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Previous investigators have speculated that cell-surface (31,4-

galactosyltransferase (GalTase) may play an important role in development

due to its known biochemical interactions in differentiating and migrating cells.

The ability of GalTase to bind A/-acetylglucosamine (GIcNAc) residues found

on adjacent cells or E8 domains of laminin, found in the extracellular matrix

(ECM), is pivotal for these functions.

To evaluate the role of GalTase In in útero salivary gland development,

tissues were harvested from CD1 mice from fetal days 13 through 18,

neonates and adults. Evaluation of cell-surface GalTase, and other

developmental markers, was accomplished by messenger ribonucleic acid

(mRNA) expression levels as determined by reverse transcription polymerase

XI



Chain reaction (RT-PCR), GalTase enzymatic activity assay,

immunohistochemistry and flow cytometry.

This study also utilized the fetal mouse salivary organ culture system to

evaluate the role of GalTase in morphodifferentiation. Submandibular glands

were harvested at fetal day 13 from CD1 mice and cultured for 60 hours in

wells ± laminin coating. Additions to the media included; nothing, 1X PBS, «-

lactalbumin, anti-GalTase and anti-laminin antibodies, and tyrphostin.

Laminin wells were pretreated with bovine galactosyltransferase to modify the

GIcNAc residues and eliminate the GalTase substrate. In vitro morphologic

development, expression, and activity of cell-surface GalTase was evaluated

with photomicrographs, mRNA expression, enzymatic activity,

immunohistochemistry and flow cytometry.

Evaluation of in útero mRNA expression, and cell-surface enzymatic

activity provided a concordance of GalTase in development. Additionally the

in útero expression of mRNA of developmental proteins evaluated peaked at

fetal day 16 for 7 of the 8 proteins.

Salivary organs cultured without laminin (plastic wells, anti-laminin

antibody or pretreated wells) demonstrated retarded in vitro growth with

altered branching morphogenesis and acinar cell proliferation yet similar

GalTase mRNA expression. Glands cultured in agents interfering with

GalTase-laminin interactions (a-lactalbumin, anti-GalTase) presented altered

in vitro morphologic development with less cohesive acinar cell clusters but

XII



similar branching. Furthermore, the GalTase cell-surface activity was inhibited

by these agents but without significant reduction in GalTase mRNA. These

studies suggest that cell-surface GalTase may be an important mediator of

normal cellular interactions, participating in branching morphogenesis and

acinar cell proliferation during fetal salivary gland development.



CHAPTER ONE
INTRODUCTION

Salivary Glands

An intriguing question in animal development is how epithelium

changes shape during morphogenesis and then assumes differentiated

function. Traditionally few tissues have been utilized to evaluate morphologic

developmental processes and they include lung, mammary and salivary gland

tissues. These tissues provide excellent model systems because they

develope characteristic morphologic structures that allow for easily identifiable

alterations from normal development. Of particular interest to me, because of

my training in dentistry, was the salivary gland.

The primary role of the salivary glands is the production of saliva.

Healthy humans typically produce approximately 500 - 1500 mL of whole

saliva per day. More than 90% of this saliva comes from the three major

salivary glands (Zachariasen, 1996). The saliva is typically thought to be

different for each of the major salivary glands. In the mouse, for instance, we

know that the submandibular gland produces almost all of the growth factor,

epidermal growth factor (EGF) (Cohen, 1962). It is known today that ductal

cells are the primary producers of EGF and NGF.

1
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Saliva is a complex fluid that contains two major components: the

macromolecules, typically contained within the secretory granules, and the

salivary fluid. The salivary macromolecules include mucins, enzymes,

immunoglobulins, growth factors, and other biological active materials. The

salivary fluid is typically produced by the acinar cells. Salivary glands, and

ultimately saliva, play an important role in the maintenance of the overall

health of oral and other tissues. Saliva has many important functions which

include: 1) lubrication of the oral tissues to assist in mastication, swallowing

and speaking, 2) digestion of ingested nutrients, 3) buffering the acidity of the

oral environment, 4) cleansing, 5) formation of the dental pellicle, 6)

remineralization of the tooth surface, 7) source of anti-microbial protection

against oral infections, 8) protection of the oral mucosa, and 9) regeneration

of oral soft tissues (Table 1 - 1) (Zachariasen, 1996; Izutsu, 1990). Thus, the

salivary glands and ultimately saliva play a vital role in homeoregulation of

health in the oral cavity.

The oral cavity is preserved and protected by secretions from salivary

glands. Salivary glands are typically divided into major or minor glands.

Major salivary glands deliver their secretions via extraglandular secretory

ducts and have been termed extrinsic while minor glands typically lie within

the lamina propria of the oral tissues and empty their products directly into the

oral cavity and have thus been termed intrinsic (Dobrosielski-Vergona, 1993).
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Major Functions of Saliva

Function Salivary Components Responsible

Lubrication Water, Mucins, Proline-rich Proteins

Digestion Amylase, Lipase, Proteases

Buffering HCOs, P04

Cleansing Water

Formation of Dental Pellicle Mucins, PRPs, Amylase

Remineralization Ca, P, Statherin, Anionic Proteins

Antimicrobial Lactoperoxidase, Lactoferrin, slgA

Protection of the Mucosa Water, Electrolytes, Mucin

Regeneration Growth factors

Table 1-1. Major Functions of Saliva. Saliva is a complex biological fluid
that has several Important functions. Saliva plays a wide assortment of
roles In maintaining the homeostasis of the oral cavity. This table
illustrates some of the known roles associated with saliva to date.
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Form and Function of Salivary Glands

There are three bilaterally paired major salivary glands in most mammals

(including man, primates, rats and mice); the parotid, the submandibular and

the sublingual. There are also numerous minor salivary glands located

throughout the oral cavity found within the lips, palate and mucosal tissues.

The structure of salivary glands is common to all and consist of a collection of

differentiated cells with specialized functions (Figure 1-1).

Acinus and ductal cells.

The major cell types found in salivary tissues are the acinar and ductal

cells. Acinar cells, found within the secretory endpieces, produce the majority

of the salivary products and fluid while ductal cells carry the acinar

secretions to the oral cavity. Acinar cells have a pyramidal shape with

multiple secretory granules. Salivary gland acinar cells are thought to arise

from the pluri-potential intercalated cells (Eversole, 1971). There are also

various forms of ductal cells: the intercalated, granular convoluted and striated

secretory ductal cells. The ductal cells, like the acinar cells, secrete

macromolecules into the saliva (granular convoluted and striated secretory

duct) as well as resorb water and electrolytes (granular convoluted duct)

(Gresik etal., 1985).

Serous and mucinous glands.

Early investigations in salivary gland research used hematoxylin and

eosin staining of salivary gland secretory endpieces to detect two types of

cells: the acinar cells producing serous products and the acinar cells
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acinar cell

Figure 1-1. General Structure of Salivary Glands. Acinar cells are depicted
here as terminal endpiece secretory units. There are three different
types of ductal cells; intercalated, granular convoluted tubule (which is
responsible for the production of EGF and NGF), and striated secretory
ductal cells.
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producing mucinous products. This lead to the original description of the

major salivary glands as either serous (parotid gland) or mucinous

(submandibular and sublingual gland) depending on the secretory products.

Serous cells typically produce a proteinacous product with very little mucin.

Mucinous ceils produce acidic and neutral glycoconjugates with lectin-like

qualities known as mucins. Development of immunohistochemical staining

technology later suggested that a seromucinous cell type was also present

(Munger, 1964). Thus, today we describe the parotid gland as a

seromucinous gland (Dobrosielski-Vergona, 1993).

Development of the Salivary Gland

While much has been elucidated in recent years regarding salivary

gland function very little has been investigated regarding their normal

morphodifferentiation and cytodifferentiation. Never-the-less there are four

recognized stages in the development of salivary glands which are: 1)

morphogenesis - the initiation of the characteristic architecture of clefts and

branching; 2) cytodifferentiation - the differentiation of rudimentary salivary

glands into several cell types leading to the synthesis, storage, and secretion

of salivary-specific proteins; 3) development of the stimulus/secretion

coupling system; and 4) the anatomical coupling of the sympathetic nerves -

to begin the secretion of salivary fluids and proteins (Cutler, 1973). Full,

functional and complete physiologic development is only achieved once the

salivary glands are anatomically connected to the nervous system which
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ultimately activates the secretory system. Activation of cell-surface receptors

of the secretory cells, in response to neural stimuli, results in exocytosis of

secretory granule proteins and the production of saliva. These developmental

phases are partially coupled and independently regulated and must follow the

proper sequence for normal development to occur. Researchers have shown

that secretory cell differentiation can not occur until branching morphogenesis

has been established (Spooner and Faubion, 1980; Cutler, 1980) and that

neural integration will not occur until secretory cell development is complete

(Cutler, 1980; Bottaro and Cutler, 1984; Cutler, 1990 for full review).

Morphogenesis and cytodifferentiation.

Chievitz initially investigated salivary gland development in pigs

(Chievitz, 1885) while Moral was an early investigator of salivary glands in the

mouse (Moral, 1916 and Moral 1919). Later Redman and Sreebny, and

Cutler and Chaudhry and more recently Nakanishi provided extensive

histologic and physiologic studies on ECM expression in embryonic

development of rodent salivary glands (Redman and Sreebny, 1970a

Redman and Sreebny, 1970b; Cutler and Chaudhry, 1973a; Cutler and

Chaudhry, 1973b; Cutler and Chaudhry, 1974; Nakanishi and Ishii, 1989).

Recently Macauley provided information regarding some of the molecular

aspects of ECM expression in útero for fetal mouse salivary gland

development (Macauley et ai, 1997). Some discrepancies arose as a result

of these reports due to the fact that they identified developmental day “one”

differently To maintain consistency with other reports from our laboratory we
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have utilized the designations of Cutler and Chaudhry where the day after

mating is designated fetal day one (Cutler and Chaudhry, 1973a).

The earliest evidence of submandibular gland development in the

mouse begins on late fetal day 11 when specific cells of the primitive oral

epithelium form a focal clustering which pushes into the surrounding

mesenchyme (Nakanishi eta!., 1986). This salivary gland anlage continues to

proliferate as a thin layer of oriented mesenchyme which buds from the

surrounding mandibular mesenchyme on fetal day 12 and develops the

characteristic club-shaped structure surrounded by a basement membrane

(morphogenesis). The glands begin to resemble the familiar stalk and branch

morphology and can be removed by microdissection on day 13 (Figure 1 - 2).

Only after this branching morphogenesis has occurred can the differentiation

of secretory cells take place (cytodifferentiation). Glandular development

requires the coordinated spatial and temporal reorganization and distribution

of extracellular matrix (ECM) components to achieve morphodifferentiation.

The mesenchymal capsule and specifically the ECM molecule components

are thought to play an important role in the development of the epithelial

portion of the submandibular gland. Removal of the mesenchymal capsule,

thus preventing this interaction, reduced or eliminated the epithelial branching

morphogenesis (Borghese, 1950; Grobstein, 1953a, 1953b, 1953c).

Researchers then suggested that collagen was a stabilizing component of the

ECM and participated in mediating cell growth and branching morphogenesis.

Similarly, Spooner and Faubion (Spooner and Faubion, 1977) and Nakanishi
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degenerating
basal lamina

Figure 1 - 2. Schematic Representation of Basement Membrane Changes.
This figure represents the changes seen in the basement membrane
during murine submandibular gland development. Day 12
demonstrates the invagination of the primitive oral epithelium forming
the "epithelial bud”. Day 13 represents the familiar “stalk and branch”
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et al. (Nakanishi et ai, 1986), effectively inhibited In vitro branching

morphogenesis of salivary gland rudiments by the addition of collagenases

(L-azetidine 2-carboxylic acid or a.a’-dipyridyl). More recently, Nakanishi and

Ishii (Nakanishi and Ishii, 1989) used antibodies for specific collagens (I, II, III,

IV) to evaluate the interrelationship between these tissues. Their work

suggested that early clefting of the salivary gland rudiment at day 12 and 13

was associated with collagen III localization while collagen I was equally

distributed throughout epithelial and mesenchymal tissues and type IV

collagen was limited to the basement membrane. Cumulatively, these

studies have suggested a model where the mesenchymal cells produce

collagen which imparts mechanical forces and strain on the epithelial lobule

and this initiates cleft formation (Nakanishi and Ishii, 1989). From this it is

believed that mesenchymal tissues may be either permissive or instructive in

their relationship with epithelium (Wessells, 1977).

Acinar cell differentiation can take place only after branching

morphogenesis has occurred. Cytodifferentiation occurs when secretory

proteins are packaged into secretory granules by mature exocrine cells.

Functional coupling of the salivary gland.

The next stages of development of the salivary gland involves coupling

of the developing gland with the nervous system. Early investigators operated

under the assumption that salivary fluid production was driven by hydrostatic

perfusion. According to Burgen and Emmelin, Ludwig first, and later Young

and van Lennep demonstrated increased salivary flow in dogs even when
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submandibular duct pressures were experimentally increased to exceed the

arterial pressures, effectively dispelling this theory (Bergen and Emmelin,

1961; Young and van Lennep, 1979). It has now been shown that salivary

fluid production occurs via an osmotic gradient which is associated with two

separate NaCI transport mechanisms (Novak and Young, 1986; Nauntofte

and Poulsen, 1986). Salivary fluid is formed when NaCI is transported from

the extracellular basolateral space, across the acinar cell, and into the acinar

lumen. This movement of NaCI results in an osmotic gradient that then draws

water from the extracellular space, which is replaced with fluids and NaCI from

the gland’s blood supply.

The salivary fluid flow is controlled by both sympathetic and para¬

sympathetic innervation, and acinar cells have receptors for both systems.

Sympathetic nerves release the agonist norepinephrine which interacts with

both a and (3 adrenergic receptors. Parasympathetic nerves release the

agonist acetylcholine which binds to the muscarinic cholinergic receptors

(Allende, 1988). The structure of the adrenergic and muscarinic cholinergic

receptors is similar and consists of an extracellular domain, seven

transmembrane spanning domains, and a cytoplasmic terminus (Lefkowitz

and Caron, 1988).

An activated [3-adrenergic receptor can interact with a heterodimeric

membrane bound G-protein (G-proteins bind guanine nucleotides and consist

of 3 subunits, a [which binds the guanine phosphate], |3, and y). This
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interaction causes the dissociation of the GTP-a subunit which can then

associate with the catalytic portion of the adenylate cyclase and cause

increased cellular cyclic adenosine monophosphate (cAMP). This increase in

cellular cAMP activates protein kinase activity and leads to phosphorylation

events that ultimately result in exocytosis of the salivary proteins stored in

secretory granules through fusion of granules to the plasma membrane

(Figure 1 - 3).

Activation of the a-adrenergic receptor provides a feedback mechanism

by binding to the inhibitory G protein (G¡) so that GTP is exchanged for GDP

which results in the dissociation of the GTP- a subunit. This dissociated GTP-

a subunit then binds to the catalytic domain of adenylate cyclase, effectively

preventing p-adrenergic stimulated binding (Figure 1 -3).

The activated cholinergic receptor, coupled with phospholipase C

PLC), leads to hydrolysis of phosphatidylinositol-4,5-bisphosphate into

inositol 1,4,5-triphosphate (IP3) and diacylglycerol (DG) (Gallagher, 1988).

IP3, combined with IP4 (a calmodulin-dependent, phosphorylated IP3), leads to

opening of Na, K, and Cl channels which ultimately ends with fluid and

electrolyte secretion (Figure 1 - 4). IP3 initiates the release of intracellular

Ca2+ which allows DG to activate PKC. PKC can stimulate the fusion of

secretory granules with the plasma membrane and release a minimal amount

of saliva protein.
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exocytosis

Figure 1 - 3. The Schematic of Salivary (3-adrenergic Receptors. Regulation
of adenylate cyclase activity of the acinar cells stimulate
phosphorylation events leading to exocytosis of secretory proteins of
the secretory granules.
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Figure 1 - 4. The Activation of Salivary Cholinergic Receptors. The activation
of the cholinergic receptors through acetylcholine lead to elevation of
Ca2+ ions which in turn regulate the fluid secretion from the salivary
gland acinar cells. Intracellular Ca2+ ions allow DG to activate PKC,
which stimulates the fusion of secretory granules to the plasma
membrane and release of saliva protein.
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Role of ECM in Salivary Gland Development

Thin layers of ECM known as basement membranes separate epithelial

cells and connective tissue. The epithelial-mesenchymal interaction is

thought to be achieved through the action of ECM components located in the

basement membrane. The biological importance of the epithelial-

mesenchymal interaction was first recognized byGrobstein (Grobstein, 1953a,

1953b, 1953c). It is thought today that many components of the basement

membrane are biologically active through their activation of growth factor

receptor signaling pathways. These components include collagen,

proteoglycan, fibronectin, and laminin (Trelstad, 1984).

Laminin.

Laminins are extracellular glycoproteins that are the major component

of basement membrane in most tissues and are synthesized by a variety of

cell types including fibroblast, epithelial and endothelial cells (Campbell and

Terranova, 1988; Paulsson, 1992). Laminin was first isolated from the murine

Engelbreth-Holm-Swarm tumor (Timpl, et al., 1979) and there have been at

least 11 isoforms isolated to date (Burgeson et al., 1994 Miner et al., 1997).

