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Abstraet:

Gap jtmctions are protein transmembrane channels formed between apposing ceDs whose

primary role is in. mediating intercellular communication. This study addressed 1) the role of

gap junctions in mammary epithe6al cens during the transition nom proliferation to

quiescence, and 2) the meebamsm ofgap jonction formation between different mammary cel

types (heterocellu.1ar gap junctions). In the mst part, proliferating mammary epithelial cells

were induced to enter quiescence by serum. deprivation or contact inhibition. Using Western

blotting, we observed a dramatic reduction (up to 20-fold) in the expression of the gap

junction protein, connexin43 (Cx43), during quiescence. Microinjection ofthe dye Lucifer

yellow, however, revealed that there was no correspondîng 10ss in gap junctional

connmmication. T1DD1Im ofluorescent staining for Cx43 revealed that intracellular pools of

Cx43 were redistributed to the cell surfàce, possibly to maintain intercellular coupling. In the

second part ofour studies, the role ofthe ccn adhesion moleœlc, E-œdherin, was studicd

in order to determine ils role in the formation of heterocellular gap jonctions between

mammary fibroblasts and epithelia1 cens. Transfection of E-cadherin into fibroblasts was

insufficient to increase the incidence ofintercellular C01D1DJmication between the two distinct

cen types. Interestingly, an intermediate cen type with properties ofboth epithe1ia1. ceRs and

fibroblasts was able to bridge the coJDJDJmication gap. These studies may lead to insight into

the role ofgap jonctions in mammary gland growth, deve1opment, and neoplasia.

iii



c

Résumé:

Lesjonctions GAP ou counmmjquantes sont des protéines transmembranaires formant des

canaux entre cellules voisines. Leur principal rôle est d'établir une cOJDJDlmication

intercellulaire. Cette étude porte sur: 1) le rôle desjonctions cotnD1lmiquantes dans les cellules

épithéliales mammaires pendant la transition de la phase proliférative à la phase de quiescence

2) le mécanisme de formation des jonctions communiquantes entre diftërentes types de

ceDules mammaires (jonctions communiquantes hétérologues). Dans la première partie, des

cellules épithéliales mammaires sont rendues quiescentes par déprivation de serum ou

iohibition de contact..Par des expériences d'immuDoblot, nous avons observé une réduction

(supérieure à 20 fois) de l'expression de la protéine de jonction communiquante, connexin43

(Cx43) pendant la phase de quiescence. Des expériences de microinjection de colorant jaune

lucifer ont cependant révelé qu'il n'y avait pas de perte correspondante de la communication

intercellulaire. Dans la deuxième panie de notre étude, le rôle de la molécule d~adhésion E­

cadhérine a été analysé afin de déterminer sa fonction dans la formation de jonctions

colDlDlmiquantes entre des fibroblastes et des ceBules épithéliales mammaires. La transfection

de E-cadhérine dans des fibroblastes n'a pas été suffisante pour accroître la C01D1DJmication

interceDulaire entre les deux types cellulaires. Cependant, un type cellulaire hybride entre les

cellules épithéliales et les fibroblastes était capable de générer des ponts de co1D1D1mication.

Ces études nous permettent de mettre en évidence 1Dl rôle desjonctions c01D1Dlmiquantes dans

la croissance, le développement et la néoplasie de la glande mammaire.
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1.1 Introduction

Cel1 junctions play critica1 roles in providing cells with the structural framework to interact

with each other and with the extracellular matrix, in providing resistance to mechanical or

shearing forces, and in permitting communication between cells (Alberts et al., 1994). There

are three main functional groups ofjunctions: 1) occludingjunctions which form impenneable

or semipermeable barriers between the plasma membranes of adjacent cells; 2) anchoring

junctions which are responsible for cell-cell or cell...matrix attachment; and 3) communicating

junctions which pernùt the passage ofelectrical or chemica1 signaIs between cells (Alberts et

aI., 1994).

Gap junctions are the predominant communicating junction found in animaI cells. Gap

junetions are specialized transmembrane structures which permit the passage of ions,

secondary messengers) and other small Molecules to pass between closely apposed cells

(reviewed, Brozzone et al., 1996). The passage ofsmall Molecules plays a role in mediating

electrical and chemica1 coupling between cells. Defeets in the gap junction proteins, termed

connexins, or defects in connexin expression have been implicated in several pathological

conditions such as cardiac iscbemia and bypertrophy, Charcot-Marie-Tooth disease and

visceroatrial heterotaxia syndrome (reviewed, Kumar and Gilula, 1996).

Intercellular communication via gap junctions has aIso been demonstrated to be involved

in growth regulation and development and the loss ofgap junctional communication bas been
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correlated with tumorigenesis (reviewed, Kumar and Gilula, 1996) . With the growing

evidence that gap junctions play a role in maintaining cellular homeostasis and that loss of

nonnaI connexin expression and gap junction intercellular communication result in abnormal

conditions, it has become more apparent that a greater understanding ofgap junctions may

provide therapeutic benefits. In this thesis, the roles of gap junctions and gap junction

intercellular communication in cell proliferation and development will be addressed in

quiescent and heterocellular mammary gland populations.

1.2 The Biological Importance of Gap Jonctions

1. The role ofgap junctions in normal tissues:

Gap junctions are transmembrane channels which allow sma1l molecules (less than 1000

.daltons) and secondary messengers such as cAMP to pass between cells (Caspar et al., 1977;

Makowski et al, 1977). The passage of small Molecules allows the junctions to Mediate

electrical and chemical coupfing. For example, the synchronization ofcardiac mY0CYtes (Rudy

and Quan, 1987; Cole et al., 1988; Spray and Burns, 1990), the peristaltic movements ofthe

intestine (Burns, 1992), and myometrial contractions during labour (Risek et al., 1990;

Winterhager et al., 1991) are all mediated by gap junctions. Gap junction intercellular

communication (GnC) plays a role in growth regulation by tumor suppression and in

embryogenesis by allowing differentiating cells which will follow a similar developmental
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pathway to remain coupled even ifthey have uncoupled from their surrounding tissue. The

roles ofgap junctions in cell growth and development are discussed in greater detail below.

The penneability of gap junetions is regulated by cytosolic concentrations of ftee Ca2+,

voltage, and cytosolic pH (Rose and Loewenstein, 1975; Spray et al., 1981; Arellano et al.,

1990).

2. Gap junction involvement in disease:

Aberrations in gap junction formation have been associated with several pathological

conditions. The invoivement of gap junctions in cardiac pathologies is especially weIl

characterized. Disturbances in connexin expression have been associated with abnormal

impulse propagation in hypertrophie and ischemic hearts (Kumar and Gilula, 1996). In

knockout mice where the Cx43 gene was disrupted, the mice developed to term, but died

shortly after birth as a result of defects resulting in a condition resembling congenital

pulmonary stenosis in humans (Reaume et al., 1995). Other evidence exists which indicates

that Cx43 plays a role in the development ofthe heart; Cx43 mutations have been linked to

visceroatrial heterotaxia, a congenital condition that arises ftom defects in the left-right

patteming ofthe heart (Britz-Cunningham et al., 1995). It bas also been shawn that following

myocardial infarction, remodelling of the myocardium occurs. The cardiac myocytes will

dedifferentiate to more c10sely resemble the phenotype of newboms and the remaining

myocardium (i.e. connective tissue) will proliferate (Holtz, 1993). It is suggested that unlike

newbom myocytes with their high density ofgap junctions, hypertroplûed dedifferentiated

4
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cardiac myocytes are more susceptible to arrhythmias due to reduced gap junctional

communication. In addition to cardiac diseases, gap junetions have aIso been implicated in

Charcot-Marie-Tooth (CMT) disease which affects motor and sensory nerve function

(Bergoflèn et al., 1993; Paul, 1995; Spray and Dennietzel, 1995). The X-linked fonn ofCMT

(CMTX) involves abnonnalities in the coding region ofCx32 that affect channel activity and

result in defective Schwann cell function. Finally, the loss ofgap junetional communication

has been shawn to be involved in tumorigenesis, a topic that is later addressed when looking

at the role ofgap junctions in growth regulation.

1.3 The Structure of Gap Junctions

1. Gap junction morphology:

Gap junctions were originally characterized in the 1960's by electron microscopy as

structures fonned at the close apposition ofplasma membranes separated by a distinct 2-4 nID

gap (Robertson, 1963; Revel and Karnovsky, 1967). The structures were subsequently

identified using freeze-fÏ'acture replicas as dense arrays ofintramembrane particles on the P­

fracture face with complimentary arrays ofpits on the E-fracture face (Kreutziger, 1968;

Goodenough and Revel, 1970). Using x-ray diffraction techniques, several studies led to the

construction of a model for gap junctions whereby each cell contributes a hemichannel, a

connexon, that pairs with its counterpart from a neighboring cell ta fonn a complete

transmembrane channel (Caspar et al., 1977; Makowski et al., 1977). Gap junctions are
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characterized by a hierarchical organization. Bach connexon is itself an oligomer of six

connexms, a fami1y ofhomologous transmembrane proteins. Once connexons have paired,

complete gap junction channels cluster at the cell surface and form gap junction plaques, a

process that is believed to increase channel stability (Loewenstein, 1981; Yamaski, 1990;

reviewed, Bruzzone et al., 1996).

2. The connexin fami1y:

The simplest subunit of gap junetions is termed the connexin (Beyer et al., 1987), a

ubiquitous nonglycosylated integra1 membrane protein, which varies in molecular weight and

tissue distribution. Most cells in normal tissue express connexins; the sole exceptions tend to

be temùnally differentiated cells (skeletal muscle, erythrocytes, and circulating lymphocytes).

There are currently thirteen known members of the multigene connexin family in rodents

(reviewed, Kumar and Gilula, 1992; Bruzzone et al., 1996). There are two nomenclature

systems used to identifY connexins; the more commonly used system is based on the predicted

molecular weight ofthe connexin polypeptide (Beyer et al., 1987), and the second is based

on evolutionary considerations (Kumar and Gilula, 1992). Connexin32 (Cx32) and

connexin43 (Cx43) are two of the more commonly expressed forms in the family of

homologous transmembrane proteins (reviewed, Bruzzone et al., 1996).

Connexins appear to have a characteristic topology as demonstrated by

immunoloca1ization studies using site-directed antibodies combined with membrane protection

6



•

(

assays (Beyer et al., 1987; Milks et al., 1988; Hertzberg et al., 1988; Beyer et al., 1989,

Yancey et al., 1989; Laird and Revel, 1990). The connexin polypeptide traverses the plasma

membrane four times fonning a cytoplasmic loop, carboxy and amino termini found in the

cytoplasm, and two extracellular loops linked by at least a single disulfide bond (and

potentially three in total). The extracellular loops and the transmembrane domains of

connexins have the greatest homology, whereas the cytoplasmic Joop and carboxy terminus

have the greatest variability suggesting that these latter regions May be important for

regulation (Kumar and Gilula, 1996). Moreover, gapjunetions formed by different connexins

have a1so been shown to have ditrerent permeabilities (Brissette et al., 1994; Elfgang et al.,

1995), thus enabling cens expressing difFerent cOJUlexins to regulate selective responsiveness

to certain metabolites or secondary messengers.

3. Heteromeric and heterotypic gap junctions:

Typically, connexons are homomeric in that they are composed of a single type of

connexin, but several studies suggest that heteromeric conexons MaY also fOnD in cell types

that express more than one connexin (reviewed, Bruzzone et al., 1996). The earliest studies

wlùch reported the fonnation ofheteromeric COJUlexons involved the infection ofSF9 insect

cells with baculoviruses coding for Cx32 and Cx26 (Stauffer et al., 1991; Buehler et al., 1995;

Stauffer, 1995). Recent studies in vivo have found that heteromeric channels form in chick

lens fiber cells (Jiang and Goodenough, 1996) and bovine lens fiber cells (Konig and

Zampighi, 1995). The role ofheteromeric connexons is undetennined; they may simply be the
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result of fortuitous events or they may participate in the regulation of intercellular

communication in a manner distinct from homomeric connexons.

In addition to heteromeric connexons, the composition of gap junctions is further

complicated by the presence of heterotypic gap junctions. Heterotypic gap junctions are

formed by two homomeric connexons which are each composed ofa different connexin. The

formation of heterotypic channels is dependent on the cornpatibility between connexins

(reviewed, Bruzzone et al., 1996). For example: 1) Cx31 is only functional in homotypic

channels; 2) Cx40 bas been found to only functionally interact with Cx37; and 3) Cx46 has

been found ta associate with several connexins. The compatibility between connexins may

represent an additional regulatory mechanism governing the interactions between different

cells in the fonnation ofselective communication compartments. The importance ofselective

interactions will he further addressed when looking at the role ofheterocellular gap junctions,

channels between two different cell types.

