco KJ, Apte SS, Taniguchi GT, Hawkes SP, Khokha R, Schultz GA, and Edwards DR.

(1997). Murine tissue inhibitor of metalloproteinase-4 (Timp-4): cDNA isolation and

expression in adult mouse tissues. Febs Letters 401, 213–217.

Leco KJ, Khokha R, Pavloff N, Hawkes SP, Edwards DR. (1994). Tissue inhibitor of

metalloproteinases-3 (TIMP-3) is an extracellular matrix-associated protein with a

distinctive pattern of expression in mouse cells and tissues. J Biol Chem 269, 9352–9360.

Levine AJ, Momard J, and Finlay CA. (1991). The p53 tumour suppressor gene. Nature

351, 453-456.

Lin TH, Aplin AE, Shen Y, Chen Q, Schaller M, Romer L, Aukhil I and Juliano RL.

(1997) Integrin-mediated activation of MAP kinase is independent of FAK: evidence for

dual integrin signaling pathways in fibroblasts. J Cell Biol 136, 1385–1395.

■
■

:

52



Limeback H, Sodek J, and Aubin E. (1983). Variation in collagen expression by cloned

periodontal ligament cells. J Periodont Res 18, 242-248.

Lo SH, Weisberg E, and Chen LB. (1994). Tensin: a potential link between the

cytoskeleton and signal transduction. Bioessays 16, 817-823.

Loftus JC, Plow EF, O'Toole TE, Glass A, Frelinger AL, and Ginsberg MH. (1990). A

33 integrin mutation abolishes ligand binding and alters divalent cation-dependent

conformation. Science 249, 915-918.

Lotz M and Guerne PA. (1991). Interleukin-6 induces the synthesis of tissue inhibitor of

metallo-proteinases-1/erythroid potentiating activity (TIMP-1/EPA). J Biol Chem 266,

2017–2020.

Lukinmaa PL, Mackie EJ, and Thesleff I. (1991). Immunohistochemical localization of

the matrix glycoproteins-tenascin and the ED sequence-containing form of cellular

fibronectin-in human permanent teeth and periodontal ligament. J Dent Res 70, 19-26.

Lynch SE, Williams RC, Polson AM, Howell TH, Reddy MS, Zappa UE, and Antoniades

HN. (1989). A combination of platelet-derived and insulin-like growth factors enhances

periodontal regeneration. J Clin Periodontol 16, 545-548.

Mainiero F, Pepe A, Yeon M, Ren Y and Giancotti FG. (1996). The intracellular

functions of alphaëbeta4 integrin are regulated by EGF. J Cell Biol 134, 241-253.

■

:

53



Massia SP and Hubbell JA. (1992). Vascular endothelial cell adhesion and spreading

promoted by the peptide REDV of the IIICS region of plasma fibronectin is mediated by

integriin alpha 4 beta 1. J Biol Chem 267, 14019–26.

Mariotti A and Cochran DL. (1990). Characterization of fibroblasts derived from human

periodontal ligament and gingiva. J Periodontol 61, 103-111.

Martin SJ and Green DR. (1995). Protease activation during apoptosis: death by a

thousand cuts? Cell 82, 349-352.

Mathews GA and Ffrench-Constant C. (1995). Embryonic fibronectins are up-regulated

following peripheral nerve injury in rats. J Neurobiol 26, 171-188.

Matsumoto K, Matsumoto K, Nakamura T and Kramer RH. (1994). Hepatocyte growth

factor/scatter factor induces tyrosine phosphorylation of focal adhesion kinase (p125FAK)

and promotes migration and invasion by oral squamous cell carcinoma cells. J Biol Chem

269, 31807–31813.

McCarthy JB, Hagen ST, and Furcht LT. (1986). Human fibronectin contains distinct

adhesion-and motility-promoting domains for metastatic melanoma cells. J Cell Biol 102,

179-188.

McCulloch CAG. (1985). Progenitor cell populations in the periodontal ligament of mice.

Anat Rec 211, 258-262.

:
:

:-
:

54



McGavin MH, Krajewska-Pietrasik D, Ryden C, and Hook M. (1993). Identification of a

staphylococcus aureus extracellular matrix-binding protein with broad specificity. Infect

Immun 61, 2479-85.

McGowan AJ, Fernandes RS, Samali A, and Cotter TG. (1996). Antioxidants and

apoptosis. Biochem Soc Trans 24, 229-233.

McNamee HP; Ingber DE and Schwartz MA. (1993). Adhesion to fibronectin stimulates

inositol lipid synthesis and enhances PDGF-induced inositol lipid breakdown. J Cell Biol

121, 673–678.

Mealey BL. (1996). Periodontal implications: medically compromised patients. Annals

of Periodontology 1, 256-321.

Meikle MC, Hembry RM, Holley J, Horton C, McFarlane CG, and Reynolds JJ.

(1994). Immunolocalization of matrix metalloproteinases and TIMP-1 (tissue inhibitor

of metalloproteinase) in human gingival tissues from periodontitis patients. J Periodont

Res 29, 118-126.

Meredith JJr, Takada Y, Fornaro M, Languino LR and Schwartz MA. (1995). Inhibition

of cell cycle progression by the alternatively spliced integrin beta 1C. Science 269, 1570

1572.

Miura M., Zhu H, Rotello R, Hatweig EA, and Yuan J. (1993). Induction of apoptosis in

fibroblasts by IL-1B-converting enzyme, a mammalian homolog of the C. elegnas cell

death ced-3. Cell 75, 653–660.

:

55



Miyamoto S, Akiyama SK and Yamada KM. (1995a). Synergistic roles for receptor

occupancy and aggregation in integrin transmembrane function. Science 267, 883-885.

Miyamoto S, Teramoto H, Coso OA, Gutkind JS, Burbelo PD, Akiyama SK and Yamada

KM. (1995b). Integrin function: molecular hierarchies of cytoskeletal and signaling

molecules. J Cell Biol 131, 791-805.

Mohri H, Katoh K, Iwamatsu A, and Okubo T. (1996). The novel recognition site in the

C-terminal heparin-binding domain of fibronectin by integrin alpha 4 beta 1 receptor on

HL-60 cells. Exp Cell Res 222, 326-332.

Moore WGI, Birkedal-Hansen B, Pierson M, and Birkedal-Hansen H. A Mr 21,000

inhibitor of matrix metalloproteinases from human fibroblasts. In: Matrix

metalloproteinases and inhibitors. pp. 319-320. (Birkedal-Hansen H, Werb Z, Welgus

HG, Van Wart HE, Eds.) Matrix Spec Suppl No. 1 Gustave Fischer, Stuttgart (1992).

Mosher DF. (ed.) (1989). Fibronectin, Academic Press, New York.

Mould AP and Humphries M.J. (1991). Identification of a novel recognition sequence for

the integrin a4b1 in the COOH-terminal heparin-binding domain of fibronectin. EMBO J

10, 4089–4–95.

Mould AP, Komoriya A, Yamada KM, and Humphries M.J. (1991). The CS5 peptide is a

second site in the IIICS region of fibronectin recognized by the integrin alpha 4 beta 1.

Inhibition of alpha 4 beta 1 function by RGD peptide homologues. J Biol Chem 266,

3579–3585.

.

56



Mould AP, Wheldon LA, Komoriya A, Wayner EA, Yamada KM, and Humphries MJ.

(1990). Affinity chromatographic isolation of a melanoma adhesion receptor for the IIICS

region of fibronectin and its identificaiton as the integrin alpha 4 beta 1. J Biol Chem 265,

4020-4024.

Nagasi H, Barrett AJ, and Woessner JF Jr. Nomenclature and glossary of the matrix

metalloproteinases. In : matrix metalloproteinases and inhibitors. pp. 421-424. (Birkedal

Hansen H, Werb Z, Welgus HG, Van Wart HE. Eds.) Matrix Spec Suppl No 1. Gustave

Fischer, Stuttgart (1992).

Narayanan AS, Clagett JA, and Page RC. (1985). Effect of inflammation on the

distribution of collagen types I, III, IV, and V type I trimer and fibronectin in human

gingiva. J Dent Res 64, 1111–1116.

Narayanan AS and Page RC. (1976). Biochemical characterization of collagens

synthesized by fibroblats derived from normal and diseased human gingiva. J Biol Chem

251, 5464-5471.

Narayanan AS, Page, RC, and Meyers DF. (1980). Characterization of diseased human

gingiva. Biochemistry 19, 5037-5043.

Norris DA, Clark RAF, Swigart LM, Clark Huff J, Weston WL, and Howell SE. (1982).

Fibronectin fragment(s) are chemotactic for human peripheral blood monocytes. J

Immunol 129, 1612-1618.

Norton PA and Hynes RO. (1987). Alternative splicing of chicken fibronectin in embryos

and in normal and transformed cells. Molec Cell Biol 7, 4297-4307.

57



Nyman S, Lindhe J, Karring T, and Rylander H. (1982). New attachment following

surgical treatment of human periodontal disease. J Clin Periodontol 9, 290.

Odekon LE, Frewin MB, Del Vecchio P, Saba TM, and Gudewicz PW. (1991).

Fibronectin fragments released from phorbol ester-stimulated pulmonary artery endothelial

cell monolayers promtote neutrophil chemotaxis. Immunol 74, 114-120.

Okamura H and Resh MD. (1994). Differential binding of pp60c-src and pp60v-src to

cytoskeleton is mediated by SH2 and catalytic domains. Oncogene 9, 2293-2303.

Olden K, Pratt RM, and Yamada KM. (1979). Role of carbohydrate in biological function

of the adhesive glycoprotein fibronectin. Proc Natl Acad Sci 76,3343-3347.

Oltavi Z, Millmann C, and Korsmeyer SJ. (1993). Bcl-2 heterodimerizes with a

conserved homolog, bax, that accelerates programmed cell death. Cell 74, 609-629.

Otey CA, Vasquez GB, Burridge K, Erickson BW. (1993). Mapping of the alpha-actinin

binding site within the beta 1 integrin cytoplasmic domain. J Biol Chem 268, 21193–

21197.

Otsuka K, Pitaru S, Overall CM, Aubin JE, and Sodek J. (1988). Biochemical

characterization of fibroblast populations from different periodontal tissues:

characterization of matrix protein and collagenolytic enzyme synthesis. Biochem Cell Biol

66, 167–176.

58



Overall CM and Sodek J. (1990). Concanavalin A produces a matrix-degradative

phenotype in human fibroblasts. J Biol Chem 265, 21141-21151.

Overall CM and Sodek J. (1987). Initial characterization of a neutral metalloproteinase,

active on native 3/4-collagen fragments, synthesized by ROS 17/2.8 osteoblastic cells,

periodontal fibroblasts, and identified gingival crevicular fluid. J Dent Res 66, 1271-1282.

Overall CM, Wrana JL, and Sodek J. (1991a). Transcriptional and post-transcriptional

regulation of 72 kDa gelatinae/type IV collagenase by transformin growth factor-31 in

human fibroblasts. J Biol Chem 266, 14064-14071.

Overall CM., Wrana JL, and Sodek J. (1991b). Induction of formative and resorptive

cellular phenotypes in human gingival fibroblasts by TGF-31 and concanavalin A:

regulation of matrix metalloproteinases and TIMP. J Periodont Res 26, 279-282.

Oyama F, Murata Y, Suganuma N, Kimura T, Titani K, and Sekiguchi K. (1989).

Patterns of alternative splicing of fibronectin pre-mRNA in human adult and fetal tissues.

Biochem 28, 1428–1434.

Page RC and Ammons WF. (1974). Collagen turnover in the gingiva and other mature

connective tissues of the marmoset Saguinus oedipus. Arch Oral Biol 19, 651-659.

Page RC and Schroeder HE. (1976). Pathogenesis of inflammatory periodontal disease.

A summary of current work. Lav Invest 34, 235-249.

Papapanou PN. (1996). Periodontal diseases: Epidemiology. Annals of Periodontology

1, 1-36.

:

59



Pappot H, Gårdsvoll H, Rømer J, Pedersen AN, Grøndahl-Hansen J, Pyke C, and

Brünner N. (1995). Plasminogen activator inhibitor type I in Cancer: therapeutic and

prognostic implications. Biol Chem Hoppe-Seyler 376,259-267.

Parsons JT and Parsons SJ. (1997). Src family protein tyrosine kinases: cooperating with

growth factor and adhesion signaling pathways. Curr Opin Cell Biol 9, 187-192.

Pavloff N, Staskus PW, Kishnani NS, and Hawkes SP. (1992). A new inhibitor of

metalloproteinases from chicken: ChIMP-3. A third member of the TIMP family. J Biol

Chem 267, 17321-17326.

Peters JH, Chen GE and Hynes RO. (1996). Fibronectin isoform distribution in the

mouse. II. Differential distribution of the alternatively spliced EIIIB, EIIIA, and V

segments in the adult mouse. Cell Adh Comm 4, 127-148.

Peters JH and Hynes RO. (1996). Fibronectin isoform distribution in the mouse. I. The

alternatively spliced EIIIB, EIIIA, and V segments show widespread codistribution in the

developing mouse embryo. Cell Adh Comm 4, 103-125.

Pitaru S, Aubin JE, Bhargava U, and Melcher AH. (1986). Immunoelectron microscopic

studies on the distribution of fibronectin and actin in a cellular dense connective tissue: the

periodontal ligament of the rat. J Periodont Res, 22, 64–74.

Pitaru S, Noff M, Grosskopf A, Moses O, Tao H, and Savion N. (1991). Heparan

sulfate and fibronectin improve the capacity of collagen barriers to prevent apical migration

of the junctional epithlelium. J Periodontol 62,598-601.

:

:

:

60



Postelthwaite AE, Keski-Oja J, Ballan G, and Kang AH. (1981). Induction of fibroblast

chemotaxis by fibronectin. Localization of the chemotactic region to a 140,000-molecular

weight non-gelatin-binding fragment. J Exp Med 153,494–499.

Potts JR and Campbell ID. (1994). Fibronectin structure and assembly. Curr Opin Cell

Biol 6, 648-655.

Puente XS, Pendas AM, Llano E, Velasco G, Lopez-Otin C. (1996). Molecular cloning

of a novel membrane-type matrix metalloproteinase from a human breast carcinoma.

Cancer Res 56, 944-949.

Pytela R, Pierschbacher MD, and Ruoslahti E. (1985). Identification and isolation of a

140kilodalton cell surface glycoprotein with properties of a fibronectin receptor. Cell 40,

191-198.

Rankin S, Hooshmand-Rad R, Claesson-Welsh L and Rozengurt E. (1996). Requirement

for phosphatidylinositol 3'-kinase activity in platelet-derived growth factor-stimulated

tyrosine phosphorylation of p125 focal adhesion kinase and paxillin. J Biol Chem 271,

7829–7834.

Ratliff TL, McCarthy R, Telle WB, and Brown EJ. (1993). Purification of a

mycobacterial adhesin for fibronectin. Infect & Immun 61, 1889-1894.

Rauschenberger CR, McClanahan SB, Pedersen ED, Turner DW, and Kaminski EJ.

(1994). Comparison of human polymorphonuclear neutrophil elastase, polymorphonuclear

61



neutrophil cathepsin G, and alpha 2-macrogluobulin levels in healthy and inflamed dental

pulps. J Endo 20, 546-550.

Regezi JA and Sciubba J. (1993). Oral Pathology, Clinical-Pathologic Correlations. 2nd

Ed., pp. 77-79, W.B. Saunders, Philadelphia.

Register AA. (1973). Bone and cementum induction by dentin, demineralized in situ. J

Peiodontol 44, 49–54.

Rencic A, Gehris AL, Lewis SD, Hume EL and Bennett VD. (1995). Splicing patterns of

fibronectin mRNA from normal and osteoarthritic human articular cartilage. Osteoarth

Cartil 3, 187-196.

Renshaw MW, Toksoz D and Schwartz MA. (1996). Involvement of the small GTPase

rho in integrin-mediated activation of mitogen-activated protein kinase. J Biol Chem 271,

21691–21694.

Reynolds JJ, Hembry RM, and Meikle MC. (1994). Connective tissue degradation in

health and periodontal disease an the roles of matrix metalloproteinases and their natural

inhibitors. Adv Dent Res 8, 312-319.

Richter C and Kass GEN. (1991). Oxidative stress in mitochondria: its relationship to

cellular Cat? homeostasis, cell death, proliferation, and differentiation. Chem Biol Inter

77, 1-9.

Ridley AJ and Hall A. (1992). The small GTP-binding protein rho regulates the assembly

of focal adhesions and actin stress fibers in response to growth factors.Cell 70, 389-399.

62



Roberts WE and Chamberlain JG. (1978). Scanning electron microscopy of the cellular

elements of rat periodontal ligament. Arch Oral Biol 23, 587-589.

Roberts WE and Morey ER. (1985). Proliferation and differentiation sequence of

osteoblast histogenesis under physiological conditions in rat periodontal ligament. Am J

Anat 174,105-118.

Roberts WE, Mozsary PG, and Klinger E. (1982). Nuclear size as a cell-kinetic marker

for osteoblast differentiation. Am J Anat 165, 373-384.

Romanos GE, Schroter-Kermani C, Hinz N, Wachtel HC, and Bernimoulin J-P. (1991).

Immunohistochemical localization of collagenous components in healthy periodontal tissues

of the rat and marmoset (Callithrix jacchus). II. Distribution of collagen types IV, V, and

VI. J Periodont Res 26, 323-332.

Ruoslahti E and Pierschbacher MD. (1987). New perspectives in cell adhesion: RGD and

integrins. Science 238,491–497.

Ruoslahti E. (1991). Integrins as receptors for extracellular matrix. In: Cell biology of

the extracellular matrix, ed. Hay ED, pp.343-363. New York: Plenum Press.

Ryan ME, Ramamurthy S, and Golub LM. (1996). Matrix metalloproteinases and their

inhibitors in periodontal treatment. Curr Opin Perio 3, 85-96.

:
:

:

63



Sabe H, Hata A, Okada M, Nakagawa H and Hanafusa H. (1994) Analysis of the

binding of the Src homology 2 domain of Csk to tyrosine-phosphorylated proteins in the

suppression and mitotic activation of c-Src. Proc Natl AcadSci USA 91, 3984-3988.

Saiki I, Murata J, Makabe T, Matsumoto Y, Ohdate Y, Kawase Y, Taguchi Y, Shimojo T,

Kimizuka F, Kato I, and Azuma I. (1990). Inhibition of lung metastasis by synthetic and

recombinant fragments of human fibronectin with functional domains. Jpn J Cancer Res

81, 1003-1011.

Saksela O, Moscatelli D, Sommer A, and Rifkin DB. (1988). Endothelial cell-derived

heparan sulfate binds basic fibroblast growth factor and protects it from proteolytic

degradation. J Cell Biol 107, 743–751.

Saksela O and Rifkin DB. (1988). Cell-associated plasminogen activation: Regulation

and physiological functions. Annu Rev Cell Biol 4, 93-126.

Samali A. (1996). Apoptosis - the story so far...Experentia 52,933-941.

Sato T, Ito A, Mori Y, Yamashita K, Hayakawa T, and Nagase H. (1991). Hormonal

regulation of collagenolysis in uterine cervical fibroblasts. Modulation of synthesis of

procollagenase, prostromelysin and tissue inhibitor of metalloproteinases (TIMP) by

progesterone and oestradiol-17 beta. Biochem J., 275, 645-650.

Saunders JW (Jr.). (1966). Death in embryonic systems. Science 154, 604-612.

Saunders JW (Jr.), Gasseling MT, and Saunders LC. (1962). Cellular morphogenesis of

vavian wing. Devl Biol 5, 147-178.

■
:

:

64



Saunders S and Bernfield M. (1988). Cell surface proteoglycan binds mouse mammary

epithelial cells to fibronectin and behaves as a receptor for interstitial matrix. J Cell Biol

106, 423-430.

Schaller MD, Borgman CA, Cobb BS, Vines RR, Reynolds AB and Parsons JT. (1992).

PP125F^*, a structurally distinctive protein tyrosine kinase associated with focal

adhesions. Proc. Natl. Acad. Sci 89, 5192–5196.

Schaller MD, Otey CA, Hildebrand JD and Parsons JT. (1995). Focal adhesion kinase

and paxillin bind to peptides mimicking beta integrin cytoplasmic domains. J Cell Biol

130, 1181–1187.

Schaller MD and Parsons JT. (1994). Focal adhesion kinase and associated proteins.

Curr Opin Cell Biol 6, 705–710.

Schlaepfer DD, Hanks SK, Hunter T, and van der Geer P. (1994). Integrin-mediated

signal transduction linked to Ras pathway by GRB2 binding to focal adhesion kinase.

Nature 372, 786–791.

Schwarzbauer JE. (1991). Alternative splicing of fibronectin: Three variants, three

functions. BioEssays 13, 527–533.

Schwarzbauer JE, Patel RS, Fonda D and Hynes RO. (1987). Multiple sites of alternative

splicing of the rat fibronectin gene transcript. EMBO J 6, 2573-2580.

:

■

:

65



Schwarzbauer JE, Tamkun JW, Lemischka IR and Hynes RO. (1983). Three different

fibronectin mRNAs arise by alternative splicing within the coding region. Cell 35, 421

431.

Sekiguchi K, Klos AM, Kurachi K, Yoshitake S and Hakomori S. (1986). Human liver

fibronectin complementary DNAs: identification of two different messenger RNAs

possibly encoding the a and b subunits of plasma fibronectin. Biochemistry 25, 4936

4941.

Selvig K.A. (1983). Current concepts of connective tissue attachment to diseased tooth

surfaces. J Biol Buccale 11:79.

Seppa HE, Grotendorst GR, Seppa ST, Schiffmann E, and Martin GR (1982). Platelet

derived growth factor is chemotactic for fibroblasts. J Cell Biol 92,584.

Seppa HEJ, Yamada KM, Seppa ST, Silver MH, Kleinman HK, and Schiffmann E

(1981). The cell binding binding fragment of fibronectin in chemotatic for fibroblasts.

Cell Bioll Intl Rep 5, 813–819.

Simpson AJ, Booth NA Moore NR, and Bennet B. (1991). Distribution of plasminogen

activator inhibitor (PAI-1) in tissues. J Clin Pathol 44, 139-143.

Smith BA, Smith JS, Caffesse RG, Nasjleti CE, Lopatin DE, and Kowalski CJ. (1987).

Effect of citric acid and various concentrations of fibronectin on healing following

periodontal flap surgery in dogs. J Periodontol 58, 667-673.

66



Smith QT, Harriman L, Au GS, Stoltenber JL, Osborn JB, Aeppli DM, and Fischer G.

(1995). Neutrophil elastase in crevicular fluid: comparison of a middle-aged general

population with healthy periodontitis groups. J Clin Periodontol 22,935-941.

Smith QT, Wang YD, and Sim B. (1994). Inhibition of crevicular fluid neutrophil elastase

by alpha-1-antitrypsin in periodontal health and disease. Arch Oral Biol 39, 301-306.

Sodek J. (1977). A comparison of the rates of synthesis and turnover of collagen and

noncollagenous proteins in adult rat periodontal tissues and skin using a microassay. Arch

Oral Biol 22, 655-665.