Laminin-1 is considered to be a major glycoprotein of the basement

membrane. Laminin-1 is a cross-linked molecule composed of three separate

chains, a1 (400 kDa), [31, and y2 (200 kDa), which assembles as a triple-

stranded cross-like structure connected by disulfide bonds (Beck et al., 1990;

Timpl, 1989) (Figure 1 - 5). Collagen binds to the short arms (Rao et al., 1982;

Terranova etal., 1983; Charonis eta!., 1985, 1986) while heparin binds to
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G Domain

Figure 1 - 5. Model of Laminin-1. This model of laminin-1 illustrates the
various laminin fragments. Laminin chains a1, pi, and y1 chains and
their putative biologically active domains. E1 - 4, E1, E8, and E3
represents elastase fragments while the numbers in parentheses
represent potential A/-glycosylation sites.
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the terminal globule of the long arm, and the inner and outer globules of the

short arms (Sakashita etal., 1980; Ott etal., 1982).

Specific peptide domains of laminin molecules have been associated

with various functions in vivo such as assisting attachment of epithelial cells to

basement membrane, promoting cell migration and regulating cell

proliferation (Dragoo etal., 1991; Panayotou etal., 1989; Reh etal., 1987;

Sweeney etal., 1990; Mecham, 1991; Tomaselli et al., 1990). Recent reports

indicate that basement membranes of acinar and ductal cells contain different

laminin isoforms that may be associated with cell differentiation and function

(Strassburger etal., 1998). Components of the laminin a1 chain have been

reported to be essential for branching morphogenesis and cell spreading.

Using monoclonal antibodies to the E3 domain of the laminin a1 chain,

Kadoya and coworkers, demonstrated inhibition of branching morphogenesis

in a 13 day fetal salivary gland organ culture (Kadoya etal., 1995, 1997, 1998,

Miner etal., 1997). Similarly, Begovac has demonstrated that the E8 domain

is crucial for cell spreading. Using the rat pleochromocytoma (PC12) cell

model revealed that these cells failed to develop neurite outgrowths on

laminin when cultured with E8-reactive antibodies, demonstrating that a

principle neurite binding site resides in the E8 domain of laminin and appears

to be responsible for the spreading (Begovac etal., 1991). Eckstein and Shur

subsequently demonstrated that laminin induced a 3 fold increase in the level

of cell-surface (31,4-Galactosyltransferase on migrating mesenchymal cells
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which is preferentially localized to the leading edge of the lamellipodia

(Eckstein and Shur, 1989).

Oliver etal., confirmed the requirement of ECM, specifically laminin, for

the maintenance of acinar cell phenotype in immortalized cell line cultures

(Oliver, etal., 1987). Oliver and co-workers demonstrated that immortalized

exocrine acinar cells grown without access to laminin, on a reconstituted

basement membrane gel, failed to maintain the acinar cell characteristics.

Cutler examined the effects of polyclonal or monoclonal antibodies directed

against extracellular matrix components on in vitro cultured developing rat

submandibular gland rudiments (Culter, 1990). When these 16 day rat

submandibular gland rudiments were cultured in the presence of anti-laminin

antibodies they grew at the same rate as control rudiments but branching

morphogenesis and secretory cell differentiation was retarded. When

rudiments were cultured in the presence of anti-collagen antibody only 1 of 29

glands demonstrated branching morphogenesis and none (0 of 29) had

secretory differentiation of the secretory endpieces. These results suggest

that type IV collagen as well as laminin are involved in the regulation of

salivary gland morphogenesis and that the process of branching

morphogenesis and secretory cell differentiation within salivary glands are

partially coupled but independently regulated.

Additionally, alterations in the morphology of the basement membrane

have been reported in duct-ligated salivary glands with failure of the

membrane to retain its differentiation and secretory activity, suggesting that
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laminin plays a role in maintaining glandular morphology (Emmelin et al.,

1974). It is now known that laminin promotes a wide array of developmental

activities including cellular adhesion, migration, differentiation, proliferation,

neurite outgrowth and tumor growth (Hoffman etal., 1996).

Several classes of cell-surface receptors have been shown to interact

with the functional domains of laminin. One class that interacts with laminin is

the heterodimeric cell surface receptor integrins. These integrins consist of

non-covalently associated a and (3 subunits (Hynes, 1987).

Inteqrin composition.

The integrins comprise a family of heterodimeric receptors composed of

a single a and |3 subunit. To date 16 a chains and 8 |3 chains have been

identified (Hynes, 1992). The a chains may associate with a variety of

different |3 subunits leading to the possibility of more than 20 different

permutations. Nonetheless, several subgroupings of integrins have been

noted. Integrins containing the (31 chain are largely involved in interactions

between cell surfaces and ECM molecules such as collagens, laminin and

fibronectin (Garratt and Humphries, 1987; Hynes, 1987). The |32 chain

integrins appear to be affiliated with inflammatory cells and are thus termed

the “leukocyte integrins” while the (33 chain integrins are associated with cells

of the vascular system (Hynes, 1992). Both subunits consist of a large

extracellular domain, a transmembrane domain, and a short cytoplasmic

domain. Unlike growth factor receptors, they do not have tyrosine kinase
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domains yet they mimic growth factor signal transduction events such as Ca^

mobilization, activation of PLC-y, and the mitogen activated protein kinase

(MAPK) cascade, and tyrosine phosphorylation of p125FAK (Juliano and

Haskill, 1993). Downstream signal transduction events associated with

integrins seem to intersect with the Ras pathway, particularly the activation of

MAP kinases.

The general structure of an integrin receptor consists of several

components. The a subunits range in size from 1200 to 1800 amino acids.

The N-terminus contains 7 repeating domains that are cation binding domains

for Ca++, Mg++ and calmodulin (Tuckwell and Humphries, 1993). The

transmembrane and intracellular domains are relatively short, around 30

amino acids, and are well conserved. The p subunits are smaller than the a

subunits (= 800 amino acids) and also have a region of 4 repeated sequences

with EGF-like domains. The a and p subunits must associate with each other

through noncovalent interactions to gain effective ligand-binding (Hogervorst

etal., 1990; Loftus etal., 1990; Giancotti, etal., 1992).

Integrins as ECM receptors.

Integrins bind to components of the ECM including laminin. The initial

response to ligand binding to the integrin receptor is clustering of the integrin

a and (3 subunits which then triggers formation of cytoplasmic complexes

involving cytoskeletal proteins. Cytoskeketal proteins talin and a-actinin bind

the cytoplasmic tail of the p subunit, then initiate binding of zyxin, paxillin, and
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vinculin. This whole complex will then bind tensin. Tensin and a-actinin,

when in this arrangement appear structurally capable of binding and inducing

cytoskeletal actin filament rearrangements (Lafrenie and Yamada, 1996).

Thus, integrin receptors play a role in overall cellular architecture and cell

motility. Binding to extracellular ligands can also activate protein kinase C

(PKC), cytoplasmic tyrosine kinases including growth factor receptors, and

MAPKs (Howe, et al., 1998; Kornberg, 1998). Thus, integrins may play an

important role in signaling events leading to cell growth (Figure 1 - 6).

A primary ligand of integrin receptors is laminin. Expression patterns of

cell-surface collagen and laminin integrin receptor a subunits has been

studied during morphogenesis (Wu and Santoro, 1996). Alpha 1 has been

found around endothelial and smooth cells of airways and large blood vessels

while a2 and a6 (but not a3) were found in conjunction with mesenchymal

cells. Epithelial cells expressed all three isotypes. Yao et al. demonstrated

that a7p1 integrin receptor mediates cell adhesion and migration on specific

laminin isoforms (Yao et al., 1996). By using monoclonal antibodies

generated against a7 subunit, adhesion and migration of transfected cells was

blocked on laminin-1 substrates. Confounding the situation, it has recently

been shown that a cell activated via the EGF-R demonstrates increased

phosphorylation of the integrin |34 subunit at multiple tyrosine residues which

leads to migration on laminin surfaces (Mainiero eta!., 1996).
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Figure 1 - 6. Schematic of Integrin-Matrix Interactions. Ligand binding of
integrin to ECM induces clustering of integrin a and p subunits which
triggers formation of cytoplasmic complexes of cytoskeletal proteins.
Cytoskeletal proteins talin, a-actinin bind the p subunits cytoplasmic tail
then bind zyxin, paxillin, and vinculin which then bind tensin. Tensin
and a-actinin can bind to cytoskeletal actin filaments. Aggregation of
integrin receptors also leads to phosphorylation of Focal Adhesion
Kinases (FAKs) which can then lead to signal transduction
mechanisms. GalTase is also known to localize with actin cytoskeleton
suggesting that GalTase may also be involved.
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Inteqrins influence on growth.

The integrins are also thought to play a more direct role in signal

transduction for cell growth. It is known that when cells are bound to ECM

proteins their signal transduction cascade, through activated RTK (receptor

tyrosine kinase), via Ras, RAF, MEK (MAPK kinase), to MAPK, is intact

(Burridge etal., 1988). Additionally, FAKs (focal adhesion kinases) have been

isolated that bind to cytoplasmic tails of the integrin receptors. These FAKs

have binding sites for Src, which may then phosphorylate Grb2, that bind Ras.

Ras, once activated by SOS, may interact with Raf and lead to signal

transduction. When cells are non-adherent and the cytoskeletal arraignment

less rigid, signal transmission can be interrupted, due to the fact that some of

the Raf activators are membrane bound disrupting the cascade. In this way

integrins are thought to play a role in signal transduction by stabilizing the

cytoskeletal spatial arrangements of components necessary for signal

transduction (Figure 1 - 6) (Flowe etal. 1998).

A second mechanism in which integrins are thought to play a role in

signal transduction is by physically associating with growth factor receptors,

and these are actively being investigated. Activation of RTKs sets up a signal

transduction cascade that parallels many of those previously discussed.

Down stream signal transduction associated elements of activated RTKs

include PLCy (phospholipase C gamma), SOS and GAP (GTPase activating

protein), which assist in controlling the activity of Ras proteins, Raf and

MEK/MAPK (Figure 1 -7).
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Figure 1 - 7. Schematic Diagram of Integrin-Growth Factor Interactions.
Activation of tyrosine kinase receptors (growth factor receptors) leads to
phosphorylation and activation events including Phospholipase C
gamma (PLCy), SOS, GTPase Activating Proteins (GAP), which play a
pivotal role in activating Ras proteins in the MAP kinase signal
transduction cascades. Cell-surface GalTase is known to induce EGF-
R mediated signal transduction via cytosolic tyrosine kinase. This
pathway parallels those of integrin dependent cascades.
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Glvcosvltransferases

Another cell surface receptor of laminin is |31,4-galactosyltransferase.

Beta 1,4-galactosyltransferase (GalTase) is a member of a family of enzymes

termed glycosyltransferases. Cell-surface GalTase is not the only membrane-

bound glycosyltransferase, in fact conservative estimates suggest that there

may be more than 100 membrane-bound enzymes that participate in

glycoprotein biosynthesis alone (Russo et al., 1990). A partial listing of

glycosyltransferases involved in glycoprotein or glycolipid synthesis, and their

donor substrates, is seen in Table 1 - 2. Roseman first reported cell-surface

expression of glycosyltransferases and suggested their involvement in cellular

activities including growth control (Roseman, 1970). Since that report

numerous glycosyltransferases have been identified as having the ability to

be expressed on the cell-surface including GalTase, fucosyltransferase and

sialyltransferase. To date the presence of GalTase on the surface of cells has

been verified by immunofluorescence microscopy (Lopez and Shur, 1987),

flow cytometry (Marchase et al., 1987), immunoelectron microscopy

(Suganuma et al., 1991), and detection of enzyme activity on purified plasma

membranes (Lopez et al., 1991; Neely, 1988; Purushotham et al., 1992b).

Glycosyltransferases are traditionally found as membrane bound

enzymes in the rough endoplasmic reticulum and Golgi complex, where they

participate enzymatically in glycoconjugate biosynthesis and post-translational

modification of proteins and lipids (Figure 1 - 8). The biosynthesis of

glycoproteins requires the attachment of oligosaccharide chains to the
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Glycosyltransferases of Glycoprotein and
Glycolipid Synthesis

Glycosyltransferase Donor Sequence Formed

Galactosvltransferases
GIcNAc [31,4-GT UDP-Gal Gal (31,4 GIcNAc-R

Gal «1,3-GT UDP-Gal Gal a1,3 Gal [31,4 GIcNAc-R

Sialvtransferases
Gal a2,6-ST CMP-NeuAc NeuAc a2,6 Gal [31,4 GIcNAc-R

Fucosvltransferases
GIcNAc a1,3-FT GDP-Fuc Fuc a1,3

GIcNAc-R
Gal (31,4

Gal a1,2-FT GDP-Fuc Fuc cx1,2 Gal (31,4 GlcNAc-R

Fuc (x1,2 Gal |31,3 GalNAc-R

A/-Acetylqalactosaminyltransferases
Gal a1,3-GalNAcT UDP-GalNAc Gal NAc a1,3

Gal-R

Fuc a1,2

Table 1-2. A partial listing of glycosyltransferases involved in glycoprotein
and glycolipid synthesis. Abbreviations combine the acceptor sugar
(Gal - galactose; Glc - glucose; Fuc - fucose), the linkage formed, the
glycosyltransferase family to which the complex belongs, and R
represents the remainder of the glycoprotein (Adapted from Paulson
and Colley, 1989).
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cytosol

UDP-galactoseUMP

Figure 1 - 8. The Role of Golgi GalTase. GalTase Is typically found within the
Golgi apparatus where it functions enzymatically to participate in
glycoconjugate biosynthesis. GalTase transfers the sugar UDP-Gal to
the polypeptide backbone via the GIcNAc residue.
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polypeptide backbone. This linkage may occur via a hydroxyl group or an

amino group. Attachment of the oligosaccharide moiety to a hydroxyl group of

the amino acids serine or threonine are called O-glycoside or N-

acetylgalactosamine linkages (GalNAc). The attachment via the amino group

of asparagine is called an N-glycoside or N-acetylglucosamine (GIcNAc)

linkage.

The B1.4-qalactosyltransferase - GalTase

GalTase selectively glycosylates GIcNAc substrates to form

lactosamine (below) (Kornfeld and Kornfeld, 1985).

|31,4 GalTase
UDP - Gal Gal - GIcNAc

Using the energy of the nucleotide phosphodiester bond, these

enzymes may also catalyze transfer a single sugar residue from UDP-Gal to

terminal GIcNAc glycoside acceptors after mannose branching has occurred

as illustrated below.

GIcNAc - Man
Man - GIcNAc - GIcNAc

* GIcNAc - Man

(* (31,4-galactosyltransferase functions at these GIcNAc residues, to transfer
gal after mannose branching has occurred.)
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In non-lactating tissues GalTase catalyzes the Incorporation of

galactose at the beta 1,4 linkage to GIcNAc residues at the nonreducing

termini (Brew etal., 1968; Hill and Brew, 1975). GalTase may additionally be

found as soluble forms in milk (thus the term “the milk enzyme”), amniotic fluid,

cerebrospinal fluid, saliva, urine, colostrum, and serum and can synthesize

lactose at a very high affinity, due to the presence of the milk protein a-

lactalbumin, according to the following biochemical reaction (Schachter and

Roden, 1973; Ebner, 1973).

.(31,4 GalTase
freeglu + UDP-Gal »

(glucose) a-lactaibumin
Gal - Glu (lactose)

disaccharide

Results of competitive inhibition studies suggested that the a-

lactalbumin molecule, found often in lactating tissues, induces a

conformational alteration of the GalTase enzyme that prevents exposure of the

active binding site (Do et at., 1995). These studies demonstrated that a-

lactalbumin induces a 1000 fold decrease in the enzyme’s capacity to transfer

Gal from UDP-Gal to the acceptor GIcNAc. Instead the preferred substrate

becomes Glu (Kornfeld and Kornfeld, 1985).

Researchers at the Structural Biology Section of the Division of

Biological Sciences at the National Cancer Institute have reported that the

major binding regions for sugar acceptor and sugar-nucleotide donors lie in
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the N and C terminal halves of the catalytic portion of the protein, respectively,

and the two binding surfaces overlap at the catalytic site. Currently, this group

is also investigating the three dimensional structure of this enzyme by X-ray

crystallography.

Glycoproteins are structurally distinguishable from other proteins by the

presence of oligosaccharide side chains that are covalently attached to the

polypeptide backbone. Glycoproteins are ubiquitous and fulfill a variety of

biological functions from fertilization, morula compaction, tissue organization

to cell migration (Shur and Bennett, 1979; Shur and Hall, 1982b; Shur, 1984;

Eckstein and Shur, 1989). This diversity of characteristic chemical and

physical properties appear to stem partially from the three dimensional

structure and conformational alterations these oligosaccharide side chain

ligands impart such as during attachment and migration (Poulsen and Colley,

1989). It is also known that glycosylation patterns fluctuate during many

biologic events such as growth, development or disease (Penno et al., 1989;

Passaniti and Hart, 1990).