1.4 The Lire Cycle of ConnexÎns

1. Trafficking:

Connexins are co-translationally imported in the endoplasmic reticulum (ER) and

subsequently follow the classical secretory pathway (Falk et al., 1994). One possible
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exception to co-translational import in the ER is Cx26 which has additionally been shown to

post-translationally insert into microsomal membranes with a native orientation (Zhang et al.,

1996). The mechanism of cormexin oligornerization and the compartment(s) witlûn wmch this

occurs is, however, unique to gap junctions (Musil and Goodenough, 1993). In the case of

other oligorneric proteins such as the T Cell receptor, the acetyl choline receptor and

influenza hemagluttinin trirners, oligomerization occurs in the ER (Hurtley and Helenius,

1989). There is no conclusive data supporting cormexin oligomerization in the ER, and in fact,

Musil and Goodenough (1993) suggest that oligomerization occurs in the trans Golgi

Network (TGN). Musil and Goodenough provided evidence in normal rat kidney cells using

sucrase gradient velocity sedimentation, secretory transport blacks, and chemical cross­

linking that connexin43 oligomerization occurs in a late secretory compartment wmch they

proposed to he the TGN.

The transport of connexons from the TGN to the plasma membrane remains poorly

understood, hut it is believed ta occur via the classical vesicular transport mechanism. Once

at the ceU surface, cormexons will rapidly dock and form gap junction channels, a process that

may he rnodulated by ceU adhesion molecules, such as the cadherins (Mege et al., 1988; Musil

et al., 1990b; Jongen et al., 1991; Meyer et al., 1992; Fujimoto et al., 1997). The gap junetion

channels will then migrate laterally within the plasma membrane to cluster and form gap

junction plaques. The mechanism of intema1ization and subsequent degradation of gap

junctions also remains obscure. The current evidence, mainly provided by eleetron

microscopy, suggests that the entire gap junction is taken up into one ofthe donor cells as a
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double membrane strocturet an annular junction (Dennietzel et al., 1991; Risley et al., 1992;

Naus et al., 1993). The degradation of internalized gap junctions may involve several

mechanisms. The presence of connexins in lysosomes has been shown in severa! studies

(Ginzberg and Gilula, 1979; Murray et al., 1981; Naus et al., 1993) and more recently, it has

been shown that proteasomes may also be involved in connexin degradation (Laing and

Beyer, 1995). The mechanism by which lysosomes and and proteasomes interact with

connexins and the sequence ofevents involved in degradation remain to be determined.

2. Turnover:

The turnover ofgap junctions is adynamie process with a reported half-life of5 h in the

mouse liver (Fallon and Goodenougb, 1981) and half-lîves ftom 1.5-3.5 h in in vitro cell lines

(Traub et al., 1987; Laird et al. t 1991; Musil et al., 1990 a,b; Laird et al. t 1995).

Consequently, as a result ofthe dynamic nature ofconnexin assembly and disassembly, cells

can respond to extemal stimuli by a1tering the number offunctional channels.

1.5 The Role of Cadherins in Gap Junction Assembly

Gap junction formation is expected to he precisely regulated. As previously suggested, one

possible family of Molecules involved in gap junction formation MaY be the cadherins,

calcium-dependent cell adhesion receptors, which bind cells by means of homophi1ic
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interactions (reviewed, Takeichi, 1991). One ofthe more commonly expressed members of

the cadherin farnily, E-eadherin, is a 120 k:D transmembrane glyeoprotein involved in the

regulation of epithelial junction formation, morphogenesis, and cell-sorting. E-cadherin is

primarily found in the adherens junctions ofepithelial cells and interacts with the cytoskeleton

through cytoplasDÛc proteins known as catenins that are essential for proper E-cadherin

funetion (Bolier et al., 1985; Behrens et al., 1985, Nagafuchi and Takeiehi, 1988; Ozawa et

aL, 1989, 1990; Ozawa and Kernler, 1992). The loss ofE-cadherin expression has heen

correlated with phenotypic alterations in epithelial cens and increased invasiveness in poorly

differentiated carcinomas (Behrens et al., 1989; Sehipper et al., 1991, Frixen et al., 1991).

E-cadherin or other cadherins may be responsible for the initial adhesion event that allows

cells to recognize each other as homologous partners (Jongen et al., 1991), thereby bringing

the plasma membranes of neighboring cells in close apposition such that regions can be

established where connexon docking can occur. These regions would themselves exclude the

presence ofthe cadherins sinee the size ofthe extracellular domain ofthe cadherin Molecule

is incompatible with a gap of2-4 nm. In cell populations ofthe same type, there appears to

be a direct link between cadherin expression and gap junction formation. In regenerating

hepatocytes following partial hepatectomy, there is an initial deerease in the number and size

ofgap junctions, but between 48 to 60 hours postoperatively, gap junctions will reappear.

Fujimoto and colleagues (1997) have recently shown using double-immunogold electron

microscopy that the reappearance ofgap junctions co-localizes with E-cadherin or alpha­

catenin at cell-cell contact sites, implying that the cadherin-catenin complexes act as foci for
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gap junetion formation.

Studies have shown that mouse sarcoma 180 (8180) cells which failed to assemble gap

junctions despite the expression ofCx43 acquired the ability to fonn functional gap junctions

after transfection with E-cadherin (Mege et al, 1988; Musil et al., 1990). These reports also

demonstrated that Fab' fragments from anti-E-cadherin antibodies disrupt gap junctions.

Another study (Jongen et al., 1991) showed that calcium-dependent regulation of gap

junctional communication is controlled by E-cadherin in mouse epidermal ceUs. The data

obtained by Jongen and co-workers supported this conclusion based on two main Unes of

evidence: firstly, both E-cadherin expression and GllC were Ca2+..dependent and increases

in GnC induced by Ca2+ were accompanied by increases in the expression ofE-cadherin;

secondly, transfection of E-cadherin into mouse epidermal cells which had very low E­

cadherin expression and low GnC (independent ofthe Ca2
+ levels in the media), resulted in

a stable Ca2+-dependent expression ofE-cadherin as weil as Ca2+ -dependent regulation of

Gnc. Evidence for the involvement ofanother member ofthe cadherin family, N-cadherin,

in gap junction formation was provided by Meyer and colleagues (1992) who were able to

prevent gap junction assembly in reaggregating Novikoff cells using Fab' fragments from

antibodies against N-cadherin.

The role ofcadherins has, however, been made more complex by the finding that poorly­

adhesive mouse L cells transfected with exogenous cadherins acquire strong cell-cell

adhesion, but GnC is inhibited in a g1ycosylation-sensitive manner (Wang and Rose, 1997).
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The researchers in accordance with other authors (Doherty and Walsh, 1994; Miner et al.,

1995; Fujimoto et al., 1997) suggest that intracellular signaling cascades resulting from

cadherin mediated interactions May affect gap junction function and commulÛcation.

Interestingly, B-catenin, typica11y thought ofas a cadherin associated Molecule, has also been

shawn to regulate Gnc in Xenopus laevis embryos in a manner which cannot be accounted

for simply by adhesion (Guger and Gumbiner; 1995). Therefore, the researchers proposed that

there is a possible signaling role for B-catenîn.

1.6 Heterocellular Gap Junctions

Interactions between cells of different lineages is an important, though relatively

uncommon event. Organs of the body consist of several types of tissues and May require

coordinated control ofgrowth and functioD. During development, cells ofdifferent lineages

or following different developmental pathways are in direct contact with one another. In both

instances, i.e. organ functioD and development, the formation and activity ofheterocellular

gap junctions Gunctions between two different cell types) are involved. The high sequence

homology of the transmembrane and extracellular regions of connexins May èxplain the

finding that different cell types in one tissue, or cells :from different tissues can be coupled to

each other through gap junctions (Rook et al., 1992; reviewed, Bruzzone et al., 1996).

Gap junctions appear in vivo and in vitro between sinus node myocytes and fibroblasts, the
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two main œU populations ofthe heart, and mayplay a role in the mechanical stretching ofthe

wall ofthe right atrium (Rook et al., 1992; Kohl et al., 1994). Two myocytes can be separated

by fibroblasts and remain eleetrically coupled via the fibroblasts to produce synchronous

beating. Coculture systems composed ofa fat-storing ceD clone (CFSC-2G) and ftesh isolated

hepatocytes have aIso been developed in vitro to mimic the in vivo relationsbips found in the

liver (Rojkind et al., 1995). More specifically, functional gap junctions fonn between fat­

storing cells and hepatocytes. One role for heterocellular communication is to pennit one cell

type to influence the behaviour ofanother cell type. For instance, foIlicie cells exposed to an

external stimulus rnay play a nutritional role by transferring regulatory molecules to oocytes,

thus also allowing the oocytes to respond to the stimulus despite the lack ofdirect exposure

(Schultz, 1985). An elegant study by Simon and colleagues (1997) has recently shown that

heterocellular communication between oocytes and granulosa cells is critical for normal

oogenesis with loss resulting in female infertility.

In other biological tissues, there may be necessary restrictions to the formation and

function ofheterocellular gap junctions. Early studies by Fentiman and colleagues (1976)

addressed the question ofwhether or not epithelial cells and fibroblasts from the same tissue,

such as the marnrnary gland, can interact direetly and whether such an interaction could play

a role in the development ofepithelial tumors such as carcinomas ofthe breast. In the normal

adult breast, epithelial cells and fibroblasts are separated by a basement membrane, but lose

this restriction during turnor invasiveness. The researchers showed that mixed cultures of

human fibroblasts (HumF) in direct contact with epithelial cells (HumE) selectively failed to
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establish heterocellular communication even in the absence of a basement membrane. The

researchers proposed that during the development ofneoplasia, the two cell types May lose

the specificity goveming their interactions, thus leading to abnormal growth. However, in

contrast to this study, a later study using human normal mammcuy epithelial cells (NMEC)

and nonnal mamary fibroblasts (NMF) found excellent GHC between the two cell lines

(Tomasetto et al., 1993). The third chapter ofmy thesis will also examine GnC between

epthelial cells and fibroblasts in the mammary gland.

One consequence ofrestrictions on heterocellular gap junction formation is the sorting of

epithelial cells and fibroblasts ioto separate domains, thus establishing communication

compartments (pitts and Kam, 1985). These communication compartments result in the ability

to fonn concentration gradients within populations of cells and sharp concentration

differences at heterocellular boundaries. One important application ofthis ability is in creating

positional patterning during development, i.e. in regulating morphogenetic movements in

embryogenesis.

Similar to the presence ofheterocellular gap junctions between differentiating cens during

embryonic development, heterocellular junctions are also present during tumorigenesis when

cells MaY dedifferentiate and alter their phenotypes. A further analogy can be drawn between

development and tumorigenesis, in that the expression ofE-cadherin during development is

critical for the regulation of morphogenetic movements, whereas the 10ss of E-cadherin

expression appears to be one ofthe hallmarks ofmetastasis.
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In contrast, cell adhesion has aIso been shown to be important in the formation of

heterocellular gap junctions between metastatic tumor cells and vascular endothelium (El­

Sabban and Pauli, 1991; 1995). The primary step in the colonization oforgans by blood-borne

cancer cells appears to be adhesion to the vascular endothelium. Adhesion is subsequently

followed by the fonnation offunetional gap junctions. The extent ofcommunication between

cancer cells is mediated by two factors, the expression levels of the same connexin and of

compatible adhesion molecules. As with homocellular gap junetions, it thus appears that

cadherins aIlow cells to recognize each other for proper channel formation. Whether or not

the presence ofcompatible adhesion Molecules is the sole factor that allows or restricts the

fonnation ofgap junctions betwen different cell types within the same tissue remains to he

elucidated.

1.7 The Role of Gap Junctions in Growth Regulation

1. Transfeetion ofconnexins in communication-deficient celllines:

A series of in vitro transfection experiments increasing gap junction expression in

communication-deficient C6 glioma cells was performed whereby dramatic effects on cell

coupling, growth and differentiation were observed (Zhu et al., 1991). Following transfection

with Cx43 cDNA, there was a reduction in the proliferation ofC6 cells and a phenotypic

transformation to more closely resemble their normal progenitors (Naus et al., 1992). The
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results suggest that intercellular coupling plays a role in maintaining normal cellular phenotype

and possibly in the secretion ofsoluble growth-regulatory factors (Zhu et al., 1991). A sinùlar

transfeetion e~eriment petfonned using communication-deficient transfonned mouse 10 T~

cells aIso demonstrated a restoration of junctional communication and inhibition of cell

growth after transfection with Cx43 cDNA (Mehta et al., 1991).