Sodek J and Overall CM. (1988). Matrix degradation in hard and soft connective tissues.

In : Davidovitch, Z. ed. The Biological Mechanisms of Tooth Eruption and Root

Resorption, pp.301–311. Birmingham, AL: EBSCO Media.

Sodek J and Overall CM. (1992). Matrix metalloproteinases in periodontal tissue

remodeling. Matrix Suppl No. 1, 352–362.

Somerman MJ, Archer SY, Imm GR, and Foster R.A. (1988). A comparative study of

human periodontal ligament cells and gingival fibroblasts in vitro. J Dent Res 67, 66-70.

Somerman MJ, Foster RA, Imm GM, Sauk JJ, and Archers SY. (1989). Periodontal

ligament cells and gingival fibroblasts respond differently to attachment factorsin vitro. J

Periodontol 60, 73-77.

:
º

i

67



Somogyi L, Lasic Z, Vukicevic S and Banfic H. (1994). Collagen type IV stimulates an

increase in intracellular Ca2+ in pancreatic acinar cells via activation of phospholipase C.

Biochem J 299, 603–611.

Soncin F, Shapiro R, and Fett JW. (1994) A cell-surface proteoglycan mediates human

adenocarcinoma HT-29 cell adhesion to human angiogenin. J Biol Chem 269:8999-9005.

Sorsa T, Suomalainen K, and Uitto VJ. (1990). The role of gingival crevicular fluid

and salivary interstitial collagenases in human periodontal diseases. Arch Oral Biol 35

(Supply, 193-196.

Stamatoglou SC, Ge RC, Mills G, Butters TD, Zaidai F, and Hughes RC. (1990).

Identification of a novel glycoprotein (AGp110) involved in interactions of rat liver

parenchymal cells with fibronectin. J Cell Biol 111, 21117-2127.

Staskus PW, Masiarz FR, Pallanck LJ, and Hawkes SP. (1991). The 21-kDa protein is a

transformation-sensitive metalloproteinase inhibitor of chicken fibroblasts. J Biol Chem

266, 449–454.

Stechschulte DJ Jr, Wu JJ and Eyre DR. (1997). Fibronectin lacking the ED-B domain is

a major structural component of tracheal cartilage. J Biol Chem 272, 4783-4786.

Steffensen B, Duong AH, Milam SB, Potempa CL, Winborn WB, Magnuson VL, Chen

D, Zardeneta G, and Klebe R.J. (1992). Immunohistological localization of cell adhesion

proteins and integrins in the periodontium. J Periodontol 63,584-592.

68



Stetler-Stevenson WG, Brown PD, Onisto M, Levy AT, and Liotta LA. (1990). Tissue

inhibitor of metalloproteinases (TIMP-2) mRNA expression in tumor cell lines and human

tumor tissues. J Biol Chem 265, 13933–13938.

Sundberg C and Rubin K. (1996). Stimulation of beta1 integrins on fibroblasts induces

PDGF independent tyrosine phosphorylation of PDGF beta-receptors. J Cell Biol 132,

741–752.

Suzuki S and Naitoh Y. (1990). Amino acid sequence of a novel integrin 34 subunit and

primary expression of the mRNA in epithelial cells. EMBO J 9, 757-763.

Talonpoika J, Heino J, Larjava H, Hakkinen L, and Paunio K. (1989). Gingival

crevicular fluid fibronectin degradation in periodontal health and disease. Scand J Dent Res

97, 415-421.

Talonpoika J, Paunio K, and Soderling E. (1993). Molecular forms and concentration of

fibronectin and fibrin in human gingival crevicular fluid before and after periodontal

treatment. Scand J Dent Res 101, 375-381.

Tapley P, Horwitz A, Buck C, Duggan K, Rohrschneider L. (1989). Integrins isolated

from Rous sarcoma virus-transformed chicken embryo fibroblasts. Oncogene 4, 325–333.

Terranova VP, Aumailley M, Sultan LH, Martin GR, and Kleinman HK. (1986a).

Regulation of cell attachment and cell number by fibronectin and laminin. J Cell Physiol

127, 473–479.

69



Terranova VP, Franzetti LC, Hic S, DiFlorio RM, Lyall RM, Wikesjo UME, Baker PJ,

Christersson LA, and Genco R.J. (1986b). A biochemical approach to periodontal

regeneration: Tetracycline treatment of dentin promotes fibroblast adhesion and growth. J

Periodont Res 21, 330–337.

Terranova VP, Hic S, Franzetti L, Lyall RM, and Wikesjo UME. (1987). A Biochemical

approach to periodontal regeneration, AFSCM: Assays for specific cell migration. J

Periodontol 58, 247-257.

Terranova VP and Martin GR. (1982). Molecular factors determining gingival tissue

interaction with tooth structure. J Periodont Res 17, 530.

Terranova VP, Odziemiec C, Tweden KS, and Spadone DP. (1989). Repopulation of

dentin surfaces by periodontal ligament cells and endothelial cells, Effect of basic fibroblast

growth factor. J Periodontol 60,293-301.

Tidball JG. (1990). Myonexin: an 80-kDa glycoprotein that binds fibronectin and is

located at embryonic myotendinous junctions. Dev Biol 142, 103-114.

Tremble P, Chiquet-Ehrismann R, and Werb Z. (1994). The extracellular matrix ligands

fibronectin and tenascin collaborate in regualting collagenase gene expression in

fibroblasts. Mol Biol Cell 5, 439–453.

Tremble P, Damsky CH, and Werb Z. (1995). Components of the nuclear signaling

cascade that regulate collagenase gene expression in response to integrin-derived signals. J

Cell Biol 129: 1707–1720.

:

70



Tucker JE, Lemon R, Mackie EJ, and Tucker RP. (1991). Immunohistochemical

localization of tenascin and fibronectin in the dentine and gingiva of Canis familiaris. Arch

Oral Biol 36, 165-170.

Urist MR. (1965a). Bone histogenesis and morphogenesis in implants of demineralized

enamel and dentin. J Oral Surg 29, 88-102.

Urist MR. (1965b). Bone: formation by autoinduction. Science 150,893-899.

Vartio T, Laitinen L, Närvänen O, Cutolo M, Thornell LE, Zardi L, and Virtanen I.

(1987). Differential expression of the ED sequence-containing form of cellular fibronectin

in embryonic and adult human tissues. J Cell Sci 88,419–430.

Vitale AT, Pedroza-Seres M, Arrunategui-Correa V, Lee SJ, DiMeo S, Foster CS and

Colvin RB. (1994). Differential expression of alternatively spliced fibronectin in normal

and wounded rat corneal stroma versus epithelium. Inves Ophthalmol Vis Sci 35, 3664–

3672.

Vlodavsky I, Ishai-Michaeli R, Mohsen M, Bar-Shavit R, Catane R, Ekre HP, and Svahn

CM. (1992). Modulation of neovascularization and metastasis by species of heparin. Adv

Exp Med Biol 313:317-327.

Vogel BE, Tarone G, Giancotti FG, Gailit J, and Ruoslahti E. (1990). A novel

fibronectin receptor with an unexpected subunit composition (ovB1). J Biol Chem 265,

5934–5937.

7 1



Vuori K and Ruoslahti E. (1993). Activation of protein kinase C precedes alpha 5 beta 1

integrin-mediated cell spreading on fibronectin. J Biol Chem 268, 21459–21462.

Wahl SM, Allen JB, Hines KL, Imamichi T, Wahl AM, Furcht LT, and McCarthy JB.

(1994) Synthetic fibronectin peptides suppress arthritis in rats by interrupting leukocyte

adhesion and recruitment. J Clin Invest 94:655-662.

Wahl SM, Allen JB, Weeks BS, Wond HL, Klotman PE. (1993). Transformin growth

factor beta enhances integrin expression and type IV collagenase secretion in human

monocytes. Proc Nat Acad Sci 90,4577-4581.

Ward RV, Atkinson SJ, Slocombe PM, Docherty AJP, Reynolds JJ, and Murphy G.

(1991a). Tissue inhibitor of metalloproteinase-2 inhibits the activation of 72 kDa

progelatinase by fibroblast membranes. Biochem Biophys Acta 1079, 242-246.

Ward RV, Hembry RM, Reynolds JJ, and Murphy G. (1991b). The purification of tissue

inhibitor of metalloproteinase-2 from its 72 kDa progelatinase complex. Demonstration of

the biochemical similarities of tissue inhibitor of metalloproteinase-2 and tissue inhibitor of

metalloproteinases-1. Biochem J278, 179-187.

Wayner EA, Garcia-Pardo A, Humphries MJ, McDonald JA, and Carter WG. (1989).

Identification and characterization of the T lymphocyte adhesion receptor for an alternative

cell attachment domain (CS-1) in plasma fibronectin. J Cell Biol 109, 1321-1330.

Welgus HG, Jeffrey JJ, Eisen AZ, Roswit WT, and Stricklin GP. (1985). Human skin

fibroblast collagenase: interaction with substrate and inhibitor. Collagen Rel Res 5, 167–

179.

72



Werb Z, Mainardi CL, Vater CA, and Harris ED Jr. (1977). Endogenous activation of

latent collagenase by rheumatoid syovial cells: evidence for a role of plasminogen

activator. NEng J Med 296, 1017-1023.

Werb Z, Tremble PM, Behrendtsen O, Crowley E, and Damsky CH. (1989). Signal

transduction through the fibronectin receptor induces collagenase and stromelysin gene

expression. J Cell Biol 109,877-889.

Werb Z, Tremble P, and Damsky CH. (1990). Regulation of extracellular matrix

degradation by cell-extracellular matrix interactions. Cell Diff Dev 32, 299-306.

Wick M, Burger C, Brusselbach S, Lucibello FC, and Muller R. (1994). A novel member

of human tissue inhibitor of metalloproteinases (TIMP) gene family is regulated during G1

progression, mitogenic stimulation, differentiation, and senescence. J Biol Chem, 1994

269, 18953-18960.

Whyllie AH. (1980). Glucocorticoid-induced thymocyte apoptosis is associated with

endogenous endonuclease activation. Nature 284, 555-556.

Woods A and Couchman JR. (1992). Protein kinase C involvement in focal adhesion

formation. J Cell Sci 101, 277–290.

Wyllie AH and Morris RG. (1982). Hormone-induced cell death. Purification of

properties of thymocytes undergoing apoptosis after glucocorticoid treatment. Am J Pathol

109, 78-87.

7 3



Wyllie AH, Morris RG, Smith AL, and Dunlop D. (1984). Chromatin cleavage in

apoptosis: association with condensed chromatin morphology and dependence on

macromolecular synthesis. J Pathol 142, 67-77.

Xie D-1, Hui FH, Meyers R, and Homandberg GA. (1994). Cartilage chondrolysis by

fibronectin fragments is associated with release of several proteinases: stromelysin

plays a major role in chondrolysis. Arch Biochem Biophys 311, 205-212.

Xie D-1, Meyers R, and Homandberg GA. (1992). Fibronectin fragments in osteoarthritic

synovial fluid. J Rheumatol 19, 1448-1452.

Xing Z, Chen HC, Nowlen JK, Taylor SJ, Shalloway D and Guan JL. (1994). Direct

interaction of v-Src with the focal adhesion kinase mediated by the Src SH2 domain. Mol

Biol Cell 5, 413-421.

Yamada KM and Miyamoto S. (1995). Integrin transmembrane signaling and cytoskeletal

control. Curr Opin Cell Biol 7,681-689.

Yoneda J, Saiki I, Igarashi Y, Kobayashi H, Fujii H, Ishizaki Y, Kimizuka F, Kato I, and

Azuma I. (1995). Role of the heparin-binding domain of chimeric peptides derived from

fibronectin in cell spreading and motility. Exp Cell Res 217, 169-179.

Yoneda J, Saiki I, Kobayashi H, Fujii H, Ishizaki Y, Kato I, Kiso M, Hasegawa A, and

Azuma I. (1994) Inhibitory effect of recombinant fibronectin polypeptides on the adhesion

of liver-metastatic lymphoma cells to hepatic sinusoidal endothelial cells and tumor

invasion. Jpn J Cancer Res 85,723-734.

74



Zhang Z, Vuori K, Reed JC, and Ruoslahti E. (1995). The alpha 5 beta 1 integrin

Supports survival of cells on fibronectin and up-regulates Bcl-2 expression. Proc Natl

Acad Sci. 92, 6161-6165.

Zhivostovsky B, Burgess DH, and Orrenius S. (1996). Proteases in apoptosis.

Experentia 52,968–978.

Zhu BC and Laine RA. (1985). Polylactosamine glycosylation on human fetal placental

fibronectin weakens the binding affinity of fibronectin to gelatin. J Biol Chem 260,4041

4045.

Zubiaur M, Sancho J, Terhorst C and Faller DV. (1995). A small GTP-binding protein,

Rho, associates with the platelet-derived growth factor type-beta receptor upon ligand

binding. J Biol Chem 270, 17221-17228.

75



CHAPTER II

CHARACTERIZATION OF CELL-ECM INTERACTIONS IN

PERIODONTAL LIGAMENT CELLS

76



A. ABSTRACT

One of the major goals of periodontics has been the regeneration of a new

connective tissue attachment following disease. The requirements for this regeneration

process include PDL cell proliferation, adhesion, migration, and formation of a new

extracellular matrix (ECM). While some components of this process have been studied,

there is still little known about PDL cell proliferation, adhesion, and motility potential in

response to ECM components, or about the receptors that perform these functions. It is

also not known if cells from diseased periodontal tissues behave differently than those from

healthy tissues, which is important to address since cells recruited from the PDL for

regeneration are chronically exposed to disease processes. Therefore, the purpose of this

Study was to characterize PDL cells and their interactions with FN, and to test the

hypothesis that PDL cells derived from diseased tissue behave differently than those

derived from healthy tissue. Addressing these two issues will provide a better

understanding of the potential of these cells in the regeneration process. In these efforts,

these experiments revealed that PDL cells were morphologically heterogeneous, although

fibroblastic in shape, and they possessed a normal-appearing actin-cytoskeleton.

Fluorescence-activated cell sorting (FACS) analysis demonstrated that PDL cells express

the OS, 31, ov, and 0.4 integrin subunits on their cell surface; subunits all known to bind

FN. A centrifugation-based assay system which measures the strength of adhesion,

revealed that PDL cells bind preferentially, although with different strengths to FN at 1, 5,

and 10 plg/ml versus a 5% low fat milk control. Proliferation and chemotaxis assays

indicated that intact FN induced a greater increase in cell number and chemotaxis than FN

fragments (120 kDa cell-binding, 60 kDa heparin-binding, and 45 kDa collagen-binding) or

the control. A microfence-based migration assay used to measure the relative migration of

PDL cells, demonstrated that PDL cells have a very wide range of migration potential.

Similar to other reports, all PDL cell isolates tested above were capable of producing bone

like nodules in vitro, although at different times in culture. Lastly, in testing the
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hypothesis, this study found that PDL cells from diseased and healthy tissues could not be

distinguished on the basis of their integrin profiles, adherence to FN, proliferation and

chemotaxis in response to FN proteins, overall rate of migration, or nodule formation. In

summary, these data reveal that while PDL cells are heterogeneous, they respond in a

similar manner to FN and FN fragments, and they do so by apparently expressing similar

levels of the same integrin receptor subunits on their surface. Furthermore, while PDL

cells are similar to other fibroblasts in their morphology, integrin receptor profile, and

ability to interact with FN, they have the unique ability to produce a mineralized matrix,

suggesting that they are of osteoblastic origin or are themselves multipotent.
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B. INTRODUCTION

Cell-extracellular matrix (ECM) interactions are important for understanding

complex tissue processes such as embryogenesis, metastasis, wound healing, and tissue

remodeling. In periodontics, the cell-ECM interactions involved in the regeneration of lost

periodontal structures following disease, are likely to be important yet remain partially

understood. In addition, there are many aspects of PDL cells that are important to the

processes of periodontal regeneration and wound healing yet remain to be investigated.

What is known is that PDL fibroblasts are a heterogeneous population of cells. They are

pleomorphic in terms of their size, shape, surface morphology (Roberts and Chamberlain,

1978; reviewed in Berkovitz and Shore, 1982; Roberts et al., 1982; Roberts and Morey,

1985; Cho and Garant 1984; Mariotti and Cochran, 1990), levels of collagen synthesis,

and ratios of collagen types (Limeback et al., 1983). They attach to FN (Somerman et al.,

1989), express FN and collagen type I and III (Hou and Yaeger, 1993), and they seem to

produce a greater amount of FN than fibroblasts from normal or pathologic gingival tissues

(Hou, 1993). Their interactions with FN are likely through integrin receptors, since

integrin subunits known to interact with FN, namely ov and 0.5, have been

immunolocalized to PDL fibroblasts in tissue sections (Steffensen et al., 1992). They are

also capable of producing bone-like nodules in vitro (Arceo et al., 1991), suggesting that

they may be of a bone-lineage derivative. While these studies have provided some insight

into the potential interactions of PDL cells with their matrix, they do not detail how these

cells interact specifically with their ECM.

The ECM molecule FN, was therefore chosen as a focus of study for reasons given

above, and because of its known importance in establishing a stable pericellular matrix, its

role in cellular adhesion, chemotaxis, migration, and its recent involvement in proteinase

modulation and signal transduction. The molecule itself is a complex protein comprised of

multiple domains, that can interact with cells via integrin and proteoglycan receptors and

with the ECM molecules, fibrin, collagen, and heparin (Hynes, 1985, 1990, and 1992).
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When cleaved into proteolytic fragments as in inflammatory diseased states (Xie et al.,

1992 and 1994; Werb et al., 1989 and 1990), these fragments still retain biologic function.

Furthermore, FN's location and interactions in the periodontal ECM are ideal for its

participation in regeneration of a connective tissue matrix following wounding or disease.

FN and its isoforms, the latter derived through alternative splicing, have been

immunolocalized in the pre-cementum, PDL and, possibly in the alveolar bone matrix

(Lukinmaa et al., 1991). FN coats the collagen fibrils of at least type I and type III

collagen in the PDL (Cho et al., 1986; Huang et al., 1991), and it sometimes fills the

spaces between the cell membrane and adjacent collagen fibrils (Pitaru et al., 1986). In

addition, formation of new fibroblasts and collagen is most active adjacent to the alveolar

bone and in the middle of the PDL and least active on the cementum side (reviewed in

Carranza, 1984). These studies suggest that there is an overlap in the location of fibroblast

turnover and the presence of FN, and as such, FN is likely to be involved in the

regeneration along and repopulation of the root surfaces.

Another important question to address with regard to PDL cells in guided tissue

regeneration, is whether or not cells from diseased tissues behave differently than those

from healthy tissues. This issue is obviously important, since cells recruited for

regeneration from the PDL are chronically exposed to disease processes. From other

reports, it appears that gingival fibroblasts obtained from diseased tissues do behave

differently than those from healthy tissues. Since these differences are maintained in

culture (Gabbiani et al., 1971; Narayanan and Page, 1976; Hassell, 1982; Narayanan and

Page, 1985; Narayanan and Hassell, 1985; Narayanan et al., 1988; Larjava et al., 1989;

Hussain et al., 1994), this suggests that the alterations in cells caused by the disease

process are at the gene level and not transient. Thus it seems likely that PDL cells

chronically exposed to periodontal disease might also have different characteristics from

those derived from healthy tissues. Furthermore, these altered characteistics may be

important in interactions with the ECM.

gºlf
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Therefore the purpose of this study was to characterize PDL cells and their

interactions with FN, and to test the hypothesis that PDL cells derived from diseased tissue

behave differently than those derived from healthy tissue, in an effort to better understand

the potential of these cells in the regeneration process.

C. MATERIALS AND METHODS

PDL cell culture

PDL from healthy tissue (free of inflammation or periodontal disease) was obtained

from premolars extracted for orthodontic reasons or healthy third molars. PDL from

diseased tissue was obtained from teeth to be extracted because of periodontal disease, and

which had visible calculus. PDL cells were obtained by scraping the PDL from the midroot

portion of extracted teeth with a scalpel blade. This tissue was then placed under a cover

slip and kept in culture media (OMEM supplemented with 10% fetal calf serum, 1%

penicillin/streptomycin, and 1% fungizone) until PDL fibroblasts migrated out of the tissue

and covered the bottom of the tissue culture plate. Once the cells became confluent they

were differentially trypsinized and passaged at least once to remove any contaminating

keratinocytes; gingival keratinocytes remain attached to plates longer than PDL fibroblasts

while in trypsin. PDL cell isolates from different patients and from passages 2 to 6 were

used for experiments.

FN and FN fragments

Intact human plasma FN was purchased from Boehringer Mannheim Biochemica

(Indianapolis, IN), and the following FN fragments were purchased from Gibco BRL

(Gaithersburg, MD); o-chymotryptic 120-kDa fragment containing the cell-binding domain

of FN, oºchymotryptic 45-kDa fragment containing the collagen/gelatin-binding domain of
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FN, and tryptic 60-kDa fragment containing the carboxy-terminal heparin-binding domain

Of FN.

FACS Analysis

To determine the integrin subunits expressed on the surface of PDL cells,

Fluorescence activated cell sorter (FACS) analysis was performed. PDL cells were

harvested from tissue culture plates under trypsin, rinsed twice with PBS, then

resuspended (3 x 106 cells/ml) with the following primary antibodies (1:40 antibody

dilution in PBS containing 10% serum as a carrier protein for the antibody): Anti-human

O4 mouse monoclonal (clone P4C2, Gibco), anti-human Oºv mouse monoclonal (clone

VNR 147, Gibco), anti-rat 05 (AIIBII, gift from Dr. Caroline Damsky), anti-rat 31

(BIIGII, gift from Dr. Caroline Damsky), and non-immune mouse and rat IgGs were used

as negative controls. The antibody-containing cell suspension was rocked for 30 min at

379C. After this time, cells were rinsed three times with PBS, incubated and rocked with

the secondary-fluoresceinated antibodies [1:1000 antibody dilution in PBS with 10%

serum; FITC-rabbit anti-mouse IgG1 (Zymed, South San Francisco, CA), FITC-F(ab')2

rabbit anti-rat IgG (H+L) (Zymed)], for 30 min at 370C. After this time, cells were rinsed

three times with PBS, fixed (fix buffer made up of 1:10 dilution of 4% paraformaldehyde,

1:8 dilution of 2% sodium azide in PBS), and analyzed on a cell sorter (Becton Dickinson,

Lysis II Version 1.0, FACSCAN, San Jose, CA). Fluorescence intensity was expressed

on a log scale.