The general structure of cell-surface GalTase has been elucidated and

consist of several common features including; an N-terminal cytoplasmic tail, a

transmembrane domain, a stem region and a C-terminal catalytic domain

facing the lumen (Figure 1 - 9). The gene encoding murine GalTase was

isolated and characterized in 1988 (Figure 1 -10) (Shaper et al., 1988). The

localization of the gene for GalTase has been mapped to a position in the

centromeric region of the mouse chromosome 9 (Shaper eta!., 1990).
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cytoplasmic tail

transmembrane
domain

catalytic domain

lumen

Figure 1 - 9. The General Structure of Cell-Surface GalTase. The general
structure of cell-surface GalTase is depicted here. GalTase has a short
cytoplasmic amino terminal tail, a single transmembrane spanning
domain, and a long lumenal catalytic carboxyl domain.
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55 -

CCCCCTCTTA AAGCCGCGGC GGGAAGATGA GGTTTCGTGA GCAGTTCCTG GGCGGCAGCG CCGCGATGCC

GGGCGCGACC CTGCAGCGGG CCTGCCGCCT GCTCGTGGCC GTCTGCGCGC TGCACCTCGG CGTCACCCTC

GTCTATTACC TCTCTGGCCG CGATCTGAGC CGCCTGCCCC AGTTGGTCGG AGTCTCCTCT ACACTGCAGG

GCGGCACGAA CGGCGCCGCA GCCAGCAAGC AGCCCCCAGG AGAGCAGCGG CCGCGGGGTG CGCGGCCGCC

GCCTCCTTTA GGCGTCTCCC CGAAGCCTCG CCCGGGTCTC GACTCCAGCC CTGGTGCAGC TTCTGGCCCC

GGCTTGAAGA GCAACTTGTC TTCGTTGCCA GTGCCCACCA CCACTGGACT GTTGTCGCTG CCAGCTTGCC

CTGAGGAGTC CCCGCTGCTC GTTGGCCCCA TGCTGATTGA CTTTAATATT GCTGTGGATC TGGAGCTTTT

GGCAAAGAAG AACCCAGAGA TAAAGACGGG CGGCCGTTAC TCCCCCAAG GACTGTGTCT CTCCTCACAA

GGTGGCCATC ATCATCCCAT TCCGTAACCG GCAGGAGCAT CTCAAATACT GGCTGTATTA TTTGCATCCC

ATCCTTCAGC GCCAGCAACT CGACTATGGC ATCTACGTCA TCAATCAGGC TGGAGACACC ATGTTCAATC

GAGCTAAGCT GCTCAATATT GGCTTTCAAG AGGCCTTGAA GGACTATGAT TACAACTGCT TTGTGTTCAG

TGATGTGGAC CTCATTCCGA TGGACGACCG TAATGCCTAC AGGTGTTTTT CGCAGCCACG GCACATTTCT

GTTGCAATGG ACAAGTTCGG GTTTAGCCTG CCATATGTTC AGTATTTTGG AGGTGTCTCT GCTCTCAGTA

AACAACAGTT TCTTGCCATC AATGGATTCC CTAATAATTA TTGGGGTTGG GGAGGAGAA GATGACGACA

TTTTTAACAGA TTAGTTCATA AAGGCATGTC TATATCACGT CCAAATGCT GTAGTAGGGA GGTGTCGAAT

GATCCGGCAT TCAAGAGACA AGAAAAATGA GCCCAATCCT CAGAGGTTTG ACCGGATCGC ACATACAAAG

GAAACGATGC GCTTCGATGG TTTGAACTCA CTTACCTACA AGGTGTTGGA TGTACAGAGA TACCCGTTAT

ATACCCAAAT CACAGTGGAC ATCGGGACAC CGAGATAGCA TTTTTAGTAC CAATAAGAGA CCTGAGAATG

GCC6GAGAC CTCAGATATG TGTCTCTGCC AGTTGACTGG GCTG' |' GTCCCT CTCATTTGTA ; ■; ga.gtgtgaat

GACAGTTCTT CTTATCATTC AGACGTCCCT CCAGATGCCC AGGGTGAGTG TAACATTTAC CCACAACCTG

GCTCGGCACT GGATGAAATT CTACAAGGTG AGTGGAGTGT AAAACTGGTC AGCCCTTGGA GAGACTTCTT

GGTTGTGTCA CCCCCAAAGA GTCAGAACTG TACACAGTTC AAAACTTAGT GACTGTGGGT CACATTCCCA

CTGTTGAAAC TGCTAAATTG TGACCTGGG GAAGGACTTT GCTTTAGTCG GTGATGTTCG TACTTGGTGA

CAAATTGAG CTGCTGCTGG ATTCAGATTG ACAAGATTTT CTTGGATTTT TTTTTTATAC GAAAATGAA

AATTTCAATC AGTCTCGTGC TCTGTCCCTT TACATCGGTA TGCGACTATT ACAATCACTG TGTGTGTGTC

TTTTCTTAGC AAAGGCGTT TTAAAACTTG AGCCTGGACC TTGGGGTCCT GTAGTGTGTG GATTCCAAGG

CCTTGCCCTC AGAGCAGGGG CCTGGGCACT CTCACTCACG TGGCCTGTCT CCAGATCCCT GTCTGATTTC

TGAATGTAAA GAGGCTTTTT GTTTTGTTTT TGTTTTTGTT ttTAGaagca GTTCGTAGTA TTTGAAAGAA

TAAATCAAGT TTTGATTATG CTATAGGTTG ATTTTTGTGT TGATCCAAAT CAGAATAGCT ATTGAGTGTT

TAAGTCATGA

-3’

Figure 1 -10. The Genomic Sequence for Murine |31,4-galactosyltransferase.
Nucleotide sequence of cDNA encoding GalTase, as reported by
Shaper etal., 1988, is found at murine chromosome 9p21. Two putative
start ATG codons that correspond to the long (cell-surface) and short
(Golgi) forms of GalTase are shown. The underlined sequence is the
putative transmembrane domain while the bold underline regions
depict the upstream (5’) and downstream (3’) primers, which produce a
673 bp product. Additionally the putative TAG stop codon and the
restriction site for Ava II that produces a single cut within the predicted
RT-PCR product ( | ) are shown. The highlighted sequence within the
shaded open reading frame corresponds with the DNA gel sequence on
page 71, confirming the fidelity of our primers.
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Subsequent reports from the same laboratory demonstrated that the gene

encodes two similar, but not identical proteins (Russo eta!., 1990).

The long form of the gene encodes for a 402 amino acid protein while

the short form encodes for a 389 amino acid protein. The two GalTase

proteins have identical catalytic and transmembrane domains, but differ in

their cytoplasmic domains as a result of two in-frame putative start sites.

Teasdale et al. reported that approximately ten percent of the total cellular

GalTase is expressed on the cell-surface as determined by flow cytometric

data of stablely transfected cells (Teasdale et al., 1992). The transmembrane

domain of the shorter, more abundant 389 amino acid protein, contains the

signal and required cysteine and histidine residues for retention in the Golgi

(Nilsson et al., 1991; Aoki et al., 1992 Teasdale et al., 1992) while the long

form with its unique 13 amino acid extension is transported to the cell-surface

(Lopez etal., 1991).

Cell-surface GalTase.

GalTase has been suggested to play a role in many different biological

functions when localized to the plasma membrane. GalTase is thought to be

involved in cell-cell activities such as fertilization (Shurand Neely, 1988; Shur

and Hall, 1982a; Shur and Hall, 1982b; Lopez etal., 1985; Benau and Storey,

1988; Benau et al., 1990) and proliferation through the EGF-R:GT interaction

(Purushotham etal., 1992a; Kidd etal., 1991; Marchase et al., 1987, 1988);

and cell-matrix interactions with neurite outgrowth (Begovac and Shur, 1990;

Thomas et al., 1990; Riopelle and Dow, 1991; Begovac et al., 1991),
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mammary epithelial cell reorganization (Barcellos-Hoff, 1992), and collagen

attachment (Babiarz and Cullen, 1992). While most of the research has been

directed toward investigating GalTase’s role in cell migration (Eckstein and

Shur, 1989 Eckstein and Shur, 1992; Runyan etal., 1986 Runyan et at., 1988;

Shur, 1983; Shur, 1977; Hathaway and Shur, 1992) it is clear cell-surface

GalTase has the potential to be involved in a variety of different cellular

functions.

GalTase’s Role in Development

As previously stated more than 100 glycosyltransferases have been

isolated, yet the focus continues to be on GalTase. The prime reasons for

interest in GalTase is two fold. First was the preferential localization of

GalTase on migrating or developing cells (Shur, 1977). The second reason

was evidence of specific elevation of GalTase activity levels in mutant mouse

sperm cells (Shur and Bennett, 1979; Shur, 1983). They found that sperm

cells with a mutation in the T/t-complex on chromosome 17 lead to increased

cell-surface GalTase expression. These sperm were developmentally

immature and it interfered with normal fertilization. It has also been shown

that metastatic cells demonstrate increases in cell-surface GalTase when

compared to their non-metastatic variants (Chatterjee and Kim, 1977; Maga et

al., 1997).
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Cell-cell interactions.

Researchers have continued to investigate the potential that GalTase

may play a role in growth and development since Roseman reported cell-

surface expression of GalTase and described its cellular interactions

(Roseman, 1970). Some discussion ensued when researchers demonstrated

that UDP-Gal (the nucleotide sugar for galactose) inhibited growth of cultured

cells (Roth et al., 1977; Klohs et al., 1982). Roth had initially suggested that

this contact inhibition was a result of cell-surface GalTase. Klohs and co¬

workers later demonstrated that this inhibition was associated with GalTase in

serum of their cultures.

The specific recognition and binding of cell-surface GalTase to their

glycoconjugate substrates (GIcNAc residues) on adjacent cell-surfaces

suggested GalTase may play a role in cell-cell adhesion. This was later

confirmed by Scully and co-workers, when they demonstrated spatial and

temporal expression of cell-surface GalTase during mouse spermatogenesis

(Scully et al., 1987). This group showed there was a 77-fold increase in

relative density of cell-surface density of GalTase at the anterior portion of a

sperm head that was associated with an egg cell-surface glycoprotein. The

stability of this GalTase:substrate complex was ensured because sugar

nucleotides are typically absent in the extracellular fluid. The sperm-egg

adhesions could be dissociated however by the addition of UDP-gal which

catalytically separated the sperm GalTase from its galactosylated substrate
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GIcNAc residue

Figure 1 -11. Potential Mechanisms for GalTase Cell-Cell Interactions.
Schematic representation of the potential association of cell-surface
GalTase in cell-cell interactions as described by Shur, 1991. The cell-
surface GalTase on each cell recognize GIcNAc residue substrate on
adjacent ceils and binds in a lectin like fashion.
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(Shur and Neely, 1988). Shur suggested a model for this potential lectin-like

capacity of GalTase (Figure 1 -11). Numerous researchers have now

confirmed, in a variety of different cell types, that GalTase does function in cell¬

cell interactions. Table 1 - 3 is a partial listing of these tissues and

researchers.

Cell-surface receptors for GalTase interaction.

Indirect immuno-fluorescence has localized GalTase to areas of

intercellular contact in most of the tissues listed. More detailed analysis of

GalTase substrates in F9 cells lead Maillet and Shur (Maillet and Shur, 1993)

to conclude that there were three dominant substrates. One substrate is

LAMP-1, a membrane glycoprotein previously thought to be expressed only

on lysosomes. LAMP-1 was isolated however from cell surfaces in tissues

that were in various stages of tumor metastasis (Chen et al, 1985). A second

major substrate of GalTase was found to be a cadherin member of the cell

adhesion family, uvomorulin, that is known to mediate intercellular adhesion

in homotypic tissues (Kemler et al., 1989). The third dominant substrate of

cell-surface GalTase is laminin (Mecham, 1991). This suggests that multiple

cell adhesion molecules and their substrates may cooperate to achieve their

desired result.

A Role for GalTase in Cellular Proliferation

The previously described research indicates that GalTase participates

in a lectin-like capacity to mediate cell-cell and cell-matrix interaction by
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Studies Evaluating the Role of GalTase
in CeEi-CeBI Interactions

Cell Interaction Researcher, Report Date

Spermatocyte Pratt etal., 1993

Embryonal carcinoma Shur, 1983; Maillet and Shur, 1993

Morula compaction Bayna etal., 1988

Uterine epithelium Dutt etal., 1987

Ectoplacental cone Hathaway etal., 1989

Neural retina Roth etal., 1971

Condrogenic condensation Chatterjee etal., 1978
Shur, 1983

Growth control Roth and White, 1992;
Humphreys-Beher etal., 1987;
Purushotham etal., 1992a

Table 1-3. Summary of research evaluating GalTase’s role in cell-cell
interactions. A wide variety of different cell types have been
investigated.
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binding to GIcNAc substrates on surface or matrix glycoproteins. Cell-surface

GalTase has also been implicated as a participant in cell division by its

association with the Epidermal Growth Factor Receptor (EGF-R) suggesting

GalTase may play a more active role in proliferation.

GalTase and the epidermal growth factor-receptor.

Salivary gland acinar cell growth, regulated by cell-surface GalTase, is

thought to occur by the activation of the phosphotyrosine second messenger

signaling pathway that is initiated by receptor intrinsic tyrosine kinase activity

through interaction of the transferase with the carbohydrate moieties of the

epidermal growth factor receptor (EGF-R) (Purushotham et al., 1992b).

GalTase does not appear to directly mediate signal transduction itself but

rather utilizes the EGF-R pathway (Nakagawa eta!., 1991) (Figure 1 - 7).

Chronic administration of the p-adrenergic receptor agonist,

isoproteronol (ISO), results in hyperplastic and hypertrophic gland

enlargement (Schneyer, 1962). The Flumphreys-Beher laboratory first

demonstrated that this chronic ISO treatment also resulted in increased

messenger RNA (mRNA) expression for GalTase (Flumphreys-Beher et al.,

1984) and that ultimately hyperplastic and hypertrophic gland enlargement

and acinar cell growth In vivo and in vitro was dependent on surface

expression of the enzyme (Marchase etal., 1988).

GalTase interacts with the carbohydrate moiety of the EGF-R and

stimulates the tyrosine phosphorylation cascade which ultimately leads to cell

division. Antagonists of this process include specific GalTase substrates, or
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antibody to the EGF-R which have been shown to inhibit gland enlargement

by steric hindrance between cell surface GalTase and EGF-R, thus interfering

with the intra-cellular or intercellular signals for growth and thus inhibit cell

proliferation (Humphreys-Beher etal., 1987).

The targeting of GalTase to the cell surface is associated with the

expression of a novel kinase, the GalTase-associated kinase (GTA-kinase or

GTA-K), which specifically phosphorylates GalTase. Previous reports by Kidd

etal., and Macauley etal., demonstrated that there is a peak in expression of

GTA-kinase associated with morphogenic development of fetal mouse

submandibular glands at fetal day 16 (Kidd et al., 1991; Macauley et al.,

1997). Thus the association of the cell-surface expression of GalTase and the

onset of morphodifferentiation of salivary glands as a possible mediator of

growth control has lead to this research.

GalTase as a cell adhesion molecule.

Over the last few years evidence has clearly implicated a role for cell

adhesion receptors in signal transduction processes that lead to regulation of

cell growth and differentiation (Rosales et al., 1995). Typically this signal

transduction has involved both cell adhesion molecules (CAMs) as well as

integrins, both of which have been shown to involve activation of tyrosine

kinases (Juliano and Haskill, 1993). CAMs role in signal transduction have

been shown to be closely associated with cytoskeleton. Previous reports

have shown GalTase to be associated with actin cytoskeleton elements during

migration of cells on laminin surfaces (Appeddu et al., 1991, Appeddu and
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Shur, 1994). CAMs, integrins and apparently GalTase allow anchorage of the

cell to the extracellular matrix and initiates various signal transduction

processes. Integrin or CAM mediated signaling can affect cellular events

including motility, cell division, differentiation and apoptosis (Howe et at.,

1998; Gullberg and Ekblom, 1995; Juliano, 1996; Yao etal., 1996; Woodard et

at., 1998).

GalTase’s role in cell-matrix interactions.

The finding of increased GalTase expression on the surface of virtually

all migrating cells in both mouse and chick embryos, with its surface

expression correlating with the onset of migration (Shur, 1977), suggested

that GalTase may also participate in cell-matrix interactions. GalTase also

functions as a receptor for ECM components, specifically laminin (Scully et a/.,

1987; Mecham, 1991). Laminin, unlike other components of the extracellular

matrix contains GIcNAc residues. Fibronectin contains no such residues and

thus demonstrates no such GalTase substrate activity. The GIcNAc residues

of laminin have been shown to be an excellent substrate for GalTase (Stryer,

1988) and induces a 3-fold increase in surface GalTase expression on the

lamellipodsa facilitating cell spreading and migration (Eckstein and Shur,1989). This interaction of GalTase with ECM has been shown to be

associated with the cytoskelton. GalTase is not involved in the initial cell

adhesion to laminin (Hynes, 1987). The initial cell attachment to laminin is

mediated by other receptors, such as the integrins (Hall et at., 1990). Shur

suggested a model for this GalTase associated adhesion and migration (Shur,
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1983). In his model the adhesion of the cell to the membrane occurs via

enzymatic binding of GalTase to the GIcNAc residues of the ECM laminin

(Figure 1 -12). Studies such as these, has suggested that GalTase may play

a more active role than initially thought in the processes of

morphodifferentiation and ultimately cytodifferentiation. Table 1 - 4 is a partial

listing of these tissues/cells and researchers.

Statement of the Problem

A paradoxical situation now appears to exist where specific integrins

are known to cause cellular attachment to laminin and this may be tissue

specific. Simultaneously GalTase is also known to bind to laminin via GIcNAc

residues in a lectin like fashion. Confounding the situation, GalTase is known

to induce activation of the phosphotyrosine second messenger signaling

pathway that is initiated by receptor intrinsic tyrosine kinase activity through

interaction of the transferase with the carbohydrate moieties of the EGF-R.

Additionally, we now have evidence that EGF-R stimulation leads to

phosphorylation events controlling intracellular signaling for cell growth.