Transfection experiments have aIso been carried out in human hepatoma cens (SKHep1)

with cDNA encoding for Cx32 (Eghbali et al., 1991). The growth rates ofthe SKHepl cell

Hne were tested in culture and in vivo, as tumors in nude mice. While the growth rates of

parental cens and transfected clones were similar when grown in culture, the growth rates

varied in vivo. Turnors in nude mice were significantly slower in growth between well­

coupled cens transfected with Cx32 than in paorly coupled cens. The results aIso support the

notion that strong coupling impedes tumor growth, and conversely that reduction of

functional gap junctions may directly contribute to the growth oftumor cells in vivo (Eghbali

et al., 1991). Similarly, transfection studies with Cx26 and Cx43 in a human mammary

carcinoma cellline (MDA-:MB-43S) confirmed the growth regulatory properties of gap

junctions, but also demonstrated an additional raIe throught the restoration ofdifferentiation

potential (Hirschi et al., 1996). Mammary carcinoma cells transfeeted with Cx26 or Cx43

regained the capaCity to form three-dimensional structures in a matrigel matrix, an ability

characteristic ofnormal differentiated mammary ceUs, indicating that GHC is involved in the

morphogenesis ofmammary gland structures.
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2. Identification ofgap junctions as putative tumor-suppressors:

A positive selection system was designed using subtractive hybridization to identify

candidate tumor-suppressor genes (Lee et al., 1991). These researchers were able to show

that tumor..derived human mammary epithelial cells differ from their Donnal counterparts by

the lack of expression of several genes including a gene encoding Cx26 (Lee et al., 1992).

Several studies have also shown that gap junction intercellular communication is also inhibited

in response to tumor promoting agents such as TPA and oncogenes that encode tyrosine

kinases (Atkinson et al., 1981; Azamia and Loewenstein, 1984a;b; Chang et al., 1985; Crow

et al., 1990; Swenson et al., 1990; Oh et al., 1991).

The results of these studies, in addition to the transfection experiments, support the

hypothesis that gap junction communication plays a role in growth control. However, details

ofhow gap junction communication reduces cell proliferation are not weil understood.

1.8 Gap Junctions during the CeU Cycle

The raIe of gap junctions in growth regulation may he critically linked to their activity

during the cell cycle, the basic unit of cell growth. Severa! studies have demonstrated

alterations in gap junctions and GHC during the ceU cycle. Early freeze-fracture studies by

Yee and Revel (1978) revealed morphological changes in gap junction plaques in the rat liver
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following partial hepatectomy which induced hepatocytes to enter a state of proliferation.

Later studies by Dennietzel and colleagues (1987) using immunofluorescent staining against

Cx32 demonstrated differences in gap junctions between quiescent and proliferating

hepatocytes. In both partially hepatectomized rat liver and proliferating cultured hepatocytes,

reductions in Cx32 immunostaining were observed relative ta their quiescent counterparts.

These researchers suggested that the quantitative changes in gap junction expression May play

a raie in controlling proliferation in the liver. An alternate study in rat tracheal epithelium also

revealed changes in gap junctions during specifie stages of the cell cycle (Gordon et al.,

1982). Mitotically inactive tracheal epithelium was characterlzed by the lack ofgap junctions.

However, when the epithelium was stimulated ta proliferate, gap junctions were formed by

the end of the DNA synthetic (8) period and subsequently disappeared during mitosis. The

appearanee and disappearance ofgap junctions during specific phases ofthe cell cycle was

an initial indication that gap junctions May play a role in the control ofmitotic activity.

Severa! studies assaying for modifications in onc have also reported cell cycle correlated

changes. Goodall and Maro (1986) assessed junetional coupling in mouse embryogenesis by

dye injections and measurement ofelectrica1 continuity between cells. In early 8-cell mouse

embryos, there is a loss ofonc as the blastomeres enter mitosis which is ooly recovered

during interphase ofthe 16-cell stage. Dye coupling bas also been observed to be cell cycle

modulated in early Xenopus laevis development (Su et al., 1990). In a clonai cellline of

spontaneously immortalized rat granulosa cells, reduced onc was observed during DÛtosis

using a fluorescence recovery after photobleaching assay (Stein et al., 1992). Resumption of
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Gnc was established several hours after cytokinesis. Most recently, Xie and colleagues

(1997) have shown a loss of Gnc in mitotic vascular endothelial cells. Moreover, these

researchers have also identified and characterized a novel mitosis-specific form of Cx43

(modified by serine phosphorylation). This mitotic form has been suggested to be responsible

for the closure and disassembly of gap junctions between mitotic cells and/or the

intemalization and degradation ofjunctional proteins from the cell surface. Alterations in gap

junctions during specifie stages of the cell cycle may pennit cells to modulate their

responsiveness to growth factors or regulatory Molecules. For instance, quiescent, contact

inlubited normal rat kidney eells (NRK) that were poorly communicating showed significant

increases in GnC upon treatment with TGF-8 relative to their proliferating counterparts (van

Zoelen and Tertoolen, 1991). GnC in quieseent NRK cells has also been shown to be

inhibited by oncogenie ki-ras p21 and 12-O-tetradecanoylphorbol-13-acetate (TPA), a protein

kinase C aetivator, while proliferating NRK cells were unresponsive (paulson et al., 1994).

The results ofthese experiments indicate that there is a cell stage dependent effect on GRC

responsiveness.

1.9 The Involvement of Gap Junctions in Development

Gap junction mediated ceU coupling during development is first acquired in the 8-cell stage

after compaction bas begun in the mouse embryo (McLachlin and Kidder, 1986). The number

ofgap junctions and the rate ofdye coupling progressively increase as development proceeds.
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As previously discussed, Gne between cells of the same type or between different types

(heterocellular GnC) is important in synchronizing cell beha~our and in coordinating the

interactions between differentiating cells which are needed for establishing proper

morphogenetic movements and organ architecture. An important experiment illustrating the

role ofgap junctions during development was carried out by Reaume and eolleagues (1995)

who created a null mutation in the mutine gene encoding Cx43. Homozygous mouse embryos

survived to tenn, but died shortly after birth. The MOst evident defects were found in the heart

where the conus region, overlying the right ventricular outf1ow tract, was enlarged and filled

with intraventricular septae that divided the outflow tract into blind-ended chambers. The

defects in right ventricular outflow lead to neonatal cyanosis and perinatal death. Inhibition

ofgap junction activity by antibodies during embryogenesis has also been shown to lead to

severa! defects. The injection ofantibodies against connexins ioto mouse embryos at the 2-cen

stage showed that the eells were communication ineompetent and continued to divide, but

were uncompacted (Lee et al., 1987)..In the early amphibian embryo, injection ofantibodies

against eonnexins demonstrated blockage ofeell eoupling and patteming defects (Wamer,

1987). Gap junctions have also been shown to be involved in establislùng a communication

gradient along the anterior-posterior axis of the developing chick limb bud (Coelho and

Kosher, 1991). One possible raie for gap junctions MaY thus be to establish gradient

distnbutions ofregulatOlY molecules whieh rnay be involved in specifying positional identities.

Originally, the expression ofsevera! gap junction genes (encoding Cx43, Cx32, and Cx26)

had been shown to be regulated during early mouse embryogenesis and organogenesis (Nishi
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et al., 1991). More recently, Davies and colleagues (1996) have found that at least six

connexin mRNAs are present and translated during preirnplantation development of the

mouse, albeit at different stages ofdevelopment. The ditrerences in the expression patterns

of these connexin genes May be related to difFerences in the communication needs required

for proper fetal development as opposed to organ function in the neonatal or adult mouse.

Changes in the expression patterns of connexin genes have been shown to be involved in the

development of several organs, including the heart (Fishman et al., 1991) and the brain

(Belliveau et al., 1991). The selective expression ofgap junctions and selectivity in GHC (via

different connexins) thus play roles in development a10ngside cellular interactions mediated

by growth factors. The selectivity ofGHC May be important in establishing and maintaining

communication boundaries or gradients ofregulatory molecules that are critical to normal

embryonic patterning (Warner, 1992).

1.10 Gap Junctions in the Mammary Gland

The mammary gland consists of two epithelial cell types, secretory luminal cells and

myoepithelial basal cells, separated from a fatty, collagenous stroma. In the mammary gland,

gap junctions are important during lactation in synchronizing the responses ofepithelial cells

to mammogenic and lactogenic signais and in allowing the rapid passage of signais to

sYnchronize the contractions of myoepithelial cells for the movement of mille into ducts

(pozzi et al., 1995). The role of gap junctions in nonlactating stages is still undetermined.
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W~e the role of coupling has been studied for sorne time in cells of the mammary gland

(Shen et al., 1976;" McKay and Taylor-Papadimitriou, 1981; Berga; 1984), the identification

ofthe connexins involved is still relatively new. There have been several conflicting reports

as to the presence ofconnexins in the mamnuuy gland and there appears to be species specifie

differences.

AstudybyMonaghan and colleagues (1994) identified Cx26 as the major connexin in the

mouse mammary gland. Cx26 expression was absent in virgin mammary gland, appeared

during pregnancy, and was most abundant during lactation before being greatly diminished

during involution. These researchers were unable to detect Cx32, Cx40, and Cx43. This study

is later contradieted by a report that Cx26, Cx32, and Cx43 were ail expressed in the mouse

mammary gland (perez-Armendariz et al., 1995). The latter study found that Cx43 was

constitutively expressed, but increased slightly during lactation, whereas Cx26 and Cx32

expression followed a pattern similar to that described by Monaghan and colleagues (1994).

The expression ofCx26 and Cx43 was shown in a normal human mammary epithelial cellline

(NMEC), but not in a mammary tumor cellline (TMEC) by Lee and co..workers (1992). Lee

and co-workers also detennined that Crl1.3, Cx32, Cx33, Crl7, and Cx40 were not

expressed in either cellline. Monaghan and colleagues (1996) later confinned the presence

ofCx26 and Cx43 in human breast by immunostaining and polymerase chain reaetion (PCR)

analysis. A further study by Pozzi and colleagues (1995) looked at the expression and

localization ofCx26, Cx32, and Cx43 in rodent and human mammary gland by PCR anaIysis

and immunohistochemistry. Cx43 was found to be constitutively expressed in all three
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species. Cx26 and Cx32 were round to be expressed only during lactation in the rodent

mammary gland and neither Cx26 nor Cx32 was deteeted in human mammary gland. In

summary, it appears that despite species differences, the major connexins expressed in the

mammary gland are Cx26~. Cx32, and Cx43. In contrast to humans and rodents~ there does

not appear to be any data concerning the connexins expressed in the mammary glands of

bovines.

1.11 Objectives and Hypothesis

Intercellular communication between cells ofdifferent lineages during differentiation and

development remains incompletely understood. This thesis will address the role of intercellular

conununication in quiescent and heterocellular mammary gland populations. Firstly, while it

has been demonstrated that gap junctions play a role in growth control, the mechanism for

this regulation has yet to be detennined. One potential mechanism is œil cycle dependent

modifications of connexins in order to regulate proliferation by a1tering the responsiveness

and communicational needs ofthe cell. Secondly, in most mammalian tissues, gap junetions

are the sole means ofdirect communication between cells ofthe same type, but it appears that

cells ofdifferent types, such as epithelial cells and fibroblasts, cao a1so commUJÛcate via gap

junctions. However, the role ofheterocellular communication in the mammary gland remains

uncertain and the mechanism for this interaction and how it compares to that ofhomoœlIular

junctions require further investigation.
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In the first study, we examine the hypothesis that the expression, distribution, and coupling

of Cx43 are altered during the transition between proliferation and quiescence (Go). In our

experiments, the model system utilized was a nontransfonned bovine mammary epithelial cell

fine denoted MAC-T (Mammaty Alveolar Cell-Iarge T antigen) which could be brought into

quiescence through contact inhibition or serum deprivation with little adverse effects. Our

system allowed us to study factors, specifically the roles ofgap junctions and GllC during the

cell cycle, in the control of cellular proliferation in mammary epithelium wmch are of

significance in breast cancer research. Gap junctional expression and communication play

critical roles in DOnnai cellular functiOD with 10ss possibly resulting in poor differentiation and

acquisition ofneoplastic phenotypes.