Cell proliferation assay

The Cell Titer96. Non-Radioactive Cell Proliferation Assay (Promega, Madison,

WI) was used to measure increase in PDL cell number following incubation with FN and

three FN fragments (the 120 kDa fragment containing the cell-binding domain, the 60 kDa

fragment containing the heparin-binding domain, and the 45 kDa fragment containing the
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collagen-binding domain). This proliferation assay is based on the cellular conversion of a

tetrazolium salt (MTT) into a blue formazan product that can be read on an ELISA

microplate reader. For this assay, 100 pul/well of a 1.0 x 10°cells/ml suspension were

plated into 96-well tissue culture plates in serum-free media alone [phenol-free oNEM

supplemented with 0.2% lactalbumin hydrolysate (Gibco BRL, Gaithersburg, MD), 1%

penicillin/streptomycin, and 1% fungizone] or in the presence of media plus FN or FN

fragments (final FN or FN fragment concentration was 0.1 p.M/well). The cells were then

incubated for 48 h at 37°C in a humidified 5% CO2 incubator. After this time 15 pil of the

dye solution was added to the wells and allowed to incubate for 4 h in a humidified 5%

CO2 incubator. After 4 h, 100 pil of the solubilization/stop solution was added to each well

producing the colored formazan product which was read at a wavelength of 570 nm on a

Vmax kinetic microplate reader (Molecular Devices, Menlo Park, CA).

Adhesion assay

This centrifugation-based assay, described in detail elsewhere (Lotz et al., 1989),

measures the strength of adhesion of biotinylated PDL cells to FN. In brief, a multiwell

plastic apparatus that "sandwiches" an upper and lower chamber is used for the assay.

PDL cells were first labeled with 4 mg Biotin (Sigma)/5 ml PBS/T75 flask for 1 h 30 min

at 4 °C, harvested with trypsin, rinsed three times with PBS, then resuspended in PBS (4 x

10° cells/ml). The multiwell chambers were coated with 1, 5, or 10 pg/ml of FN or a low

fat milk control while cells were labeled with biotin. After coating the wells and labeling

the cells, the chambers were loaded with 50 pil of the cell suspension/well and then

sandwiched together. The chambers were centrifuged (300 rpm) so that cells first adhered

onto the wells containing the test proteins, then the assay chambers were inverted so that

the cells were forced to de-adhere (at 200 rpm) from the coated wells. To quantitate the

adhesion, the wells were then fast frozen in 100% ethanol containing dry ice, clipped, and

the solution in each well was assayed with a biotin–avidin, alkaline phosphatase reaction

■ º is
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(Sigma) using a slot blot apparatus (Schleicher & Schuell, Keene, NH). The relative

intensity of staining was scanned and used to quantitate percent adhesion [Percent

Adhesion = Adherent cells / (Nonadherent cells + Adherent cells) x 100].

Migration assay

The migration assay (Clyman et al., 1992) is based on a microfence which, when

lifted from tissue culture plates, creates small circles made up of PDL cells. These circles

increase in size over time and the relative increase in size is measured as a percentage

increase in migration. The circles, which are captured using a camera-assisted, computer

based imaging program (NIH Image, version 1.54), are stored on computer and analyzed.

Cell chemokinesis or random migration was tested in six PDL cell isolates, 3 from diseased

tissues (DPDL -1, -2, 3) and 3 from healthy tissues (HPDL-1, -2, -3). Once the migration

apparatus was assembled, 5.0 x 104 PDL cells/well were plated in serum-free media

(OMEM supplemented with 0.2% lactalbumin hydrolysate, 1% penicillin/streptomycin, and

1% fungizone) in the microfence apparatus on tissue culture plates and allowed to attach for

2 h. After this time, the migration apparatus was disassembled and the tissue culture plates

containing the PDL cell circles were removed and placed in petri dishes containing the

soluble agent. PDL cell circles were then captured using a camera-assisted computer

imaging program at time 0, 12 and 20 h of migration. The increase in circle area was

compared over time and the response to the soluble chemokinetic agent was reported as a

percentage increase in migration relative to time zero: Percentage increase in circle area

=100 x (area at 12 or 24 h - area at 0 h)/area at 0 h].

Chemotaxis assay

The chemotaxis assay relies on the fact that cells may be stimulated to move through

a filter towards a chemoattractant. For these experiments an 8.0 pum pore, polycarbonate

nucleopore filter (Costar, Pleasanton, CA) were sandwiched between and upper and lower
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plastic micro chemotaxis chamber (Neuroprobe, Cabin John, MD). The filter was soaked

in 50 Hg/ml collagen I (Vitrogen 100; Celtrix, Santa Clara, CA) for 1 h 30 min in a tissue

culture incubator. While soaking the membrane, PDL cells (2.5 x 105 cells/ml) were

prepared, suspended in serum free medium (OMEM supplemented with 0.2% lactalbumin

hydrolysate, 1% penicillin/streptomycin, and 1% fungizone), and then kept on ice. The

chemotaxis apparatus was then prepared by loading the soluble test agents into the lower

chambers. A final concentration of 0.4 plM of the following agents was tested: Intact FN

and the cell-, collagen/gelatin-, and heparin-binding domains of FN. From initial

experiments with PDL cells, the FN concentration that induced the greatest chemotaxis was

0.05 mg/ml (0.4 plM), so this was the concentration chosen to test for all subsequent

experiments. An equimolar concentration of bovine serum albumin (BSA) was used as a

negative control. Once the test agent was loaded, the membrane filter was laid over the

lower compartment, and the upper chamber was laid over the membrane. The cells were

added to the upper chamber (50 pil of a 2.5 x 105 cells/ml suspension) and the apparatus

was placed in an incubator for 4 or 5 h. After this time, the apparatus was disassembled

and the filter was removed, fixed, and stained (LeukoStat Stain Kit, Fisher Scientific,

Pittsburgh, PA). The cell nuclei on the underside of the filter were counted, and

chemotaxis was expressed as the number of cell nuclei per 5 high power fields. Each test

condition was run in quadruplicate.

Bone nodule formation

To test the ability of our PDL cell isolates to form bone-like nodules in vitro, PDL

cells were grown to confluency in 6-well plates in normal culture medium (OMEM

supplemented with 10% serum, 1% penicillin/streptomycin, 1% fungizone). Medium was

then changed to one that induced mineralized nodule formation (OMEM supplemented with

15% serum, 10 mM 3-glycerophosphate, 50 plg/ml ascorbic acid, 1%

penicillin/streptomycin, 1% fungizone) (Bellows et al., 1990). This medium was changed
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every other day, and the cultures were observed daily for the production and density of

mineralized nodules.

D. RESULTS

These data demonstrated morphologic heterogeneity among the PDL cell isolates,

although cells were all fibroblastic in shape (Fig. 1A). They also contained a normal

appearing actin-cytoskeleton (Fig. 1B). These cells expressed the O.S, 31, ov, and o.4

integrin subunits on their cell surface (Fig. 2, graphs a to f). The levels of ov, 0.5, and 31

were most abundant, while the levels of O.4 were low relative to controls. This integrin

subunit profile was similar for all PDL cell isolates examined (data not shown).

Having determined that these cells expressed integrin subunits that are known to

interact with FN, we next wanted to ascertain if the cells could indeed bind FN. PDL cells

cio adhere to FN and they possess a normal appearing actin-cytoskeleton when they spread

in the presence of FN (Fig. 3A). The actual strength of this adhesion was measured using

= centrifugation adhesion assay, which is detected on a slot blot (Fig. 3B). The strength of

=adhesion was greater than a 200 rpm force, which could not break up this FN-cell

interaction, while cells bound to the control were easily dislodged at this level of

<= entrifugation. Furthermore, maximum cell binding was observed between 5 and 10 pg/ml

<>f FN (Fig. 3B).

After learning that cells do adhere to FN, we next wanted to investigate the effects

Sf FN on PDL cell prolferation. Intact FN and several FN fragments were tested for this

Durpose (Fig. 4A). Intact FN induced the greatest increase in cell number, while the 120

kDa, 60 kDa, and 45 kDa fragments and the control induced approximately the same low

level increase in cell number (Fig. 4B). Cells derived from healthy versus diseased tissues

responded in a similar manner to FN and its fragments.

The other cell characteristic important to regeneration is cell motility. Using an

assay that measures random migration, we found that PDL cells have a wide range of
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migration potentials. Cells from a typical migration assay are illustrated (Fig. 5A) at 0 and

12 h after plating in the microfence. In addition, migration of PDL cells derived from

diseased tissues (DPDL-1, -2, -3) could not be distinguished from cells derived from

healthy tissues (HPDL-1, -2, -3), either at 12 or 24 h (Fig. 5B).

Similar to adhesion, PDL cells revealed different levels of chemotaxis in response

to different concentrations of FN (Fig. 6A). Maximal chemotaxis was exhibited when cells

were exposed to 0.05 pg/ul of FN (approximately 0.4 plM). Furthermore, when compared

to the 120 kDa (Fig. 6B), 60 kDa (Fig. 6C) or 45 kDa (Fig. 6D) fragments of FN, intact

FN induced the greatest amount of chemotaxis in PDL cells. Responses from cells derived

from healthy versus diseased tissues were not different. It is interesting to note that BSA,

which was used as the control, was actually inhibitory to PDL cell chemotaxis (data not

shown).

Similar to other reports (Arceo et al., 1991), PDL cell isolates used in this study

Nºwere capable or forming bone-like nodules in culture (Fig. 7A), although, the onset of

Imodule formation was different among the various isolates examined. Bone nodule

formation was generally initiated after 15 to 30 days in the bone growth media. There was

ITao difference in nodule formation between the cells derived from healthy versus diseased

tissues (Fig. 6B).

E. DISCUSSION

As others have shown (Roberts and Chamberlain, 1978; reviewed in Berkovitz and

Shore, 1982; Roberts et al., 1982; Roberts and Morey, 1985; Cho and Garant 1984), PDL

cells are heterogeneous. Typically, they are characterized as fibroblasts since they secrete

collagen types I and III (Hou and Yaeger, 1993) and vimentin (Webb et al., 1996; Basdra

et al., 1996), and they have an extensive proliferative capacity, as demonstrated by the

whole field of periodontal guided tissue regeneration. Morphologically, they resemble

fibroblasts (Fig. 1A), and as we and others (Steffensen et al., 1992) have shown, they
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express the integrin subunits OS, 31, ov, and 04 (Fig, 1B), which are commonly

associated with fibroblast-FN interactions (Pytela, 1985; Vogel et al., 1990; Mould et al.,

1990; Mould and Humphries, 1991). Thus, PDL cells are well suited for engaging in cell

matrix interactions with FN and its domains.

PDL cells bind preferentially to FN and at concentrations of approximately 5 to 10

plg/ml of FN. Whether this concentration of FN is physiologically relevant to periodontal

regeneration or PDL cell-matrix interactions, remains to be determined, since normal

plasma FN is in the order of 260-380 pg/ml, while that in saliva is < 1 pg/ml (Hynes,

1990). It is likely that PDL FN concentration is somewhere between these values, but this

has not been established.

The enhanced proliferative response of PDL cells to intact FN versus its fragments

CFig. 4), suggests that the integrity of FN is important in the formative or anabolic phase of

PDL regeneration or wound healing. In fact, a FN fragment generated by the MMP,

stromelysin, has been shown to inhibit cell proliferation (Muir and Manthorpe, 1992).

Since PDL cells also exhibit greater chemotaxis in response to intact FN versus its

fragments (Fig. 5C, D, E), this further supports the importance of having an intact FN

Irnolecule in mobilizing cells during regeneration or wound healing.

Although, the migration potential of PDL cells was variable (Fig. 5A), we

<> onsistently found that cells exhibited greater chemotaxis when exposed to intact FN versus

its fragments (Fig. 5C, D, E). This is similar to other fibroblastic cell types examined for

chemotaxis toward FN and FN fragments from the cell-, cell- plus heparin-, and collagen

\binding domains (Seppa et al., 1981; Postlethwaite et al., 1981; Albini et al., 1987).

Although, unlike these other studies, we found maximum PDL cell chemotaxis with 0.05

pig■ ml of FN (Fig. 5B) versus 10 to 30 pg/ml (other studies cited above). This difference

is likely related to the fact that the concentrations we tested and those tested by others did

not overlap except at the 0.5 pig■ ml concentration level. At this and lower concentrations

down to 0.001 pug/ml, (Fig 5B), there is increased chemotaxis, while at 0.5 to 2 pg/ml
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there is a decrease in chemotaxis (Fig. 5B and Seppa et al., 1981). At concentrations >2 to

20 pg/ml there is an increase in chemotaxis once more (Seppa et al., 1981), suggesting that

fibroblast chemotaxis in response to intact FN is bimodal, with peaks at 0.05 pg/ml and 20

|Ig/ml.

As others have reported (Arceo et al., 1991), PDL cell isolates used in this study

formed bone-like nodules in culture (Fig. 6A), although, the onset of nodule formation

varied from 15 days to 30 days in the bone growth medium (Fig. 6B). While PDL cells

exhibit characteristics typical of fibroblasts (morphology, production of collagen types I

and III and vimentin, and an extensive proliferative capacity), they possess the unique

ability to produce mineralized nodules in culture, suggesting that they contain a subset of

Osteoblast-like cells, are themselves of an osteoblastic-lineage, or are multipotent.

Lastly, our hypothesis, that cells derived from diseased tissues behave differently

than those derived from healthy tissues, was not substantiated. There were no distinct

Eatterns of adhesion, proliferation, motility, or bone nodule formation that could be linked

tºo cells derived from either healthy or diseased tissues. Others, however, have found that

=ingival fibroblasts from diseased tissues do have different characteristics than those from

Haealthy sites, and these differences are maintained in culture (Gabbiani et al., 1971;

INarayanan and Page, 1976; Hassell, 1982; Narayanan and Page, 1985; Narayanan and

E-Hassell, 1985; Narayanan et al., 1988; Larjava et al., 1989). These opposing findings may

Wºe explained by the fact that our analysis were performed on different cell types and our

assays investigated different cellular processes.

In summary, these data reveal that while PDL cells are heterogeneous, they respond

in a similar manner to FN and its fragments, and they do so by apparently expressing

similar levels of the same integrin receptor subunits on their surface. Furthermore, while

PDL cells are similar to other fibroblasts in their morphology, integrin receptor profile, and

ability to interact with FN, they have the unique ability to produce a mineralized matrix,

suggesting that they are osteoblastic in origin or are themselves multipotent.
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F- Figures and Figure Legends

Figure 1
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Figure 4

A

Fibrin Gelatin E||B E||A V REGION | |
Heparin Collagen SH Cell Heparin SH SSºutrititiºn-HEEEEºiii-Hºi■ ticoo.

SH

;IOOTH}COOH NHTTH HIHooo
NH3 60 kD

45 kD SH

N+EEEEEE| HEETHCOOH
120 kD

B
30000

- Mean +/- standard deviation

25000-
|

: : ; ;s
*

->
E
C

Q

FN and FN Fragments

93



Figure 5
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Figure 6A
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Figure 6 B
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Figure 6 C
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Figure 6 D
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FIGURE LEGENDS

Fig. 1. Cell morphology and integrin profile. A. These phase contrast

photographs depict PDL cells incubated under normal cell culture conditions (OMEM

supplemented with 10% fetal calf serum, 1% penicillin/streptomycin, and 1% fungizone).

B. This is a higher magnification photograph of PDL cells plated under normal cell culture

conditions, fixed, then stained with actin-phaloidin to show the actin-cytoskeleton of these

cells.

Fig. 2. FACS analysis of integrin subunits. This group of graphs illustrates the

results of multiple FACS analysis performed on PDL cells using antibodies against various

integrin subunits. The graphs correspond to analysis performed with antibodies against O.4

(panel a), Ov (panel b), control anti-mouse antibody (panel c), 0.5 (panel d), 31 (panel e),

and control anti-rat antibody (panel f).

Fig. 3. Adhesion to FN. A. This is a high magnification photograph of PDL cells

plated in the presence of FN, fixed, then stained with actin-phaloidin to show the actin

cytoskeleton of these cells. B. The figure depicts the results of a typical nitrocellulose slot

blot assay. The adherent and nonadherent cells are labeled on the bottom of the image, and

the test agents (FN or control) are labeled to the right of the image. C. The graph

illustrates the percent adhesion of PDL cells to different concentrations of FN versus a low

fat milk control (blotto).

Fig. 4. Proliferation in response to FN and FN fragments. A. The diagram

depicts intact FN monomer and the FN fragments used in this assay. The 120 kDa

fragment contains the cell-binding domain, the 60 kDa fragment contains the heparin

binding domain, and the 45 kDa fragment contains the gelatin/collagen-binding domain. B.
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The graph illustrates the increase in PDL cell numbers in response to intact FN, three FN

fragments, and an O.MEM control.

Fig. 5. Relative cell motility. A. The images illustrate the results of the microfence

assays for relative PDL cell motility. PDL cell circles are shown at 0 and 12 h after plating.

B. The Graph illustrates the relative migration of 6 PDL cells isolates, 3 from diseased

tissues (DPDL -1, -2, 3) and 3 from healthy tissues (HPDL-1, -2, -3), at 12 and 24 h after

plating.

Fig. 6 Chemotaxis in response to intact FN and FN fragments. Each of these

panels contains an image of one of the actual membranes used in the chemotaxis assays and

an adjacent graph depicting the results from that assay. The chemotaxis of PDL cells in

response to different concentrations of intact FN (A), the 120 kDa fragment (B), the 60

kDa fragment (C), and the 45 kDa fragment (D) of FN are shown.

Fig. 7. Bone nodule formation. A. The photographs depict confluent PDL cells just

prior to bone nodule formation (panel A), moderate density bone nodule formation (panel

B), and high density bone nodule formation (panel C). B. The table illustrates the onset

and relative density of nodule formation for different PDL cell isolates.
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A. ABSTRACT

Fragments of the matrix molecule fibronectin (FN) have been shown to modulate

tissue remodeling activity by inducing matrix metalloproteinases (MMPs) in synovial

fibroblasts. These molecules could contribute to the tissue degradation that occurs during

periodontal disease if they also modulate the expression of proteinases in cells of the

periodontal ligament (PDL). We tested the hypothesis that FN and specific FN fragments

induce the expression of specific proteinases in PDL cells. Using substrate zymograms,

reverse zymograms and Western immunoblots, we found that PDL cells constitutively

express 72-kDa gelatinase, urokinase-type plasminogen activator (uPA) and at least three

inhibitors whose molecular masses correspond to those of the tissue inhibitors of

metalloproteinases (TIMPs). A fourth, previously uncharacterized proteinase inhibitor of

approximately 22 kDa was also observed in some cell isolates. PDL cells exposed to a 120

kDa proteolytic FN fragment containing the cell-binding domain were induced to express

collagenase and stromelysin and also demonstrated an increased secretion of the serine

proteinase uPA. Expression of collagenase increased with increasing concentrations

(0.001puM-1puM) of the 120-kDa FN fragment. This fragment also induced the expression

of a 20-kDa inhibitor, but not of the higher-molecular-mass inhibitors, in PDL cells. The

observed alterations in proteinases were associated specifically with the 120 kDa FN

fragment since similar responses were not seen when PDL cells were exposed to either a 60

kDa heparin-binding FN fragment or a 45-kDa collagen/gelatin-binding FN fragment. PDL

cells exposed to intact FN did not express the proteinases induced by the 120 kDa fragment

but did express 92 kDa gelatinase and the 20-kDa proteinase inhibitor. These data suggest

that FN and specific FN fragments can differentially induce the expression of proteinases in

PDL cells. Thus, functional regions of FN may modulate many of the functions of PDL

cells that contribute to periodontal disease, wound healing, and maintenance of extracellular

matrix in periodontal tissues.
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B. INTRODUCTION

The dissolution and maintenance of the extracellular matrix (ECM) is mediated in

part by the matrix metalloproteinase (MMP) family of enzymes and by their inhibitors, the

tissue inhibitors of metalloproteinases (TIMPs). The MMPs are characterized by their

extracellular matrix substrate specificity, zinc-dependent activity, secretion as inactive

proenzymes, and specific inhibition by TIMPs (reviewed in Alexander and Werb, 1991;

Birkedal-Hansen et al., 1993). The extracellular activity of these proteinases is thought to

be dependent on their activation by other proteolytic enzymes, including the urokinase- and

tissue-type plasminogen activators (uPA and tRA), via the plasminogen-plasmin cascade

(Collier and Ghosh, 1988; Mochan and Uhl, 1984; Werb, 1989). The MMPs are also

regulated at the transcriptional level by cytokines, growth factors and matrix

macromolecules, such as fibronectin (FN) (reviewed in Birkedal-Hansen et al., 1993). The

induction of these proteinases by FN fragments has been implicated in the matrix

degradation associated with osteoarthritis, a chronic inflammatory disease (Xie et al., 1992;

reviewed in Chevalier, 1993; Xie et al., 1994; Homandberg and Hui, 1994), which

suggests that a similar mechanism may be involved in periodontitis, a chronic inflammatory

disease associated with loss of bone and supporting structures of teeth.

Although substantial indirect evidence exists implicating MMPs in tissue degradation

during periodontal disease, the regulation of expression of these proteinases and their direct

role in the disease process has not been extensively investigated. Bacterial products, pro

inflammatory mediators, and molecules such as matrix components or other proteinases

likely regulate MMPs and contribute to the subsequent periodontal tissue destruction (Meikle

et al., 1989; reviewed in Page, 1991; Sorsa et al., 1992; Ohshima et al., 1994; Ogura et al.,

1995). MMPs have been localized by immunohistochemistry in gingival connective tissue

sites that show histological signs of remodeling (Meikle et al., 1994). MMPs are also

present at higher levels in the gingival crevicular fluid of patients with periodontal disease

than in fluid from healthy controls (Gangbar et al., 1990; Sorsa et al., 1990). In addition,
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TIMP-1 and collagenase transcripts are present at significantly higher levels in diseased

gingival tissues than in healthy control tissue (Trabandt et al., 1992; Nomura et al., 1993).

Lastly, tetracyclines, which inhibit the activity of several MMPs, including collagenase,

reduce the severity of periodontal breakdown (reviewed in Rifkin et al., 1993; Vernillo et

al., 1994). While these investigations delineate MMPs as having a potential role in

periodontal disease, nothing is known about the specific effects of matrix macromolecules

such as FN and FN fragments on MMP expression in periodontal tissues.

That FN fragments may play a role in disease and tissue breakdown is suggested by

their presence in synovial fluid from chronic inflammatory diseases, such as osteoarthritis

(Xie et al., 1992) and rheumatoid arthritis (Carsons et al., 1985; Griffiths et al., 1989;

Clemmensen et al., 1982), and by their ability to induce chondrolysis in vitro (Homandberg

et al., 1991, 1992; Homandberg and Hui, 1994; Xie et al., 1994). Furthermore, specific

FN fragments may modulate tissue remodeling by enhancing the expression of proteinases.

In rabbit synovial fibroblasts (RSF), for example, a 120-kDa fragment of FN containing the

central cell-binding region has been shown to elevate collagenase and stromelysin

expression (Werb et al., 1989; Huhtala et al., 1995). FN fragments containing the central

cell-binding region, the gelatin-binding domain, or a smaller amino-terminal portion of FN

also induce expression of gelatinolytic and caseinolytic activity, stromelysin, uPA, and

TIMP-1 in cartilage (Homandberg et al., 1991, 1992; Xie et al., 1994). These findings

indicate that FN fragments found in chronic inflammatory processes can modulate cell

behavior and enhance ongoing matrix breakdown.

Periodontal ligament (PDL) cells are considered responsible for regeneration and

maintenance of the connective tissue structures of the teeth, processes that require cell

migration and proliferation as well as synthesis and degradation of the surrounding ECM.