There now appears to be a dichotomy of activities during morphogenesis and

cell migration in which GalTase may play a substantial role. To investigate

this situation, a strategy was devised to first evaluate GalTase expression and

activity during normal growth and development utilizing the murine salivary

gland as a tissue model for development. To relate our information from in

vitro to normal development we first evaluated a group of salivary proteins
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Figure 1-12. Model of GalTase Mediated Migration. A representation of
Shur’s 1993 model for GalTase’s role in adhesion and migration
(Appeddu and Shur, 1994). The adhesion of the cell to the membrane
occurs via enzymatic binding of GalTase to the GIcNAc residues of the
ECM laminin. In this model new cytoskeleton associations are formed
with GalTase and the rate of migration is inversely related to the cell-
surface GalTAse concentration.
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Studies Evaluating the Role of GalTase
in Cell-Matrix interactions

Cellular Activity Researcher, Report Date

Trophoblast outgrowth Romagnano and Babiarz, 1990

Cell migration Eckstein and Shur, 1989, 1992;
Runyan etal., 1986, 1988;
Shur, 1977; Shur etal., 1983;
Hathaway and Shur, 1992

Neurite outgrowth Begovac and Shur, 1990;
Begovac etal., 1991; Thomas etal., 1990;
Riopelle and Dow, 1991

Mammary epithelium
reorganization

Barcellos-Hoff, 1992

Collagen reattachment Barbiarz and Cullen, 1992

Table 1 -4. Summary of Research Evaluating GalTase’s Role in Cell-Matrix
Interactions. A wide variety of different cell types and activities have
been investigated.



45

including GalTase, and their mRNA expression during development as little

investigation has occurred to describe the fetal expression of salivary proteins.

Subsequently, we utilized the salivary gland rudiment in an organ system, to

specifically evaluate the role GalTase may play, and potential interactions that

may occur, between GalTase, laminin and the integrin receptor during

development.



CHAPTER TWO
MATERIALS AND METHODS

Normal in vivo Development

To investigate the role of GalTase in fetal mouse salivary gland

development we first examined some of the parameters associated with

normal growth in vivo, as there is a paucity of information regarding this in

fetal mouse salivary gland research and literature. Initially we defined some

of the salivary gland proteins, including GalTase, and evaluated their

expression during gestation and beyond. Having obtained the information on

expression patterns associated with these proteins in vivo, it allowed us to

evaluate how well the in vitro organ culture system we used mimics in vivo

development, and to further elucidate role of GalTase.

Selection of Developmental Markers

To define some of the parameters associated with normal growth and

development we decided to evaluate the mRNA expression of a variety of

proteins associated with a differentiating mouse salivary gland including

serous and mucinous, acinar, and ductal cells. Table 2 - 1 provides a list of

the proteins we investigated. Each of the salivary developmental proteins that

we evaluated will now be discussed in alphabetical order.

46
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Amylase (AMY).

Amylase is afunctional product of a differentiated salivary gland acinar

cell and thought to be confined to parotid serous cells. Amylase is expressed

in salivary glands, liver and pancreas tissue, the expression of which is

determined by 2 separate genes; Amy-1 locus is transcribed in the salivary

glands and liver, while expression of Amy-2 is limited to the pancreas

(Schibler et al., 1982; Darlington et al., 1986). Amylase mRNA expression is

reported to be coordinated with PSP levels and appears to remain at a

constant ratio (Poulsen eta!., 1986).

Cvstatin (CYS).

Cystatin is the least investigated protein of those analyzed in this

account, other than the experimental protein GalTase. Cystatin is a cysteine

protease inhibitor which belongs to a family of mammalian cysteine

proteinase inhibitors. Some reports suggest that cystatin may be temporally

expressed during development and it may be absent in the adult (Cox and

Shaw, 1992). Cystatin is inducible by ISO which activates the beta-

adrenergic receptor - adenylate cyclase - cAMP pathway (Hoffman et al.,

1996). Cystatin was evaluated as a final differentiated functional marker of

acinar cells of serous and mucinous glands.

Epidermal growth factor (EGF).

EGF, as previously stated, was first isolated from submandibular glands

of mice. It is now known that EGF is synthesized in the granular convoluted

tubule or intralobular ductal cells of the salivary gland (Gattone et al., 1992;



48

Watson et ai, 1985). In the mouse the majority of EGF is synthesized in the

submandibular gland while in the human the main source of EGF is the

parotid gland (Thesleff et ai, 1988) with no statistically significant sexual

dimorphism (Dagogo etai, 1985). EGF immunocytological reactivity was first

detected in 18 - 20 day postpartum mice (Salido et al., 1990) while EGF

mRNA expression has been reported in fetal tissues (Gresik et al., 1997;

Kashimata and Gresik, 1997). The EGF-R, on the other hand, appears to be

expressed prior to the initiation of protein production and can be detected in

the mouse at neonate day 10 (Durban et al., 1995).

GalTase (GT).

GalTase has been described fully in Chapter One of this text. GalTase

was the experimental protein that we were investigating. To date no one has

characterized the expression and functionality of cell-surface GalTase during

the development of the fetal mouse salivary gland.

G3PDH.

The housekeeping gene glycerol 3-phosphate dehydrogenase

(G3PDH) was utilized as our control standard for mRNA expression. Initial

studies demonstrated that G3PDH provided a more predictable standardized

expression during fetal gland development than did the previously used

standard of p-actin. Recent studies have indicated that very little G3PDH is

membrane bound in the intact cell perhaps allowing better standardization of

expression levels (Rich et al., 1984).
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Lysozyme (LYS).

Lysozyme is thought to be a low level terminal salivary gland product of

well differentiated acinar cells. Lysozyme is inherently an antimicrobial

protein thought to have a role in maintaining the overall microbial levels.

Lysozyme mRNA has been reported in the salivary gland of mice (Maga et a/.,

1994). Like cystatin and mucin, lysozyme was used to evaluated

differentiated function of acinar cells from both serous and mucinous glands.

Mucin (MUC).

Mucin is a terminal differentiated functional product from mucinous

acinar cells of the submandibular and sublingual glands. It has been used

previously to evaluate the functional development of fetal mouse salivary

glands that were stimulated with glucocorticoids (Jaskoll et al., 1994). In that

study they found that glucocorticoid receptors were functional as early as fetal

day 14 and that glucocorticoid administration stimulated acinar cell mucin

production, as determined by immunolocalization, in glands of fetal day 17

mice. Another report demonstrated mucin localization even in the parotid

gland tissues (Vreugdenhi! etal., 1982). The production of mucin in the adult

mouse appears to demonstrate a diurnal variation by as much as 20 fold, as

determined by radioimmunoassay (Denny and Denny, 1984). Mucin also

appears to have been well conserved throughout mammalian species

(Pemberton et al., 1992). Mucin was used as a terminal differentiated

functional marker for mucinous acinar cells.
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Salivary Proteins Investigated

Cell type Serous Mucinous

Acinar AMY, CYS, LYS, CYS, LYS, MUC,
GT, PSP GT

Ductal EGF, NGF EGF, NGF

Table 2-1. Salivary Gland Developmental Proteins. The salivary gland
developmental proteins investigated in this report are listed and
categorically divided based on cell and gland type; Amylase (AMY),
Cystatin (CYS), Epidermal Growth Factor (EGF), GalTase (GT),
Lysozyme (LYS), Mucin (MUC), Nerve Growth Factor (NGF), and
Parotid Secretory Protein (PSP).



51

Nerve growth factor (NGF).

NGF, much like EGF, is synthesized by the granular convoluted tubule

cells and striated ductal cells of the mouse submandibular gland (Siminoski et

al., 1993; Hazen-Martin et al., 1987). The mRNA expression of NGF also

seems to parallel that of EGF (Wilson et al., 1986). NGF together with EGF

may be used to evaluate ductal cell development.

Parotid secretory protein (PSP).

PSP is a major secretory protein of the adult mouse and rat parotid

gland, not the submandibular gland. As a secretory protein PSP is

synthesized by the acinar cells (Shaw etal., 1986; Madsen and Hjorth, 1985).

PSP was originally thought to only be transcribed and expressed in the

parotid (Shaw and Schibler, 1986), however recent reports have found PSP

transcripts in other tissues (Robinson et al., 1997; Oxford et al., 1998a). PSP

is now known to be expressed in rodent submandibular tissues from fetal days

out to 5 days after birth and then appears to be turned off (Miréis and Ball,

1992).

Messenger RNA Profile of Fetal Submandibular Gland Development

A concordance of mRNA expression, of a variety of developmental

markers, and cell-surface GalTase activity during the fetal development of the

submandibular gland was accomplished. This provided previously

unpublished information regarding gestational molecular development and
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cell-surface GalTase activity which was used to evaluate our organ culture

system.

Collection of tissues.

Submandibular glands were harvested from pregnant female CD1 mice

(Jackson Labs, Wilmington, MA)that had timed pregnancies. A minimum of 15

- 20 submandibular glands were aspectically harvested by microdissection

techniques utilizing a Zeiss (f = 125) fiberoptic stereo operating microscope

(Carl Zeiss GBH, West Germany) from embryos at each gestational

developmental day 13, 14, 15, 16, 17, 18, neonates, and adult. All procedures

were performed in accordance with protocols approved by the Animal Care

and Use Committee of the University of Florida. Exact time of morphologic

development was confirmed by the methods of Kaufman and only

morphologically correct specimens were used (Kaufman, 1994).

Isolation of poly (A)+ messenger RNA.

A distinct problem encountered in evaluating protein or mRNA

expression in the fetal tissues or dissected organs is the minute quantity of

sample obtained. The advent of reverse transcription polymerase chain

reaction (RT-PCR) techniques provides a high level of sensitivity that allows

detection of 0.1 to 1.0 pg of target sequences, which fortunately is the

approximate size of an average mRNA molecule. Veres et al. first published

reports of utilizing RT-PCR to amplify mRNA in a study evaluating the effect of

point mutagenesis in the mouse ornithine transcarbamylase gene (Veres et

al., 1987). We utilized RT-PCR amplification of mRNA transcripts to provide a
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concordance of fetal mouse submandibular gland development. Messenger

RNA was isolated from harvested tissues with the Micro-Fast Track® mRNA

Isolation Kit described below (Invitrogen Corporation, Carlsbad, CA).

Micro-Fast T rack® technique.

Tissues from each gestational day were pooled and then incubated for

15-20 minutes with 1 mL Micro-Fast Track® Lysis Buffer preheated to 45°C. A

final 6 mM NaCI solution was obtained by the addition of 5M NaCl solution to

each tube, then an oligo (dT) cellulose tablet was added. The RNA is then

allowed to adsorb to the cellulose tablet for 15 minutes at room temperature

using a rocking platform. Theoligo-dT cellulose slurry with adsorbed poly(A)+

RNA was eluted with stock buffer, ethanol precipitated, resuspended in 100 ¡jI

sterile DEPC-treated water and quantified by absorbence at 260 nm using a

LKB Biochrom UltraSpec II® spectrophotometer (Biochrom Corporation,

Cambridge, England).

RT-PCR Procedures

DNA was synthesized from the mRNA isolated from each time period

utilizing RT-PCR amplification. The use of RT-PCR techniques has become

standard in research for expressing patterns of proteins and mRNA in tissue or

cellular components. Figure 2 - 1 illustrates the scheme of RT-PCR

technology employed during this investigation.
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submandibular glands were harvested from
mice fetal day 13,14, 15, 16, 17, 18, neonate,
and adult

tissues are pooled

Isolation of mRNA
with Micro-Fast Trac
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experimental salivary gland

developmental prteins

Separation with gel
electrophoresis

control G3PDH
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of mRNA expression
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Figure 2-1. The General Scheme for Semi-Quantification of mRNA. The
scheme utilized in these series of experiments to quantitate the mRNA
(Tarnuzzer etal., 1996). Quantification of amplicons was accomplished
after scanning the Polaroid photographs and the use of densitometry.
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Design and synthesis of RT-PCR primers.

Oligonucleotide 5’ and 3’ primers for the determination of mRNA

expression of the selected developmental markers were designed utilizing

computerized sequence analysis of human, mouse and rat sequences

available through GenBank™ (National Library of Science, Bethesda, MD)

and synthesized at the University of Florida Sequencing Core Facility

(Gainesville, FL). Primers were designed to span introns and produce

amplified PCR products between 500 - 800 base pairs, and thus differentiate

the amplification of mRNA from potential contaminating genomic DNA. The

oligonucleotide primers designed, synthesized and utilized in these

experiments are listed in Table 2 - 2. The location of the primers on the

GalTase gene was illustrated in Figure 1 - 9.

Standardized RT reaction.

A series of standardized 20 ¡jI RT reactions were completed. Each

reaction contained 1.5 mM MgCI2, 10 mM Tris-HCI (pFH 8.3) buffer, 80 ¡jM

dNTPs, 50 U/mL human placental ribonuclease inhibitor, 200 U/mg RNA

Maloney murine leukemia virus reverse transcriptase (MMLV-RT), from

GeneAmp® (Perkin Elmer, Branchburg, NJ) and were incubated with 1.0 /vg of

isolated RNA at 25°C for 10 minutes, 42°C for 60 minutes and 94°C for 5

minutes in a Biometra® Uno-Thermoblock thermocycler (Biometra

Incorporated, Tampa, FL).
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RT-PCR Primers for Salivary Proteins

Protein 5’ Primer 3’ Primer Product Size

AMY TGCTGCTTTCCCTCATTGG TGCAAGATCCAGAAGGCCAGA 377

CYS GCCGTCCTGGGCGTGGCCTGG CTGGCGGTGCCCTCCAGAGCC 380

EGF TAAGCCGAGACCGGAAGTACT AGTCTGTTCCATCAAAATGCA 376

GT TCACAGTGGACATCGGGACAC CCACAATAAAAATACATAGGA 673

G 3 P D HI TGAAGGTCGGTGTGAACGGATTTGGC CATGTAGGCCATGAGGTCCACCAC 983

LYS TCCTGACTCTGGGACTCCTCC TCAGACTCCGCAGTTCCGAAT 385

MUC GTATAAGATGTGCCCTCCAGG TAGGTATGGCTGTAGAGGTGC 385

NGF GCATCAGAAATCCAAGCGTCC TAACCCTTGTTGAAGCAGGCG 381

PSP ATGTTCCAACTTGGAAGCC GAGGGCAAGTTGTACCTG 382

Table 2 - 2. RT-PCR Primers Designed for These Experiments. The RT-PCR
primers that were designed and synthesized to use in these
experiments evaluating the fetal mouse submandibular gland
development are listed with their expected product size.
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Standardized PCR reaction.

Standardized 100 ¡jL PCR amplification reactions were performed

containing 50 pmoles of each of the oligonucleotide 5’ and 3’ PCR primers,

1.5 mM MgCI2,10 mM Tris-HCI (pH 8.3) buffer, 20/vLof completed RT product

and 0.5 ¡jL Taq polymerase. Amplifications of the reagents for 50 cycles of

94°C for 1.5 minutes, 59°C for 2 minutes, 72°C for 3 minutes was followed by

10 minutes at 72°C for final extension of the product. PCR products were

separated by agarose gel electrophoresis for visualization of cellular PCR

amplicons.

Relative Quantification of mRNA Transcription Levels

Relative quantification for mRNA expression levels was obtained by

comparative analysis of Gallase RT-PCR products to control G3PDH products

using a densitometric analysis as described below.

Separation and photographing of RT-PCR products.

RT-PCR products were separated on 1.5% high melting agarose

(Fisher Scientific Incorporated, Pittsburgh, PA) gels containing 25 ng/mL

ethidium bromide, at 75V constant current for 1.5 hours. At this point

amplicons were clearly discernible. Each agarose gel was then

photographed in a standardized manner for 1.5 seconds using a Polaroid®

MP-4 Land camera and Polaroid® Type 57 film (Polaroid Corporation,

Bedford, MA).
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Relative quantification of RT-PCR products.

Polaroid photographs of the agarose gel separated RT-PCR products

were then scanned on a Hewlett-Packard ScanJet Ilex® MP digital scanner

(Hewlett-Packard Company, Rockville, MD). Band intensities were digitized

using NIH-lmage v 1.54 (National Institutes of Health, Bethesda, MD) as

described by Tarnuzzer etal. (Tarnuzzer eta!., 1996) to provide densitometric

data, and were subsequently normalized for their nucleotide content. This

provided a relative semi-quantification of product mRNA to a standardized

expression of G3PDH mRNA.

Cell-surface GalTase Enzymatic Activity Profile of Developing Acinar Cells

Cell-surface GalTase enzymatic activity was also determined during

normal development of the mouse submandibular gland. Acinar cells

harvested from developing fetal submandibular glands at the same

gestational time points (13, 14, 15, 16, 17, 18, neonate, and adult), were

utilized to determine the cell-surface GalTase activity.

Isolation of intact acinar cells.

Acinar cells were isolated according to a modification of methods

described by Purushotham (Purushotham et al., 1992a). Submandibular

glands from each time point were identified by gross morphology, dissected

free of other tissues, pooled in a digestion solution containing 1X Hank’s

balanced salt solution (HBSS), DNase I Type II and Collagenase IV (Sigma

Chemical Company, St. Louis, MO), and shaken in a 37°C H20 bath for 15
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minutes. The supernatant was then collected and placed in ice cold stop

solution containing 1 ml_ sterile 1X HBSS and 2% fetal calf serum, then

centrifuged at 200 x g in a Fisher Scientific centrifuge Model 26 KM (Fisher

Scientific Incorporated, Pittsburgh, PA) to pellet isolated cells. Pelleted cells

were then resuspend in 1X PIBSS and cell density was determined by

hemacytometry (American Optical Company, Buffalo, NY).

Lactate dehydrogenase control procedures.

A lactate dehydrogenase (LDH) activity assay (Humphreys-Beher et at.,

1984) was performed to confirm that isolated acinar cells were intact and that

the GalTase activity determined represented activity from cell-surface

localized enzyme not Golgi retained forms. These assays were run in

duplicate utilizing a Lactate Dehydrogenase Procedure kit (Sigma Diagnostics

Procedure No. 500, Sigma Chemical Company, St. Louis, MO).