The second study specifical1y addresses the hypothesis that E-cadherin, a calcium

dependent cell adhesion Molecule, is essential and suflicient in establishing functional

channels between heterotypic cells. Although it bas been proposed that the high sequence

homology in the extracellular regions ofconnexins is the main detenninant in whether or not

cens will form functional channels, results obtained in our laboratory suggest that other

factors may b~ involved, such as the cadherin family. To this end, a model system was

developed using mixed cultures of three distinct mammary cell lines which have been

charaeterized as epithelial, fibroblast or intermediate cells based on morphological and

immunocytochemical characteristics. Two ofthese lines were transfected with an E-cadherin

plasmid. Functional assays were perfonned through micro-injection ofthe dye Lucifer yellow

in mixed cultures to detennine the extent ofintercellular communication via gap junctions
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between different cell types, prior and post E-cadherin transfeetion. Through our studies we

plan to determine whether the expression or up-regulation ofE-cadherin can establish and

maintain intercellular commulÛcation in the mammary gland which May provide insight into

the role ofheterocellular communication and the possible implications that this may have in

proper organ function, tumorigenesis, and development.
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2.1 Abstract:

Gap junctions have been implicated in growth control, but at present it is unclear

whether cells that enter a quiescent state continue to express functional gap junctions. To

this end, MAC-T cells, a bovine mammary epithelial œIl line, were serum starved for 48

h to induœ a quiescent (Go) state. pH]thymidine incorporation in quiescent cells was

reduced by 97.3% from serum fed controls. Western blotting in conjunction with

PhosphorImager anaIysis revealed up to a 2o-fold decrease in the expression of the gap

junction protein connexin43 (Cx43) and a shift towards the unphosphorylated form of

Cx43 in quiescent cells. Dye coupling after microinjection, however., was not significantly

a1tered in quiescent cells. In untreated cells, immunolabeling of Cx43 was predominantly

perinuclear, though labeling was also present at sites of œll-cell apposition.. In quiescent

cells., intracellular labeling for Cx43 decreased, but no corresponding reductions were

observed at the œil surface. Recovery fram serum deprivation, resulted in increased

thymidine incorporation that corresponded with an elevation in Cx43 protein expression

and phosphorylation. In parallel, MAC-T cells were also induced 10 enter quiescence

through contact inhibition. Despite a 20-fold reduction in 5-broma-2'-deoxyuridine and

substantial reduetions in inttaeellular Cx43, contact inhibited MAC-T cells also maintained

gap junction plaques and intercellular dye coupling. These experiments demonstrate that

the maintenence of dye coupling in quiescent cells is correlated with a redistribution of

intracellular stores of Cx43.
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2.1 Introduction:

Gap junctions are transmembrane channels composed of two identical paired

hemichannels, connexoDS, which allow the exchange of inorganic salts and small

Metabolites less titan 1 kD between cells. Bach connexon is an oligomer of integral

membrane proteins, tenned connexios, which vary in molecular weight and tissue

distribution. Gap junctional communication permits the intercellular buffering of

cytoplasmic ions, the synchronization of cellular behavior, and is involved in controlling

cell proliferation (reviewed, Bruzzone et al., 1996). Gap junctional intercellular

communication (GlIe) and/or connexin expression often iocrease when cells exit mitosis

and subsequently enter a differentiated state, as demonstrated in the liver and mammary

gland (Meyer and Ovenon, 1983; Ren et al., 1994; Neveu et al., 1995; Pozzi et al.,

1995). Reciprocally, when highly proliferative cells are transfected with connexins 10

allow for or enhance GJIe, proliferation decreases and the cells frequendy enter a

differentiated state (Zhu et al., 1991; Mehta et al., 1991; Eghbali et al., 1991; Lin et al.,

1995).

In adult venebrates, most cells are maintained in a quiescent state; for example,

hepatocytes and neurons are quiescent for extended periods of time (Pardee, 1989).

A1though these cells are in a quiescent state (Go) within the œil cycle, they are still active

in maïntaining the metabolic, enzymatic, endocrine, and signal transduction events in the

organ/system of which they reside (Pardee, 1989). The mammary gland is of particular
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interest when examining entry and exit (Go) from the œil cycle as the mammary gland

undergoes cycles of proliferation, replicative dormancy and remodeling in the adult

animal. Active mammary epithelial œil proliferation occurs during development, the late

luteal phase, pregnancy and early lactation (Cowie et al., 1980; Potten et al., 1988;

Anderson et al., 1989) and proliferative quiescence accurs during the follicular phase, mid

and late lactation and involution (Cowie et al., 1980; Anderson et al., 1989). Although

no reports have examined changes in OJIe during these periods, Pozzi and colleagues

(1995) have found Cx32 and Cx26 were only expressed during lactation in the rat.

Similarly, Monaghan and colleagues (1994) have reponed changes in the expression of

Cx26, Cx32, and Cx43 during different stages in the rodent adult life. While these studies

have been performed in vivo, studies reponing in vitro models of mammary epithelial œil

proliferation, quiescence and differentiation could more easily facilitate examination of

Olle (Hahm and Ip, 1990; Hahm et aL, 1990; Huynh et al., 1991).

ln vitro models have greatly extended our knowledge of the œil cycle under defined

conditions (reviewed. Pines, 1994: Grana and Reddy, 1995; Meikrantz and Schlegel,

1995). Cells in culture can be stimulated to proliferate exponentially with serum,

hormones or growth factors. Altematively, cells can be maintained in a quiesœnt state by

growth factor deprivation, growth inhibitors and/or contact inhibition. Connexin

expression and gap junctional communication have been shown 10 increase or decrease

following treatment of cells with exogenous growth inhibitors, depending on the growth

inhibitor, concentration of growth inhibitor, œil type and culture conditions (Albright et
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al., 1991; Chiba et aL, 1994; Chandrass et al., 1995). Although several studies have

used quiescent cells to examine alterations in OJIC (Shiba et al., 1989; 1990; Paulson et

al. , 1994; Chen et al., 1995), it is unclear whether the expression and distribution of

connexin and function of gap junctions are altered during the induction into cellular

quiescence and recovery back to a proliferative state.

We have chosen 10 use a weil characterized bovine mammary epithelial œil line,

MAC-T, te address the effects of cellular quiescence on connexin expression, distribution

and onc. The MAC-T cell1ine is nontransfonned, shows strong topo-inhibition and cao

be induced te functionally and morphologically differentiate in culture (Huynh et al.,

1991). We demonstrate that Cx43 expression is downregulated up 10 2o-fold during

cellular quiescence, but OJIC is not significantly decreased.

2.3 Materials and Methods:

1. CeU culture and drug-treatments:

The bovine mammary epithelial œil line, denoted MAC-T (Mammary Alveolar Cell­

large T antigen) were used in ail experiments. As previously described by Huynh et al.

(1991), MAC-T ceUs were originally derived from mid-lactation bovine mammary tissue

and were established in culture through ttansfection and subsequent low level expression

of the SV40 large-T antigen. The MAC-Ts are nontransformed, clonai, non-tumorigenic
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in nude mice, and show anchorage dependency as weil as topo-inhibition. The cells were

grown on 60 mm or 100 mm tissue culture dishes (with or without 12 mm glass

coverslips). The dishes contained Dulbeccots Modified Eagles Media (DMEM) (Gibco­

Life Technologies, Inc., N.Y.) supplemented with 10% fetal bovine serum (FBS), 100

units/ml of streptomycinl penicillin and 2mM glutamine. To induce quiescence, cells

cultured for 2-3 days were serum starved for 48 h in unsupplemented DMEM (two media

changes). Alternatively, cells were brought into a quiescent state through contact inhibition

by long-term culture (7 clays) in completely supplemented DMEM with one media change

after 3 or 4 days. In sorne cases, MAC-T cells were treated with 5 pg/ml brefeldin A

(BFA) (CedarLane Laboratories, Homby, ON) for 30 min. Cells were maintained at 37

oC in an environment of 5% CO2 and 95 %air.

2. (o'HJtbymidine incorporation:

[3H]thymidine incorporation was based on the method used by Woodward et al.

(1994). CeHs were plated at a density of 2 x 1()4 cells/well in a 24 weil plate (Nunclon,

Demnark) in 1 ml DMEM supplemented with 10% FBS for 24 h. The cens were deprived

of serum by cultivation in unsupplemented DMEM (two media changes) for 48 h. For 1

h, nonstarved cells and cells in the last hOUT of starvation were cultured in media

supplemented with l ",Ci/ml methyl-pH]thymidine (lCN, Irvin, CA; s.a. = 64 Ci/mmol).

The data were expressed as c.p.m.lwell.
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3. BrdU incorporation and œil connts:

Labeling medium was prepared by diluting la mM 5-bromo-2'-deoxyuridine (BrdU)

(Boehringer Mannheim Biochemica, Laval, QUE), a thousand-fold with complete tissue

culture medium. Untreated cells or contaet-inhibited cells grown on glass coverslips were

incubated in labeling medium for 90 minutes at 37 oC. The cells were then washed with

PBS and fixed in an acid-ethanol solution (95 % ethanol and S% acetic acid) for 30

minutes. The specimens were rehydrated by washing with PBS and incubated for 1 h at

37 oC with 2 M HCI in order to denature the DNA. The acid was then neutralized using

severa! changes of 0.1 M borate buffer, pH 8.S. The coverslips were then washed with

PBS and treated with mouse anti-BrdU-fluorescein antibodies (Boehringer Mannheim

Biochemica, Laval, QUE) for 1 h. The coverslips were again washed with PBS, rinsed

with distilled water and immunolabeled for Cx43 (as described below). The extent of BrdU

incorporation was quantified by performing random cell counts (n=20) analyzing fields

measuring 315 x 230 #Lm visualized under the 40X objective lens on the Zeiss LSM 410

invened confocal microscope.

4. Immunotluorescent labeling:

Cells grown on coverslips were removed from growth media, rinsed with PDS and

permeabilized using absolute ethanol for 10 min at room temperature. After washing with

PBS, the cells were men incubated for 1 h with 2% bovine serum albumin (BSA) in arder

ta black non-specifie binding sites. Several washes with PBS were again administered,

followed by a 1 h incubation with the primary antibody, 3-5 ",g/ml of an affinity purified
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anti-Cx43 antibody (CT-360). CT-360 is directed against the 360-382 peptide segment at

the Cx43 carboxyl terminus (Laird and Revel, 1990) and cao be blocked by the addition

of 100 Ilg/m1 of excess 360-382 peptide. Primary staining was fol1owed by repeated

washings with PBS and then a 1 h incubation with the secondary antibody, rhodamine

conjugated goat anti-rabbit (25o-fold dilution, Bio/Can Scientific, Mississauga, ON). The

coverslips were then extensively washed with PBS and rinsed with distilled water prior to

mounting on microscope slides.

In an attempt 10 identify the intraeellular pool of Cx43, untreated and BFA treated cells

were labeled for Cx.43 and a medial Golgi apparatus proteine In this instance, cells grown

on coverslips were first labeled for Cx43 using monoclonal anti-Cx43 antibody Ongram

& Bell, Montreal, QUE) (lOO-foid dilution) followed by rhodamine conjugated donkey

anti-mouse (250-fold dilution). The cells were then labeled with l00-fold diluted rabbit

anti-MG-l60 serum (for a resident protein of medial Golgi cisterna) (Gonatas et al., 1989;

Croul et al., 1990) followed by fluorescein conjugated goat anti-rabbit (2So-fold dilution).

The coverslips were mounted as previously described.

AIl fluorescent images were viewed using epifluorescent and/or confocal microscopy.

For epifluorescence. cells were photographed with the Zeiss Axiophot fluorescence

microscope usiog Kodak TMAX 400 film al 800 ASA. Confocal microscopy was used

primarily for double-Iabeling experiments. Analysis of images was performed on a Zeiss

LSM 410 confocal microscope as described by Laird et al. (1995).
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5. MicroiDjection:

ln order ta assay for gap junctional communication, MAC-T cells grown on glass

coverslips were press~ microinjected with 5% Lucifer yellow in 10 mM Hepes (pH 7.4,

Molecular Probes, Eugene, OR). The cells were injected over a 20 min interval allowing

Lucifer yellow ta spread; dye ceased to spread 3-4 min after injection. Cells were then

tIXed (5 min after the last injection) with 3.7% formaldehyde in PBS for 5 min prior 10

rnounting. Sorne coverslips were also permeabilzed for 30 min with 0.1 % TX-l00 after

tIXation and labelled for Cx43 as described above. The cells were viewed after injection

and quantified for the extent (orders) of transfer using epifluorescent microscopy.