Because of differences in functional roles of synovial fibroblasts, chondrocytes and PDL

cells, it is likely that FN and its fragments regulate proteinase expression differently within

these cells. Furthermore, the profile of constitutively expressed proteinases varies among

* {
.*
* *
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different cells of mesenchymal origin, including synovial fibroblasts, chondrocytes and rat

or porcine PDL cells (Werb et al., 1989; Huhtala et al., 1995; Xie et al., 1994; Kapila et al.,

1995; Otsuka et al., 1988), indicating that these cells may respond differently to stimulation

by FN and FN fragments. Therefore, the purpose of this study was to comprehensively

determine the profile of MMPs and their inhibitors constitutively expressed by PDL cells,

and to evaluate the modulation of these enzymes and inhibitors by FN and specific FN

fragments. Additionally, because plasminogen activators can regulate extracellular MMP

activity via the plasmin-plasminogen cascade, we examined the modulation of expression of

plasminogen activators by FN and FN fragments in PDL cells.

C. MATERIALS AND METHODS

PDL cell culture

Human teeth were obtained from patients undergoing therapeutic third molar

extractions. PDL cells were obtained by scraping the PDL from the midroot portion of the

extracted teeth with a scalpel blade. This tissue was then placed under a coverslip and kept

in culture medium (o. MEM supplemented with 10% fetal calf serum, 1%

penicillin/streptomycin, and 1% fungizone) until PDL fibroblasts migrated out of the tissue

and covered the bottom of the tissue culture plate. Once the cells became confluent, they

were differentially trypsinized and passaged at least once to remove any contaminating

keratinocytes. Subsequently, PDL cells in passages 2 to 6 were used for all experiments.

Three different PDL cell isolates, derived from 3 different patients, were used for these

experiments.

FN, FN fragments, FN peptides, and antibodies

Intact human plasma FN purchased from Boehringer Mannheim Biochemica

(Indianapolis, IN) and the following FN fragments and peptides obtained from Gibco BRL

1 13



(Gaithersburg, MD) were used for experimentation: o-chymotryptic 120-kDa fragment

containing the cell-binding domain of FN, o-chymotryptic 45-kDa fragment containing the

collagen/gelatin-binding domain of FN, tryptic 60-kDa fragment containing the carboxy

terminal heparin-binding domain of FN, and the synthetic peptides GRGDSP and

GRGESP.

Sheep anti-human stromelysin polyclonal antiserum and mouse anti-human

collagenase monoclonal antibody were gifts from Dr. Zena Werb. The mouse anti-human

monoclonal antibody to uPA was purchased from American Diagnostica Inc. (Greenwich,

CT), and rabbit polyclonal antibody to human 92 kDa gelatinase was purchased from Triple

Point Biologics (Forest Grove, OR). Alkaline phosphatase-conjugated donkey anti-sheep

IgG (Sigma, St. Louis, MO), goat anti-mouse IgG (Gibco BRL) and goat anti-rabbit IgG

(Pierce, Rockford, IL) were used as secondary antibodies.

Preparation of PDL cell-conditioned medium

PDL cells were trypsinized, pelleted under centrifugation, washed twice with PBS

and suspended in serum-free oMEM supplemented with 0.2% lactalbumin hydrolysate

(Gibco BRL) and 1% penicillin/streptomycin. The cells were routinely plated in 500 pil of

medium at a density of 1.5 x 105 cells / well in 24-well plates (NUNC, Naperville, IL). In

experiments to determine the effects of FN and FN fragments on proteinase and inhibitor

expression by PDL cells, these reagents were added to the wells immediately before cells

were plated, yielding a final FN or fragment concentration of 0.1 p.M/well. For the RGD

and RGE peptides, 5 pg/ml of peptide was used for the assay. For the 120-kDa fragment

dose-response experiment, the concentration of fragment used ranged from 0.001 to 1 p.m.

in tenfold increments. The cell-conditioned medium was retrieved after a period of 48 h and

stored at -70°C until assayed.
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Substrate zymograms and reverse zymograms

Gelatin and casein substrate zymography were used to detect and characterize

proteinase activity in PDL cell-conditioned medium (Fisher and Werb, 1991). Molecular

mass standards (Gibco BRL) for electrophoresis included the following prestained proteins

with apparent molecular mass as follows: myosin (214 kDa), phosphorylase B (111 kDa),

bovine serum albumin (74 kDa), ovalbumin (45 kDa), carbonic anhydrase (29 kDa), 3

lactoglobulin (18 kDa), lysozyme (15 kDa) Five pil of cell-conditioned medium from each of

four separate wells was combined, mixed with 4x sample buffer (0.25 M Tris base, 0.8%

SDS, 10% glycerol, and 0.05% bromophenol blue) and electrophoresed at 15°C on 10%

SDS-polyacrylamide gels (SDS-PAGE) containing 2 mg/ml of gelatin (EIA grade, Biorad,

Hercules, CA) or o-casein (Sigma, St. Louis, MO). Following electrophoresis, SDS was

removed by washing the gels in 2.5% Triton X-100 (Fisher, Pittsburgh, PA) for 30 min

with one change of washing buffer. The gelatin and casein gels were incubated at 37°C for

20 and 72 h, respectively, in incubation buffer (50 mM Tris-HCl buffer, pH 8, 5 mM

CaCl2, 0.02% NaN3). Following incubation, the gels were stained with 0.05% Coomassie

blue and destained in 10% acetic acid and 40% methanol until proteinase bands were clearly

visible, appearing clear in a blue background. Proteinase bands were further characterized

by incubating zymograms in incubation buffer containing 0.3 mM 1,10 phenanthroline

(Sigma), a zinc chelator and metalloproteinase inhibitor.

Reverse zymograms were used to detect proteinase inhibitors in PDL cell

conditioned medium, using 15% polyacrylamide gels containing 1 mg/ml of gelatin as

described previously (Fisher and Werb, 1991). Five pil of cell-conditioned medium from

each of four separate wells was combined, mixed with 4x sample buffer and

electrophoresed at 15°C. Reverse zymography was similar to substrate zymography except

that after being washed with Triton X-100, the gels were incubated for 15-30 min in 4

aminophenylmercuric acetate-activated skin fibroblast-conditioned medium, which contains

a mixture of matrix-degrading proteinases. This activated medium degrades most of the
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gelatin in the gel except where inhibitors are present. The gels were then incubated in

incubation buffer for 18 h, stained with Coomassie blue and destained as described for the

substrate zymograms. This produces dark blue inhibitor bands on a light blue background.

Inhibitor expression was quantified using video densitometry. Images of the inhibitor gels

were video-digitized by a CCD camera (NEC Ti-24A, Japan) and analyzed by image

software (Image Version 1.42, NIH, Bethesda, MD). The percent change in expression of

inhibitors in conditioned medium from cells incubated with FN and the 120-kDa fragment

relative to that in untreated controls was determined for each cell isolate.

SDS-PAGE gels (10%) containing 2 mg/ml of casein and 0.013 mg/ml of human

plasminogen, lys-type (American Diagnostica Inc.), were used to detect and characterize

plasminogen activators in PDL cell-conditioned medium as described above for gelatin and

casein substrate gels. Plasminogen substrate gels were incubated in incubation buffer for 4

h. Under these conditions, uPA and tRA in the sample cleave plasminogen, yielding

plasmin, which then degrades the casein. The gels were stained and destained as described

above. The areas containing enzyme are pale or clear against a blue background.

Western immunoblots

Western immunoblots were used to confirm the presence of collagenase,

stromelysin, 92-kDa gelatinase and uPA. PDL cell-conditioned medium (500 pul) was

concentrated 25-50-fold using salt/ethanol precipitation (500 pil conditioned medium, 20 pil 1

M NaCl and 1 ml 100% ethanol). The precipitate was dried and resuspended in 10-20 pil 4x

sample buffer (0.25 M Tris base, 0.8% SDS, 10% glycerol, and 0.05% bromophenol

blue). Samples were electrophoretically resolved on 10% SDS-PAGE gels and transferred

to nitrocellulose membranes for Western immunoblots. Primary antibodies were routinely

used at a dilution of 1:250. Immunoreactivity was detected by alkaline phosphatase

conjugated secondary antibodies and subsequent color developed with nitro-blue tetrazolium

and 5-bromo-4-chloro-3-indolyl phosphate (Promega, Madison, WI).
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D. RESULTS

Our first goal was to determine the baseline level of proteinases expressed by PDL

cells so that we could then determine whether FN or FN fragments alter this pattern of

expression. Results of experiments to examine the expression of gelatinolytic proteinases

are shown in Fig. 1. PDL cells in serum-free medium exhibited a simple profile of

proteinases. Bands at approximately 72 kDa were observed (Fig. 1A, lane 1), likely

corresponding to activated and inactive 72-kDa gelatinase. These experiments determined

the baseline repertoire of proteinase expression for PDL cells.

Having established that PDL cells express basal levels of a 72-kDa proteinase, we

next tested the effects of FN and several FN fragments for their ability to alter this level of

expression. Medium from PDL cells cultured with intact FN exhibited the basal 72-kDa

gelatinase and an additional band at approximately 92 kDa (Fig. 1A, lane 2). The induction

of the 92-kDa proteinase by intact FN was selective, since the expression of the 72-kDa

proteinase was not altered by the FN. Furthermore, other FN fragments tested, the 120

kDa cell-binding fragment (Fig. 1A, lane 3), the 60-kDa high-affinity heparin-binding

fragment (Fig. 1A, lane 4), and the 45-kDa collagen/gelatin binding fragment (Fig. 1A, lane

5), did not promote the induction of the 92-kDa proteinase in PDL cells. The possibility that

proteinases were complexed with the FN during preparation and purification was

investigated in an additional zymogram. Intact FN alone (Fig. 1B, lane 1) did not exhibit

proteinase activity, in contrast to the conditioned medium from PDL cells incubated with

FN, which revealed gelatinolytic activity at 72 and 92 kDa (Fig. 1B, lane 2).

These initial experiments further revealed that whereas the 45-kDa and 60-kDa

fragments resulted in enzyme profiles similar to that of cells cultured in serum-free medium,

the 120-kDa fragment induced the expression of another gelatinolytic proteinase at

approximately 52 kDa (Fig. 1A, lane 3). The purity of the 120-kDa fragment was

investigated in a subsequent gelatin zymogram. The 120-kDa fragment alone did not exhibit
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proteinase activity (Fig. 1B, lane 3), in contrast to the conditioned medium from PDL cells

incubated with the fragment, which induced gelatinolytic activity at 72 kDa and 52 kDa (Fig.

1B, lane 4).

Since the 120-kDa fragment contains the arginine-glycine-aspartic acid (RGD) cell

binding sequence, we performed other experiments to determine whether these amino acids

alone were sufficient to induce the 52-kDa gelatinolytic activity seen with the 120-kDa

fragment. As shown in Fig. 1C, gelatin zymography was used to examine proteinase

expression by PDL cells cultured with medium alone (lane 1), intact FN (lane 2), the 120

kDa fragment (lane 3), 5 pig■ ml GRGDSP peptide (lane 4) or 5 pig■ ml GRGESP peptide

(lane 5). The basal proteinase profile was not altered by either peptide at these

concentrations, even though the molar concentration of the peptides was approximately 20

fold greater than that of either intact FN or the 120-kDa fragment.

Together, these findings indicated that only intact FN and the 120-kDa fragment

induce the expression of additional proteinases, a 92-kDa and a 52-kDa gelatinase,

respectively, in PDL cells. In order to determine how general this finding was, we assayed

two additional PDL cell isolates for their response to FN and to the 120-kDa fragment,

using gelatin zymography. All three cell isolates had similar proteinase profiles in medium

alone (Fig. 2A, lanes 1, 4, and 7). Incubation of each isolate with FN consistently induced

the expression of the 92-kDa gelatinase (Fig. 2A, lanes 2, 5, and 8) and the 120-kDa

fragment consistently induced the expression of the 52-kDa gelatinase (Fig. 2A, lanes 3, 6,

and 9). These data demonstrate that the induction of the 92-kDa and 52-kDa proteinases is a

general response of PDL cells to intact FN and the 120-kDa fragment, respectively.

The next approach was to identify these 92-kDa and 52-kDa proteinases using

Western immunoblots. Western immunoblotting identified the 92-kDa gelatinolytic activity

in conditioned medium from PDL cells incubated with FN as 92 kDa gelatinase (Fig. 2B,

lane 2); it was not detected in cells incubated with medium alone (Fig. 2B, lane 1) or with

the 120-kDa fragment (Fig. 2B, lane 3). Similarly, antibody to collagenase identified the
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52-kDa proteinase in conditioned medium from PDL cells exposed to the 120-kDa FN

fragment as collagenase (Fig. 2C, lane 3).

To further characterize collagenase expression by PDL cells exposed to the 120-kDa

FN fragment, we conducted a dose-response experiment. Collagenase expression was

induced in PDL cells by four concentrations of the 120-kDa fragment, from 0.001 puM to 1

|IM. Collagenase expression steadily increased as cells were exposed to increasing

concentrations of this fragment (Fig. 2D, lanes 2 to 5) compared with medium alone (Fig.

2D, lane 1), indicating that the increase in collagenase expression is dose-dependent for

PDL cells.

Since collagenase expression is reported to be coordinately regulated with

stromelysin in other cell types (Fini et al., 1987; Chin et al., 1985), we next determined

whether the 120-kDa fragment also induces the expression of stromelysin in PDL cells.

Casein zymography of the three independently derived PDL cell isolates exposed to FN or

the 120-kDa fragment, revealed caseinolytic activity at approximately 55 kDa in response to

the 120-kDa fragment (Fig. 3A, lanes 3, 6 and 9). This activity was not detected in cells

exposed to medium alone (Fig. 3A, lanes 1, 4 and 7) or medium plus FN (Fig. 3A, lanes 2,

5 and 8). Other bands occasionally appeared at approximately 72 kDa (Fig. 3A, lanes 4 and

5) and 92 kDa (Fig. 3A, lanes 5 and 8); these proteinases likely represent the basal

expression of 72-kDa gelatinase and the 92-kDa gelatinase induced by FN. Subsequent

Western immunoblotting in Fig. 3B identified the 55-kDa caseinolytic band as stromelysin

in conditioned medium from PDL cells incubated with the 120-kDa fragment (lane 3); it was

not detected in cells incubated with medium alone (lane 1) or with FN (lane 2). Cells

incubated with the 60-kDa and 45-kDa FN fragments were also tested, but these fragments

did not induce caseinolytic activity (data not shown).

Since MMPs are known to be activated by the plasminogen/plasminogen activator

cascade, we also evaluated whether the 120-kDa fragment could induce plasminogen

activators in addition to MMPs. PDL cells generally produce a low level of proteinase
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activity migrating at approximately 50 kDa in plasminogen gels (Fig 4A, lanes 1, 4, and 7).

This activity usually appears as a doublet, best seen in Fig. 4A, lanes 6 to 9. Incubation

with the 120-kDa fragment, however, increased this 50 kDa-proteinase activity in PDL cells

(Fig. 4A, lanes 3, 6, and 9). Medium supplemented with intact FN (Fig. 4A, lanes 2, 5,

and 8) did not alter the expression of this 50-kDa proteinase in PDL cells. The 60-kDa and

45-kDa FN fragments were also tested but did not alter the level of this 50-kDa proteinase

(data not shown). A Western immunoblot (Fig. 4B) confirmed that the double bands in the

plasminogen gel of Fig. 4A represent uPA activity, with greatest immunoreactivity observed

in conditioned medium from PDL cells incubated with the 120-kDa fragment (lane 3).

Thus, the 120-kDa FN fragment induces expression of both the metalloproteinase

(collagenase and stromelysin) and the serine proteinase (uPA) families of matrix enzymes.

Since the TIMPs regulate MMP activity, we used reverse zymography to examine

whether modulation of the TIMPs by FN or the 120-kDa fragment could account for the

observed induction of MMPs by FN and the 120-kDa fragment. Reverse zymograms were

made at two different times of gel incubation in activated fibroblast conditioned medium.

PDL cells produced a basal level of at least three TIMPs (Fig. 5A and B, lanes 1, 4, and 7;

best seen in 5B, lane 4) at approximately 30 kDa, 20 kDa, and 25 kDa, corresponding to

TIMP-1, -2, and -3, respectively. A fourth, previously uncharacterized proteinase inhibitor

of approximately 22 kDa was also observed in two of the three PDL cell isolates (Fig. 5B,

lanes 1 to 6). Finding all three TIMPs in PDL cell-conditioned medium was in itself

significant since TIMP-3 has previously been found exclusively in the extracellular matrix of

many cell types and not in conditioned medium (Kishnani et al., 1994). Exposure of the

PDL cells to intact FN (Fig. 5A and B, lanes 2, 5, and 8) or the 120-kDa fragment (Fig. 5A

and B, lanes 3, 6, and 9) resulted in little discernible change in the expression of the 30-kDa

(TIMP-1) and 25-kDa (TIMP-3) proteinase inhibitors. The 20-kDa inhibitor, however, was

noticeably increased in all three cell isolates after exposure to the 120-kDa fragment (Fig. 5A

and B lanes 3, 6, and 9), and in two of the three cell isolates after exposure to intact FN
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(Fig. 5A and B, best seen in lanes 2 and 8). The changes in the level of the 20-kDa

inhibitor by FN and the 120-kDa fragment in PDL cells were confirmed by video

densitometry as represented graphically in Fig. 5C. In contrast, the 60-kDa and 45-kDa FN

fragments did not alter the expression of any of the TIMPs in PDL cells (data not shown).

These findings indicate that both FN and the 120-kDa fragment modulate the differential

expression of proteinase inhibitors in PDL cells, and thereby may modulate the extracellular

activity of MMPs.

E. DISCUSSION

PDL cells are intimately associated with the repair and maintenance of supporting

structures of teeth, and the proteinases expressed by PDL cells may play an important role in

regulating these functions. This study has demonstrated that the basal repertoire of

proteinases expressed by PDL cells differs substantially from that of other cells of

mesenchymal origin (Werb et al., 1989; Huhtala et al., 1995; Xie et al., 1994; Kapila et al.,

1995; Otsuka et al., 1988). PDL cells were found to secrete 72-kDa gelatinase, uPA and at

least three proteinase inhibitors. In contrast, RSF cells express basal levels of 92-kDa and

72-kDa gelatinases, collagenase, and stromelysin (Werb et al., 1989; Huhtala et al., 1995).

Articular cartilage cells express gelatinolytic enzymes of 72-, 62-, and 54-kDa (Xie et al.,

1994). Additionally, other cells of dental origin as well as PDL cells from other species

have different proteinase and inhibitor profiles from human PDL cells. PDL cells and

gingival fibroblasts from rat synthesize collagenase and collagenase inhibitor, whereas

porcine PDL cells do not produce detectable levels of collagenase but do demonstrate very

high levels of collagenase inhibitor activity (Otsuka et al., 1988). Our findings support an

emerging body of evidence indicating that proteinase profiles differ among cells of different

mesenchymal origin, and thus the first goal of this study was to document the basal

expression of proteinases in human PDL cells.

º
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Our second goal was to determine whether FN or its fragments could modulate PDL

cell expression of proteinases and inhibitors. We found, first, that the basal pattern of PDL

proteinase expression can be altered by intact human FN, which induced the expression of

92-kDa gelatinase in PDL cells. The induction of metalloproteinases, including 92-kDa

gelatinase, has generally been ascribed to cytokines, growth factors, hormones, and cell

shape changes mediated by phorbol esters and proteinases (Aggeler et al., 1984; Unemori

and Werb, 1986; Werb et al., 1986; reviewed in Birkedal-Hansen et al., 1993; Berman,

1994; Huhtala et al., 1995; Varedi et al., 1995). The present study and the work of others

(Werb et al., 1989; Huhtala et al., 1995; Tremble et al., 1995) demonstrate that FN

fragments can also modulate proteinase activity. This may be important in periodontal

disease, since FN and FN fragments from plasma and the surrounding PDL matrix could

interact with PDL cells to induce further matrix breakdown.

Our study further demonstrated that the 120-kDa fragment containing the central

RGD cell-binding domain induces expression of multiple proteinases in PDL cells. This

fragment induced not only collagenase and stromelysin, but also the serine proteinase uPA

in several PDL cell isolates. Furthermore, the induction of collagenase in PDL cells was

dose-dependent. RSF cells similarly secrete elevated levels of collagenase in response to the

120-kDa fragment (Huhtala et al., 1995). Taken together, these studies suggest a possible

general mechanism for the induction of collagenase by FN fragments in fibroblasts.

The finding that intact FN induces 92-kDa gelatinase, whereas the 120-kDa FN

fragment induces different metalloproteinases, may be explained in part by the fact that intact

FN is a complex molecule with multiple functional domains and secondary and tertiary

protein structure—characteristics which are not present in the 120-kDa fragment. These

structural and functional differences between intact FN and the 120-kDa fragment may lead

to different cellular interactions and signals, thus differentially modulating proteinase

expression in PDL cells.
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Recent studies have, in fact, begun to dissect the signaling pathways triggered by the

120-kDa FN fragment. In RSF cells, the 120-kDa fragment modulates the expression of

collagenase via its binding with the oSB1 integrin receptor (Werb et al., 1989; Huhtala et al.,

1995; Tremble et al., 1995). The signal derived from the interaction between the 120-kDa

fragment and the oSB1 integrin receptor requires the AP-1 and PEA-3 elements on the

collagenase promoter (Tremble et al., 1995). Since the AP-1 promoter site is common to

both collagenase and stromelysin (Mauviel et al., 1992; Domann et al., 1994), our finding

that the 120-kDa fragment induced stromelysin expression in parallel with that of

collagenase is not surprising. While it is likely that induction of collagenase and stromelysin

by the 120-kDa fragment in PDL cells occurs through similar signaling pathways, because

of substantial redundancies in signal transduction mechanisms other cytoplasmic and nuclear

factors may also be involved in this cascade and should be evaluated.

Our studies also demonstrated that the increased expression of uPA is coordinated

with the induction of collagenase and stromelysin in PDL cells by the 120-kDa fragment,

which suggests a common signaling pathway among the three proteinases. Indeed, it has

been shown that the transcriptional regulation of uPA requires the PEA3/AP1 binding sites

(Lee et al., 1993; Besser et al., 1995; Lengyel et al., 1995) that are also required for

collagenase and stromelysin expression, indicating a potential pathway for the coordinate

regulation of collagenase, stromelysin and uPA by the 120-kDa fragment. Further studies

are, however, necessary to provide conclusive evidence for this hypothesis.

As mentioned previously, the 120-kDa fragment contains the RGD cell-binding

region, and others have shown the induction of collagenase with 20-100 pg/ml of RGD

peptides (Werb et al., 1989). Since PDL cells generally respond to 0.1pM concentrations of

FN and the 120-kDa fragment, we tested RGD peptide concentrations that were closest to

this molar equivalent. Using 5 pg/ml of the RGD peptide, which is still a 20-fold molar

excess over our usual concentrations for FN or the 120-kDa fragment, we did not observe

collagenase induction in PDL cells. Our findings are nonetheless consistent with the

1 2 3



previous study (Werb et al., 1989), which also found no induction of collagenase at the

lower concentrations of RGD tested.