The assay for lactate dehydrogenase colorimetrically determines the

enzymatic activity. One mL pyruvate substrate (pyruvate 0.75 mM/L in buffer,

pH 7.5 and 2X NADH [p-Nicotinamide adenine dinucleotide reduced form])

was added to a volume of 100,000 acinar cells at 37°C. After exactly 30

minutes 1.0 mL of Sigma Color Reagent (2,4-dinitrophenyldyhydrazine 20%

in 1 N hydrochloric acid) was added. The OD was determined

spectrophotometrically at 525 nm after mixing gently for 20 minutes at room

temperature with 10.0 mL 0.40 N Na(OH)2. The LDH activity of each sample

was calculated from a standard curve that was generated for absorbence (OD)

of varying concentrations of lysed cells to LDH activity. LDH activity was
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measured in B-B Units/mL (Berger-Broida unit is amount of LDH that will

reduce 4.8 x 10‘4 mM of pyruvate/minute at 25°C).

Cell-surface enzymatic activity.

The GalTase activity was measured using a modification of an assay

previously described by Humphreys-Beher et al. (Humphreys-Beher et al.,

1984). Intact acinar cells (100,000) were incubated with UDP-[14C]-galactose

(Amersham Corporation, Chicago, IL), and ovalbumin as the oligosaccharide

substrate. After incubation at37°Cfor2 hours the reaction was terminated by

the addition of ice cold trichloroacetic acid (TCA). After washing with 10%

TCA and 95% EtOH, the precipitate was recovered on Whatman Glass

Microfibre 1.5 ¡xM diameter filters (Whatman Incorporated, Clifton, NJ) with a

Millipore® vacuum filtration system (Millipore Corporation, Bedford, MA).

Filters were then placed in scintillation vials containing 10 ml_ ScintiVerse®

BD Cocktail (Fischer Scientific, Pittsburgh, PA), allowed to dark adapt for not

less than 30 minutes before the recovered 14C was determined on a Beckman

LS 3801 Beta Spectrometer scintillation counter (Beckman Instruments

Incorporated, Schauberg, IL).

Histologic and Immunohistochemical Evaluation of Development

Immunohistochemical detection of GalTase was performed as

previously described by Yamamoto and co-workers (Yamamoto et al., 1997).

Salivary glands were dissected from representative fetal developmental days
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13 and 17 and embedded in paraffin for histologic and immunohistochemical

analysis. Standard 5 micron sections were cut from embedded tissues from

each day, placed on clean glass slides and standard histologic examination of

the sections was performed after staining with hematoxilin and eosin.

Additional sections were deparaffinized through a series of graded alcohol

washes, then washed for 5 minutes with phosphate-buffered saline (PBS, pH

7.1), for immunohistochemical analysis. Sections were incubated at room

temperature for 1 hour with normal goat serum for blocking and then washed

again with PBS prior to a 2 hour incubation with the primary antibody

(Sepharose gel exclusion chromatography purified, mouse anti-human

GalTase monoclonal IgG antibody, a generous gift from Dr. Kurt J. Isselbacher,

Department of Medicine, Harvard Medical School, Boston, MA). The cross

reactivity of this particular antibody with mouse and rat antigen has been

previously reported (Podolsky and Isselbacher, 1984). Further incubation with

goat anti-mouse biotinylated secondary IgG antibody was followed by a series

of PBS washes prior to further incubations with ABC reagent (streptavidin

horseradish peroxidase - produces the avidin biotinylated complex).

Chromatogenic reaction was developed by addition of DAB (3,3’-

Diaminobenzedine) for 5 - 10 minutes. Finally, sections were rehydrated

through a series of graded alcohol washes. The immuno-stained sections and

standard histologic sections were then photographed at 10X with an Olympus

BH-2 microscope (Olympus Camera Incorporated, Flushing, NY) with and

without Normarski interference contrast optics, respectively, using KodaColor®
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35mm Print Film ISO 100/21° (Eastman Kodak Company, Rochester, NY) at

constant aperture and exposure (Figure 2 - 2). Control sections were stained

after incubation with normal mouse nonimmune serum, antibody IgG isotype

control, and without addition of primary antibody.

Flow Cytometric Evaluation of Cell-surface GalTase During Development

Flow cytometry of 10,000 fetal mouse salivary gland acinar cells was

also utilized to evaluate alterations in cell-surface GalTase expression from

representative developmental days. Again, fetal mouse salivary gland acinar

cells were harvested from anatomically correct representative developmental

days 13 and 17. Monoclonal anti-GalTase IgG antibody (and control

nonimmune normal mouse serum) were added at a concentration of 1:20

dilution of the initial solution. The incubation was carried out on ice and in the

dark for 30 minutes, washed three times in a 10 mL volume of fetal calf serum

containing buffer, and then centrifuged at 500 X g for 10 minutes at 4°C. FITC

(fluoroscein isothiocyanate-conjugated) labelled anti-mouse IgG antibody

raised in goat (1:20) was then added to the cells. Cell-surface labeling of fetal

submandibular gland acinar cells was confirmed by use of a Becton-Dickinson

FACStar® fluorescence-activated cell sorter with a 2W argon ion laser at a

wavelength of 488 nm (Becton Dickinson Company, Franklin Lakes, NJ).

Cells incubated with normal mouse nonimmune serum, antibody IgG isotype

control, and without addition of primary antibody served as controls.
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tissues are pooled and fixed
O/N in 4% paraformaldehyde

tissues are dehydrated in series
of ethanol washes and xylene
then embedded in paraffin

paraffin blocks were sectioned at 5 microns
slides were rehydrated with 3% H2C>2
blocking of nonspecific binding with normal
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then stain with DAB for 5 -10 minutes
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dehydrate in graded alcohol and xyxlene
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Figure 2 - 2. The General Scheme for Immunohistochemistry. The flow chart
above provides the general scheme of the immunohistochemical
analysis used in these studies (Yamamoto etal., 1997).
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Organ Culture (in vitro) Development

To evaluate the role of GalTase in fetal mouse submandibular gland

development we chose to utilize a mouse organ culture system. Rodent

salivary gland organ cultures have been used for many years in the

evaluation of growth and development (Borghese, 1950; Grobstein, 1953a,

1953b, 1953c; Lawson, 1970, 1972, 1974; Bernfield and Banerjee, 1972a,

1972b, 1982; Bernfield and Wessells, 1970; Bernfield etal., 1984; Cohn eta!.,

1977; Spooner and Faubion, 1977, 1985, 1986).

Fetal Salivary Gland Organ Culture System

Female CD1 mice were again used to provide timed pregnancies.

Submandibular glands were harvested from embryos, with the approval of the

Animal Care and Use Committee of the University of Florida, at

morphologically verified day 13 of gestational development, by

microdissection technigues as described above.

Each submandibular gland harvested was cultured separately in a 11.3

mm diameter well of a 48 well polystrene culture plate without coating (Costar

Corporation, Cambridge, MA) or in a well of a 48 well culture plate coated with

mouse laminin (Biocoat Cellware, Bedford, MA). Organ cultures were

maintained at 37°C and 95% 02 / 5% C02 in a Forma Scientific 1600

automatic incubator (Forma Scientific Incorporated, Marietta, OH). Each well

contained 0.75 mL of warmed (37°C) Filton-Jackson modified BGJb media

(Gibco BRL, Grand Island, NY), a chemically defined media, supplemented
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with L-glutamine, 50 Units pen/strep/mL and 25 mg ascorbic acid/50 mL as

previously described by Jaskoll etal. (Jaskoll et al., 1994). The organ culture

system was continued for 60 hours with the addition of 0.50 mL fresh, warmed,

sterile media every 24 hours.

Selection of Organ Culture Perturbants

The evaluation of GalTase’s role in development was assessed by

addition of different GalTase or laminin specific substrates to the media.

Additions to the media included; nothing, 1X PBS, a-lactalbumin, anti-laminin

and anti-GalTase antibodies, and tyrphostin; additionally 15 laminin wells

were pretreated with bovine galactosyltransferase. Each of these agents is

described below.

Alpha-lactalbumin.

The use of the protein modifier, a-lactalbumin, has been described

previously as a specific inhibitor of pi ,4-galactosyltransferase activity (Roth et

al., 1971a, 1971b; Chatterjee et al., 1978; Shur, 1984; Humphreys-Beher et

al., 1987). Alpha-lactalbumin is a substrate modifier protein that

conformationally prevents GalTase from binding to the specific enzyme

substrate GIcNAc. Alpha-lactalbumin (Sigma Chemical Company, St. Louis,

MO) has been utilized by numerous investigators to limit cell-surface

GalTase’s activity. We used 5 mg/mL a-lactalbumin (» 1 mmol/L) as described



66

by previous investigators (Barcellos-Hoff, 1992) asa perturbant in our culture

system.

Anti-GalTase antibody.

The anti-GalTase antibody utilized in these experiments was a mouse

anti-human GalTase, affinity purified, monoclonal IgG antibody (Dr. Kurt J.

Isselbacher, Harvard Medical School, Boston, MA). Preliminary studies,

including parallel nonimmune serum controls, were used to determine the

optimal concentration (1:20) that was necessary to disrupt development in the

culture system of these studies.

Anti-laminin antibody.

Anti-laminin antibody added to the media in these studies was a rabbit

anti-mouse laminin, «1 and (31 chain, polyclonal IgG antibody (Upstate

Biotechnology Incorporated, Lake Placid, NY or Chemicon International

Incorporated, Temachula, CA). Anti-laminin antibody was also added to the

media at a 1:20 dilution.

Pretreatment.

Bovine GalTase (Sigma Chemical Company, St. Louis, MO) and UDP-

Gal was used to modify the terminal GIcNAc residues of laminin in the coated

wells. Each laminin coated well was incubated for 2 hours at 37°C with 1/10

Unit bovine galactosyltransferase (« 20 (xg/mL) and 2 mmol/L UDP-Gal

(Sigma Chemical Company, St. Louis, MO), washed 3 times with sterile PBS

immediately prior to adding 0.5 mL of warmed, filter sterilized BGJb media and
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the organ for culturing. The manufacturer reports that one unit of bovine

galactosyltransferase will transfer 1.0 [imole of galactose from UDP-

Gal/minute at pH 8.4 at 30°C.

Tyrphostin.

Tyrphostin-1 was added to the media to evaluate the relationship

between GalTase and the integrin receptor by blocking the tyrosine kinase

signal transduction events. Tyrophostin-1 is a specific EGF-R tyrosine kinase

inhibitor, ([4-methoxybenzlidene] malononitrile; Sigma Chemical Co., St.

Louis, MO) and thus inhibits EGF-R signal transduction events (Glaser et a!.,

1993; Yura et a/., 1995). Again preliminary studies were employed to

determine the optimal concentration (1:50) needed to block development in

vitro compared to control cultures.

Controls.

Five organs were cultured with the addition of nothing or sterile 1X PBS

to the media, for each experiment. These organs served as the controls for

morphometric comparison. Figure 2 - 3 diagramatically provides the overall

scheme utilized in these studies.

Evaluation of Organ Culture System Experiments

Five glands were cultured with each condition for the morphologic

evaluation of the culturing experiments, and photomicrographs were obtained

as described below. A minimum of 2 glands, cultured in parallel, without the
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13d fetal SMG tissues are harvested

13d fetal SMG

5 x 13d fetal mouse SMG were cultured in each condition for x 60 h in
BGJb media. Photomicrographs were obtained at 0, 12, 24, 36, 48
and 60 hours *11*

organ culture tissues
were pooled

mRNA collected for RT-PCR
based quantification

acinar cells were isolated for cell-
surface GalTase activity assay

Figure 2 - 3. The Genera! Scheme for Organ Culture. This diagram
represents the general scheme of the fetal mouse salivary gland
organ culture system used in these series of in vitro experiments.
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addition of a modifying agent, served as controls for each experimental

condition. Each experiment was reproduced on 3 separate occasions.

Eighteen glands were cultured with each condition for the evaluation of mRNA

expression patterns and cell-surface GalTase enzymatic activity. Pooled

tissues were collected from 3 glands at each time point, and utilized for

evaluation. A minimum of 2 glands were again cultured in parallel, without the

addition of a modifying agent, to serve as controls and each experiment was

reproduced on 3 separate occasions.

Morphologic evaluation.

Photographic documentation of gland morphogenesis was obtained at

10X magnification using a Nikon® ELWD 0.3 inverted photomicroscope (Nikon

Incorporated, Instrument Division, Garden City, NJ) and KodaColor® print film

at 0, 12, 24, 36, 48, and 60 hours.

Messenger RNA profile.

Messenger RNA was harvested from pooled tissues utilizing the Micro-

Fast Track® system as previously described in this text (page 50), and RT-PCR

amplification of GalTase was accomplished. Quantification of GalTase mRNA

was obtained for each culturing time point.

Cell-surface GalTase enzymatic activity.

Acinar cells were isolated as described previously and the cell-surface

GalTase enzymatic activity was determined for 100,000 cells. Control lactate

dehydrogenase activity assays were also completed.
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Statistical analysis.

Statistical analysis was completed by repeated analysis of variance

(ANOVA) for general linear models with a value of p < 0.01, p < 0.02 and p <

0.05. The statistical computation was performed utilizing the SAS statistical

system (SAS Institute Incorporated, Cary, NC).



CHAPTER THREE
RESULTS

Normal in vivo Development

Submandibular glands were harvested at fetal days 13, 14, 15, 16, 17,

18, neonate, and adult from CD1 mice, as described in the Materials and

Methods. A minimum of 15 - 20 submandibular glands from each pregnant

animal at each time point were collected for each procedure: mRNA

quantification and cell-surface GalTase enzymatic activity assays. Separate

animals provided glands such that experiments were repeated on 5 separate

occasions.

Messenger RNA Profile of Fetal Submandibular Gland Development

Messenger RNA was obtained from the collected tissues with the Micro-

Fast Track® Isolation Kit and quantitated with a spectrophotometer. The

concentration of mRNA collected from pooled tissues ranged from 94 pg/¡xL to

570 pg/[iL.

Determination of RT-PCR Preferred Conditions and Fidelity

Oligonucleotide primers for the selected salivary gland developmental

markers were synthesized as designed. A series of RT-PCR reactions with

71
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purified adult mouse RNA were completed to define the conditions that

produced the most reproducible results. A variety of different conditions were

evaluated and several components of these reactions emerged as critical

factors. Maintaining a consistent MgCI2, concentration (1.5 mM in the RT and

PCR reactions) was a crucial component for consistent results. Additionally,

as anticipated, the annealing temperature was also a critical factor in

obtaining effective results. We utilized 59°C as a standard temperature for the

annealing temperature during the PCR amplification procedure as it was

effective with each set of primers to generate a single band.

Products from these reactions were separated by 1.5% agarose gel

electrophoresis. Amplified DNA was extracted with a QIAquick® Gel Extraction

Kit (Quigen Incorporated, San Clarita, CA) and evaluated by restriction

endonuclease digestion analyses, DNA sequencing, and immunoblotting to

ensure the fidelity of the newly constructed primers. Each primer set was

confirmed to produce the predicted product. A replication of a portion of the

DNA sequencing gel and restriction endonuclease digestion gel for GalTase

products demonstrating the accuracy of the derived product is depicted in

Figure 3 -1.

Relative Quantification of mRNA Transcription Levels

RT-PCR reactions with primer sets for each developmental protein was

completed for each time point from fetal day 13 through adult. Simultaneously,
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Figure 3-1. Confirmation of GalTase RT-PCR Products. Panel A represents
a portion of the DNA sequencing gel obtained by polyacrylamide gel
electrophoresis of the gel extracted RT-PCR product from the GalTase
reaction confirming the GalTAse sequence as illustrated on page 32 of
this text. Panel B represents the agarose gel electrophoresis
separation of the restriction endonuclease digested product of the
GalTase RT-PCR product confirming the appropriate sized product for
GalTase.
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RT-PCR amplification of G3PDH was accomplished in parallel with each

experiment for comparative analysis. RT-PCR reactions were repeated on 5

separate occasions. Polaroid photographs of the separated RT-PCR product

served as the raw data.

Quantification of mRNA expression was completed by scanning each

Polaroid photograph and digitizing the intensity of each amplicon with the NIH

Image v1.54 program.

An example of the calculation of the ratio of the GalTase / G3PDH

mRNA for the 13 day amplicon of Figure 3 - 2 follows. The polaroid

photograph (Figure 3 - 2 is a reproduction of same) of the gel electrophoresis

separated RT-PCR reaction product was scanned, and the intensity of the 13

day amplicon was digitized to provide densitometric data. The area of this

amplicon was determined to be 326 (Table 3-1) while the control amplicon

was determined to be 277 units. The area was then normalized by dividing

each area by the number of amino acid residues of their respective product

( 326 / 673 = 0.484 - for GalTase; 277 /983 = 0.282 - for G3PDH ). The ratio of

GalTase /G3PDH was then determined by dividing normalized GalTase by

normalized G3PDH ( 0.484 / 0.282 = 1.719 ) which gave a ratio of GalTase to

G3PDH per reaction. Conceivably this ratio could be extrapolated to a copy

number per cell based on the report by Bradhorst and McConkey of a mean

total RNA per mammalian cell of 26 pg (Bradhorst and McConkey, 1974) and

reported copies of G3PDH mRNA per cell. For the purposes of these

experiments however this was not necessary.
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Figure 3 - 2. Gel Electrophoresis Separation of Gallase RT-PCR Products.
The gel electrophoresis separated products of the RT-PCR reaction
completed for GalTase are demonstrated here, in the upper panel,
Lane 1 represents the negative control lane (RT-PCR reaction run
without any sample RNA); Lanes 2 - 8 represent fetal days 13 - 18;
Lane 9 - was a positive control lane, RT-PCR reaction with liver RNA (a
rich source of GalTase).