6. Western immunoblotting:

Untreated, serum-deprived or serum-recovered MAC-T cells were grown to 80-95%

confluency in 100 mm dishes. The MAC-T cells were removed fram the dishes with

0.25 % trypsin with 2mM EDTA for 15 min. The cells were pelleted in media using a

clinical centrifuge and resuspended in 5 ml of PBS on ice. An aliquot of cells was added

10 an equal volume of trypan blue and quantified using a hemocytometer. Samples were

normalized for equal œil content. Dead cells stained with trypan blue were not counted

and no significant difference in trypan blue staining between samples was observed. The

cells suspended in PBS were repelleted and sonicated in 300-800 ILl of rnodified Laemmli

sample buffer containing 0.062 M Tris. pH 6.8, 10% glycerol, 4% sns, 0.01 %

bromophenol bIue, 10% 2-mercaptoethanol, 2mM PMSF, 1 pg/mlleupeptin, 10 pg/ml

aprotinin, 2rnM EDTA. 50 mM NaF, and 500 ILM NaV04 (Laird et al., 1995). Cell

51



•

(

lysates were resolved on a 10% SDS-polyacrylamide gel with a bisacrylamide:acrylamide

ratio of 0.4:30. Transfer of resolved proteins to nitrocellulose blot paper and

immunostaining for Cx43 was perfonned as described by Laird et al. (1995). Blats were

air dried and exposed ta Amersham Hyperfilm-MP with an intensifying screen. In sorne

instances, blots were quantified for Cx43 by overnight exposure in a PhosphorImager

cassette and subsequent scanning for band intensity in a Molecular Dynamics

PhosphorImager using ImageQuant Software.

2.4 Results:

1. Serum deprivation drives MAC...T cells into quiescenœ:

A clonaI bovine mammary epithelial cell line, MAC-T, was induced ta enter a

quiescent state by depriving the ceUs of serum for 48 h. To conflI'Ill that the cells had

entered quiescence, we assayed for the incorporation of rH]thymidine (Fig. 1). In serum

starved cells, incorporation of [3H]thymidine was drasticaIly reduced by 97.3% from

contrais. Quiescent cells that were supplernented with serum for 24 and 48 h increased

rHlthymidine inCOrPOration to 72.4% and 66.9% of controls, respectively. The decrease

after 48 h recovery may he accounted for by greater dissynchronization of cells during the

œil cycle. The cells displayed no deleterious morphological change and survival was not

compromised by starvatioD.
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2. MAC-T cells express Cx43 and are dye coupled:

Immunotluorescence using an anti-Cx43 antibody (Laird and Revel, 1990), revealed

distinct punetate distributions at areas of cell-cell apposition (as indicated by arrows in Fig.

2A) as weil as at intracellular locations. However, the MAC-T cells express a high ratio

of perinuclear intraeellular staining relative 10 sparse œil surface staining. Microinjection

of the dye Lucifer yellow was performed 10 determine the extent of coupling. In the same

MAC-T cells which showed scattered plaques, there was extensive coupling (Fig. 2B, 2C).

3. Intracellular Cx43 resides in a BFA ÏDSeositive compartment:

We attempted to identify the intracellular pool of Cx43 tbrough the use of Brefeldin

A (BFA), an antibiotic that blocks protein trafficking within a fused ER/Golgi

compartment (Misumi etai., 1986; Lippincott-Schwartz et al., 1989; Laird et al., 1995).

Untreated cells and cells treated with BFA for 30 min were double immunotluorescently

labeled for Cx43 and MG-l60, a constituent of the medial Golgi (Fig. 3). In untreated

MAC-T cells both Cx43 (Fig. 3A) and MG-I60 (Fig. 3B) immunofluorescence were

perinuc1ear with sorne areas of possible colocalization (as indicated by arrows in Fig. 3A­

Cl. However, when MAC-T cells were treated with BFA, MG-I60 was found dispersed

throughout the cyroplasm (Fig. 3E, F-green), while most immunostainable Cx43 remains

perinuclear (Fig. 3D. F-reddish-orange).

4. The intensity of Cx43 immuDofluorescenœ decreases during quiesœnœ:

Immunofluorescent labeling permitted the evaluation of changes in the distribution of
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Cx43 during quiescence after two days of serum starvation (Fig. 4). In MAC-T cells that

had entered quiescence (Fig. 4B), immunostaining of gap junctional plaques at the cell

surface was still evident whereas the intracellular staining appeared more diffuse and less

intense than in the controls (Fig. 4A). Immunot1uorescent labeling of the cells after serum

stimulation for 24 hours (Fig. 4C) revealed the presence of gap junction plaques at a level

equal or greater than in either control or quiescent samples. Serum stimulated cells for 24

h also resulted in an incomplete restoration of perinuclear staining, but the intensity of

immunostaining had increased relative to quiescent samples. After quiescent cells were

stimulated for 48 hours (Fig. 4D), immunot1uorescence was characterized by the presence

of a high level of gap junctional plaques at areas of cell-cell apposition and Perinuclear

staining was restored.

s. Cx43 expression decreases and there is a shift towards the unphosphorylated

species in quiesœnt ceUs:

To better understand the molecular changes in Cx43 during quiescence and recovery,

biochemical analysis of the protein was perfonned using Western blotting (Fig. 5) in

conjunction with PhosphorImager analysis (Table 1). The data in Table 1 represents the

average of three separate blots using different sets of MAC-T celllysates.

In untreated MAC-T cells (Fig. 5~ lane a)~ three Cx43 species were deteeted: a species

at 42 kDa corresponding to the unphosphorylated form of the protein, and species at 44

kDa and at 46 kDa with the latter two species corresponding to the phosphorylated forms
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PhosphorImager, the phosphorylated fonns of the protein accounted for 29.9% of the total

Cx43 in the samples (Table 1). In quiescent samples (Fig. 5, lane b), the phosphorylated

form was clearly evident while the two phosphorylated forms were slightly visible. Sinœ

the samples were standardized for equal œil numbers, a drastic 2o-fold decrease (4.8%

of controllevels) in total Cx43 was apparent. The fraction of total Cx43 phosphorylated

during quiescence also decreased to 10.9%. In samples of œlls serum stimulated for 24

and 48 hours (Fig. 5, lanes c & d, respectively), the 44 and 46 kD species subsequently

increased in intensity and protein expression recovered to 15.1 % and 33.9% of controls,

respectively. The fraction of phosphorylated Cx43 increased ta 41.5% after a 24 hour

recovery and ta 4S.2 %after a 48 hour recovery.

With the knowledge that several connexins, namely Cx26, Cx32, and Cx43, have

been reponed to be expresed in the rodent mammary gland (Monaghan et al., 1994), we

determined if Cx26 and/or Cx32 expression were endogenously present in proliferating

MAC-T cells or up-regulated during quiescence. Using Western blot analysis with liver

plasma membrane lysates as a positive control, we were unable to detect the presence of

either Cx26 or Cx32 in proliferative, quiescent or serum-recovered MAC-T œil lysates

(data not shown).
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6. Extended quiesœnœ results in a graduai depletion of intraœUular and œll surface

Cx43:

MAC-T cells were also brought into an extended quiescent state through serum

starvation for three or four days (Fig. 6). Compared ta control cells (Fig. 6A), quiescent

cells after two days of starvation (Fig. 68) possessed substantially less intraeellular Cx43.

After three days of starvation (Fig. 6C), little intraeellular Cx43 was observed as were gap

junction plaques. After four days (Fig. 6D), however, immunostaining for Cx43 was

dispersed and gap junction plaques were rare. Western blot analysis for Cx43 (Fig. 7)

conflI'lDs the progressive loss of Cx43 in cells that are maintained in a quiescenct state.

7. Quiesœnt œUs maintain interceUular commUDication:

With the knowledge that Cx43 expression decreased during quiescence, microinjection

of the dye Lucifer yellow was used to determine if there was a correlated decrease in

functional coupling during quiescence (Table 2). In untreated cells (n=28), there was

extensive dye coupliog between MAC-T cells to greater than 3rd order transfer. Cells that

had been brought ioto quiesœnce were also weil coupled, but dye transfer was particularly

reduced in >3rd order cells (n=34). Coupling appeared ta iocrease slightly when cells

were serum supplemented for 48 hours (n=26).

8. MAC...T œlls cao be brought into a quîesœDt state through contact inhibition:

As an alternative way to characterize MAC-T cells during quiescence, cells were

cultured for 7 days to induce a state of contact inhibition. We assayed for the extent of
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(Fig. 8).The percentage of cells incorporating BrdU dropped from 42 ± 2.7 (S.E.M.;

n=20) in cells cultured at low density for 2-3 days (Fig. 8A) 10 2 ± 0.4 (S.E.M.; n=20)

in contact inhibited cells (Fig. 8B) as determined by randomized cell counts. The pattern

of Cx43 immunostaining paralleled those of the cells brought into quiescence through

serum starvation. Contact inhibited cells (Fig. 80) also showed a decrease in perinuclear

Cx43 staining compared 10 controls (Fig. 8C) while plaques at areas of cell-cell apposition

were still apparent. Moreover, there was no significant change in gap junctional

communication in contact inhibited cens as observed through quantification of dye transfer

(Table 2).

2.5 Discussion:

In these trials we demonstrated that connexin43 (Cx43) protein was downregulated up

to 20-fold during serum deprivation induced cellular quiescence (Go). Interestingly, gap

junctional intercellular communication (GJlC) was not substantially altered in quiescent

cells, whether quiescence was induced by serum-deprivation or contact inhibition. Since

rodent mammary glands contain Cx26.. Cx32 and Cx43 (Monaghan et al., 1994), it was

of interest to determine if Cx26 or Cx32 were compensating for the Joss of Cx43.

Although Cx32 or Cx26 were not deteeted in MAC-T cells, the possibility that these or

other connexins are expressed 10 sorne level cannot be excluded. Immunocytochemical
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analysis of Cx43 revealed a striking redistribution of this gap junction protein during

cellular quiescence. Intraœllular Cx43 stores were nearly depleted, while œil surface

Cx43 immunostaining was equal to or greater than that seen in proliferating cells. Thus,

at least in the early stages of quiesence, the redistribution of steady state pools of Cx43 to

the œil surface may play a role in maintaining Gnc.

Cellular quiescence can be induced by 1) serum deprivation, 2) treatment with

exogenous growth inhibitors, or 3) density-dependent contact inhibition. Treatment with

growth inhibitors, sucb as retinoic acid and transfonning growth factor betas have

e1Ùlanced OJIC with induction of cellular quiescence in several celllines, though results

are variable (Albright et a1., 1991; Chiba et al., 1994; Hossain and Bertram, 1994;

Chandrass et al., 1995). Since these growth inhibitors cao elicit a multitude of responses

in addition to cellular quiescence, it is difficult 10 ascertain whether cellular quiescence is

correlated with GJIC following treatment with these exogenous factors. For titis reason,

we chose 10 induce quiescence by serum deprivation or contact inhibition.

Serum deprivation is a cornmon rnethod to synchronize cells in Go/01 by inducing

proliferative celIs 10 become quiescent, "proliferative quiescence". Reduced OJIC during

serum deprivation in NRK cells has been reported (van Zoelen and Tertoolen, 1991;

Paulson et al., 1994). though NRK. cells infected with the Kirsten str'ain of the murine

sarcoma virus (tsK-NRK) maintained GJIC during serum deprivation (Paulson et al.,

1994). 3T3-Ll ceUs also remain weil coupled in serum-deprived, quiescent conditions
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in cellular' quiescence substantially reduces Cx43 protein expression, but does not

dramatically modify GJIC in MAC-T cells. Additionally, Cx43 protein and

[3H]thymidine incorporation increase toward prestarvation levels, when serum is added

back to quiescent cultures. Importantly, MAC-T œlls can be maintained in serum-free

conditions for extended periods of time without increased œIl death and can rapidly reenter

the cell cycle upon serum addition. However, serum deprivation bas been reported ta

induce apoptosis or cellular senescence in other œil lines including Balb/c 3T3 cells

(Howard et al., 1993; Kulkarni and McCulloch, 1994; Lindenboim et al., 1995).

Additionally, many cultured œil lines have reduced adherence to the substratum or ta other

œlls when cultured in serum-free conditions, including HTI080 cells (Wang et al., 1995),

MCF-7 and T47D cells (Woodward, unpublished observations).