The proteinase-inductive response in PDL cells to intact FN and the 120-kDa

fragment is specific, since neither the 60-kDa nor the 45-kDa fragments altered proteinase

expression in PDL cells. It has recently been shown that certain regions within the IIICS

site of FN are required to suppress induction of the MMPs induced by the-120 kDa

fragment in RSF cells (Huhtala et al., 1995). Other regions of FN therefore play a role in

regulating this proteinase expression. To decipher more completely the mechanisms

involved in modulating the proteinase signals induced by the 120-kDa fragment and intact

FN in PDL cells, would require further experiments to test multiple functional domains of

FN, either alone or joined in large protein segments and in cis and trans conformations.

Finally, our studies demonstrated that the 120-kDa fragment can alter expression of

one of the three TIMPs elaborated by PDL cells. Expression of a low molecular-mass

TIMP (20 kDa), consistent in molecular mass with TIMP-2, was increased when PDL cells

were plated with the 120-kDa fragment. While TIMP-1 has been immunolocalized in

human gingival tissues from periodontitis patients (Meikle et al., 1994), the present study

showed that PDL cells in culture not only express three TIMPs, but that a FN fragment can

alter this level of expression. In agreement with previous reports that TIMP-1 and TIMP-2

are differentially regulated (Overall et al., 1991; Stetler-Stevenson et al., 1990; Clark et al.,

1987; Coulombe and Skup, 1988; Nomura et al., 1989; Mawatari et al., 1989), our results

indicate that TIMP-2 is modulated by the 120-kDa FN fragment while TIMP-1 appears

unaffected. The role these individual inhibitors play in the regulation of proteinases in PDL

cells remains to be determined.

A fourth, previously uncharacterized proteinase inhibitor band of approximately 22

kDa was also observed in two of the three PDL cell isolates. This activity may be

attributable to an underglycosylated form of TIMP-1, as was suggested previously

(Miyazaki et al., 1993). Other possible explanations for this band include TIMP-2 with its

:
i
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propeptide, or a smaller proteolytic fragment of TIMP-1 or TIMP-3. It is also possible that

this activity represents a novel proteinase inhibitor and further work is indicated to

characterize this protein.

In conclusion, PDL cells play a significant role in the maintenance of the supporting

tissues of teeth. Periodontal diseases are caused by chronic inflammation of these tissues,

resulting in bone destruction associated with enhanced proteinase activity. Factors that

increase proteinase expression and activity are likely to play a significant role in exacerbating

destruction of the periodontal tissues. Our study shows that the 120-kDa fragment of FN

increases the secretion of multiple proteinases in PDL cells. The increase in expression of

collagenase and stromelysin and the less marked changes in level of TIMPs induced by the

120-kDa fragment indicate that this fragment may have a net matrix catabolic effect on PDL

tissues. This net matrix-degradative response to the 120-kDa fragment may be further

enhanced by the increased expression of uPA, which may activate several MMPs via the

plasminogen / plasmin cascade (Collier and Ghosh, 1988; Mochan and Uhl, 1984; Werb,

1989). The modulation of matrix-degradative activity by FN fragments in PDL cells may be

important in the pathogenesis of periodontal disease. To further elucidate the role of FN

fragments in periodontal disease, studies to determine whether the fragments are indeed

present in periodontal tissues and can modulate MMP and inhibitor expression in vivo are

recommended.
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F. Figures and Figure Legends
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Figure 5
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FIGURE LEGENDS

Fig.1. Proteinases elaborated by human PDL cells in response to FN and FN

fragments. Incubation conditions are identified at the top of each gel while lanes are

numbered below. A. Gelatin zymogram shows response of PDL cells to intact FN and to

several FN fragments. Lanes were loaded with conditioned medium from PDL cells

incubated in medium alone (M; lane 1) or medium supplemented with intact FN (FN; lane

2), the 120-kDa cell-binding FN fragment (120; lane 3), the 60-kDa heparin-binding FN

fragment (60; lane 4) or the 45-kDa gelatin-binding FN fragment (45; lane 5). B. Control

gelatin zymogram shows absence of gelatinolytic activity of intact FN or the 120-kDa

fragment alone. Lane 1, FN alone (FN); lane 2, conditioned medium (CM) from PDL cells

incubated with FN; lane 3, the 120-kDa fragment alone (120); lane 4, conditioned medium

(CM) from PDL cells incubated with the 120-kDa fragment. C. Gelatin zymogram shows

response of PDL cells to RGD and RGE peptides. Lanes were loaded with conditioned

medium from PDL cells incubated with medium alone (M; lane 1) or medium supplemented

with intact FN (FN, lane 2), the 120-kDa fragment (120; lane 3), the GRGDSP peptide

(RGD; lane 4), or the GRGESP peptide (RGE: lane 5). The positions of molecular mass

standards are indicated at left in kilodaltons.

Fig. 2. Proteinase expression by three human PDL cell isolates in response

to FN and the 120-kDa FN fragment. Incubation conditions and cell isolate number

(1 to 3) are identified at the top of each gel while lanes are numbered below. A. Gelatin

substrate gel demonstrates induction of a 52 kDa gelatinolytic proteinase by the 120-kDa

fragment and a 92-kDa gelatinase by intact FN in three PDL cell isolates from different

patients. Lanes were loaded with conditioned medium from cultures in medium alone (M;

lanes 1, 4, and 7), medium plus intact FN (FN; lanes 2, 5, and 8) or medium plus the 120

kDa fragment (120; lanes 3, 6, and 9). B. Western immunoblot confirming 92-kDa
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gelatinase induction by FN. Aliquots of medium from PDL cells in Figure 2A (first gel)

were probed with a polyclonal antibody to 92-kDa gelatinase. Lanes were loaded with

conditioned medium from PDL cells incubated with medium alone (M; lane 1), and medium

plus intact FN (FN; lane 2) or medium plus the 120-kDa fragment (120; lane 3). C.

Western immunoblot confirming collagenase induction by the 120-kDa fragment. Aliquots

of medium from PDL cells in Figure 2A (first gel) were probed with a monoclonal antibody

to collagenase. Lanes were loaded with conditioned medium from PDL cells incubated with

medium alone (M; lane 1) or medium plus intact FN (FN, lane 2) or the 120-kDa fragment

(120; lane 3). D. Collagenase expression of PDL cells in response to increasing

concentrations of the 120-kDa fragment. Lanes contain conditioned medium from cells

incubated with medium alone (M; lane 1) or with 0.001, 0.01, 0.1, and 1.0 p.M of the 120

kDa fragment (120; lanes 2 to 5, respectively).

Fig. 3. Stromelysin expression by three different human PDL cell isolates in

response to the 120-kDa FN fragment. Incubation conditions and cell isolate

number (1 to 3) are identified at the top of the gel while lanes are numbered below. A.

Casein substrate gel zymography of three independently derived PDL cell isolates incubated

with medium alone (M; lanes 1, 4, and 7) or medium plus intact FN (FN, lanes 2, 5, and 8)

or the 120-kDa fragment (120; lanes 3, 6, and 9). B. Western immunoblot for stromelysin.

Aliquots of medium from PDL cells in Figure 3A (first gel) were probed with a polyclonal

antiserum to stromelysin. Lanes contain conditioned medium from cells exposed to medium

alone (M; lane 1) or medium plus intact FN (FN, lane 2) or plus the 120-kDa fragment (120;

lane 3).

Fig. 4. uPA expression by three different human PDL cell isolates in

response to the 120-kDa FN fragment. Incubation conditions and cell isolate

number (1 to 3) are identified at the top of the gel while lanes are numbered below. A.
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Plasminogen gel was loaded with medium from PDL cells exposed to medium alone (M;

lanes 1, 4, and 7) or medium with intact FN (FN; lanes 2, 5, and 8) or the 120-kDa

fragment (120; lanes 3, 6, and 9). B. Western immunoblot for uPA. Aliquots of medium

from PDL cells in Figure 4A (first gel) were probed with a monoclonal antibody to uPA.

Lanes contain conditioned medium from cells exposed to medium alone (M; lane 1) or

medium plus intact FN (FN; lane 2) or plus the 120-kDa fragment (120; lane 3).

Fig. 5. TIMP expression by three different human PDL cell isolates.

Incubation conditions and cell isolate number (1 to 3) are identified at the top of each gel

while lanes are numbered below. A. The inhibitor gel was loaded with medium from PDL

cells exposed to conditioned medium alone (M; lanes 1, 4, and 7) or medium with intact FN

(FN; lanes 2, 5, and 8) or the 120-kDa fragment (120; lanes 3, 6, and 9). The gel was

incubated for 15 min in conditioned medium containing a mixture of matrix-degrading

proteinases [APMA (4-aminophenylmercuric acetate)-activated skin fibroblast-conditioned

medium]. B. Inhibitor gel was loaded with medium from PDL cells exactly as in Fig. 5A,

except that the gel was incubated for 30 min in conditioned medium containing the matrix

degrading proteinases. C. Graph shows the relative increase in density for TIMP-1 and

TIMP-2 inhibitor bands. Bars represent samples from medium alone, FN, or the 120-kDa

fragment.
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A. ABSTRACT

The extracellular matrix (ECM) molecule fibronectin (FN) mediates multiple cell

functions. When fragmented, specific domains of FN induce proteinase expression in

cultured fibroblasts. As an intact molecule, FN protects cells from undergoing apoptosis.

Unlike proteinase expression, however, it is not known if specific domains of FN are also

important to the process of apoptosis. To test this hypothesis, human periodontal ligament

(PDL) cells were exposed to four recombinant FN protein fragments and then assayed for

apoptosis, using cell shape changes, nuclear staining, and DNA fragmentation

experiments. We tested FN proteins which have been previously characterized and these

proteins either included (V*) or excluded (V-) the alternatively spliced V region, and

contained either a mutated, non-functional, high-affinity heparin-binding domain (HT) or an

unmutated heparin-binding domain (Ht). Preliminary experiments assaying for proteinase

expression in PDL cells, revealed that the V*H protein significantly reduced the levels of

all gelatin degrading enzymes, while inducing a unique high molecular weight gelatinolytic

proteinase, suggesting that cell function was dramatically being altered. Further

examination of cell shape, revealed that PDL cells incubated with the V*H protein did not

spread but remained rounded. Adding serum or FN reversed this rounded phenotype, and

cells that had spread under control conditions or in the presence of FN, rounded up when

the V*H protein was added. Co-incubation of cells with FN and the V*H protein,

conferred some level of spreading. PDL cells plated with other test proteins and under

control conditions spread normally and completely. Nuclear staining experiments showed

that PDL cells incubated with the V*H protein had a bright, condensed and fragmented

nuclei as compared to the opaque, well spread, and intact appearing nuclei of cells plated

with other test proteins and control. Lastly, elevated levels of DNA fragments were

detected only in PDL cells incubated with the V*H protein. These experiments

demonstrate that functionally-abrogating point mutations in the high-affinity heparin
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B. INTRODUCTION

The extracellular matrix (ECM) molecule fibronectin (FN) is composed of several

domains which mediate multiple cell functions through cell surface integrin and

proteoglycan receptors. When fragmented, specific domains of FN display activities not

exhibited by the intact molecule. For example, cells plated on the cell-binding domain

exhibited elevated levels of matrix metalloproteinase (MMP) expression in cultured

synovial fibroblasts (Huhtala et al., 1995), whereas fragments from the amino-terminal and

gelatin-binding domains induced chondrolysis in vitro, the latter presumably through

MMP and serine proteinase induction (Homandberg et al., 1992; Xie et al., 1994). These

FN fragments are also associated with chronic inflammatory states in vivo, since high

levels of such fragments have been found in synovial fluids from arthritic patients (Carsons

et al., 1985; Griffiths et al., 1989; Xie et al., 1992). Periodontitis, another chronic

inflammatory disease, may be characterized by a similar pattern of tissue destruction, since

FN fragments also induce MMP and serine proteinase induction in cultured periodontal

ligament (PDL) cells (Kapila et al., 1996). Additionally, high levels of MMPs, serine

proteinases, and tissue inhibitors of metalloproteinases are found in samples from diseased

versus healthy periodontal sites or less diseased sites (Meikle et al., 1996; Pinchback et al.,

1996; Gangbar et al., 1990; Sorsa et al., 1990). Therefore, FN fragments and the

proteinases they modulate in PDL cells are likely to be important in understanding the

process of periodontitis, a highly prevalent disease afflicting up to 80% of adult Americans

over the age of 18 (Papapanou, 1996).

Another function recently attributed to FN, has been one of protection against

programmed cell death or apoptosis. Apoptosis is generally characterized by cell rounding,

nuclear disintegration, and DNA fragmentation; features which are elaborated and regulated

as a result of complex signaling pathways that primarily involve proteases, tumor

suppressors, and cell survival proteins. As an intact molecule, FN, through its integrin

receptors, protects some cell types from undergoing apoptosis (Zhang et al., 1995). The
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integrin signals mediating this protective function seem to involve the pp.125” signal

transduction molecule (Crouch et al., 1996; Frisch et al., 1996; Hungerford et al., 1996) or

the Bcl-2 cell survival pathway and independent of pp.125*(Zhang et al., 1995). This

difference in utilization of pp.125° as the signaling molecule may depend on cell type.

Specific domains of FN are important in proteinase induction as discussed above,

yet it is not known if specific domains of FN are also critical to the process of apoptosis.

For these reasons we tested the hypothesis that specific domains of FN are important in

protecting PDL cells from undergoing apoptosis. Specifically, we tested the high-affinity

heparin-binding domain and the alternatively splice V regions of FN in our experiments.

The present data reveal that of the four comparable recombinant FN proteins tested, the

V*H protein, which has functionally-abrogating point mutations in the high-affinity

heparin-binding domain, greatly affected cell survival. This protein acted on PDL cells in

such a way that they failed to induce their baseline levels of MMPs, and it induced PDL cell

rounding, nuclear disintegration, and DNA fragmentation, suggesting that the heparin

binding domain of FN is critical to PDL cell survival. The function of the V*H protein

may be to block a cell survival signal by compromising the integrity of cell-matrix contacts

or it may be to provide an apoptotic signal. The combined effects of apoptosis and

proteinase expression induced by FN fragments in PDL cells could deter wound healing

efforts in the periodontium and thus have profound implications for periodontal disease.

C. MATERIAL AND METHODS

PDL cell culture

Primary cultures of PDL cells were obtained from extracted human teeth from

patients undergoing therapeutic third molar extractions or orthodontic treatment. PDL cells

were obtained by scraping the PDL from the midroot section of extracted teeth with a

scalpel blade. The tissue was placed under a coverslip and kept in culture medium (OMEM
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supplemented with 10% fetal calf serum, 1% penicillin/streptomycin/fungizone) until cells

grew out of the explant and covered the bottom of the tissue culture plate. Once the cells

became confluent, they were trypsinized and passaged. PDL cells from passages 2 to 6

were used for all experiments. Three different PDL cell isolates, derived from three

different patients, were used for these experiments.

Recombinant FN proteins

Four recombinant FN proteins were tested in these experiments. These proteins

were described elsewhere (see Chapter V) and they either included (V*) or excluded (V-)

the alternatively spliced V region and contained either a mutated, non-functional, high

affinity heparin-binding domain (H-) or an unmutated heparin-binding domain (H+). All

four proteins additionally contained the arginine, glycine, aspartic acid (RGD) cell-binding

site and the alternatively spliced EIIIA domain of FN. These proteins were designated as

V-H+, V-H-, V+H+, V+H-.

Plating of cells and preparation of cell conditioned media

PDL cells were trypsinized, pelleted under centrifugation, washed twice with

phosphate-buffered saline (PBS) and suspended in control medium (serum-free OMEM

supplemented with 0.2% lactalbumin hydrolysate [Gibco BRL, Gaithersburg, MD] and 1%

penicillin/streptomycin). In all experiments the four recombinant FN proteins were

typically added to the wells immediately before plating cells, yielding a final protein

concentration of 100 puM/well. The cells were plated in 100 pil of medium at a density of

3.0 x 10° cells/well in a 96-well tissue culture plate unless otherwise specified, and

subsequently incubated at 37°C in a humidified 5% CO2 incubator. In experiments testing

if the V*H protein could induce spread cells to round, the protein was added 1/2 and 2/2

h after cell spreading in control medium. In experiments testing if serum factors or FN

could reverse the rounded phenotype induced by the V*H protein, the V*H protein
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containing medium was replaced with serum- or FN-supplemented control medium. In the

case of serum, this was added to cells after 1/2 and 21/2 h of initial plating. In the case of

FN, this was added 2 h after initial plating. Typically, cell shape changes were assessed by

photography at 200x magnification 2 h after plating cells with the recombinant proteins.

Cell conditioned medium for substrate zymography was retrieved after a 48 h incubation

period. Cells were fixed for nuclear staining after 6 and 14 h of incubation time. DNA

fragmentation was assayed after 14 h of incubation.

Substrate zymograms

Gelatin zymography was used to detect proteinase activity in PDL cell-conditioned

medium (Fisher and Werb, 1995). Molecular mass standards (Gibco BRL) for

electrophoresis included the following prestained proteins with apparent molecular mass as

follows: myosin (214 kDa), phosphorylase B (111 kDa), bovine serum albumin (74 kDa),

ovalbumin (45 kDa), carbonic anhydrase (29 kDa), 3-lactoglobulin (18 kDa), lysozyme

(15 kDa). Conditioned medium was collected from the wells, mixed with 4x sample buffer

(0.25M Tris base, 0.8% sodium dodecyl sulfate (SDS), 10% glycerol and 0.05%

bromophenol blue) and electrophoresed at 15° C on 10% SDS-polyacrylamide gels

containing 2mg/ml of gelatin (EIA grade, Biorad, Hercules, CA). Following

electrophoresis, SDS was removed from the gels by washing in a Triton X-100 (Fisher,

Pittsburg, PA) buffer (2.5% Triton X-100, 50 mM Tris, pH 7.5) for 30 min with one

change of washing buffer. The gelatin gels were incubated at 37°C for 20 h in incubation

buffer (50 mM Tris HCl buffer, pH 8, 5 mM CaCl2, 0.02% NaN3). Following

incubation, the gels were stained with 0.05% Coomassie blue and destained in 10% acetic

acid and 40% methanol until proteinase bands were clearly visible, appearing clear in a blue

background.
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Nuclear staining

Nuclear staining of DNA was used to assess the quality of the nucleus following

incubation of PDL cells with the four recombinant FN proteins and control medium in 16

well chamber slides after 6 and 14 h. Following incubation, cells were fixed with ice cold

100% methanol for 15 min, stained with a fluorescent groove-binding probe for DNA, 4',

6-Diamidino-2-phenylindole (DAPI, Sigma, St. Louis, MO) for 10 min, rinsed three times

with PBS-calcium and magnesium free, dried, and sealed with a coverslip using mounting

media. Cells were visualized and photographed at 400x magnification with an Axiophot

Photomicroscope equipped with a filter for DAPI stain detection (Zeiss, West Germany).

DNA fragmentation

DNA fragmentation was assayed from PDL cell lysates and supernatants following

a 14 h incubation with the four recombinant FN proteins and control medium using the cell

death detection enzyme-linked immunosorbant assay (ELISA) plus kit (Boehringer

Mannheim, Indianapolis, IN). The ELISA, which measures cytoplasmic histone

associated-DNA fragments after induced cell death, was performed according to

manufacturer's instructions. Colorimetric detection and quantification of the ELISA was

performed on a Umax kinetic microplate reader (Molecular Devices, Menlo Park, CA).

D. RESULTS

Gelatin zymography of conditioned medium from PDL cells incubated with the four

recombinant FN proteins and control medium revealed that cells incubated with the V*H"

protein failed to induce the baseline level of all of the gelatin-degrading enzymes in three

PDL cell isolates (Fig. 1, lanes 5, 10, and 15), suggesting that cell function was

dramatically being altered by this protein. This unusual response was especially surprising

for the band at approximately 74 kDa, likely representing 72 kDa gelatinase, since this

gelatinase is only moderately regulated (reviewed in Birkedal-Hansen et al., 1993). In
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addition, the V*H protein induced a unique high molecular weight gelatinolytc activity

appearing at approximately 214 kDa, best seen in lane 5 (Fig. 1). None of the other

recombinant FN proteins tested (Fig. 1, lanes 2, 4, 7, 9, 12, and 14) nor any of the other

FN proteins tested in our earlier studies (Kapila et al., 1996) produced such a potent effect

on proteinase expression in PDL cells. The V-H recombinant protein also induced an

altered pattern of proteinase expression in PDL cells, however this protein increased the

levels of a gelatinolytic proteinase at approximately 52 kDa (Fig. 1, lanes 3, 8, and 13),

previously identified as collagenase (see Chapter III). Since we were intrigued by the

dramatic proteinase alteration induced by the V*H protein in PDL cells, we directed our

focus towards understanding the mechanism behind this alteration in cell function. We

hypothesized that the mutation in the high-affinity heparin-binding domain of FN in

conjunction with the alternatively spliced V region in this protein was causing cell death,

and that the altered proteinase expression was likely a consequence of this process.

However, to ascertain if the V*H protein was inducing programmed cell death and

not just necrosis in PDL cells, we first had to determine if this protein was preventing cell

spreading, and thereby resulting in a rounded cell phenotype typically seen in apoptotic

cells. Figures 2A and 2B, panel e illustrate that PDL cells remain rounded and cell

membranes exhibited blebbing when incubated with the V*H protein compared to the

control or the other three FN proteins tested (Fig. 2A and 2B, panels a to d). While

photographs were typically taken after 2 h of incubation to show early events, cells were

continuously observed during the 48 h incubation period, and throughout this time cells

incubated with the V+H protein remained rounded. It was also noted that the V*H*

protein induced the most PDL cell spreading during the initial 2 h after plating (Fig. 2A and

2B, panel d) compared to the other proteins tested or the control (Fig. 2A and 2B, panels a

to c). These results indicate that in the presence of the V*H protein PDL cells do not

spread and therefore display one of the features of apoptosis.
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To determine if cells that had already spread could still be induced to round up by

the V*H protein, PDL cells were allowed to spread for 21/2 h in control medium first, then

the V*H protein was added at this time to determine if cells would still undergo cell

rounding. PDL cells in control medium were only partially spread by 1/2 h (Fig. 3, panel

a), so the decision was made to wait for 21/2 h to allow cells to spread more completely

before adding the fragment. Figure 3, panels b to c, illustrate that 1 h after adding the

V*H protein, cells that had been spread were now induced to undergo cell rounding,

suggesting that the V*H protein could induce its effect irrespective of cell shape. In

addition, once the V*H protein induced rounding, cells did not recover over the 48 h

observation period (data not shown).

We next wanted to study whether serum factors could rescue PDL cells from

undergoing cell rounding induced by the V*H protein. Figure 4, panels c to f illustrate

that adding serum-containing medium after 1/2 and 21/2 h to PDL cells incubated with the

V*H protein, reversed the rounded phenotype and induced partial spreading after 1 h and

almost complete spreading by 2 h. Cells underwent slightly more spreading in the

subsequent hour (Fig. 4, c, f) and this was retained over the 48 h observation period (data

not shown). This indicates that factors present in serum may serve to appose the effects of

the V+H protein.