The lower panel demonstrates amplicons from the control RT-
PCR reactions of the same tissues, at the same time points, for the
housekeeping gene G3PDH.
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Column 1 2 3 4 5

Time GT GT / 673 G3PDH G3/983 GT/G3

0 RNA 0.000 0.000 0.000 0.000 0.000

13 d 326.000 0.484 277.000 0.282 1./19

14 d 398.000 0.591 315.000 0.320 1.845

15 d 432.000 0.642 302.000 0.307 2.089 -

16 d 734.000 1.091 329.000 0.335 3.259

17 d 569.000 0.845 359.000 0.365 2.315

18 d 509.000 0.756 374.000 0.380 1.998

NN 740.000 1.100 319.000 0.325 3.388

Liver RNA 756.000 1.123 281.000 0.286 3.930

Table 3-1. Calculation of Semi-Quantitative GalTase Expression. This table
represents the data and calculation of normalized amplicon intensity of
the RT-PCR reaction depicted in Figure 3-1. Time points evaluated
are fetal days 13-18 and neonate animals (NN). As previously stated
no mRNA (0 mRNA) served as the negative control and liver tissue was
used for the positive control. The area of each amplicon is seen
(Column 1 and 3), normalized for their respective amino acid length
(Column 2 and 4) then a ratio generated for GalTase / G3PDH per
reaction and time point (Column 5).
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As previously stated, these experiments were repeated on 5 separate

occasions, and these ratios from each time point, for each mRNA were

averaged. Figures 3 - 3 through 3-10 represent the averaged results of the 5

data sets for each of the developmental protein mRNA evaluated. Each panel

consist of a negative control lane (1), where no mRNA was used in the RT-

PCR reaction, as well as a positive control lane (9), utilizing adult mouse liver

mRNA. Lanes 2 - 8 represent the results from RT-PCR reactions with mRNA

from fetal days 13-18, and neonate, respectively.

Examination of the mRNA data presented in the previous figures

demonstrated an overall trend of increased salivary protein mRNA

transcription, relative to G3PDH, over the developmental time periods

evaluated. Additionally, when considering the prenatal development days

only (fetal day 13, 14, 15, 16, 17, and 18) 7 of 8 proteins demonstrated a

expression peak at fetal day 16. Contradictory, only amylase expression

demonstrated a peak at fetal day 18. While most of these salivary proteins did

demonstrate a peak at fetal day 16 only GalTase and mucin demonstrated a

degree of statistical significance (P < 0.05).

Proteins associated with ductal tissues (EGF and NGF) appeared to

have a consistent expression pattern throughout development while those

proteins associated with acinar cell terminal differentiation (amylase, cystatin,

lysozyme and mucin) appeared to show a trend of increased expression as

the tissues matured. GalTase expression followed the general pattern of

increasing expression with tissue maturity.
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Time

□ AMY/G3PDH(1)

O AMY/G3PDH(2)

O AMY/G3PDH0)

A AMY/G3PDH(4)

Si AMY/G3PDH(5)

11 Mean

Figure 3 - 3. Developmental Expression of Amylase mRNA. This graph
represents the amount of amylase mRNA produced relative to G3PDH.
Lane 1 is a negative control (RT-PCR reaction using no mRNA) while
Lane 9 is a positive control (RT-PCR reaction using adult mouse liver
mRNA). Each graph represents the average of 5 separate experiments
and the bars represent the mean for each time point (fetal days 13 - 18,
neonate [NN]).

During the fetal days there is minimal transcription of the
amylase gene. There is a 230% increase in transcription from fetal to
neonate time periods. This data corroborates previous reports that
amylase production parallels PSP (Poulsen etal., 1986).
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□ CYS/G3PDH(1)

o CYS/G3PDH(2)

o CYS/G3PDH(3)

A CYS/G3PDH(4)

m CYS/G3PDH(5)

Ü Mean

Time

Figure 3 - 4. Developmental Expression of Cystatln mRNA. Cystatin mRNA
transcription rates, relative to G3PDH, in general are very low although
there is a 214% increase from the neonatal stage to adult. Previous
investigators had found a temporal expression pattern during
development (Cox and Shaw, 1992). Fetal transcription rates
demonstrate a peak, albeit small, at day 16.
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Time

□ EGF/G3PDH(1)

O EGF/G3PDH(2)

O EGF/G3PDH(3)

A EGF/G3PDH(4)

83 EGF/G3PDH(5)

WM Mean

Figure 3 - 5. Developmental Expression of EGF mRNA. Previous
investigators had reported EGF-R protein at neonate day 10, EGF at
neonate day 18-20 (Salido et al., 1990), and EGF transcription in
uterao (Kashimata and Gresik, 1997; Gresik et al., 1997). This report
corroborates these findings. EGF mRNA, relative to G3PDH,
represented the greatest overall transcription rate of all the proteins
evaluated in this report. In general, EGF transcription rates paralleled
those of NGF, another ductal product. Transcription in fetal days was
almost 2 fold higher than the average of al! the other proteins and also
reached an in útero peak at fetal day 16.
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Time

□ GT/G3PDH(1)

o GT/G3PDH(2)

o GT/G3PDH(3)

A GT/G3PDH(4)

m GT/G3PDH(5)

n Mean

Figure 3 - 6. Developmental Expression of GalTase mRNA. GalTase mRNA
transcription during fetal development tends to parallel those of ductal
cell products, EGF and NGF, suggesting a role for GalTase during
branching morphogenesis. A fetal GalTase mRNA transcription peak
occurs at day 16, and there is small increase in transcription rates after
birth.
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Time

□ LYS/G3PDH(1)

o LYS/G3PDH(2)

o LYS/G3PDH(3)

A LYS/G3PDH(4)

eh LYS/G3PDH(5)

Ü Mean

Figure 3 - 7. Developmental Expression of Lysozyme mRNA. Lysozyme
mRNA transcription, relative to G3PDH, was generally very low
throughout fetal development. The finding of fetal lysozyme mRNA
transcription confirms previous reports by Maga etal. (1994). After birth
the transcription rates increased significantly when compared to early
stages of development (p < 0.01).
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Time

□ MUC/G3PDH(1)

O MUC/G3PDH(2)

O MUC/G3PDH(3)

A MUC/G3PDH(4)

B MUC/G3PDH(5)

Mean

Figure 3 - 8. Developmental Expression of Mucin mRNA. Mucin is a terminal
product of the well differentiated mucinous submandibular gland. Low
transcription levels of mucin mRNA, compared to G3PDH, are seen
during the fetal stage with significant increases found in the neonate
compared to fetal day 18 (p < 0.05). Mucin mRNA was first detected at
fetal day 15 which confirms reports of fetal mucin mRNA detection
(Jaskol etal., 1994).
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□ NGF/G3PDHQ)

O NGF/G3PDH(2)

O NGF/G3PDH(3)

A NGF/G3PDH(4)

cS NGF/G3PDH(5)

Uli Mean

Figure 3 - 9. Developmental Expression of NGF mRNA. NGF, like EGF, is a
product of the salivary granular convoluted duct cells (Gresik et al.,
1985), and parallels EGF transcription as previously reported (Wilson et
al., 1986), but lower at each time point. NGF transcription rates were
generally elevated compared to terminal product transcripts (AMY,
MUC, LYS) which appears to follow the general developmental
scheme where nervous systems coupling follows morphogenesis and
cytodifferentiation (Cutler, 1973). NGF and EGF are anticipated to
decrease in adult ages (Gresik and Azmitia, 1980). NGF transcription
was the most constant of all the proteins evaluated.
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Time

□ PSP/G3PDH(1)

o PSP/G3PDH(2)

o PSP/G3PDH(3)

A PSP/G3PDH(4)

m PSP/G3PDH(5)

Ü Mean

Figure 3-10. Developmental Expression of PSP mRNA. Initial reports
indicated that PSP was found in the parotid gland only (Madsen and
Hjorfh, 1985; Shaw et al., 1986; Shaw and Schibler, 1986). Recently
investigators, using PSP specific antisera in Western blot analyses,
localized PSP in the submandibular glands of neonate mice as well
(Miréis et al., 1998). In our analysis no PSP mRNA transcription was
detected in fetal gland tissues until fetal day 16 and only minute
amounts were found until the neonate stages and beyond.
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Cell-surface GalTase Enzymatic Activity Profile

To evaluate cell-surface expression and activity of the protein we

employed the GalTase enzymatic activity assay. Tissues were collected from

each time point, 100,000 cells isolated and cell-surface GalTase activity

evaluated on 3 separate occasions. Mean GalTase activity for the 3

experiments, was reported as nanomoles galactose incorporated / h / 106

cells. The lactate dehydrogenase (LDH) activity assay was performed

simultaneously to determine leakage of cytoplasmic constituents. LDH activity

was never > 5% of the LDH activity of the control lysed cells and was not

considered significant. The results of the GalTase activity are reported in

Table 3 - 2. Generally the cell-surface activity of GalTase seems to parallel

the mRNA expression pattern seen during development. Again there was a

peak at fetal day 16 although it does not appear as pronounced as the mRNA

pattern and was not statistically significant (p < 0.05).

Histologic and Immunohistochemical Analysis

Hematoxilin and eosin staining of representative fetal developmental

days 13 and 17 demonstrate a general increase in architecture and

organization (Figure 3-11). The fetal day 13 section demonstrated a few

localized islands of acinar cells at the leading edges of glandular

development and a few, but well developed, ductal structures throughout. By

fetal day 17 the acinar cells have greatly proliferated and the glandular

structure is a well defined network.
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Cell-Surface GalTase Activity

Time Enzymatic Activity
(fetal days) (nm Galactose incorporated /100,000 cells / hour)

13d 0.0008 ± 0.0006

14 d 0.0013 ± 0.0004

15 d 0.0011 ± 0.0002

16 d 0.0017 * 0.0002

17 d 0.0015 ± 0.0005

18 d 0.0015 ± 0.0003

Neonate 0.0025 ± 0.0010

Adult 0.0040 ± 0.0006

Table 3 - 2. Cell-surface GalTase Activity. The cell-surface activity was
measured from 100,00 intact acinar cells from fetal day 13 - 18,
neonate, and adult mouse submandibular tissues. The numeric values
represent the amount of UDP-[14C]-galactose incorporated / 100,000
acinar cells/ hour ± standard deviation.
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primordial acinar cells

mesenchymal capsule

primordial salivary duct

organized system of
salivary gland ducts

well defined acinar
cell clusters

Figure 3-11. Histologic Evaluation of Normal Development. Hematoxilin and
eosin staining of representative fetal developmental days 13 and 17.
Fetal day 13 section demonstrates few isolated immature acinar cell
islands throughout the fetal gland and few, well defined ductal
structures. By fetal day 17 the acinar cells have proliferated and the
ductal structures have developed a organized network.
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Immunohistochemistry was performed to evaluate the expression

pattern of GalTase in developing fetal submandibular glands. Figure 3-12

demonstrates a general increase in GalTase through the increasing stages of

the submandibular gland development. On fetal day 13 there is little or no

staining of the acinar cells in the developing salivary gland bud. Some

nonspecific staining of the mesenchymal capsule does appear. At fetal day

14 some immi uno reactive sites within the acinar cell clusters begin to appear

with staining from the monoclonal anti-GalTase antibody. The immuno-

reactive intensity of the acinar clusters increases, as does the overall

immunohistochemical staining, with the maturation of the tissue from days 15

and 16. During the later stages of fetal gland maturation (fetal days 17 and

18) immunoreactive GalTase was most strongly associated with, and most

concentrated in, the acinar cell clusters although it was also generally present

throughout the glandular structure. Control tissues which were treated with

nonimmune serum, antibody isotype, and secondary antibody alone were

routinely without immunoreactive staining.

Flow Cytometric Evaluation of Cell-surface GalTase During Development

Flow cytometry of 10,000 fetal mouse salivary gland acinar cells per

event was also utilized to evaluate alterations in cell-surface GalTase

expression from representative fetal developmental days 13 and 17. Figure 3

- 13 provides evidence of increased cell-surface GalTase expression from

developing fetal tissues from fetal day 13 to 17. Flow cytometry studies
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Figure 3-12. Immunohistochemical Analysis of GalTase Expression. This
panel represents the immunohistochemical staining of fetal mouse
submandibular glands with mouse anti-human GalTase monoclonal
antibody. There is evidence of a general increased immunoreactivity of
the tissues from fetal day 13 to 18.
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Figure 3-13. Flow Cytometric Evaluation of Cell-Surface GalTase. Flow
cytometry was performed on 10,000 intact fetal acinar cells per event.
The peak represented by A is from cells (part of the 10,000) that were
not labelled. Peak B represents the cells that were bound by the
nonimmune serum of normal mice, while peak C is the cells that were
labelled with the monoclonal anti-GalTase IgG antibody. Increased
FITC fluorescence of anti-GalTase antibody labelled cells is seen from
fetal day 13 to 17 as evidenced by the shift in the labeled acinar cells
(note the line indicating the number of labelled GalTase cells)
corroborating cell surface enzymatic activity resuits.
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utilized control samples with primary antibody only, nonimmune serum ±

primary and secondary antibodies, IgG isotype class control ± primary and

secondary antibodies, and secondary antibody alone. Adult liver cells were

also harvested to serve as positive controls.

Evaluation of Organ Culture (in vitro) Experiments

The mouse organ culture system was used to evaluate the role of

GalTase in fetal mouse submandibular gland development. Each 13d fetal

mouse submandibular gland was asepetically harvested and cultured

separately in laminin coated wells with media at 37°C for 60 hours. Evaluation

of GalTase’s role in development was determined by additions of substrates

(a-lactalbumin, anti-GalTase antibody, anti-laminin antibody, and tyrphostin)

to the media, and pretreatment of laminin coated wells with bovine GalTase.

The media alone and addition of sterile 1X PBS served as controls. Five

glands were evaluated with each condition and each experiment was

reproduced on 3 separate occasions. Fifteen additional glands were cultured

similarly but on plastic wells without laminin coating.

Control in vitro Development of Fetal Submandibular Glands.

in vitro development of 13d fetal mouse submandibular glands, grown

in culture on laminin-coated plates, for 60 hours appear to mimic normal

branching morphogenesis and proliferation as previously observed for in vivo
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development (Nakaniski and Ishii, 1989). There was a morphologic burst after

36 hours In culture for 12 of 15 glands (80%) (p< 0.05), where the developing

gland demonstrated structural branching with terminal acinar cells that

appeared full and rounded in familiar grape-like clusters (Figure 3-14). The

expression of mRNA levels from each developmental marker that represented

terminal acinar cell differentiation (amylase, mucin, lysozyme, and PSP -

Figure 3-15) demonstrated levels that were lower than the products of the

ductal cells (EGF, NGF, and cystatin - Figure 3 - 16). GalTase mRNA

expression followed the pattern of developmental proteins associated ductal

cells and reached peak levels at 36 hours in media alone with an amplicon

intensity ratio of 6.395 ±0.17 units for GalTase when compared to G3PDH

mRNA (Figures 3-18, panel A). The cell-surface GalTase activity, as

measured by a standard enzyme assay, demonstrated a peak activity level of

0.0017 ± 0.0002 nM gal incorporated/100,000 cells/hour at the 36 hour time

point in culture (Table 3 - 3, row 1). There was a dramatic increase in cell-

surface enzymatic activity seen at the 36 hour time point compared to activity

at 12 or 24 hour (p < 0.01). Between 36 and 60 hours in culture the levels of

GalTase mRNA and protein remained constant. Organs cultured with the

addition of 1X PBS paralleled these results for all parameters.

In contrast, all (15/15 [100%]) fetal organ cultures grown on plastic

resulted in glands that failed to demonstrate normal branching morphogenesis

and acinar cell proliferation (Figure 3-17, panel B). Branching
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Figure 3-14. Representative Photomicrographs of Fetal Mouse
Submandibular Gland Grown in in vitro Organ Culture for 0 - 60 Hours.
Fetal day 13 (CD1) submandibular gland cultured on a laminin coated
well with BGJb media. Submandibular organ demonstrates normal
branching morphogenesis.
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Figure 3-15. Expression of 0 - 60 hour mRNA Levels of Markers of Terminal
Acinar Cell Differentiation. Each panel represents the ratio of each
selected marker’s mRNA to G3PDH mRNA ratio, obtained over the 0 -

60 hour culture period, in media without blocking agents, of 3 separate
experiments. Individual data points are shown (□, 0, 0) while the
shaded columns are the mean from each time point. Column 1
represents the negative control results (0 mRNA) while column 8
represents the positive control results (adult mRNA). Panels A, B, C,
and D represent amylase (AMY), mucin (MUC), lysozyme (LYS), and
partoid secretory product (PSP) respectively. Generally low levels of
each of these products was found in útero confirming previous reports
of acinar cell differentiation after birth.



CYSmRNA/G3PDHmRNAEGFmRNA/G3PDHmRNA
96

H Time

9 -

Figure 3-16. Expression of 0 - 60 hour mRNA Levels of Developmental
Markers of Ductal Cell Differentiation. Panels E - H represent averaged
mRNA to G3PDH levels of ductal cell differentiation markers. Again
individual data points are shown (□, 0, 0) while the shaded columns
are the mean from each time point. Panels E, F, G, and H represent
EGF, NGF, cystatin (CYS) and GalTase (GT) respectively. Each of the
ductal cell products were greater than any of the acinar cell products at
every time point. Both groups of in vitro mRNA expression patterns
(ductal as well as acinar cell markers) seem to mimic the in vivo
developmental pattern.