On the other band, OJIe appears to play a role in establishing deosity dependent

growth inhibition. Shiba and coworkers (1989; 1990) have demonstrated that nearly 100%

of contact inhibited 3T3-Ll ceUs cultured in 2%calf serum communicated by GJIe, but

only approximately 50% were coupled when œlls escaped contact mediated growth

inhibition by increasing sera concentration to 10%. Alternatively, Naus and colleagues

(l992) demonstrated that contact inhibition could be induced when C6 glioma cells were

transfected with a Cx43 cDNA. More evidence correlating GJIe and contact inhibition

was documented by Ruch and coworkers (1995). In this study, inhibition of OJIC and

reduction of Cx43 expression in Balb/c 3T3 cells by treatment with Cx43 antisense
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oligonucleotides did not alter cellular growth rate, but saturation density was increased 3­

fold, indicating a strong correlation between loss of OJIC and loss of contact inhibition

(Ruch et al, 1995). Conversely, we have shown herein that MAC-T cells have a 20-fold

lower incorporation of BrdU when maintained in confluent culture (density dependent

contact inhibition), while maintaining GJIC. We have also demonstrated that œil surface

localized Cx43 is maintained or enhanced in contact inhibited cells.

Extensive in vivo analysis of OJIe in the liver during cellular quiescence has previously

been presented (Meyer et al., 1981; Dermietzel et al., 1987; Sugiyama et al., 1990;

Hendrix et al., 1992). These studies have repeatedly demonstrated that Olle is abundant

during cellular quiescence and the expression of Cx32 and Cx26 are downregulated during

DNA synthesis (Neveu et al., 1995). Recent reports in the mammary gland ofrodents

have indicated Cx26 expression increases during pregnancy and is maximal during

lactation (Monaghan et al., 1994; Pozzi et al., 1995). Proliferation, on the other band is

maximal during pregnancy and cells enter a quiescent state as lactation progresses. Since

cellular differentiation begins during pregnancy and culminates at lactation, connexin

expression in vivo appears more c10sely correlated with cellular differentiation rather than

cellular proliferation. However, connexin expression was Dot examined

immunocytochemically in these in vivo studies 10 determine if the population of

proliferating cells differed in connexin expression from the quiescent differentiated cells.

Our in vitro trials indicate that a predominantly BFA insensitive pool of connexin43,
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likely localized in the trans Golgi Network or a later secretory compartment, is depleted

in arder to maintain GUC in quiescent MAC-T cells during at least the early stages of

MAC-T œil quiescence. This reorganization of connexin43 stores accurs whether MAC-T

ceHs are hormone/growth factor deprived or hormone/growth factor supplemented but

contact inhibited. In fact, after 4 days of serum deprivation, there is nearly a complete

depletion of intracellular Cx43 stores. In MAC-T cells that were cultured in serum­

containing media at confluence for 7 days, depletion of intraeellular Cx43 staining and

abundant œIl surface Cx43 immunoflorescenœ was observed. Since cessation of cellular

proliferation commonly preceeds functional differentiatioD, it is likely that maintenance

of MAC-T œIl GJIC during proliferative quiescence allows for enhanced responsiveness

to differentiation factors (such as prolactin and laminin) or mitotic factors (in serum­

starved œlls).

Another factor involved in œil cycle control is dephosphorylation of key regulatory

proteins by protein phosphatases and phosphorylation by kinases (Cyert and Thomer,

1989; Hunter; 1989; Nigg, 1993). ln our studies, there was a slight shift to the 000­

phosphorylated form of Cx43 upon entry into Go and subsequent return ta the

phosphorylated forms upon re-entry iota G1• These findings suggest that cell cycle

dependent or other protein kinases may he involved, the relevence of which lies in the fact

that connexin phosphorylation has been demonstrated ta alter œil coupling and may he

important in regulating OJIe during normal development, differeotiation, and growth

(Saez et al., 1986; Somogyi et aL~ 1989; Brissette et al., 1991; Berthoud et al., 1992; 93;
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Wam-Cramer et al., 1996). It is interesting that a consensus sequence for p34cek:2 kinase

(S/T-P-X~RIK) has been identified at the carboxy terminal of rat Cx43 (Kennellyand

Krebs, 1991). In mammalian cells p34cdc2, a component of the maturation-promoting

factor required for progression through the œil cycle, undergoes a complex series of

phosphorylation and dephosphorylation reactions when cells enter quiescence and are then

subsequently induced 10 re-enter the mitotic cycle (Lee et al., 1988; Gaultier et al.. , 1991)..

Consensus sequences have aIso been determined for mitogen-activated protein kinase

(MAP kinase) and purified MAP kinase bas been shown to phospborylate Cx43 on serine

residues in vitro (Kanemitsu and Lau, 1993; Warn-Cramer et al., 1996).. MAP kinase is

known te play a role in the kinase cascade that results in GoIGt transition (Tamemoto et

al., 1992). The transition from Go to GI is involved in determining the post-embryonic cell

proliferation rates and is defectively controlled in tumours (Pardee, 1974; 89). Moreover,

the MAP kinase signal transduction pathway has been suggested ta he directly relevent 10

the gap junctions by regulating Cx43 function through growth factors and oncogene

products (Jou et al., 1995; Lau et al .. , 1996).The identification and role of protein kinases

and phosphatases that may act on Cx43 at the GolGI transition remains to be investigated..

In summary, we have demonstrated that substantial downregulation of connexin

expression does not neœssarily translate into decreased Gnc. Instead, induction of cellular

quiescence induces reorganization of Cx43 leading to the maintenence of œil surface

plaques.. These Cx43 reorganization events may act to enhance or expedite subsequent

growth and differentiation responsiveness of quiescent mammary epithelial cells..
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FJgUIe 1. Serum starvatioD drives MAC-T eells into qaiesœnee.1n MAC-T ceDs that were
semm starved fur 48 houtS, rH] thymidine ioCOlporation was reduced by 97% from controls.
Quiesceot cens that were sopplemented with serumfor either 24 or 48 hours recovered nom
quiescence as rHJ thymidine increased to approximate1y 70% ofcontrols.
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Figure 2. MAC-T ceUs express C:l43 ilnd are dye coupled. Live MAC-T cells were
microinjected wall Lucifer yenow (injected ceU indicated by asterisk), fixed and the same cells
were labeled for Cx43. Confocal microscopie analysis revealed that Cx43 had a predominant
pel;nuelear distnoution (A) 'with seattered punctate distnoutions at areas of eell-cell
apposition (arrows in A). Microinjection of Lucifer yellow demonstrated extensive cell
,;oupling (B). P:mel C represents the overlay of Cx43 immunostaining (red) and dye transfer
(green) with :rreas ofoverlap appearing in yellow. Bar = 10 ~m.



Figure 3. IntraceUular Cx43 resides in a BFA inscnsitive compartment. In order to
charactelize the illtracellular pool of Cx43, MAC-T cells were untreated or treated wittl 5
J.lglml brefeldin A for 30 min. Cells were subsequently double Unmunofluorescently labeled
for Cx43 and a Golgi protein MG-160 and imaged by confocal microscopy. In untreated
MAC-T cells both Cx43 (A) and MG-160 (B) immWlostaining were perinuclear with sorne
areas of possible colocalization as indicated in yellow by the overlay (C). However, when
cells were treated with BFA., most Cx43 remained perinuclear (D) while MG-160 was fOWld
to he more dispersed throughout the cytoplasm (E). Panel F represents an overlay ofthe Cx43
(red) and MG-160 (green) immWlostainillg. Bar = 10 !lm.
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Figure 4. Intracellular Cx43 immunostaining is reduced in quiescent ceUs.
T1DJDJmofluorescent Iabeling with an anti-Cx43 antibody was used to evaluate changes in the
distribution ofCx43 during quiescence. In quiescent MAC-T ceUs (B), immunostaining of
Cx43 at the ceU surface was still evident though intracellular staining appeared more diffuse
and oflower intensity than controls (A). Trnnnmolabeling ofcells after serum stimulation for
24 hours (C) and 48 hours (D) demonstrated a trend towards increased plaque formation and
restoration of perinuclear staining. AU images were taken at the same magnification and
exposure using epifluorescent microscopy. Bar = 10 !lm
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Figure 5. Expression of Cx43 decreases in quiescent ceUs. Western blots ofcel lysates
from control (lane a), quiescent (lane b), 24 hour serum. supplemented after quiescence (lane
c), and 48 hour serum supplemented after quiescence (lane d) MAC-T ceDs revealed that
unphosphorylated Cx43 at 42 ID and phosphorylated Cx43 at 44 and 46 kD were present in
ail samples. PhosphorImager analysis revealed a 20 fold decrease in Cx43 expression in
quiescent cells with a preferential decrease in phosphorylated species. Upon serum addition
the expression ofail Cx43 species increased, most notably the phosphorylated Cx43. Alllanes
were equalized for cel number.
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Figure 6. Extended quieseence results in a depletion of ceD surface Cx43. MAC-T cells
were serum starved for 2 days (D), 3 days (C) or 4 days (D) and analyzed for changes in the
distribution ofCx43 imrmmofluorescence by confocal microscopy. In untreated cells (A),
Cx43 displayed the typical pattem ofabundant perinuclear staining and scattered plaques.
Quiescent cells displayed an initial increase in cell surfàce plaques after 2 days ofstarvation
which was depleted ailer a longer period of statVation. IntraceDular Cx43 progressively
decreased after induction of quiescen.ce with little irntmmostaining evident after 4 days of
starvation. AlI images were taken. under the same parameters. Bar = 10 I!m
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FJgUre 7. Cx43 expression progressively decreases duriDg extended quiescence. Westem
blot analysis ofcontrol (lane a) MAC-T cens and ceUs semm starved for 2 days (Jane b), 3
days (Jane c), or 4 days (Jane d) demonstrated a progressive decrease in an Cx43 species after
entering quiescence. AU lanes were equalized for cen number.
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Figure 8. Contact inhibition drives MAC-T ceRs into quiescence and results in
redistribution of Cx43. MAC-T cells were cultured for 7 days in the presence of serum.
growth factors to induce quiescence through contact inhibition. Cells were assayed for
quiescence through the incorporation of the thymidine analog, 5..bromo-2'-deoxyuridine
(BrdU) by immUDofluorescent anti-BrdU counter-staining (A,B). In comparison to cells
cultured for 2-3 days (A), anti-BrdU staining in cells cultured for 7 days showed a marked
decrease (B). IntraceDular immunostaining for Cx43 (C,D) decreased in contact inhibited cells
(0). Panels A and B were taken at the same parameters, as were C and D, using confocal
microscopy. Bar = 10 J.1m.
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Table 1: PhosphorImager Analysis of Cx43 Protein in Quiescent
and Serum-Recovered MAC-T Cells

The table presents the averages of PhosphorImager data obtained hm three separate
Westem blots using ditferent sets of untreated (control), quiescent and serum-recovered
(24 or 48 hours after quiescence) MAC-T cen lysates. The numbers in the rows, 44-46
ID, -42 kO, and total volume, represent actual numbers obtained using the
PhosphorImager. The row~ volume as a % ofcontrol, represents the total voume ofCx43
protein in each sample relative to the controL lhe % of volume phosphorylated is the
fraction ofthe total volume of Cx43 in each sample that is acœ1Dlted for by the 44-46 ID
species.



Table 2: Quantification of Lucifer Yellow Transfer in Quiescent and
Non-Quiescent MAC-T Cells

Dye Transfer

lst'order
'2ndorder
3rd'order

>3rdoJder
Total

..Quiescence
(n=34)

48h Rec.
(8=26)

(

Control, quiescent (serum-induced), serum-recovered (24 and 48 hours after serum-induced
quiescence), and contact inhibited MAC-T cells were microinjected with Lucifer yeBow to
determine the extent ofcoupling. The table shows the average number ofceDs that received
dye (along with the cOlTesponding S. E. M. values) and the order ofeen separation from the
injeeted cell.
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2.8 Summary:

Gap junctions play an important role in the proliferation, differentiation, and function of

the ma1lllJl3IY gland. In this part ofthe study, the role ofgap junetional communication was

addressed in proliferating mammary epithelial cens that were induced by serum deprivation

or contact inhibition to enter a state ofquiescence. We have shown that during quiescence,

mammary epithelial cells will significantly alter expression levels ofCx43, but will maintain

interœllu1ar comnnmjcation by redistributing intraœllu1ar pools ofCx43 to the cen surface.