We then asked the question, whether matrix components, such as FN, might also

resuce PDL cells from undergoing cell rounding induced by the V*H protein. Figure 5,

panels i and j illustrate that indeed FN is capable of reversing the rounded phenotype even

up to 2 h after incubation with the V*H protein. Panels e to f demonstrate that cells that

were plated in the presence of FN and were well spread, still underwent cell rounding if the

FN was removed and replaced with the V+H protein. However, if FN and the V*H-

protein were co-cultured in the wells simultaneously (panels g and h), cells did better under

these conditions than if cells were incubated with the V*H protein alone (compare panel g

to i), or when FN was initially present and then replaced with the V*H protein (compare
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panel h to f). The controls, in panels a and b, which were cells incubated in control

medium alone, spread similarly to those in FN-supplemented media (compare panel a to e).

The serum controls in panels c and d spread the best.

Since rounding is only one characteristic of apoptosis, we further investigated the

effects of the V*H protein on nuclear morphology. The V*H protein induced nuclear

condensation and some disintegration by 6 h, seen as intensely-staining and ill-defined

nuclei (Fig. 6A, panel e), compared to the other proteins tested or the control, which

revealed normal, less brightly-stained, well-defined, oval-shaped nuclei (Fig. 6A, panels a

to d). Over longer time, the V*H protein induced more distinct nuclear fragmentation by

14 h, appearing as discrete and lobulated pieces of nuclear material (Fig. 6B, panel e)

compared to the other proteins tested or the control, which still retained a well-defined and

less brightly-stained nuclear morphology (Fig. 6B, panels a to d).

DNA fragmentation, a hallmark of apoptosis, was investigated in PDL cells

incubated with the four recombinant proteins. Elevated levels of DNA fragmentation were

induced in PDL cell lysates and supernatants by the V*H protein compared to the other

proteins tested and the control (Fig. 7). The elevated levels of DNA fragments induced by

the V*H protein were statistically greater than any of those induced by the other proteins

and control.

E. DISCUSSION

Programmed cell death signals are regulated through integrin receptors as

demonstrated by integrin antisense strategies (Saelman et al., 1995), integrin transfection

experiments (Montgomery et al., 1994; Zhang et al., 1995; O'Brien et al., 1996), anti

integrin antibodies (Howlett et al., 1995; Boudreau et al., 1995), and pp.125” signal

transduction experiments (Crouch et al., 1996; Frisch et al., 1996; Hungerford et al.,

1996). While these studies have generally used intact FN as the matrix ligand for the

receptors, we have found that a FN protein fragment, V*H*, can on its own induce
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apoptosis, characterized by cell rounding, nuclear disintegration, and DNA fragmentation.

The V*H protein was initially suspected as a proteinase-modulating agent, because of the

dramatic and unusual proteinase alteration observed in the conditioned medium of PDL

cells incubated with this protein. However, upon further examination a more likely

explanation for the proteinase reduction observed in this case was that protein expression

was being altered as a consequence of cells undergoing apoptosis. The one exception to

this, was the induction of a unique high molecular weight gelatinolytic protein in these

cells, suggesting that MMPs and perhaps this gelatinase may be involved in the apoptotic

pathway. In support of this theory, there is evidence suggesting that overexpression of an

MMP, namely stromelysin-1, is somehow associated with apoptosis (Boudreau et al.,

1995). In addition, a majority of the regulatory molecules in the apoptotic pathway are

proteases, many of which have not been identified (reviewed in Samali et al., 1996;

Zhivotovsky et al., 1996). Furthermore, an MMP inhibitor seems to play a role in the

apoptotis signaling cascade, by modulating the death-inducing molecule Fas (a TNF family

member) (Mariani et al., 1995; Kayagaki et al., 1995). Serine protienases, intimately

associated with MMPs, have also been implicated in modulating apoptosis. For example,

plasminogen activator inhibitor -2 (PAI-2) protects against TNF-induced apoptosis,

through the inhibition of an as yet unidentified cell death protease (Dickinson et al., 1995).

It would be interesting to determine if this gelatinolytic proteinase is directly involved in

apoptosis or if it is simply a by-product of the process.

While the V*H protein induced PDL cell rounding consistently (Fig. 2A and 2B,

panel e), it was also noted that its counterpart, the V*H* protein (Fig. 2A and 2B, panel

d), induced initial cell spreading even greater than the media controls (Fig. 2B and 2B,

panel a). This suggests that the signal generated by the V*H protein, causing the rounded

phenotype, is likely the result of the two point mutations in its heparin-binding domain,

since the V*H* protein, which is exactly the same as V*H except for these mutations,

compensated for the rounded morphology by inducing complete cell spreading. However,
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the V*H* protein did not simply reverse the morphology induced by the V+H protein, but

it provided a greater level of spreading beyond that of the control. The reasons for this are

unknown, but may be explained in part by the presence of the alternatively spliced V region

in the V*H* protein which is not present in the other test proteins or control. In fact the

type of complete spreading seen for cells plated with the V*H* protein was also seen in

experiments where serum was added to cells (Fig. 4, panels b and e), suggesting that

serum and the alternatively spliced V region in this protein provide a common function in

cell spreading.

Similar to other findings (Montgomery et al., 1994; Hungerford et al., 1996;

O'Brien et al., 1996) our results suggest that serum factors and FN protect cells from

rounding and entering the apoptotic pathway. PDL cells first incubated with the V*H"

protein (Fig. 4, panels a and d: Fig. 5, panel i) exhibited rounding which was reversed

after adding serum or FN to the cells (Fig. 4, panels b to d and e to f: Fig. 5, panels i to j).

Furthermore, the spreading observed after serum addition was more complete than that

observed for the controls (Fig. 4, panels g, h, and i versus panels b, c, e, f, Fig. 5, panels

a and b versus c and d). The fact that cells co-cultured with FN plus the V*H protein do

better than those cultured with the recombinant fragment alone, suggests that FN provides a

protective mechanism, perhaps by competing with the V*H protein for binding sites on

cells. Although, the level of protection conferred upon the cells by FN is not complete, as

might be expected in a competitive situation. Therefore, these and other studies, suggest

that serum and FN provide protective cellular signals (Zhang et al., 1995; Crouch et al.,

1996; Yoshikawa et al., 1996), and that other molecules, such as growth factors, are

probably also involved (reviewed in Ruoslahti, 1996), since loss of the ECM has been

associated with induction of apoptosis (Boudreau et al., 1995) and addition of insulin has

rescued cells from programmed cell death (Montgomery et al., 1994; Crouch et al., 1996).

It appears that cells deprived of contact with the ECM undergo cell death, but factors in

serum can replace these contacts.
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Cells, which spread under control conditions (Fig. 3, panels a and c) still round up

after addition of the V*H protein, indicating that the V*H protein can induce its effects

apparently irrespective of cell shape. Although, cytoskeletal elements, which determine cell

shape, including focal contact proteins and signaling molecules like pp.125°, Were not

investigated, and therefore it is not known if these molecules are affected by the V*H-

protein. The present experiments also do not clarify if the role of the V*H protein is to

inhibit cell spreading, causing apoptosis or if it is to activate an apoptotic pathway such that

normal cell spreading is prevented. In our observations we do see some cells initially

spread when plated with the V*H protein, but over time all cells round up. These limited

observations suggest that this protein does not interfere with cell spreading, yet further

investigation is required.

Potential PDL cell surface receptors that may interact with the V*H protein were

not studied but likely involve the integrin family, particularly those binding to FN. The

V*H protein, which also contains the arginine, glycine, aspartic acid (RGD) cell-binding

site, may induce its effect by engaging the 0.531, 0:431, and Ov■ ;1 integrins since PDL

cells express these FN receptor subunits on their surface (see Chapter II). More

specifically, the alternatively spliced V region has been shown to interact with 0.431

(Mould et al., 1990, 1991), the RGD site with off■ ;1 (Pytela et al., 1985) and ovÉ1 (Vogel

et al., 1990), and the carboxy-terminal heparin-binding domain with 0.431 (Mould et al.,

1991).

Other cell surface contacts besides receptor-mediated interactions are likely

occurring when PDL cells spread, since cells are plated in the absence of serum or any

other matrix components. Cells initially spread on tissue culture plates probably through

non-receptor-ligand interactions, and these may include non-specific binding.

Alternatively, PDL cells may lay down their matrix rapidly enough to form initial cell

matrix contacts, although this has not been assayed for in PDL cells.
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Nuclear condensation was induced by the V*H protein by 6 h (Fig. 6A, panel e),

but the more advanced nuclear changes, revealing a fragmented and lobulated nucleus,

were detected at 14 h (Fig. 6B, panel e), further supporting that an apoptotic process is

induced by the V*H protein. The timing of these nuclear changes is consistent with that

seen in other studies of programmed cell death for other cell types (Hungerford et al.,

1996). The photographs of the latter time point reveal sparser cells in the wells incubated

with the V*H protein compared to the other proteins tested and the control because the

apoptotic cells are easily detached during fixation.

DNA fragmentation levels in cells incubated with the V*H protein were greater

than those for the other proteins tested and the control (Fig. 7), providing yet another piece

of evidence to support the role of the V*H protein in programmed cell death. This data

also illustrates that the level of DNA fragmentation is roughly equivalent in the supernatants

and cell lysates at this time point, so sampling of either would be useful quantitatively. The

DNA fragmentation observed in non-apoptotic cells in wells containing the other test

proteins and the control represent background necrotic cell death. DNA fragmentation can

be detected early (by 4 h) in apoptosis (Brown et al., 1993; Cohen et al., 1994; Mpoke and

Wolfe, 1996; Samali et al., 1996), and while attempts were made to assay for fragments

earlier than 14 h or to visualize fragments directly on gels (Walker et al., 1993), limitations

in practicality of performing ELISAs within a given time frame or limitations in amounts of

available purified recombinant protein, dictated that we use the methods indicated in our

protocols.

Taken together, the cell rounding, nuclear disintegration, and DNA fragmentation

induced in PDL cells by the V*H protein suggest that this FN protein unlike the others

tested conveys unique signals that induce apoptosis. Alternatively, the V*H protein may

lack signals necessary for cell survival. In either case, the data shown here indicate that the

high-affinity, heparin-binding domain of FN appears to be critical to the apoptotic process,

since mutating it induces apoptosis. Furthermore, because this mutation only induces
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apoptosis in the presence of the alternatively spliced V region, the cooperativity between

these two domains is likely critical to this mechanism. The signal or lack of signal may be

the result of a unique three-dimensional structure conferred by the mutation or simply the

result of changing the protein sequence. This protein alteration may either disrupt normal

cell-matrix interactions necessary for cell survival, presumably by interfering with

pp.125° signal transduction, triggered through FN-integrin interactions, or it may

interfere with an alternate pathway of cell survival. Evidence for the latter comes from the

findings of Zhang et al., 1995 which suggest that there is a pp.125”-independent pathway

of cell survival mediated through FN and Bcl-2. There is also the interleukin-1 beta

converting enzyme (ICE), a cysteine protease, which has been associated with loss of the

ECM and inhibitors of ICE prevent apoptosis (Boudreau et al., 1995). Our data, however,
FAK or other downstream events to answerhave not examined the role of ICE, Bcl-2 pp.125

this question directly.

The induction of apoptotic features in PDL cells by the V*H protein appears to be

a general finding since all PDL cell isolates tested so far have shown similar results. These

results therefore have potential implications for wound healing in periodontal disease. In

this scenario, inflammatory cytokines, and bacterial products would stimulate MMP

expression in fibroblasts of the periodontium (Sorsa et al., 1992), which in turn would

degrade the ECM, thereby generating FN fragments. From our own studies (see Chapter

III) and those of others (Huhtala et al., 1995), it is known that FN fragments can on their

own induce both MMP expression in cells and tissue destruction (Homandberg et al.,

1992). If FN protein fragments can also induce PDL cell apoptosis, the challenge on the

host’s healing ability would be compounded. These in vitro studies help lay the

groundwork for in vivo investigations leading toward validation of this model of

periodontal tissue destruction.
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FIGURE LEGENDS

Fig 1. Proteinase profiles from three cell isolates incubated with the four

recombinant FN proteins. Incubation conditions and cell isolate number are indicated

at the top of the gelatin zymogram, while lanes are numbered below. Lanes were loaded

with conditioned medium from PDL cells incubated with medium (M) alone (lanes 1, 6,

11) or medium supplemented with the V-H+ protein (lanes 2, 7, 12), the V-H protein

(lanes 3, 8, 13), the V*H* protein (lanes 4, 9, 14), and the V+H protein (lanes 5, 10,

15). The positions of molecular mass standards are indicated to the left in kilodaltons.

Fig 2. Phenotype of two cell isolates incubated with the four recombinant

FN proteins. Figures A (first cell isolate) and B (second cell isolate) illustrate the cells

after 2 h of incubation with control medium (a) or medium supplemented with the V-H+

protein (b), the V-H protein (c), the V+ H+ protein (d), and the V*H protein (e).

Incubation conditions are shown on the lower right-hand corner of each photograph.

Fig 3. Phenotype of normally spread cells that were subsequently treated

with the V*H" protein. The V*H protein was added to cells that had already spread

under control medium for 21/2 h. By 1/2 h cells had only partially spread (a), however,

by 21/2 h cells were more completely spread (b) and so the V*H protein was added at this

time. Panel c shows the effect of the protein on the cells 1 h after it was added. Incubation

conditions are shown on the lower right-hand corner of each photograph

Fig. 4. Phenotype of cells incubated with the V*H" protein and then treated

with serum. Serum was added to rounded PDL cells to determine if serum could rescue

cells from the effects of the V+H protein. Cells were initially incubated with the V*H-

protein for 1/2 h (a) and 21/2 h (d). At these time points the V*H protein was removed
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and serum-containing medium was added to the wells. Cells were then photographed 1 h

(b, e) and 2 h (c., f) after adding serum (S). Cells incubated in control medium for 21/2 h

(g), 3"/2 h (h), and 4!/2 h (i) were also shown. Incubation conditions are shown on the

lower right-hand corner of each photograph.

Fig 5. Phenotype of cells incubated with the V*H" protein and then treated

with FN. FN was added to PDL cells that had been incubated with the V+H protein to

determine if FN could rescue cells from the effects of this recombinant protein. Cells

shown were incubated with control medium (a), serum supplemented medium (S)(c), FN

(e), FN and the V*H protein (g), and V*H protein alone (i) for 2 h. After this time,

conditions were changed in some wells, such that in wells containing FN, the medium was

removed and replaced with medium supplemented with the V*H protein (f), and in those

containing the V*H protein, this medium was removed and replaced with FN

supplemented medium. The wells were then incubated for another 2 h and then

rephotographed. The photographs illustrate cells incubated with control medium (b),

serum supplemented medium (S)(d), FN and then replaced with medium supplemented

with the V+H protein (f), FN plus the V+H protein (h), and the V*H protein

supplemented medium and then replaced with FN (j). Incubation conditions are shown on

the lower right-hand corner of each photograph.

Fig 6. Nuclear morphology of cells incubated with the four recombinant FN

proteins. PDL cells were stained with DAPI to visualize nuclear morphology after a 6 h

(A) or 14 h (B) incubation with control medium (a) or medium supplemented with the V

Ht protein (b), the V-H protein (c), the V*H* protein (d), and the V*H protein (e).

Incubation conditions are shown on the lower right-hand corner of each photograph.
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Fig 7. DNA fragmentation levels from cells incubated with the four

recombinant FN proteins. Both PDL cell lysates and supernatants were evaluated in

the assay and these values are shown in the graph side by side above each incubation

condition. The fragment levels are represented as optical density units and bars in the

histogram represent mean values +/- the standard deviation for three experiments. DNA

fragment levels for cell lysates and supernatants from cells incubated with the V*H protein

were greater than those from cells incubated with control medium or control medium

supplemented with V-H+, V-H-, or V+H+.
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A. ABSTRACT

Fibronectin is an extracellular matrix molecule composed of repeating subunits that

create functional domains. These domains contain multiple binding sites for heparin and

for various cell-surface receptors that modulate cell function. To examine the role that the

high-affinity heparin-binding region and the alternatively spliced V region of fibronectin

play in tumor invasion, we expressed and purified four complementary recombinant

fibronectin proteins. These proteins either included or excluded the alternatively spliced V

region and contained either a mutated, non-functional high-affinity heparin-binding domain

(Hep") or an unmutated heparin-binding domain (Hept). Cultured oral squamous cell

carcinoma cells were assayed for invasion into a Matrigel/collagen matrix supplemented

with these four purified recombinant proteins, and for spreading and motility on plastic.

Increased invasion was observed in gels supplemented with the V-Hept protein when

compared with the V-Hep protein. Inclusion of the V region in the proteins enhanced the

invasion and migration associated with both Hept and Hep proteins, whereas cell

spreading was enhanced with the Hept recombinant proteins. These data demonstrate that

both the high-affinity heparin-binding domain and the V region of fibronectin play

important roles in invasion, motility and spreading of oral Squamous cell carcinoma cells.

179



B. INTRODUCTION

Squamous cell carcinomas are the most common type of malignant oral neoplasm

and account for a major portion of deaths related to oral cancer. These tumors represent

4% of all cancers of males in the United States, but in some Asian countries they are the

most common malignant tumor. At present the survival rate approximates 50% and has not

improved significantly in patients treated over the past several decades (Regezi and

Sciubba, 1993). Much of the morbidity and mortality associated with these tumors is

related to their invasive characteristics. Studies relating to mechanisms used by squamous

cell carcinomas for adhesion, motility, and invasion are, therefore, an important aspect of

cancer therapy.

Previous studies have implicated cell-surface receptors belonging to the integrin and

the proteoglycan families in the invasion and metastasis of tumors (Akiyama et al., 1995;

Vlodovsky et al., 1992; Soncin et al., 1994). Furthermore, coordinate interactions among

these receptors have been implicated in tumor cell adhesion to extracellular matrix (ECM)

components (Iida et al., 1992; Drake et al., 1992). Since some of these adhesive

interactions can be blocked by small synthetic peptides derived from ECM molecules,

peptide blocking experiments have also identified specific molecules that are potentially

useful for therapy (Wahl et al., 1994).

One such molecule which has been studied for its potential therapeutic use is

fibronectin (FN), an ECM adhesion molecule composed of multiple functional domains that

interact with multiple cell-surface receptors. The domains are composed of repeating

structural units, as evidenced by sequence homology, and are designated as type I, type II

and type III repeats. Repeats are numbered from the amino terminus of the molecule. The

functional regions include a cell-binding domain which contains an arginine, glycine,

aspartic acid (RGD) adhesive sequence, and a carboxy-terminal heparin-binding domain

(Hynes, 1990; Yamada, 1989). The translated protein also includes additional regions that
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arise through alternative splicing. In rat FN these domains are designated EIIIB, EIIIA and

the V region (see Fig. 1).

Many cell-surface receptors interact with specific portions of the FN molecule. The

RGD site in the tenth type III repeat (III-10) has been shown to interact with both the O531

(Pytela et al., 1985) and ovÉ1 integrins (Vogel et al., 1990). The O.431 integrin binds to

the V region as well as to sequences in the adjacent fourteenth type III repeat (III-14)

(Mould and Humphries, 1991). FN also contains numerous heparin-binding sites within

the carboxy-terminal portion of the molecule, including a high-affinity binding site in the

thirteenth type III (III-13) repeat and multiple low-affinity binding sites within III-14 (Iida

et al., 1992; Drake et al., 1992). Many of these FN domains retain biological activity

when isolated as purified proteolytic or recombinant protein fragments (Akiyama et al.,

1985). Fragments from the RGD cell-binding, heparin-binding, and alternatively spliced V

region of FN have been used extensively to examine interactions between cells and FN in

general (Damsky and Werb, 1992) and to better understand tumor cell adhesion, motility,

and invasion (Iida et al., 1992; Drake et al., 1992; Yoneda et al., 1994; McCarthy et al.,

1986; Yoneda et al., 1995; Saiki et al., 1990; 1993; Mohri et al., 1996).

Although many domains of FN have been implicated in mediating tumor cell

functions, the contributions of each domain and the relative importance of each family of

receptors to these processes are difficult to assess. However, these evaluations are

important since they may suggest potential therapeutic interventions by targeting the

portions of the FN molecule that play the greatest role in the invasion process. These

inquiries are often best made using recombinant proteins that exhibit altered function

because of specific point mutations rather than deletions of large protein segments, which

may alter protein function nonspecifically. In the present study, we used four different

purified recombinant FN proteins, with or without function-perturbing point mutations in

the high-affinity heparin-binding region and with or without the alternatively spliced V

region, to evaluate the relative contributions of these domains to the process of invasion by
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oral squamous cell carcinoma cells. Our results showed that the high-affinity heparin

binding domain and the alternatively spliced V region of FN both contribute to the invasive

behavior of these cells.

C. MATERIALS AND METHODS

Materials

Growth Factor Reduced Matrigel-Basement Membrane Matrix was purchased from

Collaborative Biochemical Products, Bedford, MA. Vitrogen 100-purified collagen was

purchased from the Collagen Corporation, Palo Alto, CA. Nutridoma-HU, a serum-free

medium supplement, was purchased from Boehringer Mannheim, Indianapolis, IN.

Transwell porous cell culture inserts, polycarbonate membranes in 24-well plates (6.5 mm

diameter, 8.0 mm pore size), were purchased from Costar, Cambridge, MA.

Cells and cell culture

Human oral squamous cell carcinoma cells (HSC-3 and HOC313) were a gift from

Dr. Randall Kramer and have been previously described (Matsumoto et al., 1989). These

cells were maintained in alpha-Minimum Essential Medium containing 10% fetal bovine

serum, 1% penicillin, and 1% streptomycin.

Recombinant fibronectin proteins

Rat fibronectin cDNA was engineered between type III repeats 10 and 15 (Fig. 1a)

to form four constructs, which were expressed as recombinant FN proteins and

subsequently purified. The proteins spanned repeats III-10 to III-15, and all contained the

RGD cell-binding region in III-10, the alternatively spliced EIIIA type III repeat, and the

low-affinity heparin-binding sequences in the carboxy-terminal heparin-binding domain.

However, the proteins either included (V*) or excluded (V°) the alternatively spliced V

region and differed in the high-affinity heparin-binding region of III-13 (Barkalow et al.,

ºr
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y
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1986). In the latter region, two point mutations were introduced into the cDNA to replace

adjacent arginine residues with threonines (Fig. 1b). Since the threonine mutations have

subsequently been shown to virtually abrogate heparin-binding function, these recombinant

proteins have been designated as either Hept for the unmutated protein or Hep for the

mutated protein. The four proteins are therefore identified as V-Hept, V-Hep", V+Hept,

and V+Hep-.