97

48 h 60 h24 h 36 h

Figure 3-17. Photomicrographs of Representative Fetal Mouse
Submandibular Gland 0 - 60 Hour Organ Culture. Fetal day 13 (CD1)
submandibular glands were cultured in laminin coated wells with BGJb
media for 0 - 60 hours. Additions to the media included; nothing (panel
A); grown on plastic with no addition to the media (panel B); addition of
a-lactalbumin (panel C); anti-GalTase antibody (panel D); anti-laminin
antibody (panel E); and pre-treatment of the well with bovine
galactosylt ransferase (panel F).
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Figure 3-18. Relative Quantification of in vitro mRNA Expression. Panel A
represents relative quantification of in vitro levels of GalTase mRNA
expression from organs cultured on laminin coated wells with media
alone. Panel B represents relative mRNA levels from organs cultured
on plastic with no addition to the media. Panel C - F represent relative
mRNA levels obtained from organs cultured on laminin with additions to
the media of: a-lactalbumin (panel C); anti-GalTase antibody (panel D);
anti-laminin antibody (panel E); and pre-treatment of the well with
bovine galactosyltransferase (panel F). Tissues were harvested and
RT-PCR evaluation of GalTase mRNA completed for each time point.
All values are expressed as GalTase densitrometric value to G3PDH
densitrometric value and the bars represent the range in values.
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± 0.0007

0.0015

± 0.0007

0
|f; (Plastic)

0.0013

± 0.0004

0.0016

± 0.0002

0.0013
± 0.0001

0.0022

± 0.0003

0.0016

± 0.0003

0.0016

± 0.0002

a-!act
0.0003

± 0.0001

0.0002

± 0.0001

0.0002
± 0.0001

0.0002
± 0.0001

0.0003
± 0.0001

0.0003

± 0.0001

anti-
GalTase

0.0005
± 0.0001

0.0005
± 0.0001

0.0005
± 0.0001

0.0005
± 0.0001

0.0006
± 0.0001

0.0006
± 0.0001

anti-
laminin

0.0009

± 0.0002

0.0013

± 0.0001

0.0012

± 0.0002

0.0021

± 0.0003

0.0020

± 0.0003

0.0013

± 0.0003

pre¬
treatment

0.0010
± 0.0001

0.0014

± 0.0006

0.0010

± 0.0001

0.0012

± 0.0001

0.0013

± 0.0003

0.0015
± 0.0001

Table 3 - 3. Cell-surface GalTase Activity of in vitro Organ Cultures. Cell-
surface GalTase activity (expressed as mean of nM gal
incorporated/100,000 cells/hour ± SD for 3 separate experimental
results), from tissues harvested after culturing in laminin wells (except
row 2) with the following additions to the media: media alone (row 1);
grown on plastic with no addition to the media (row 2); addition of a-
lactalbumin (row 3); anti-GalTase antibody (row 4); anti-laminin
antibody (row 5); and pre-treatment of the well with bovine
galactosyltransferase (row 6).
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morphogenesis of the gland was less fully developed and the terminal acinar

cells were smaller and more compact in appearance. Careful review of the

photomicrographs demonstrated very condensed yet organized terminal

acinar cell clusters. GalTase mRNA expression levels were not significantly

altered relative to time (p > 0.05) but were greater than control levels grown on

laminin at all times except the initial phases (0 and 12 hour) (Table 3-17,

panel B). The cell-surface protein activity at 36 hour was increased 130%

when compared to glands grown on laminin (Table 3 - 3, row 2).

Experimental in vitro Development of Fetal Submandibular Glands

To determine the role of cell-surface GalTase in mediating the early

morphogenic events in fetal salivary gland development, the effects of a

modifier of substrate specificity (a-lactalbumin) or inhibitor of GalTase activity

(anti-GalTase antibody) were evaluated. Organ cultures treated with these

agents, to primarily limit the potential cell-cell interactions, but also potential

cell-matrix interactions, appeared to lack an overall adhesiveness and

organization (14/15 [93%] - a-lactalbumin; 12/15 [80%] - anti-GalTase

antibody) in the developing tissue (Figure 3-17, panels C and D

respectively). Although the glands appear to have retained the ability to

spread, and demonstrated a similar degree of branching when grown on

laminin coated plates, there were fewer, less cohesive, terminal acinar cell

clusters. Those present lacked a clearly defined grape-like cluster
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Figure 3-19. Representative Photomicrograph of Results After 36 Hours in
Organ Culture With Addition of Anti-GalTase Antibody. Enhanced
inspection of the 13d fetal submandibular gland cultured in media +
anti-GalTase antibody, illustrated above at the 36 hour in vitro
morphologic peak, demonstrated dysfunctional development
representing poor cell-cell adhesiveness and diminished cell-matrix
attachment.
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morphology (Figures - 19). Addition of a-lactalbumin and anti-GalTase

antibody to the media resulted in only minimal alteration of mRNA expression

levels over the 60 hour experimentation period, yet cell-surface enzymatic

activity was significantly diminished suggesting that the concentration of these

agents was adequately specific for GalTase binding. Additions of a-

lactalbumin and anti-GalTase antibody to culture media resulted in reduced

cell-surface GalTase activity levels of 89.6% and 71.0% (p < 0.01) respectively

at the 36 hour morphologic peak. The mean cell-surface GalTase enzymatic

activity over the 60 hour culture period was reduced by 81.3% and 60.3%

(p < 0.01) following a-lactalbumin and anti-GalTase antibody treatment,

respectively (Table 3 - 3, rows 3 and 4).

The addition of anti-laminin antibody to reduce the cell-matrix

interaction, resulted in a similar growth pattern as that seen with the organ

cultures grown on plastic (Figure 3 -17, panel E). The entire organ appeared

condensed (15/15 [100%]) although branching did occur. The terminal acinar

cell clusters developed with the same frequency as controls, yet were

significantly smaller in size. Again, GalTase mRNA expression levels were not

altered significantly by the addition of anti-laminin antibody, nor did it have a

significant effect on the cell-surface GalTase activity levels when compared to

controls (Table 3 - 3, row 5).

To evaluate the direct interaction of GalTase with laminin, in glandular

morphogenesis, the terminal oligosaccharide moieties of laminin were
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modified so as to present a non-interactive substrate with the cell-surface

GalTase active site. The pretreatment of the laminin coated wells with bovine

GalTase and UDP-gal was performed to eliminate cell-surface GalTase

substrate of terminal GIcNAc residues of laminin (Shur and Eckstein, 1977).

Reducing the potential interaction between the cell-surface GalTase of the

organ culture and GIcNAc residues of laminin resulted in submandibular

glands that appeared morphologically similar to those grown in the absence

of laminin (plastic wells or anti-laminin antibody treated wells) (Figure 3-17,

panel F). These organ cultures demonstrated acinar cell proliferation similar

to those of organs grown on plastic (Figure 3-18, panel F). GalTase mRNA

expression levels were generally greater, though not significantly (p > 0.05),

than normal cultures on laminin, after the early stages (0, 12 or 24 hour) of in

vitro culture. Cell-surface GalTase enzymatic activity was also similar to those

of controls grown on laminin (Table 3 - 3, row 6).

Tyrphostin-1 was added to the media to further evaluate the potential

activation of the receptor tyrosine kinases by cell-surface receptors with the

ECM. Glands cultured in the presence of tyrphostin, the specific tyrosine

phosphate inhibitor, demonstrated morphologic development similar to the

result of glands cultured with anti-GalTase antibody or a-lactalbumin (Figure 3

- 20). Generally the organs cultured in media with tyrphostin-1 demonstrated

diminished acinar cell adhesiveness and proliferation as well as diminished

branching in 10 of 15 glands cultured (66%) (p<0.05).
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Figure 3 - 20. Photomicrographs oí Representative 0 - 60 Hour Tyrphostin
Organ Culture. Organ culture results of 13d fetal submandibular gland
cultured in media + tyrphostin-1 (1:50) over the 60 hour period.
Development of the organ in media that specifically inhibits tyrosine
kinase signal transduction clearly demonstrates decreased acinar cell
proliferation and branching morphogenesis.



CHAPTER FOUR
DISCUSSION

Development of the murine salivary gland is a coordinated temporo-

spatial process that involves acinar cell proliferation as well as branching

morphogenesis (Cutler, 1989). This process is thought to include interaction

of components of the extracellular matrix contained within the surrounding

mesenchymal capsule, specifically laminin, and the budding epithelial salivary

gland organ (Borghese, 1950; Grobstein, 1953a; Oliver, etal., 1987).

Previous researchers in our laboratory have provided information

regarding the expression of some of the proteins of the mesenchymal

component during development (Macauley et at., 1997). Several of the

mesenchymal ECM protein molecules demonstrated a maximal expression at

fetal day 16 in mice including collagen a2(1), collagen a2(lll) and iysyl

oxidase, which initiates the enzymatic crosslinking of both collagen and

elastin in the ECM (Kagan, 1986). MMPs are also required to degrade the

basement membrane to allow invagination during the budding of the salivary

gland organ embryologically (Nakanishi etal., 1986).

This manuscript provides the first detailed description of salivary protein

mRNA expression during fetal submandibular gland development. Reports

from other researchers have provided glimpses at the developmental profile

105
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of the murine salivary gland and corroboration of their contributions was

recognized in the Results section of this dissertation for each protein of

interest.

The salivary gland proteins selected for this report provided a diverse

group of developmental markers designed to evaluate specific tissue types.

Clearly the ductal cell transcription rates for their specific products (EGF, NGF)

represented the greatest levels throughout fetal development with the

concomitantly smallest increase after birth. The transcription rates of the

proteinacous products derived from terminally differentiated acinar secretory

cells (AMY, CYS, LYS, MUC, PSP) was very low, if present at all, during the

early stages of fetal gland development, and increased significantly during the

final stages of fetal development and after birth. Cytodifferentiation, or

evolution of specialized salivary-specific protein synthesis of muc-1 mucin and

amylase, occurs as a final stage of development, only after the salivary gland

morphogenesis is established. In the mouse, cytodifferentiation occurs late in

fetal development around fetal day 18 (Poulsen et al., 1986). Our results

confirm these reports with a maximal expression of amylase and mucin

occurring after birth in the adult mouse.

Expression levels of the experimental protein GalTase appeared to

gradually increase its transcription, as well as cell-surface activity level during

development, with a small peak in both at gestational day 16. This gestational

peak, at fetal day 16, was a general pattern, found in 7 of the 8 proteins

evaluated and corresponds with a fetal peak expression for GTA-Kinase and
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laminin B1 and B2 chain mRNA (Macauley et al., 1997). Certainly this

demonstrates a well coordinated expression pattern of a variety of different

transcripts

Phosphorylation, and the emergence of cell-surface GalTase, is

governed by GTA-K, which appears to have some sequence homology with

the cell-cycle kinase, cdc2 (Bunnell et al., 1990; Kerr et al., 1994). Also the

mesenchymal component, at fetal day 16, is producing maximal levels of

newly synthesized laminin, with which GalTase is known to interact. The

lumenal binding of the receptor GalTase domain to laminin is accompanied by

cytoplasmic association of the catalytic domain with the cytoskeletal element

actin, as demonstrated by Eckstein and Shur, with a series of double-staining

immunofluorescent studies with anti-GalTase antiserum and phalloidin in

Balb/c 3T3 fibroblast (Eckstein and Shur, 1992). Stabilization of the cell to the

ECM, via GalTase-laminin binding in a lectin like fashion, and increased

rigidity of the cytoskeletal structure, via GalTase-actin associations, provides

an environment that may maximize the transcription potential for numerous

other proteins as well. Thus a model is emerging where GalTase, through its

biochemical interactions with carbohydrate moieties extracellularly, and its

associations with actin intracellularly, is a mediator of cell cycle regulation.

The concordance of salivary gland developmental marker protein mRNA

expression presented here, and the corroborating cell-surface enzymatic

activity, histologic, immuno-histochemical, and flow cytometric data, is in

agreement with this suggested model.
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To further investigate the interaction of GalTase with the ECM, an organ

culture system was employed. Removal of the primordial salivary gland tissue

including the acinar cell rudiments from the developing 13 day fetal mouse,

and growing them under in vitro culture conditions on laminin coated plates for

60 hours, resulted in development that mimicked normal in vivo acinar cell

proliferation as well as branching morphogenesis. Evaluation of the GalTase

mRNA transcription profile revealed a similar expression pattern as seen in

vivo. A peak in mRNA expression and gland growth occurred at 36 hours in

culture, similar to the peak seen at fetal day 16. Thus morphologically and

transcriptionally this organ system functioned adequately, relative to the

parameters that we evaluated. The in vitro development and mRNA

expression is not an exact replication of in vivo development, as a fetal 13 day

gland cultured for 48 hours is delayed developmental^ when compared to the

in vivo 15 day (13 day + 48 hours = 15 days) gland which again suggest the

necessity of the entire system, and especially the mesenchymal interaction, for

maximal development.

Developing 13 day fetal mouse salivary organs were also cultured on

noncoated plastic plates for 60 hours. Culturing on plastic plates prevented

the normal attachment and development of the salivary tissue. We found that

organs cultured on plastic wells, but otherwise identical conditions, resulted in

glands with less fully developed branching morphogenesis and smaller,

condensed, yet histologically organized terminal acinar cells, while GalTase

mRNA expression levels and cell-surface enzymatic activity were greater than
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controls grown on laminin (except the initial phases 0 and 12 hours), though

not significantly (p > 0.05). A possible explanation for this scenario is that the

cell is actively seeking appropriate substrate. Under ideal conditions of

substrate availability, optimal pH, and adequate space cells migrate and

proliferate, as seen in our control cultures. Cell-surface GalTase has been

previously shown to be involved in cell migration due to its interaction with

components of the ECM (Shur, 1977). The ability of GalTase to function as a

receptor for GIcNAc residues of glycoprotein components of the ECM have

clearly established that GalTase can influence migration of a wide variety of

cells (Eckstein and Shur, 1989). Shur and co-workers have demonstrated that

migrating ceils have an increased expression of cell-surface GalTase.

Furthermore, cell migration and differentiation was dependent on the

interaction of GalTase with substrate oligosaccharide moieties of the ECM

glycoprotein, laminin. Observations of cell migration on alternative ECM

component surfaces such as fibronectin demonstrated that cell failed to

migrate (Runyan et al., 1988). Laminin is the only ECM component that

demonstrates terminal, or apparently available, GIcNAc moieties (Shur, 1991).

When organs were cultured on plastic we had established conditions for the

fetal rudiments that supplied everything except substrate surfaces upon which

cells could spread or migrate. Organs cultured on plastic initially resemble

that of controls grown on laminin (0 and 12 hours). However, failure of the

cell-surface GalTase receptor to detect and bind to carbohydrate moieties of

laminin in the ECM ultimately allowed for increased availability of receptors for
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the oligosaccharides found on adjacent cell-surfaces, as the alternate

substrate. This may ultimately lead to increased cell-cell interaction which

ultimately may have resulted in the condensed, compact, organ development

that was seen.

When the salivary gland rudiments were prevented from interaction with

laminin by the inclusion of anti-laminin antibody or pre-galactosylation of the

laminin coated well, acinar cell proliferation continued but branching

morphogenesis was significantly diminished indicating the requirement of cell-

matrix interaction for normal gland development. On the other hand, inclusion

of GalTase substrate modifier, a-lactalbumin, or anti-GalTase antibody,

resulted in some diminution of branching morphogenesis but more

pronounced inhibition and organization of acinar cell clusters, demonstrating

GaiTase’s role in both cell-cell as well as cell-matrix interactions.

A second mechanism by which cell-surface GalTase could influence

tissue morphogenesis is through regulation of cell proliferation. It has been

demonstrated that cell-surface GalTase, when juxtaposed to the epidermal

growth factor receptor (EGF-R), can induce activation of cellular proliferation

via receptor tyrosine kinase mediated propagation of phosphotyrosine second

messenger signal transduction pathways (for review see Purushotham et al.,

1995). In vitro and in vivo inhibition of acinar cell proliferation can be

accomplished through the administration of the modifier protein a-lactalbumin

or GalTase antibody, in conjunction with isoproterenol (ISO) treatment
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(Humphreys-Beher et al., 1987, Marchase et al., 1988). A recent report by

Broverman et al. (1998) has indicated that ISO treatment mediated gland

hypertrophy may, in part, be related to cell-surface GalTase interaction with

ECM laminin. Therefore, the observation of reduced acinar cell development

and proliferation in the presence of a-lactalbumin and anti-GalTase antibody,

suggest that cell-surface GalTase may be present on cells of the developing

fetal submandibular tissue.

The accelerated fetal salivary gland morphogenesis taking place

between 36 - 60 hr in vitro correlates with a dramatic increase in the in vitro

expression of GalTase mRNA and cell-surface GalTase enzymatic activity.

The disruption of GalTase interactions with laminin appear to influence the

rate of branching morphogenesis while disruption of the potential GalTase

interaction with the other cell-surface signalling molecules disrupts acinar cell

proliferation. Thus, cell-surface GalTase may also participate in the regulation

of branching morphogenesis as well as acinar cell proliferation.

In the adult salivary gland, proliferation appears to be mediated by

interaction of cell-surface GalTase with the carbohydrate moieties of the EGF-

R brings about activation of the tyrosine kinase phosphorylation cascade

which results in cell division and proliferation (Purushotham et al., 1995).