In addition, there is a1so an apparent modification in the phosphorylation state ofthe protein

suggesting that cen cycle dependent kinases may be mvolved. The involvement of gap

junetions during the cel cycle and in cel1ular proliferation are direetly relevent to the study

of tumorigenesis. In the next part of our study, we will further address the role of gap

junctional connrnmication in the mammary gland by looking at the mecbanism of

heterocellular gap junction formation. HeteroceDu1ar COJDJDImication in the mammary gland

may play a role during deve10pment and tumorigenesis when differentiating or

dedifferentiating ceDs are in direct contact. In the adult mammary gland, however, there is

a selective communication barrier between different cell types which may prevent

inapproprlate communication that leads to abnormal growtb. and fimetion. We will. address

the possible involvement ofcel adhesion molecules in establisbing CODlJDJmication between

mammary epithelial cells and fibroblasts. In our studies, we have a1so utilized a transitional

cell type tb.at expresses charaeteristics offibroblasts and epithelial ceDs which aIlows us to

study epitheHal to mesenchyme transition, a process also associated with tumorigenesis.
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Chapter3

BeteroceUular Gap JunCtiODal COIDDl1UlÏeatioD is Mediated

by an Intermediate cen Type but Dot by

E-cadherin TraDsgene Expression

T.L. Woodward, M.A Sia, o.w. BIaschuk, J.D. Turner, mdD.W. Laird

RUIlIÙDg tide: Heterocellular Gne is mediated by an intermediate een type.

Key words: Gap junetions, connexin43, cadherins, heterocel1u1ar C01D1Dlmjcation
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3.1 Abstract:

HomoeeUular gap junctional intercellular communication (GnC) oceurs in nearly all cell

types, though heterocellular onc has been identified far less frequently in vivo. We have

developed a cell culture model to analyze homocellular and heterocellular GnC using a

mammary epithelial cellline (MAC-T), a fibroblast line (FibC) and an intermediate cellline

(FibE). These celllines were characterized extensively for cell type based on morphology,

intermediate cytoskeletal filaments, cell adhesion molecules and their associated proteins, tight

junction proteins as weIl as functional differentiation. AIl cell types expressed connexin43 and

were dye coupled in homocellular culture. MAC-T cells and FibE cells had abundant

intercellular plaques ofCx43 as observed by immunostaining. Gap junctional plaques were

not observed between FibC and MAC-T cells. Similarly, there was little gap junetional

intercellular communication between MAC-T cells and FibC cells. However, FibE cells, the

intermediate œil type, were able to communicate with both cell types and could transfer dye

between MAC-T cells and FibC cells when cultured together. Expression of an epithelial

cadherin (E-cad), by stable transfection of FibC cells with an E-cad expressing plasmid

vector, resulted in a more epithelial-like phenotype for the FibC cells, but did not enhance gap

junetional communication with MAC-T cells, which endogenously express E-cad. Gne was

slightly enhanced, however, between MAC-T cells and FibE cells after FibE cells were

transfeeted with E-cad. These results also demonstrate that communication gaps between

epithelial cells and fibroblasts can be bridged by intermediate cells, a process that MaY be

important in gland development, growth, differentiation and cancer.
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3.2 Introduction:

Gap jwJ.ctions are transmembrme channels between cens which allow the transfer ofsma11

molecules, amino acids, secondary messengers, and calcium. The gap junetion channel is

composed of two hemichannels, each nom apposing ceUs. These hemichannels, or

connexons, are formed by 6 polypeptides, the connexins (Beyer, 1993). The connexins are

a fàmily ofat least 13 proteins that are differentiaDy expressed in nearly an cens (reviewed in

Bmzzone et al, 1996). Typically, gap jonctions allow simi1ar cells, homotypic cens, within

a gland or organ to function coorctinate1y, but independent of dissimilar cells, heterotypic

cens. Therefore ceDs that are coupled by gap junctions cau, potentiaDy, 1) spread secondary

messengers to induce proliferation or differentiation and 2) dilute harmtùl toxins; thereby

causing the group ofceDs to fùnction in concert (Bolder et al, 1993; Wolburg and Rohlmanu,

1995).

More than two decades ago, two independent research groups discovered that

heteroceDular populations (fibroblasts and epitheHal ceDs) sort themselves, when co-cultured

in vitro, into communication compartments (Fentiman et al, 1976; Pitts and Burk, 1976).

Homocellular populations, either epithelial-epithelial or fibroblast-fibroblast, were weB

coupled tbrough gap jonctions, while heteroce11u1ar gap junctional interceJlolar

communication (GnC) was severely limited. Pitts and coneagues extended these early

studies, indicating that the reduced coupling between different cen types is a result offewer
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junctions and that heterocellular coupling can occur in vivo, though this was an infrequent

event (Pittsand Kam, 1985; Kam et al., 1986).

Other researchers have demonstrated that heteroceUular onc does occur in vivo in

defined systems. For example, one between cardiac myocytes and surrounding fibroblasts

(Rook et al., 1989; Laird and Revel, 1990), genn cells and Sertoli cells in the testis (Cyr et

al., 1992), and between basal cells and principal cells in the epididymis (CYr et al., 1996) has

been documented. Other reports ofin vivo heterocellular communication are less clear, as

Bassnett and colleagues (1994) have presented compelling evidence that epithelial and fiber

cens ofthe eye lens are not coupled by GnC, contrary to previous reports (Goodenough et

al., 1980; Rae and Kuszak, 1983; Miller and Goodenough; 1986). Cumulus-oocyte GllC has

been known to occur for Many years (Valdimarsson et al., 1993). In an elegant series of

experiments, Simon and colleagues (1997) have recently demonstrated that heteroceUular

Cx37 gap junctions between oocyte and granulosa cells is critical for normal oogenesis. Loss

of ex37 expression results in female infertility stemming from abnonnalities in follicular

growth, control of luteinization and oocyte maturation. It thus appears that although

heterocellular gap junctions are not as prevalent as their homocellular counterparts, OllC

between different cell types selVes an important biological role.

The mechanisms that limit or facilitate the fonnation ofheterocellular one have not been

thoroughly investigated. despite many data that document heterocellular one (or lack

thereof) in vitro. Results concerning specificity ofheterocellular GnC in vitro have found
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( the absence (Fentiman et al., 1976) and presence (Tomasetto et al., 1993) ofGne between

epithelial cells and fibroblasts from the same gland. It bas been suggested that some cell types

are not selective communicators and their promiscuity in GnC May be related to high

numbers ofgap junctions. We suggest, that discrepancies may result ftom poorly defined cell

systems, or altematively trom drift ofcells in culture. Cellular transdifferentiation in culture

is frequent, and many cells contain properties ofhoth epithelium and fibroblasts (Mork et al.,

1990; Boyer and Thiery, 1993; Hay, 1995; Ronnov-Jessen et a1., 1995). Furthermore, the

extracellular matrix, growth factors in serum or exogenously added growth factors or

hormones can inducetransdifferentiation.(Boyer et al., 1993; Miettinen et al., 1994).

Therefore, we have created a œil system using weil defined fibroblasts and epithelial cells

as weil as an intennediate (or transitional) œil type. These well characterized cell types were

ail obtained from the mammary gland ofa single species (bovine) to ensure species-species

or gland.g1and!organ differences were not an issue Using these cells we have detennined that

heterocellular Gne between fibroblasts and epithelial cells is severely restrieted. However,

intermediate cells bridged GTIC between fibroblasts and epithelial cells. Homocellular

cultures ofeither epithelial cells or fibroblasts had intercellular plaques ofCx43. However,

these plaques were absent between the two cell types. Finally, our results indicate that cell

adhesion molecules alone are insufficient in facilitating heterocellular GllC, as stable

transfection offibroblasts with E-cadherin did not enhance heterocellular GnC with epithelial

cells, which endogenously express E·cadherin.
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3.3 Materials and Methods:

1. Materials, ceR lines and culture conditions:

An media, sera and cu1ture reagents were obtained nom GIBCO BRL (Burlington, Ont.),

Becton Dickinson (St. Laurent, Que) or Sigma Chemical Co. (St. Louis, MO). Lipofectin

was obtained from GœCO BRL. AlI cen mes were grown in D:MEM supplem.ented with

10% FBS, 100 UDitslml ofstreptomycinlpeniciDin, and 2 mM glutamine. MAC-T ceDs were

an established bovine mamma'Y epilheHal eenline that can be induced to morphologica1ly and

funetionally differentiate in culture similar to normal mammary alveolar epithelium. in vivo

(Huynh et al, 1991). FibE and FibC ceDs were isolated ftom bovine mammaty tissue also,

as previously descnoed (Woodward et al, 1994; 1995). Cenmolphology, phenotype and

growth patterns were not ahered when the ceUs were cuhured under the above conditions.

2. E-cadherin transfection:

FibC and FibE cells were split into two groups: one to be transfected and one to he

passaged identicallly to the transfeeted. Cen were stahly co-transfected with a plasmid

expression veetor containing E-cadherin, pBATEM2, and a neo plasmid, pBATneo, as a

seleetable marker (Nose et al, 1988) by Iipofeetamine previously described (Woodward et

al, 1995). Both plasmids were generous gifts from Dr. Masatosbi Takeicbi Two days after

transfeetion, cens were split 1:5 and subsequently selected in DMEM with 10-20% FBS, 2

mM glutamine, and 1 mg/ml G418 sulfate. Selection was continued for 2 weeks. 0418

sulfate at 1mg/ml was previously determined to be 100% cytotoxic to aD. nODtransfected ceDs
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within 5 days. Surviving cells were subsequently ftozen or used direct1y in experiments. In

addition to selection ofpositive transfeetants, each cellline was screened for E-cadherin in

transfeeted and nontransfected ceDs by Western blotting and immunocytochemistry.

3. Immunoeytoehemistry:

FlXed ceDs grown on coverslips were immnDolabeled in the mmner previously descn"bed

by Laird et al (1995). Antibodies against the fonowing proteins were utilized: Cx43 (Laird

and Reve~ 1990), cytokeratin (Boehringer MannheimBiochemica,QC), vimentin (Boehringer

Mannheim Biochemica, QC), E-cadherin (Transduction Labontories, KY), B-catenin

(Transduction Laboratories, KY), occludin (Zymed, CA), and Zo-l (Developmental Studies

Hybridoma Bank, lA). Briefly, cens were grown on glass covers1ips and fixed with 100%

ethanol, blocked with 10% borse sera or 2% BSA, rinsed inPBS and inmnmolabeled. CeUs

were labeled with 1-5 IJglml antî-Cx43 antibody or 1: 100 dilutions ofcytoskeletal antlôodies,

and 1: 250 for E-cadh~ p..catenin and occludin antibodies. cens were sobsequently rinsed

6X over 30 min in PBS and incubated 1b in secondaIy antibody, goat anti-mouse, goat anti­

rat or donkey anti-rabbit rhodamine and PITe conjugated antibod1es (Jackson

ImrmmoResearch Laboratories, Inc., PA). Coverslips were rinsed, mounted and analyzed. on

a Zeiss LSM 410 inverted confoeal microscope as descnôed previously (Laird et al, 1995).

4. Microinjection:

Homoce11u.1.ar or heteroceUular populations ofFibE, FibC md/or MAC-T ceUs were grown

on glass coverslips for 2-3 days prior to use in experimental protocols. Mixed ceU
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populationswere simn1taneously plated at a 3: 1 ratio for FibC:FibE and FibC:MAC-T or 1:1

as with MAC-T:FibE. Altematively, FibC ceUs were permitted to reach 50% confluency

before the addition ofFibE and/or MAC-T cells, and uti1ized 2-3 days after the addition of

the second population of cells. No detectable differen.ces were observed between the two

culturing procedures. The cells were assayed for the extent of GHC tbrough pressure

microinjection ofthe dye, Lucifer yellow (S%), in~O or 10 mM Hepes (pH 7.4, Molecular

Probes, Eugene, OR). In the case ofheterocellular populations ofcells, an attempt was made

to inject cells that were not directly in contact with a cell ofa different type, but at least one

order removed 50 that the possibility oftwo ctifferent eell types receMng dye ftom the same

injection was minimized. CeUs were microinjected over an interval of20 minutes and the

coverslips were tixed with 3.70/0 formaldehyde in PBS for S-10 min. In some cases, the

coverstipswere subsequently permeabi1ized with 0.1% TX-I00 and innmmolabeled. The ceUs

were viewed using confocal microscopy to determine the extent and success ofdye coupling.

For tabulation ofheteroceDular populations, the following criteria was uti1ized: 1) injections,

at the very least, had to successfiùly transfer dye witbin the same population ofcens in order

to be included; and 2) injections were only considered as successful heteroceBular dye

transfers ifthe injected homoceDular population ofcells ttansferred dye to more than one ceU

ofa different type.