The cDNAs used to generate the four recombinant proteins were engineered in two

parts as follows. The cDNAs corresponding to repeats III-13, 14 and 15 between the 5'

ApaI and 3' HincII restriction sites in the FN cDNA were cloned into the pBCE expression

plasmid (Ellis et al., 1986). Two cDNAs that either included or excluded the V region

were used. The 3' HincII portion was ligated into the blunted Xbal site of the pBCE

polylinker to attach an engineered three-frame stop within the vector to the 3' end of the FN

cDNA fragment. The Apal restriction site was used to insert synthetic oligonucleotides into

the 5' end of III-13. These nucleotides introduced an Xbal restriction site into the cDNA

corresponding to the hinge region between III-13 and III-12 in the FN protein (Fig. 1b,

shown in bold type). The new restriction site was engineered by altering a single

nucleotide in the FN cDNA at the third position of a codon. This mutation preserved the

protein sequence of the cDNA but inserted a unique restriction site, the Xbal recognition

sequence, into the gene. The FN sequence between Xbal and Apal could then be altered

by inserting synthetic oligonucleotides between these two restriction sites. As indicated in

Fig. 1b, one such pair of oligonucleotides was inserted between these restriction sites to

mutate adjacent arginine residues to threonines. This mutation was subsequently shown to

virtually abrogate heparin-binding function in the expressed recombinant protein.

The region engineered between III-13 and III-15 in the pBCE expression vector

was removed from the plasmid by digesting with Xbal and EcoRI. EcoRI digests within

the plasmid vector downstream from the three-frame stop and polyadenylation sequence.

The cDNA fragment removed from pBCE therefore contained repeats III-13 to III-15, an
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engineered translation termination site and a polyadenylation sequence. This cDNA

fragment was bounded by restriction sites for Xbal and EcoRI. Thus, fragments

containing the adjacent arginines as well as fragments with adjacent arginines mutated to

threonines were isolated. Each of these fragments also contained cDNA in which the V

region was either present or removed by alternative splicing.

The upstream portion of the FN cDNA between type III repeats 10 and 13 was

engineered by adding restriction sites, using primers in a polymerase chain reaction. These

primers introduced the unique restriction site for Xbal at the 3' end (in the hinge region

between III-12 and III-13) and a second site for XhoI at the 5' end (in the cDNA

corresponding to the hinge region between III-9 and III-10 in the FN protein). Sense

primers (5'-AA TCT CGA GTTTCC GAT GTC GGC TCT-3') provided the recognition

sequence (CTCGAG) for XhoI. Anti-sense primers (5'- TT CTC TAG AGT CGT GAC

GAC TCC CTG AGC -3') provided the recognition sequence (TCTAGA) for Xbal. The

product of the polymerase chain reaction was therefore bounded by restriction sites for

XhoI and Xbal. Products were subcloned into TA Subcloning Vectors (Invitrogen, San

Diego, CA), and inserts were removed by digestion with these two restriction enzymes.

Two cDNA fragments (III-10 to III-13 and III-13 to III-15) were then ligated into

the p■ rcHis-C bacterial expression plasmid (Invitrogen) in a three-part ligation as follows.

The cDNA inserts encoding repeats III-10 to III-13 were bounded by Xbal and XhoI. The

cDNA inserts encoding repeats III-13 to III-15 plus terminator were bounded by Xbal and

EcoRI. These two cDNA fragments were ligated into the p■ rcHis-C expression plasmid

vector (in the appropriate reading frame) following digestion with Xhol and EcoR1. The

two resulting sets of expression plasmids contained type III repeats 10 to 15, with the FN

sequences stopping and starting in the hinge regions of the FN molecule adjacent to these

repeats. The V region was either included or excluded in each set, as was the Hept or

Hep sequence. Initiation and termination signals were provided by the p■ rcHis-C

expression plasmid and the three-frame stop from the pBCE plasmid.
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All expressed proteins also contained the six-histidine (Hisé) purification sequence

on the amino terminus, which was used for purification with metal-binding columns

(Invitrogen). Proteins were eluted from the columns under denaturing conditions (pH 5.0)

and were separated from bacterial proteins, as described by the manufacturer. After

purification, elution buffer was removed by passage over G25 sepharose columns.

All of the recombinant FN proteins contained the tenth type III repeat (with the

RGD cell-binding region), the alternatively spliced EIIIA domain, and the eleventh to

fifteenth type III repeats, which include the low-affinity heparin-binding sequences in the

carboxy-terminal heparin-binding domain. These four proteins also either included or

excluded the V region, and they differed in III-13 such that it either contained the adjacent

arginines or the substituted threonines. The predicted molecular masses of the four

recombinant proteins are 69.3 kDa for the V proteins and 82.5 kDa for the V* proteins.

The four recombinant proteins were analyzed by standard sodium dodecyl sulfate

polyacrylamide gel electrophoresis using 10% polyacrylamide gels stained with 0.5%

Coomassie brilliant blue R250 and destained in a solution of 50% methanol and 5% glacial

acetic acid. The proteins were further positively identified by standard Western

immunoblots probed with a mouse monoclonal antibody to rat FN (Peters et al., 1995),

used at a dilution of 1:200. Primary antibody was then exposed to an alkaline phosphatase

conjugated goat anti-mouse secondary antibody (Gibco BRL, Grand Island, NY) used at a

dilution of 1:5000. Bound antibody was detected using nitro blue tetrazolium chloride and

5-bromo-4-chloro-3-indoyl phosphate, toluidine (Promega, Madison, WI). The

concentration of the four recombinant proteins was determined by comparison to a standard

curve of sequential dilutions of bovine serum albumin. Molecular mass standards (Gibco

BRL) for electrophoresis included the following prestained proteins with apparent

molecular mass as follows: myosin (214 kDa), phosphorylase B (111 kDa), bovine serum

albumin (74 kDa), ovalbumin (45 kDa), carbonic anhydrase (29 kDa), 3-lactoglobulin (18

kDa), and lysozyme (15 kDa).
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Heparin-binding function

To determine the presence or absence of heparin-binding function, the V

recombinant proteins were analyzed for binding to heparin-sepharose. Heparin-sepharose

columns were prepared by packing poly-prep chromatography columns (BioFad,

Richmond, CA) with heparin-sepharose CL-6B (Pharmacia Biotech, Piscataway, NJ)

according to the manufacturer's instructions. The column was then equilibrated with 10

mM Tris, pH 8.0, and the sample was applied to the column and allowed to adhere to the

heparin-sepharose matrix for 6 h at 49C. Then, the sample was eluted from the column,

using a continuous salt gradient of 0-0.5 M NaCl in 10 mM Tris, pH 8.0. Fractions of 3

ml were collected for each of the assays and analyzed using standard Western immunoblots

as described above.

Invasion assay

In vitro assays for invasion were conducted as previously described (Janiak et al.,

1994). The gel solution was prepared by mixing 300 ml of a Matrigel solution and 300 ml

of a collagen solution (Vitrogen, final concentration of collagen 0.8 mg/ml). The Matrigel

solution was prepared by mixing 200 ml of Matrigel with 100 ml of serum-free medium,

which contained alpha-Minimum Essential Medium supplemented with 0.66 x of a

Nutridoma solution, 0.036 mg/ml sodium pyruvate, and 3.3 mM Hepes, pH 7.4. The

collagen solution contained 1.6 mg/ml collagen, 25 ml of a 10 x phosphate-buffered saline

that was calcium- and magnesium-free (PBS-CMF), 125 ml of a 1 x PBS-CMF solution,

and 6.6 mM NaOH. The test proteins were subsequently added to this combined gel

solution to a final concentration of 0.1 mM. The control gels contained the gel solution

without the test protein. The gel solution was coated onto polycarbonate filters inside the

Costar inserts in 24-well plates and allowed to set for 1 h at 379C before cells were added

to the wells. The transwell membranes were coated with 10 pil of the gel solution.
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Following preparation and setting of the gels, human squamous cell carcinoma cells

were trypsinized, pelleted, rinsed twice with serum-free medium, and counted. A 200-ml

aliquot from a suspension of 1 x 10° cells/ml was added to each well. Cells were allowed

to invade the gel on the membrane filter for approximately 18 h. At the end of the

incubation time, transwell filters were washed three times with PBS, fixed in a 1:3 glacial

acetic acid:methanol solution for 30 min, washed three times with double distilled water,

and stained for 15 min with 0.05 mg/ml of Hoechst stain (bis-benzimide 2'-

[hydroxyphenyl]-5-[4-methyl 1-1-piperazinyl]-2,5'-bis-1H-benzimidazole; Sigma). Filters

were washed another three times with double distilled water, placed on a glass slide,

covered, and sealed to a glass coverslip using mounting medium (Vectashield, Vector,

Burlingame, CA). The cells on the underside of the membrane that invaded the gel and

passed through the pores of the membrane appeared bright against a dark background and

were visualized for counting with an Axiophot Photomicroscope equipped with a filter for

Hoechst stain detection (Zeiss, West Germany). The number of cells from five high-power

fields (400X) from each membrane was counted. Each experimental condition was tested

in triplicate chambers, with cell counts averaged between the triplicate samples for each

experiment.

Cell adhesion and spreading

HSC-3 cells were trypsinized, pelleted under centrifugation, washed twice with

PBS, and suspended in control medium (serum-free o'NEM supplemented with 0.2%

lactalbumin hydrolysate [Gibco BRL, Gaithersburg, MD) and 1% penicillin/streptomycin)

at a density of 3 x 105 cells/ml. 100 pil of this cell suspension was aliquoted per well into

96-well plates and subsequently incubated at 370C in a humidified 5% CO2 incubator. The

four recombinant FN proteins were added to the wells immediately before plating cells,

yielding a final protein concentration of 100 puM/well. Cells were photographed after 2 h of

incubation with the recombinant proteins at 200 x magnification (Mooradian et al., 1993).
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Cell migration

Cells were prepared as described for the cell adhesion assay, except that they were

suspended at a density of 1 x 106 cells/ml, 100 |ll of this cell suspension was aliquoted per

well into a 96-well plate. After 2 h of incubation, a scratch was made down the center of

the well with a sterile needle, removing cells from this area and creating a clear zone into

which cells could migrate (Zhang and Kramer, 1996). Photographs of the cell-free

scratched area were taken, and then the 96-well plates were incubated for another 7 h.

After this time, photographs were again taken to determine if cells had migrated into the

scratched area in the presence of the recombinant test proteins.

D. RESULTS

The diagrams in Fig. 1a depict the III-10 to III-15 repeats of FN, which were

expressed as fusion proteins in bacteria. These complementary proteins either included

(V+) or excluded (V°) the V region and contained either the wild-type high-affinity heparin

binding region (Hept) or the mutated sequence (Hep"). The high-affinity heparin-binding

consensus sequence (Barkalow and Schwarzbauer, 1986) was mutated in III-13 to create

the Hep proteins (Fig. 1b). Point mutations were incorporated into the FN cDNA such

that in the resultant proteins, adjacent arginines were replaced with threonines. These

mutations effectively abrogated heparin-binding function.

Electrophoresis of the four purified recombinant FN proteins produced two bands

at approximately 70 kDa, which correspond to the V-Hept and V-Hep proteins (Fig. 2a,

lanes 1 and 2, respectively), and two bands at approximately 80 kDa, which correspond to

the V+Hept and V+Hep" proteins (Fig. 2a, lanes 3 and 4, respectively). Proteins were

detected by staining with Coomassie blue to demonstrate efficacy of purification. The four

recombinant proteins all reacted with a mouse monoclonal antibody to rat FN (Peters et al.,

1995) (Fig. 2b).
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We examined the functional significance of the heparin-binding mutation by

determining the ability of the V proteins to bind to columns of heparin-sepharose. The

recombinant proteins were applied to the column and eluted in 3-ml fractions with

continuous salt gradients from 0 to 0.5 M NaCl. Recombinant protein was detected in the

3-ml fractions by Western immunoblots. The mutated V-Hep protein bound to heparin

Sepharose but eluted from the column in 0.07 to 0.08 M NaCl (Fig. 3a). In contrast, the

native protein, V-Hept (Fig. 3b), required approximately 0.5 M NaCl to elute. Since

physiologic salt concentration is 0.14 M NaCl, the mutated protein would not bind heparin

under physiologic conditions.

Having purified and functionally characterized the recombinant FN proteins, we

next examined the invasive properties of HSC-3 squamous carcinoma cells in response to

these FN proteins in a collagen/Matrigel matrix. Initial assays performed with only the V

Hept and V-Hep proteins demonstrated that both stimulated cell invasion, but that the

Hept protein was more effective than the Hep protein in facilitating this process (Fig. 4B,

C). There was at least a threefold increase in invasion in gels supplemented with the Hept

protein as compared with gels supplemented with the Hep" protein (Table I). Additional

experiments were performed with all four recombinant proteins (Table II). Both V*

proteins induced significantly elevated levels of invasion when compared with gels

containing either the V-Hep protein or Matrigel alone. The V-Hept protein was also more

effective than the V-Hep protein in facilitating invasion. The V-Hep protein was

marginally better at inducing invasion than was Matrigel alone.

These results were confirmed in assays with HOC313, a second oral squamous cell

carcinoma cell isolate. These cells invaded the gels with the same order of efficacy as the

HSC-3 cells (Fig. 5, Table III). The relative magnitude of invasion induced by the FN

proteins was as follows: V-Hep & V-Hept & V+Hep- 3 V+Hept.

Since adhesion and migration are components of invasion, these processes were

evaluated separately for HSC-3 cells in the presence of the recombinant FN proteins.
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Migration assays were conducted by observing cell movement into a denuded "scratched"

area in the culture dishes. As was seen with the invasion assays, the V region played the

dominant role in this process (Fig. 6). At 7 h of migration, differences in migration

between HSC-3 cells exposed to V* and V recombinant proteins were easily apparent,

with substantially increased motility in cells exposed to the V+ proteins.

The importance of the heparin binding function was more readily demonstrated in

assays measuring cell spreading. Cell spreading was maximized in wells supplemented

with the Hept FN proteins but not the Hep proteins (Fig. 7). The V+Hep protein, which

was highly effective in inducing invasion, was not effective in mediating cell spreading.

These observations demonstrate that properties of the V region and the heparin-binding

domain are both important factors influencing the behavior of the squamous cell carcinoma

cells in culture, but that these domains may modulate functions which are separable,

depending on the assay.

E. DISCUSSION

In this study, invading HSC-3 squamous cell carcinoma cells showed a threefold

increase in invasion in gels supplemented with the V*Hep recombinant FN protein when

compared with gels containing the V-Hep protein. Inclusion of the V region of FN

enhanced the invasion associated with both Hept and Hep proteins. Similar results were

obtained with HOC313, another oral squamous cell carcinoma isolate. Assays for cell

migration demonstrated that inclusion of the V region substantially increased motility of

HSC-3 cells. However, cell spreading was most enhanced when HSC-3 cells were

incubated with recombinant FN proteins in which the high-affinity heparin-binding domain

was functional. These data demonstrate that both the high-affinity heparin-binding domain

and the V region of FN mediate invasion by human oral squamous cell carcinoma cells.

However, cell spreading is more associated with the heparin-binding function.
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The FN constructs used in this study contain all known low-affinity heparin

binding sequences within the carboxy-terminal type III repeats, yet these sequences did not

impart significant functional heparin binding or in vitro invasion. Inclusion of functional

high-affinity heparin-binding sites did, however, increase invasion. These experiments

therefore reveal a structure-function correlation between high-affinity heparin binding and

important cellular responses. We demonstrated that the V-Hept protein induced an

increase in cell invasion of HSC-3 cells when compared with the V-Hep protein. The

invasion induced by the V-Hept protein may be mediated in part through heparin-sulfate

and chondroitin-sulfate proteoglycan receptors (Iida et al., 1992; Drake et al., 1992).

However, since the V region, which contains the principal binding site for the o431

integrin, is not present, these responses are probably not mediated by this integrin (Mould

et al., 1991). Since the constructs do contain the III-10 repeat and the RGD cell-binding

sequence of FN, any interactions with known members of the integrin family probably

involve the O531 integrin (Akiyama et al., 1985).

The V region of FN enhanced the invasive phenotype of both HSC-3 and HOC313

cells. In fact, its presence may predict a change towards a more invasive phenotype. The

increase in invasion may be assisted by the high-affinity heparin-binding region but, the V

region appears to play the dominant role in this process. Other portions of the FN molecule

such as low-affinity heparin-binding sequences may also be important factors in the

malignant process but were not examined in this study.

The high-affinity heparin-binding sequence likely mediates interactions with other

FN domains and receptors over large spans of FN. This sequence is separated from the

binding sites for the O.431 integrin in the V region by approximately two type III repeats,

and from the RGD binding site for the OS31 integrin by either two or three type III repeats

(depending on whether the alternatively spliced EIIIA domain is excluded or included).

Analysis of HSC-3 cells using fluorescence-activated cell sorting has in fact shown that

these cells express 31, 0.4, and 0.5 integrin subunits (Dan Ramos, personal
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communication). Interactions between cell-surface receptors such as proteoglycans, which

may bind the high-affinity heparin-binding domain, and either of these integrins must,

therefore, occur between separated portions of the FN molecule. In contrast, virtually all

other known heparin-binding sequences in the type III repeats of FN are clustered in repeat

III-14 and are immediately adjacent to the leucine, aspartic acid, valine (LDV) binding site

for the 0.431 integrin in the alternatively spliced V region (Damsky and Werb, 1992). In

fact, all three of these low-affinity heparin-binding sites and the LDV sequence are located

within a stretch of 91 amino acids that encompasses the carboxy-terminal portion of III-14,

the amino portion of the V region, and the intervening hinge region between these repeats.

This entire span is the approximate size of one type III repeat. Thus, it seems likely that the

low-affinity heparin-binding sites mediate cellular interactions coordinately with the O.431

integrin over a short distance.

Other studies have investigated cellular responses to heparin-binding regions of FN

by using either of two approaches. In one series of multiple studies (Wahl et al., 1994;

Mooradian et al., 1993; Haugen et al., 1992; Wilke et al., 1993), synthetic peptides were

constructed from short heparin-binding sequences, and cellular responses to these peptides

were evaluated in vitro and in vivo. The results demonstrated that some of the peptides

were highly effective in modulating functions such as migration and invasion in many

different cell types. Most of these peptides were clustered in the 91-amino-acid sequence

within III-14 and the V region. Interestingly, the synthetic peptide corresponding to

sequences within the high-affinity heparin-binding domain was often ineffective in

modulating cellular functions (Wahl et al., 1994).

The second approach was to express and purify recombinant FN type III repeats

(Mould and Humphries, 1991; Yoneda et al., 1994). The intervening sequences between

the repeats of interest were often deleted in an attempt to eliminate amino acids believed to

be nonessential to the biologic responses being measured. These studies have shown that

repeats containing either the RGD cell-binding sequence or the high-affinity heparin
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binding sequence were marginally effective at promoting invasion of HT1080 fibrosarcoma

cells (Damsky and Werb, 1992). Mixtures of these two individual repeats were not

appreciably better. The recombinant proteins were, however, highly effective in promoting

invasion when repeats containing the RGD cell-binding site were linked in tandem with

repeats containing the high-affinity heparin-binding segment. Taken together, these two

sets of approaches suggest that the high-affinity heparin-binding domain needs to be

presented to cells as a contiguous unit, in tandem with other functional domains, such as

the RGD site. In addition, these data suggest that for maximal cell function, the high

affinity heparin-binding region may indeed mediate interactions over large stretches of the

FN molecule.

On the basis of these studies, the carboxy-terminal heparin-binding sites of FN can

be classified into two groups. One group is the low-affinity heparin-binding sequences

located on repeat III-14 immediately adjacent to the V region, which contains the LDV

binding site for the O.431 integrin. Because of their proximity, the low-affinity heparin

binding sequences and the V region may therefore be primarily responsible for modulating

interactions between heparin sulfate proteoglycans and the O.431 integrin. Since these

interactions are constrained to a small portion of FN, any agent such as an antibody or a

synthetic peptide would be highly effective in altering functions associated with this

complex and may interfere with binding of this integrin. Also, since the heparin-binding

synthetic peptides with blocking functions are contained within the 91-amino-acid segment

that also contains the LDV binding site, it is possible that the main effect of these peptides

is in blocking receptor complexes that are formed with the 0.431 integrin.

The second group is the high-affinity heparin-binding site located on repeat III-13,

which may require other, nonadjacent cell adhesion sequences to modulate cell function.

Previous studies have indicated that small synthetic peptides corresponding to sequences in

the high-affinity heparin-binding domain are often ineffective in blocking biological activity

in vivo (Wahl et al., 1994). This region, in isolation, may also be ineffective in inhibiting
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tumor metastasis (Yoneda et al., 1994). However, our results would indicate that the high

affinity heparin-binding domain plays an important role in tumor invasion. Other studies in

which type III repeats containing cell-binding sequences were joined to and expressed with

repeat III-13 have also indicated that these larger fragments are effective in inhibiting tumor

metastasis (McCarthy et al., 1986). Interactions of other sequences with the high-affinity

heparin-binding domain might also be sensitive to differential splicing of either the EIIIA or

the V region, since these splicing events would change the spatial relationship between the

binding sites for integrins and heparin.

2.
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Figure 1

b
O Heparin-binding

Consensus Sequence
III 13

X B B X B X

T L E N V S P P R R A R V

ACTCTGGAGAATGTCAGCCCTCCAAGAAGGGCCCGTGTG
Apa 1

T L E N V S P P R R A R V

ACTCTAGAGAATGTCAGCCCTCCAAGAAGGGCCCGTGTG
Xba 1 Apa 1

T L E N V S P P T T A R V

ACTCTAGAGAATGTCAGCCCTCCAACAACGGCCCGTGTG
Xba 1

X=Hydrophobic

B=Basic

wild type
Hept

engineered
Hept

engineered
Hep"
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Figure 2
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Figure 3
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TABLE I

Invasion of human squamous cell carcinoma cells into collagen-Matrigel

supplemented with V" recombinant FN proteins

Experimentsø

Fragment 1 2 3

None 21+9 1+1 12+0

V-Hep- 90+15 29+17 13+3

V-Hept 287+22: 91+ 2: 97+29:

*The total number of invading cells in 5 high power (400 x) fields was counted. Data

represent the mean + the standard error of the mean derived from triplicate invasion

chambers. Data were analyzed using an ANOVA followed by the Scheffé F post-hoc test.

#Significantly greater than cells in unsupplemented chambers (p<.0002) or in chambers

supplemented with the V-Hep" protein (p<003).
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TABLE II

Invasion of human squamous cell carcinoma cells into collagen-Matrigel

supplemented with V+Hept recombinant FN proteins

Experimentsø

Fragment 1 2 3 4

None 42+6 6+3 O 1+0

V-Hep- 232+56 66+18 6+5 4+1

V-Hept 486+76 267+24 1394–30 114+27

V+Hep- 492+83::$ 441+42::$ 296+42::$ 356+109+$

V+Hept 702+35+$ 534+71::$ 222+102::$ 378+119::$

*The total number of invading cells in 5 high power (400 x) fields was counted. Data

represent the mean + the standard error of the mean derived from triplicate invasion

chambers. Data were analyzed using an ANOVA followed by the Scheffé F post-hoc test.