Fetal glands cultured in the tyrosine signal transduction inhibitor, tyrphostin,

which specifically perturbs the EGF-R signal transduction event, results in

organ cultures again demonstrating a significant alteration in normal

morphologic development, suggesting GalTase signal transduction may occur
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through interaction with the EGF-R. Cumulatively these observations suggest

that cell-surface GalTase is an important mediator of mouse salivary gland

fetal development through cell-ECM and cell-cell interactions. Furthermore,

blocking cell-surface GalTase activity inhibits salivary gland morphogenesis,

implicating GalTase as a component of a receptor-mediated signal

transduction pathway required for normal murine salivary gland

morphodifferentiation. In summary, these studies have shown that cell-surface

GalTase is critically involved in normal murine submandibular gland

branching morphogenesis and that this salivary gland organ culture system is

a viable mechanism to evaluate developmental processes. Additionally, this

study demonstrated that there is a peak in cell-surface GalTase mRNA

expression, as well as enzymatic activity, at fetal day 16. This corresponds

with the fetal peak expression of GTA-K, required for GalTase activation.

Perhaps most importantly this research confirms previous reports that cell-

surface GalTase activates RTK signal transduction mediated events for growth

and development.

The intricacy of the interactions involved in cell migration and

proliferation is perplexing however, in light of other factors which may be

found in the extracellular matrix receptor, such as the integrins. We know

today that cell-surface GalTase is not involved in the initial attachment of the

cell to the ECM, but rather this activity is mediated by cell adhesion molecules

and integrins. Yao et al. found that the binding of specific laminin isoforms

was mediated by different integrins suggesting that different integrins have



113

different affinities for ECM (Yao et al., 1996). The integrins may mediate the

binding, however, there may be sufficient lapses in attraction for binding as a

result of variable affinities of integrin:ECM isoforms. This may allow Gallase

mediated binding to participate in this process.

The initial binding of integrins to the laminin components of the ECM

ultimately results in formation of cytoplasmic complexes that can then bind

cytoskeletal actin filaments (Lafrenie and Yamada, 1996). It has been

proposed that this cytoskeletal stability allows for activation of EGF-R

cytoplasmic domains (Mainiero et al., 1996). It has been shown that integrin

binding to ECM ligand laminin results in cytoplasmic tyrosine kinase activity

following the general MAPK pathways of growth factor signal transduction.

Considering the heretofore mentioned studies, in concert with the information

of morphogenesis and mRNA expression gathered in these experiments I

suggest the following original model of interaction leading to cell migration

and proliferation (Figure 4 -1; repeated from page 23).

The initial adhesion of cells to matrix is mediated by the binding of

integrin receptors to laminin as described by Runyan and co-workers (Runyan

etal., 1988). As a result of this initial binding of integrin to laminin, cytoplasmic

complexes bind cytoskeletal actin filaments providing an increased

cytoskeletal stability that may allow for increased GalTase transcription and

translation. Accordingly Eckstein and Shur have demonstrated a 3 fold

increase in cell-surface GalTase on cells that were grown on laminin (Eckstein

and Shur, 1989). Thus, there is a concomitant increase in the likelihood that
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GalTase:EGF-R association will also occur. Simultaneously, the GalTase

cytoplasmic domain experiences greater association of GalTase with the actin

cytoskeletal element, as shown by the colocalization of GalTase with the

cytoskeletal element actin (Eckstein and Shur, 1992; Appendu and Shur,

1994). Using a molecular strategy to produce a dominant negative mutation, a

cell-surface GalTase that lacked the functional catalytic domain was produced

(Evans eta¡., 1993). Stablely transfected 3T3 mouse fibroblast demonstrated

decreased association with actin cytosketeton, decreased migration, and

histologically appeared balled up on the laminin surface with minimal cell-cell

attachment suggesting that this cytoskeletal domain of the cell-surface

GalTase is essential for attachment of cell to laminin (Appendu and Shur etal.,

1994). Nevertheless, this stabilized actin filament is then more available for

integrin |3 subunit binding. Furthermore, there is evidence of greater

activation of the EGF-R leading to increased phosphorylation of integrin

subunit which then leads to migration on laminin (Mainiero et al., 1996).

Information to date suggest that the integrin-mediated signal transduction

pathway may be common with the EGF-R MAPK cascade thus conforming to

commonly held beliefs that the EGF system modulates fetal mouse salivary

gland morphogenesis and development (Nanny and King, 1994; Gresik et al.,

1997; Kashimata and Gresik, 1997).
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MAPK

-2i2!aÜaa!Srane

DNA

-Transcription of cell-surface GalTase
-Transcription of integrin receptor

replication / cell division

Figure 4-1. Suggested Integrin-GalTase-Actin Model. Model for integrin-
mediated, cell-surface GalTase , and actin congregated cell migration
and cell proliferation. © The initial adhesion of the cell to the ECM is
mediated by integrins; © cytoplasmic complexes bind to the psubunit of
the integrin cytoplasmic tail; © integrin-cytoplasmic complex binds to
actin; © stable cytoskeletal structure bound to ECM laminin induces
increased cell-surfce GalTase expression with increased likelihood of
associating with EGF-R; © GalTase binds actin and; © increases
EGF:integrin tyrosine kinase cascade which ultimately leads to MAPK
induced nuclear signal transduction for cell division.
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This model of an integrin-mediated, cell-surface glycoprotein

associated, cytoskeletal complex suggests a synergistic, cooperative

association for cell migration and cell differentiation between these diverse

molecules. Teleologically it is logical for a cell to use both positional

information, regarding its relationship to the ECM; as well as availability to the

growth factor receptor, to decide when to enter into the cell cycle for growth

and proliferation. The model suggested provides for an assemblage of both

biochemical and positional Information.

MAPK associated signal transduction is mediated by 8 or 9 upstream

regulatory promoters such as the cAMP binding element, NFBkb, or cGMP to

name a few (Klemke et at., 1997). To date no upstream transcriptional

regulatory regions have been mapped for the GalTase gene. Review of the

known upstream 5’ sequences of the GalTase as reported to GenBank™

reveals no recognizable promoter sequences responsive to known MAPK

region. A logical step would be the evaluation of the responsiveness of

GalTase gene to known promoters of MAPK region seem.

Further investigation of this proposed interrelationship between cell-

surface GalTase, integrin receptors, laminin and actin cytoskeletal elements

are needed to deduce the exact mechanisms of these associations and signal

transduction. Additional in vitro studies with use of both tyrphostin-1 as well as

a-lactalbumin could also provide very valuable information.

It would be naive to suggest that cell-surface GalTase alone is

responsible for morphogeneis of fetal mouse salivary glands. It should be
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anticipated that redundancy exists in the developmental cascade to allow for

transcriptional or mutational errors. As previously stated there have been

great than 100 different membrane bound enzymes that participate in

glycoprotein and glycolipid biosynthesis alone (Russo et al., 1990). Recently

a research group reported the development of a semi-lethal knockout mouse,

produced by gene targeting to disrupt both cell-surface and Golgi forms of

GalTase (Asano et al., 1998). Their GalTase-deficient mice were reported to

be “born normally” but exhibited growth retardation. Interestingly they

reported epithelial cell proliferation of the skin and small intestine; half of the

animals died before 4 weeks of age. No mention was made of the salivary

glands or oral tissues. Efforts are currently underway to institute collaborative

investigations with this group and animal model. It would be interesting to

follow the submandibular gland development and GalTase expression in

these animals as well.

Potential clinical applications of this line of investigation are exciting as

well. Glandular hypertrophy has been associated with increased innervations

and dietary alterations and they demonstrate increased cell-surface GalTase

enzymatic activity. Treatment alternatives to prevent glandular hyperplasia,

could include administration of specific substrates of GalTase to mediate cell

growth and parotid gland hypertrophy and are a reasonable consideration in

the future. More excitingly, GalTase may be utilized in a regenerative capacity

to induce glandular tissue regeneration in certain disease states, such as is

seen in autoimmune diseases, or following radiation induced atrophy. A
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further clinical application of this organ culture system could be used as a

model to study the invasive properties associated with tumorogenesis, as

certain mouse neoplastic cells have shown elevated cell-surface GalTase

enzymes (Chanta et a!., 1989). Understanding the mechanisms of

development will allow us to better comprehend the pathologic processes and

thus conceive treatment regimens, as the axiom suggest, “oncogenesis

recapitulates ontogeny”.



CHAPTER FIVE
OTHER STUDIES

The research completed and described in the preceding chapters has

provided me an opportunity to develop laboratory skills, training and research

competence in an educational environment that is unparalleled. As a trained

clinician, then surgeon, I had experienced first hand the clinical aspects of

wound healing yet I desired to delve more deeply into the basic science

aspects of development, growth, and repair. My interest in regenerative

periodontics had ignited my urge to investigate the roles of growth factors.

This experience has provided me that opportunity. Additionally, as a member

in the Humphreys-Beher laboratory, I have been given extensive collaborative

research opportunities, that have resulted in numerous projects, published

manuscripts, awards and national grant funding for which I am extremely

grateful.

My research into the cell-surface expression of the glycosyltransferase

GalTase, and its interaction with the tyrosine kinase growth factor receptor

EGF, lead me to investigate salivary EGF levels. Salivary glands of mammals

are known to synthesize and secrete copious amounts of growth factors,

including EGF, into the oral cavity on a daily basis, with the parotid gland

being the major source of EGF in humans (8:1 relative to submandibular

119
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gland contribution, Thesleff etal., 1988). From animal studies it is evident that

EGFin saliva plays an important role in both oral and systemic rates of wound

healing (Hutson et al, 1979; Goodlad et al., 1987; Konturek et a!., 1988;

Noguchi etal., 1991a,b,; Dayan etal., 1992). Additionally local cells at the site

of injury are also able to secrete growth factors to aid in wound healing.

As a part-time faculty member in the Department of Periodontology and

Co-Director of our Graduate Periodontology Program, I was able to combine

my clinical and laboratory expertise in evaluating the role of salivary EGF.

We measured the salivary levels of EGF in patients that were undergoing

required periodontal surgery. Salivary EGF levels were determined for 12

systemicaliy healthy individuals presurgically and post-surgically at 6, 12, 18,

24, 30, 36 and 42 hours and at 2 and 6 weeks. Three mL of unstimulated

whole saliva, obtained at each time point, was used to measure salivary EGF

using a Quantikine™ Human EGF Immunoassay (R & D Systems,

Minneapolis, MN). Results demonstrated a statistically significant (p < 0.01)

increase in saliva-derived EGFin whole saliva at 18 hours post-surgically with

a second smaller peak at 30 hours when compared to control unoperated

patients (Oxford etal., 1998b).

We have also monitored salivary concentrations of EGF in patients prior

to and following juxta-oral surgery. Twenty-five patients, diagnosed with

parotid tumors, were selected from the Department of Otorhinolaryngology at

Shands Hospital at the University of Florida and Haukeland University

Hospital in Bergen, Norway. These tumors consisted mainly of pleomorphic
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adenomas and mucoepidermoid carcinomas. Three mL of unstimulated

whole resting saliva was collected from each patient presurgically and at 48

hours post-surgically for EGF quantification. Salivary levels of EGF for these

patients demonstrated a 40% increase at the 48 hour post-surgical mark

which was statistically significant (p < 0.02). As with the periodontal surgery

patients, the concentration of growth factor returned to control values by 2

weeks after surgery (Oxford eta/., 1998c).

Although EGF can be produced locally by cells at the site of injury, the

increases noted in saliva do not appear to be the consequence of serum or

cellular contribution. We surmise that transient increases in saliva levels of

EGF were a consequence of synthesis and secretion from the salivary glands

in response to introduction of a wound through surgical trauma or a reflex

response to the stress induced through the surgical procedure. Increased

levels of saliva-derived EGF at the site of injury may promote increased

healing through its binding to the EGF-Receptor and activation of proliferation

by the tyrosine kinase pathway which may induce a wide variety of biological

effects including epithelial development, angiogenesis and inhibition of

gastric acid release (Carpenter and Wahl, 1990; Schreiber et a/., 1986;

Gregory, 1975). Thus it appears that transient increase in salivary levels of

EGF is a natural response to both intra-oral and juxta-oral injury to promote

wound healing.

These findings have supplemented suggestions that salivary EGF is

important to regeneration of an oral wound. A common finding in uncontrolled
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diabetics is the diminished capacity for wound healing, thought to be caused

by decreased vascularity as a result of thickening of the epithelial basement

membrane. As a result diabetics are at a higher risk for periodontitis (Grossi et

ai, 1997; Genco, 1996). I have suggested a series of experiments to

investigate this interaction between diabetes, periodontitis and saliva-derived

growth factors for which I was awarded the 1998 AADR William B. Clark

Periodontal Research Award (sponsored by the Proctor and Gamble

Company). In these experiments our group is initially evaluating the rate of

wound healing, of standardized soft and hard tissue intraoral wounds, in

animals with and without salivary-derived EGF. To accomplish this half (64) of

these animals received submandibular gland ablation, while the other half

were sham operated. Half of each group then received exogenous

supplmentation with EGF ad libitum in their drinking water. The second stage

of these experiments involves the use of streptozotocin-induced diabetic rats

in a similar fashion with standardized soft and hard tissue wounds with and

without salivary-derived EGF. Histomorphometric evaluation of the rate and

degree of wound healing will be evaluated with a semi-automatic image

analyzer coupled with a photomicroscope.

Collaboratively, Drs. Humphreys-Beher, Peck and I have proposed to

further investigate the diminished capacity of wound healing, increased

periodontal disease, and the progressive loss of growth factors from saliva

with the onset of diabetes. We have recently (September 1998) been

informed of funding of our response to a RFA, from the National Institutes of
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Health, to investigate the changes in growth factor levels in patient saliva and

serum after surgical procedures, compared to healthy non-diabetic controls.

Secondly we intend to determine the influence of changes of growth factor

levels in saliva on wound healing in the NOD mouse model for IDDM and

hopefully establish the NOD mouse as a viable model for this aspect of

diabetes. And finally we expect to evaluate the impact of decreased levels of

saliva-derived growth factors on experimentally induced soft and hard tissue

wounds in animals. These results should elucidate more fully the importance

of saliva-derived growth factors on systemic homeostasis and wound repair

especially in the oral cavity.

Salivary glands are major source of other growth factors as well as EGF

and they include IGF-I, IGF-II, NGF, TGF-a and TGF-|3 (Costigan et al., 1988;

Kerr et al., 1995; Murakami, et al., 1992; Ryan et al., 1992; Smith and Patel,

1984; Watson etal., 1985; Yeh et al., 1989 Barka, 1980; Humphreys-Beher et

al., 1994). My interest in growth factors and their roles in maintenance of

health has not been limited to EGF. In collaborative efforts with other

members of our laboratory I have also investigated the growth factor IGF

(Nakagawa etal., 1997). IGFsfunction in an autocrine/paracrine like manner

to regulate proliferation of bone forming cells, and their appearance is

believed to be regulated by specific binding proteins, insulin-like growth factor

binding proteins (IGFBPs) I through 6, which are thought to be secreted by

organs such as pancreas, pituitary gland and renal glands. The abilities of



124

saliva-derived growth factors to influence organ homeostasis and wound

healing requires absorption through the gastrointestinal tract and

dissemination via the circulatory system. Previous researchers have shown

that biologically active EGF is disseminated in various tissues when

absorption occurs either sublingually or gastrointestinally (Thornburg et at.,

1984, 1987; Purushotham eta/., 1995). Using [125I]-IGF-I in a Western-blot

ligand binding assay, a series of binding proteins were detected in the serum,

but not the saliva, from Balb/c and diabetic NOD mice. Gavage administration

of 125I-IGFI resulted in substantial uptake and systemic organ distribution. This

dispersed 125I-IGF I was then tissue extracted and shown to retain biologic

activity in adose dependent response in in vivo cultures with human gingival

fibroblast as determined by a 4 hour [3H]-thymidine incorporation assay. This

suggested that saliva derived IGFsmay be absorbed from the oral and gastric

mucosa in a biologically active state without the necessity of the IGF binding

proteins (Nakagawa etal., 1997).

Components other than growth factors, that participate in regulating

environmental signals to determine cell proliferation or cell death, and are

especially important in tissue remodeling, include the matrix

metalloproteinases (MMPs) and their substrates, components of the ECM. I

have been peripherally involved in studies evaluating changes in the levels of

these enzymes in saliva and exocrine gland lysates by RT-PCR. We

evaluated the importance of MMPs in the disease process leading to

autoimmune exocrinopathy using NOD (non-obese diabetic model for IDDM),
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immunodeficient NOD (NOD-scid), and non-diabetic NOD.B10.H2b mice from

7 to 20 weeks of age, that were continuously treated with the MMP inhibitor,

GM6001®. Elevated levels of mRNA transcripts for the gelatinases MMP-2 and

MMP-9 were detected by RT-PCR in total RNA extracted from parotid and

submandibular glands. Despite being treated with the MMP inhibitor

GM6001®, autoimmune exocrinopathy continued suggesting that while

excessive MMP activity is present, as it is in autoimmune disease progression

in NOD mice, it may, in fact, be a secondary event resulting from aberrant

apoptotic events that initiate the exocrine gland pathology (Yamachika et al.,

1998).

Thus my laboratory and research experience during these past four

and a half years has been quite diverse. The research described here

demonstrate that cell-surface GalTase may be part of an assortment of cell-

surface ligands or receptors that provide a redundancy in stimulating signal

transduction from the extracellular environment to the intracellular machinery.

Although these works have been extensive, further research into the exact

signal transduction mechanisms need further elucidation. Based on this

research it is my desire to pursue further studies that concentrate on

downstream signal transduction events associated with the GalTase binding.
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