#Significantly greater than cells in unsupplemented chambers and in chambers

supplemented with the V-Hep protein (p<01).
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TABLE III

Invasion of HOC313 human squamous cell carcinoma cells into collagen

Matrigel supplemented with V+Hept recombinant FN proteins

Fragment

None V-Hep- V-Hept V+Hep- V+Hept

Invasion4 O O 5+1 163+4+ 240+5+

4The total number of invading cells in 5 high power (400 x) fields was counted. Data

represent the mean + the standard error of the mean derived from triplicate invasion

chambers. Data were analyzed using an ANOVA followed by the Scheffé F post-hoc test.

#Significantly greater than cells in unsupplemented chambers and in chambers

supplemented with the V-Hep and V-Hept proteins (p<.0001).
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FIGURE LEGENDS

Fig. 1. Recombinant FN proteins. a, Experiments were performed with four

different recombinant FN protein fragments engineered to examine functions of the high

affinity heparin-binding domain and the alternatively spliced V region of FN. All four

proteins span type III repeats 10 through 15. Two proteins contain the alternatively spliced

V region (designated with a V* symbol), while the other two do not (designated with a V

Symbol). Two proteins also contain the high-affinity heparin-binding domain (designated

with a Hept symbol), while the other two proteins have a mutated, non-functional heparin

binding domain (designated with a Hep symbol). The RGD cell-binding sequence (+) and

high-affinity heparin-binding sequence (*) are indicated within the clear boxes. The

alternatively spliced repeats (EIIIB, EIIIA and V region) are shaded. The type I, type II

and type III repeating structural domains within the FN molecule are indicated as shown in

the key. b, The high-affinity heparin-binding domain was rendered non-functional by

insertion of synthetic oligonucleotides between restriction sites for Apal and Xbal. These

oligonucleotides preserved the native FN protein sequence but changed two adjacent

arginines to threonines in the mutated protein. Positions of restriction sites are underlined.

Altered nucleotides are indicated in bold type. The heparin-binding consensus sequence is

indicated at the top of the figure. The sequences depict the wild-type FN sequence, the

engineered Hept sequence (nucleotide sequence contains a new restriction site for Xbal but

preserves the native FN protein sequence and heparin binding of the expressed protein) and

the engineered Hep sequence (the two adjacent arginines are mutated to threonines, and

heparin binding of the expressed protein is virtually lost).

Fig. 2. Purification and identification of the four recombinant FN proteins.

a, The four purified recombinant FN proteins were analyzed using 10% polyacrylamide

gels stained with Coomassie blue dye. Lanes were loaded with the purified recombinant
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proteins V-Hept (lane 1), V-Hep (lane 2), V+Hept (lane 3), and V+Hep (lane 4). b, A

Western immunoblot was probed with an anti-fibronectin antibody to identify recombinant

proteins V-Hept (lane 1), V-Hep (lane 2), V+Hept (lane 3), and V+Hep-(lane 4).

Molecular mass standards are indicated in kilodaltons (kDa) on the left of the gels.

Fig. 3. Heparin-binding function of the wild-type and mutated recombinant

FN proteins. a, The mutated V-Hep recombinant FN protein was examined for

heparin-binding function by elution from a column of heparin-sepharose (0 to 0.5 M NaCl

gradients). Fractions were probed with an anti-FN monoclonal antibody in Western

immunoblots. The column starting material (SM) is shown in lane 1 and the flow through

(FT) in lane 2. The V-Hep protein eluted from the heparin-sepharose column at

approximately 0.07-0.08 M NaCl (fractions 4-11). b, In similar experiments, the

unmutated V-Hept protein bound tightly to the heparin-sepharose column, and all protein

eluted at 0.5 M NaCl (fractions 39-40). The starting material (SM) and flow-through (FT)

are shown in lanes 1 and 2 of the Western immunoblot. Molecular mass standards are

indicated in kilodaltons (kDa) on the left of the Western immunoblots.

Fig. 4. Invasion by HSC-3 carcinoma cells into collagen/Matrigel

supplemented with recombinant FN proteins. Representative fluorescent images

of HSC-3 carcinoma cells after invasion into collagen/Matrigel supplemented with medium

alone (panel A), medium plus V-Hep protein (panel B), medium plus V-Hept protein

(panel C), medium plus V*Hep" protein (panel D), and medium plus V*Hept protein

(panel E). Quantitation of these results is shown in Tables I and II.

Fig. 5. Invasion by HOC313 carcinoma cells into collagen/Matrigel

supplemented with recombinant FN proteins. Representative fluorescent images

of HOC-313 carcinoma cells after invasion into collagen/Matrigel supplemented with
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medium alone (panel A), medium plus V-Hep protein (panel B), medium plus V-Hept

protein (panel C), medium plus V*Hep" protein (panel D), and medium plus V*Hept

protein (panel E). Quantitation of these results is shown in Table III.

Fig. 6. Migration of HSC-3 carcinoma cells in the presence of recombinant

FN proteins. Images show migration of HSC-3 tumor cells into denuded "scratch" areas

in 7 h migration assays. Margins of the denuded areas are indicated by arrows. Panels are

from cultures tested with medium alone (panel A), medium plus V-Hep protein (panel B),

medium plus V-Hept protein (panel C), medium plus V*Hep" protein (panel D), and

medium plus V*Hept protein (panel E).

Fig. 7. Attachment and spreading of HSC-3 carcinoma cells in the presence

of recombinant FN proteins. Images demonstrate attachment and spreading of cells

after 2-h incubations. Panels are from cultures tested with medium alone (panel A),

medium plus V-Hep protein (panel B), medium plus V-Hept protein (panel C), medium

plus V*Hep" protein (panel D), and medium plus V*Hept protein (panel E).
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A. SUMMARY, CONCLUSIONS, AND FUTURE DIRECTIONS

The interactions of cells with their surrounding extracellular matrix (ECM) are

critical to understanding the basic mechanisms underlying disease processes, such as

chronic inflammatory conditions and tumor metastasis, and complex tissue processes, such

as wound healing, tissue morphogenesis, and maintenance of normal tissue architecture,

which involve rapid tissue turnover. One ECM molecule likely to be important to these

cellular processes is Fibronectin (FN), because of its known importance in establishing a

stable pericelluar matrix, its role in cellular adhesion, chemotaxis, migration, invasion, and

its recent involvement in proteinase modulation and signal transduction. The present

studies contribute further to its known roles in proteinase modulation and invasion, and

also shed light on its new role as a cell survival signal.

Periodontal ligament (PDL) cell-FN interactions were used as a model system for

understanding basic mechanisms underlying periodontal regeneration, wound healing, and

maintenance of normal tissue architecture. Since little was known about the cells

themselves, our first objective was to first characterize the cells (Chapter II). In this

pursuit, our experiments confirmed, as others have found (Roberts and Chamberlain,

1978; Roberts et al., 1982; Limeback et al., 1983; Cho and Garant, 1984; Roberts and

Morey, 1985; Arceo et al., 1991; Fries et al., 1994), that these cells are heterogeneous in

terms of morphology, migration, mineralized nodule formation, and interactions with FN.

In general, they contain multiple cell surface integrin receptors for FN, including off, 31,

O4, ov, which they likely use to bind to FN. These cells also proliferate and undergo

chemotaxis in response to intact FN and its fragments, however the proliferative response

and chemotaxis is greatest when cells are incubated with the intact molecule versus the

fragments, suggesting that the fragments are missing important signals for these process.

In testing one of our hypothesis, we also discovered that PDL cells derived from

diseased and healthy PDL were not appreciably different in terms of cellular adhesion to

FN, migration, chemotaxis, and mineral-like nodule formation (chapter II). While
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differences can be detected in gingival fibroblasts sampled from diseased sites versus

healthy sites in terms of collagen metabolism (Gabbiani et al., 1971; Narayanan and Page,

1976; Hassell, 1982; Narayanan and Page, 1985; Narayanan and Hassell, 1985;

Narayanan et al., 1988; Larjava et al., 1989; Hussain et al., 1994), no differences in

several cellular functions could be detected in the PDL fibroblasts sampled from diseased

versus healthy sites in our studies. There are several possible reasons why our findings

did not reveal differences in PDL cells derived from healthy versus diseased sites, and this

includes the fact that we did not study collagen metabolism as others have done.

Additionally, the underlying differences between cells from these two sites may be at the

gene level, and somehow not measurable or apparent in the functional assays that we

performed. Alternatively, fibroblast cells from diseased versus healthy sites are not really

different, which is what our studies would suggest. Lastly, these other studies were

performed on gingival fibroblasts and not on PDL cells, and it is known that these two cell

types are different (Bellows et al., 1981; Somerman et al., 1988; 1989; Otsuka et al., 1988;

Mariotti and Cochran, 1990; Arceo et al., 1991).

Having characterized the cells with some assays, our second objective was to

further evaluate the response of PDL cells exposed to different forms of FN. The results

from Chapter III demonstrate that PDL cells exposed to a 120-kDa proteolytic FN fragment

containing the cell-binding domain, were induced to express the MMPs, collagenase and

stromelysin and the serine proteinase, uPA. This fragment also induced the expression of a

20-kDa inhibitor, but not the higher-molecular mass inhibitor, in PDL cells. The observed

alterations in proteinases were associated specifically with the 120-kDa FN fragment since

similar responses were not seen when PDL cells were exposed to either a 60-kDa heparin

binding FN fragment or a 45-kDa collagen/gelatin-binding FN fragment. PDL cells

exposed to intact FN did not express the proteinases induced by the 120 kDa fragment but

did express 92 kDa gelatinase and the 20-kDa proteinase inhibitor. These data suggest that

FN and specific functional regions of FN may modulate many of the functions of PDL cells
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that contribute to periodontal disease, wound healing, and maintenance of the ECM in

periodontal tissues.

An interesting find from the studies in chapter III, was the identification of a fourth,

previously uncharacterized proteinase inhibitor of about 22 kDa. Since the submission of

chapter III for publication, we have performed additional experiments to help characterize

this 22 kDa proteinase inhibitor. We found that this protein was recognized by a TIMP

antibody, which was made to the entire protein coding sequence for TIMP-1 (Fibec

antibody, made in rabbit against a full length recombinant TIMP-1, gift from Dr. Zena

Werb) (Fig. 1). Not surprisingly, the antibody also detects the other three TIMPs in our

samples, which are known to have sequence homology with TIMP-1. In addition, our

protein was not recognized by commercial antibodies made specifically to TIMP-1, -2 or -3

(Fig. 2), further suggesting that our protein is a TIMP, but not TIMP-1, -2, or -3. Another

piece to this puzzle, came just within the last few months, when two groups reported that

they have cloned and sequenced a novel TIMP of about 22 kDa, which they call TIMP-4

(Green et al., 1996; Leco et al., 1997). While our data suggest that this 22 kDa proteinase

inhibitor produced by PDL cells is a novel TIMP and perhaps TIMP-4, sequence

confirmation is necessary.

From the studies in chapter III and other studies (Werb et al., 1989; Huhtala et al.,

1995) we knew that when fragmented, specific domains of FN induce proteinase

expression in cultured fibroblasts. As an intact molecule, FN, via integrins and pp.” FAK

or Bcl-2, protects some cells from undergoing apoptosis (Zhang et al., 1995; Crouch et al.,

1996; Frisch et al., 1996; Hungerford et al., 1996). Unlike proteinase expression,

however, it was not known if specific domains of FN were also important to the process of

apoptosis. To test this hypothesis, PDL cells were exposed to four recombinant FN

protein fragments and then assayed for apoptosis, using cell shape changes, nuclear

staining, and DNA fragmentation experiments (Chapter IV). From our studies in chapter

III we knew that proteolytic fragments containing single domains (120-kDa cell-binding
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fragment, 60-kDa heparin-binding FN fragment, or a 45-kDa collagen/gelatin-binding FN

fragment) did not induce an apoptotic-like phenotype in PDL cells. Cells plated on these

fragments were always well spread and never exhibited a round-cell phenotype or

membrane blebbing, and were viable up through the end of the incubation period of 48 h

(cells were always observed shortly after plating, throughout the incubation period, and

immediately prior to collecting conditioned medium, although photographs were not taken;

unpublished observations). We reasoned, therefore, that other domains or combination of

domains might be responsible for triggering apoptosis. We tested FN proteins which had

been previously characterized (Chapter V) and these proteins either included (V+) or

excluded (VT) the alternatively spliced V region, and contained either a mutated, non

functional, high-affinity heparin-binding domain (HT) or an unmutated heparin-binding

domain (H+). Preliminary experiments assaying for proteinase expression in PDL cells,

revealed that the V*H protein significantly reduced the levels of all gelatin-degrading

enzymes, while inducing a unique high molecular weight gelatinolytic proteinase,

suggesting that cell function was dramatically being altered. Further examination of cell

shape, revealed that PDL cells incubated with the V*H protein did not spread but remained

rounded. Adding serum or intact FN reversed this rounded phenotype, and cells that had

spread under control conditions, rounded up when the V*H protein was added. PDL cells

plated with other test proteins and control conditions spread normally and completely.

Nuclear staining experiments showed that PDL cells incubated with the V*H protein had a

bright, condensed and fragmented nuclei as compared to the opaque, well spread, and

intact appearing nuclei of cells plated with other test proteins and control. Lastly, elevated

levels of DNA fragments were detected only in PDL cells incubated with the V*H protein.

These experiments demonstrate that functionally-abrogating point mutations in the high

affinity heparin-binding domain of FN in concert with the alternatively spliced V region

regulate survival in PDL cells, suggesting that the heparin-binding domain of FN is critical

for cell survival. Taken together with results from chapter III, these data suggest that FN
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fragments may not only produce tissue destruction through induction of matrix-degrading

proteinases, but they may also affect cells directly via a programmed cell death mechanism,

further compromising the healing potential of the periodontal tissues. To potentially add

further to this compromised situation, a study on gingival fibroblasts (Hussain et al.,

1994), has demonstrated that cells derived from diseased tissues are deficient in poly

(ADP-ribose) synthetase, an enzyme which is responsible for repairing DNA damage. If

this mechanism is also present in PDL cells form diseased tissues, then all these processes

can render the periodontium less able to repair itself.

As a final method of analysis, we investigated the role of FN fragments in the

process of invasion in chapter V, using the same four recombinant FN proteins discussed

in chapter IV. Cultured oral squamous cell carcinoma cells were assayed for invasion, into

a Matrigel/collagen matrix supplemented with these four purified recombinant proteins, and

for spreading and motility on plastic. Increased invasion was observed in gels

supplemented with the V-Hept protein when compared with the V-Hep protein. Inclusion

of the V region in the proteins enhanced the invasion and migration associated with both

Hept and Hep proteins, whereas cell spreading was enhanced with the Hept recombinant

proteins. These data demonstrate that both the high-affinity heparin-binding domain and

the V region of FN play important roles in invasion, motility and spreading of oral

squamous cell carcinoma cells.

Another important point regarding the structure of our recombinant proteins and

why they likely had such a dramatic effect on both cell survival and apoptosis, is that the

two arginines that we mutated to threonines in the heparin binding domain are part of six

other discontinuous basic residues that when brought together form a "cationic cradle" into

which the anionic heparin molecule could fit (Busby et al., 1995). Therefore, mutating two

of these six residues likely altered the structure of this functional cradle and may in part be

the reason for the altered cell function.
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Our studies can be summarized by the following paradigm, in which fragments of

FN convey signals that are different from those of the intact molecule, thus providing

distinct information about the altered status of the surrounding ECM. Cells in turn mount a

response commensurate with the signals received. These responses may be in the form of

increased proliferation and chemotaxis, increased or altered proteinase and inhibitor

expression, entrance into the apoptotic pathway, or an increased invasive phenotype. We

can appreciate how this might work by obtaining clues from other cell types. In synovial

fibroblasts, for example cells reveal an increased collagenase expression when incubated

with a 120 kDa fragment of FN, but this proteinase expression is readily reversed to basal

levels with the addition of other fragments of FN, likely providing the cell with missing FN

signals present in these other domains (Huhtala et al., 1995). In PDL cells, we have seen

that intact FN induces a distinct proteinase expression profile that contrasts that induced by

proteolytic fragments from the cell-binding domain or recombinant fragments, containing

mutations in the heparin-binding domain (Chapters III and IV), suggesting that these

domains play an important role in this process. Similarly, proliferation and chemotaxis in

the presence of FN is greater and certainly different from that observed for FN fragments

(Chapter II). In terms of invasion, we did not test intact FN side by side with the other

recombinant proteins (Chapter V), although this would be a useful control to use. From

other reports on tumor cells, it is known that cells undergo the greatest amount of adhesion,

spreading, and motility in the presence of intact FN versus proteolytic FN fragments

(McCarthy et al., 1986; Yoneda et al., 1995). However, these studies did not look at

invasion per se, and since they used proteolytic fragments derived from plasma FN, which

generally lacks the alternatively spliced forms of FN (except for small amounts of V), one

can not determine from these studies the role of alternatively spliced domains of FN in

invasion. Some studies on tumor cell invasion have used either a peptide or a fragment (33

kDa) which contain the CS1 site from the alternatively spliced V region of FN. One study

showed that intact FN produced greater migration and adhesion than the fragment
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(McCarthy et al., 1986), however in the other study intact FN was not used as a control so

comparisons can not be made (Saiki et al., 1990). Therefore, we still do not know if tumor

cells invade differently in response to intact FN versus FN fragments or forms which

contain the alternatively spliced domains. However, we do know that tumor cells and

fibroblasts (PDL or synovial) respond differently to fragments of FN versus the intact

molecule.

While these studies have provided further knowledge about the role of FN in

proteinase modulation, cell survival, and invasion, these data have also revealed other

questions that remain unanswered. In future studies we hope to answer and address some

of these questions.

From Chapter II, III, IV there is the question of whether the specific FN fragments

inducing proteinase expression and or apoptosis are found in vivo at sites of disease. What

would be the sources of these FNs? Are they cellular or plasma in origin? Do they contain

EIIIA or EIIIB domains? It would be interesting to evaluate human gingival crevicular

fluid (GCF) from diseased sites for the presence of some of these fragments in an effort to

address some of these questions. This procedure should be a relatively easy task to carry

out since sampling of GCF is common in clinical periodontal studies. Furthermore, two

recent reports have demonstrated non-specifically that FN fragments are present in GCF at

sites of disease (Talonpoika et al., 1989; 1993), suggesting that, although specific FN

fragments were not examined, the process of FN fragmentation is operating at sites of

periodontal inflammation.

From Chapter III, we would like to determine if the fourth inhibitor band secreted

by PDL cells is indeed a new TIMP. It may, on the otherhand, represent an glycosylated

form of another TIMP or a proteolytic fragment of one of the existing TIMPs. From the

additional data reported in this chapter, it is possible that our proteinase inhibitor is TIMP-4

based on the reported molecular weight, although sequence identity for comparison is

essential in confirming this.
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Also from chapter III, we would like to ascertain if the MMP (collagenase,

Stromelysin) and the serine proteinase (uPA) pathways of regulation are one and the same.

Do collagenase/stromelysin and uPA use the same promoter elements in PDL cells? It is

known that all three enzymes require the AP1 and PEA3 promoter elements for

transcriptional regulation (Tremble et al., 1995; Mauviel et al., 1992; Domann et al., 1994;

Lee et al., 1993; Besser et al., 1995; Lengyel et al., 1995).

From Chapter IV, the whole field of signaling and apoptosis as mediated by FN

and its fragments, is an open door? Does apoptosis by FN fragments involve FAK or is it

independent of FAK? If FAK is involved are the other FAK-related signaling proteins also

involved? If FAK is involved, how are FAK signals recruited for focal contact formation

on intact FN different from those recruited for the induction of apoptosis by FN fragments?

From Chapter IV, we would like to determine if the high molecular weight

gelatinolytic proteinase observed under incubation conditions with the V+Hep- protein is

involved in the apoptotic pathway? There is presently nothing known about any potential

role for high molecular weight ECM proteinases in apoptosis. Although, there is a great

deal of evidence supporting the role of proteinases as key players in programmed cell death

(reviewed in Samali et al., 1996).

From Chapter V, we would like to identify the receptors and their interactions that

mediate the invasion stimulated by the heparin-binding domain or the alternatively spliced V

region in the recombinant FN fragments. While we do know that SCC cells express O.5,

[31, 0.4 and Oºv (Dan Ramos, personal communication), we do not know which of these

receptors is responsible for the interactions with the recombinant FN proteins.

Additionally, we do not know if proteoglycans are involved in these interactions.

Identifying the receptors will be useful in invasion blocking analysis. Although, again one

needs to answer the question of whether these fragments are found in vivo in metastatic

situations, and therefore physiologically relevant. Another potential area of research that

extends from these findings, is the identification of other domains within FN that might
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mitigate the invasion induced by the mutated heparin-binding domain and the alternatively

spliced V region in our recombinant proteins. For example, these recombinant proteins do

not contain the spreading/synergy site upstream of RGD (Obara et al., 1988), yet this

synergy site might alter the cell responses to our FN proteins.

Also from Chapter V, we do not know if the V region and heparin-binding domain

need to be adjacent in a single molecule configuration to exhibit their invasive effects?

Smaller individual fragments may also exert an invasive phenotype. The significance of

this would be on the effects these fragments would have in vivo.

Lastly, in relation to our paradigm, what is it about the recombinant FN fragments

or proteolytic fragments that, unlike the intact molecule, imparts different invasive

properties, altered proteinase expression, and apoptosis? Is it that key domains are missing

in the fragments, which suppress these activities in cells? Can intact FN or fragments of

FN containing the missing domains counteract these phenotypes?

There is in general another question that is raised from the methods used in these

studies. In comparison to other studies, we generally did not pre-coat tissue culture dishes

with the FNs to be tested. Our rationale for not precoating was that initial studies with PDL

cells revealed no difference in terms of cell spreading or MMP expression if we plated cells

with FN simultaneously (in solution) or if we plated cells on wells pre-coated with FN

(anchored/bound) (data not shown). Therefore, we simply added these FN proteins in

solution. Furthermore, since PDL cells spread well on plastic alone these cells are likely

making their own FN early on, and using this to adhere to and spread on the tissue culture

plastic. Fragments added in solution, may be competing with this cellular fibronectin, and

in turn altering cell responses. We did not, however, perform initial test experiments with

pre-coated plates in the squamous cell carcinoma studies, although it would be useful to

know whether this is of significance. For instance, it would clarify if altered cell responses

were related to whether the ligand was presented in soluble or anchored form.
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As is evident from these discussions, many questions remain unanswered about FN

and the cellular processes that it is involved with, although, a great deal of information

already exists that can help address some of these unknowns. The future will undoubtedly

hold the key to answering some of these complex questions.
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Figure Legends

Fig. TIMP expression in PDL cell conditioned medium A. The Western

immunoblots were loaded with conditioned medium from PDL cells (PDL-CM)

(lanes 1 and 2), and probed with a control antibody (non-immune rabbit serum) (lane

1) and with a TIMP antibody (fibec) (lane 2). B. The Western immunoblot was

loaded with standards (std.) for TIMP-1 (lane 1), TIMP-2 (lane 4), TIMP-3 (lane 7)

and concentrated (conc.) (lanes 2, 5, and 8) or unconcentrated (unc.) (lanes 3, 6, and

9) conditioned medium from PDL cells. The molecular weight standards are shown

to the left of the immunoblots. The conditioned medium preparation is indicated on

the bottom and the antibodies used are indicated on the top of the immunoblots.
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