5. Western immuDoblotting:

MAC·T, FibC, FibC transfeeted with E-cadherin (FibC lF), FibE, and FibE transfected

with E-cadherin (FibE TF) were grown to 80-95% confluency in 100 mm dîshes. The ceDs
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were then placed on ice, washed with PBS and peBeted in a clinical centrifuge. The pellet was

resuspended with 600-800 JÙ ofRIPA buffer (10mM NaJIP04 pH 7.2, 150mM NaCI, 2mM

EDTA, 1% Triton X-l00, 1% sodium deoxycholic acid, 1% SnS) to which iDhibitors had

been added (2mM PMSF, 2mM sodium orthovanadate, ImM sodium fluoride, 10mM

leupeptin, and 2 I!glml aprotiDin). The samples were sonicated, nonm6zed for protem content

using a bicinchoDioic acid (BCA)protein assay(Pierce Chemical Co., Rockford, IL) and then

subjected to SDS-PAGE.

Altemately, bovine mammary gland Iysates were prepared ftom lactating Holstein cows

immediately following sacrifice. Parenchymal tissue, excluding major fibrous duels, was

removed and homogenized on ice in homogenization buftèr (PJPA consisting of 150mM

NaCI, 25mM Tris-HCl, 5mM EDTA, 0.1% sns, 0.1% Triton X-I00, 1% sodium

deoxycholic acid) to which iDhibitors had been added (2mM PMSF, O.5mM sodium

orthovanadate, SmM sodium fluoride, 1 Ilg/mlleupep~ and 10 Ilglml aprotiDin). '!he

samples were homogenized using a Polytron tissue homogeuizer and then centrifùged at

2400Xg at 4 oC for 5min. Fat was removed and the supemantant was sonicated. The samples

were recentrifùged twice at 13 OOOXg al 4 oC for 15 min. The supemantant was removed and

subjected to protein analysis using a Bio-Rad OC protein assay kit. Mouse heart samples were

similarly prepared.

Lysates were resolved on a 10% SDS-polyaaylamide gel with a bisaCIYlamide:acrylamide

ratio of 0.8:30. The resolved proteins were transferred to nitroceDu1ose blot paper and
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immnDostained as descnoed by Laird et al. (1995). The foUowing antibody concentrations!

dilutions were used: CT-360 (anti-Cx43) at 11!g1ml, anti-E-cadherin at 1:1000 and anti-B­

catenin at 1:1000. The blots were air dried and exposed to Amersham Hyperfi1m-MP with an

intensifying screen.

3.4 Results:

1. CeU typing and characterization:

Established mamma'Y ceUs were charaeterized for ceD type based on 1) mOlphology, 2)

cytoskeletal intermediate filament proteins, 3) E-cadherin expression, 4) tight junction

proteins, and 5) mamma'Y epithelial fimctional differentiation (beta-casein

expression/synthesis). The MAC-T cell line was chosen as an epithelial mode], since earlier

reports have established that this cellline maintains ils epithelial characteristics in culture

(HuyDh et al., 1991), unlike many other mamma'Y epithelial ceUs (Bu.ynh and PoDack, 1995).

MAC-T ceRs stained positive for the interm.ediate filament protein cytokeratin (Fig. ~

B; Table 1) and negative for the intermediate filament protein vimentin (Fig. 2A, B; Table 1).

AdditionaUy, the MAC-T ceRs expressed the epithelial tight jonction protein, occludin, the

tight junction associated protein, Z()'l, and the epithelial adherens junetion protein, E..

cadherin (Table 1). This cell line bas previously been shown to functionally and

IDOlphologicaUy difFerentiate when cultured on an appropriate substratum in the presence of
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proJactin (Huynh et al, 1991). MAC-T ceDshave bem shown to synthesize and secrete alpha

and beta caseins, as weB as lactose in culture. lhese characteristics are the baDmark ofa

fimctional mammary epitheüa1 cell in vivo.

The bovine mammaty fibrobJast cen line, FibC, had a fibroblast motphology and consistent

with fibroblastic propenies, the ceB line was negative for cytokeratin (Fig. lE, F) and

positive for vimentin (2E, F). FibC cells, as weil, did DOt express epithelial tight jonction or

epithelial adherens junetion proteins (Table 1). Finany, the FibE cell line had characteristics

of both fibroblasts and epithe1ia1 cells. FibE cells expressed vimentin (Fig. 2C, D), the

fibroblast intermediate filament, and Iacked cytokeratin (Fig. IC, D), the epitheHal

intermediate filament. Additionally, this cell fine did not express the epithelial tight jonction

integral membrane protein occludin (Table 1) and did DOt functionally differentiate

(Woodward, T.L., unpublished results). However, FibE cellshave a cobblestone epithelial­

like mOIphology, and express both E-cadherin and Zo-l (Table 1).

Therefore based on morphology.. marker proteins and :6metional differentiation, these 3

mammaty cel lines, were charaeterized as epithelial ce1ls (MAC-T), intermediate ceDs (PibE),

and fibroblasts (FibC) throughout their use in these trials.

2. Connexin43 expression and GJIC in homotypic cultures:

Connexin43 expression was examined in laetating bovine mammary gland and the bovine

marnrnary epithelial ceD lines described above using Westem blotting. The Iactating mammary
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tissue was positive for Cx43 indicating its in vivo presence in the bovine m8JDJD8ry gland (Fig.

3, Jane b), a1though in lower quantities than in mouse hem (Fig. 3, Jane a). AlI three cell lines

expressed severa! forms of Cx43, a lower molecular weight (42 IDa) nonphosphorylated

species and two phosphorylated species (44-46 kDa) (Fig. 4, ïnsets). ExaminatiOD of

connexin expression in the mammary gland of humans or murine species have found

expression ofonly Cx26 or Cx43 (Monagban et al, 1994, Pozzi et al, 1995), or both Cx26

and Cx43 (Lee et al, 1992) or developmentally regu1ated expression of Cx26, Cx32 and

Cx43 (pozzi et al, 1995). Cx26 and Cx32 were Dot jJD1DJmo-detected in any ofthe bovine

mammary cenmes used in these studies, nor were these connexins found in laetating bovine

mammary tissue (data not shown).

Trnrmmostaining for Cx43 confirmed the presence ofgap jonctions in homocellular cuhures

ofMAC-T cells, FibE ceUs and FibC cells. Although intracellular staining was particularly

strong in MAC-T ce~ aD homoceBular cultures had punctate inummmostaiDing between cens

and intracenular perinuclear staining (data not shown). HomoceDular cultures ofMAC-T,

FibE and FibC cells were microinjeeted with Lucifer yenow to analyze onc. AD een types

were well coupled by GnC (Fig. 4).

3. BeteroceUular GJlC:

Cen mes were cocultured to examine heterocellular ODC. MAC-TlFibE (Fig. SA) and

FibC/FibE (Fig. 5D) cocultures commonly demonstrated heterocellular dye transfer of

microinjected Lucifer yenow, but dye transfer was rarely observed in MAC-TlFibC cocultures
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(Fig. SG). The celllines were distinguished based on Cx43 staining patterns charaeteristic of

each ceIlline (Fig. SB, E, H) and based on their morphological appearance (Fig. SC, F, 1).

FibC cells were most readily identified by their spindle shaped morphology. FibE and MAC...T

cells, though similar in shape, could he separated by the additional presence ofdark vesicle­

like structures in FibE cells when observed in transmitted light images and by the lack of

perinuclear Cx43 immunostaining.

4. Characterization of E-cadherin in stably transfected fibroblasts:

In arder ta address the hypothesis that coexpression ofthe same connexin and a common

cadherin upregulates gap junetional communication between distinctly different cell types,

FibC cells (and FibE cells which endogenously express E...cadherin) were transfected with

a plasmid encoding E-cadherin. E-cadherin transfeeted fibroblasts (FibC TF) expressed E­

cadherin by Western blot analysis (Fig. 6) and by immunoCYtochemistry (Fig. 8). The level

ofE-cadherin expression in FibC TF was comparable to that of endogenously expressed E­

cadherin in FibE cells and no significant change in E-cadherin expression was observed in

FibE cells after transfection. Similar to MAC-T cells and FibE cells (Fig. 1B, D), E-cadherin

was localized to the plasma membrane in FibC ceUs by immunofluorescence after transfection,

though the staining pattern appeared more punctate (Fig. 8B, D). Additionally, E-cadherin

expressing fibroblasts (Fig. SC) were distinguishable from nontransfected fibroblasts (Fig. SA)

in culture by altered morphology. FibC TF cells were less elongated, enlarged and generally

lacked lamellopodia tbat were present in nontransfected FibC cells. The cells appeared more
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epithelial in morphology, though were still distinguishable nom the MAC-T (Fig. 7A) and

FibE (Fig. 7C) cell lines. The moxphology ofFibE ceDs transfected with E-cadherin (FibE

TF) was not altered from nontransfeeted cells.

Wlth the knowledge that the transfection ofcadherins into cells cm lead to changes in the

expression of connexins (Mege et al, 1988; Musil et al, 1990), Westem blotting was

performed to examine the levels ofCx43 in FibC and FibE ceDs after transfection (Fig. 9).

No detectable alterations in Cx43 levels were observed in either FibC or FibE cens. Using

Westem blot analysis, we also tested for the presence of.B-catenin, a protein associated with

adherensjunetions, which is required for proper E-cadherin ftmetion (Fig. 10). B-catenin was

expressed in a1l cell lines including FibC cells prior to transfection. TmnnmofluoIescence

studies loca.lizœ 6-catenin in close proximity to the œn surface ofail celllines (Fig. Il;Fig.

12), as weIl as intracellularly in MAC-T cells (Fig. lIB). The pattem ofstaÙling mimicked

that ofE-cadherin in MAC-T (Fig. lIA, B), FibE (Fig. IIC, D), and FibC TF ceDs (Fig. 12

C, D). The additional presence of B-catenin in nontransfected FibC cens (Fig. I2A, B)

suggests that cadherins other than E-cadherin may be present. To date, however, we have

been unable to deteet other members ofthe cadherin fiunily.

s. Quantification of heteroceUular dye transfer:

Heterocellular GnC was measured by Lucifer yellow dye transfer between different cel

types in contact in cocu1ture (Table 2). Directional transfer ofdye was also assessed. MAC­

T cens and the intermediate cell type, FibE, had the highest onc with 70-82% of ceDs
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transferring dye to its heterocellular neighbors. Dye transfer between fibroblasts and the

interm.ediate cen type was significantly lower at approximately 28%. Epithelial to fibroblast

Gnc was very 10w at 12%. Fibroblasts transferred dye slightly more often to intermediate

ceDs tban intermediate ceDs to :6broblasts. This direetional transfer was maintained following

transfeetion offibroblasts with E·cadherin.

After transfeetion with E-cadherin, FibE had slightly enhanced GDC in both directions

with MAC-T cells, FibE dye transfer to MAC-T cells increased slightly !rom 82% to 100%

following transfeetion, while MAC-T to FibE dye transfer increased from 70% to 100%.

Unexpectedly, GnC in FibC TF was not substaDtia11y dHfetent than nontransfeeted FibC cells.

Only slight diftèrences in GJIC following transfeetion were noted between FibC TF and FibE

or between FibC TF cells and FibE TF cells when compared to nontransfected FibC cells.

MAC-T cells did not have greater GnC with FibC TF than FibC ceIs. Therefore, despite

constitutive expression of funetional E-cadherin that altered the phenotype ofFibC cells,

GDC between these fibroblasts and epithelial or intermediate ceDs was not substantiaBy

mcreased.

6. The role of intermediate cells ÏD bridging communication gaps:

One interesting scenario that became more evident is the POSSlDility that the intermediate

ceDtype which communicates relatively weB with the two distinet ceB types may aet to bridge

the comrmmication gap between epithe1ial ceUs and fibroblasts. In mixed cultures containing

all tbree ceB Iines, micoinjeeted Lucifer yellow was observed to pass ftom fibroblasts to
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epithelial ceUs via the intermediate cell type (Fig. 13A, D). Conversely, dye could also he

transferred from epithe1ial cells to intermediate ceUs and then to fibroblasts (Fig. 14A, D)

indieating tbat there is no directional selectivity. The tbree celIlines were distinguished by the

presence ofthe cytoskeletal marker protem vimentin (Fig. 13B, 14B), which is found only in

FibE and FibC cells, and by mOIphology (Fig. 13C, 14 Cl. Intermediate or transitional ceUs

which have not :fully differentiated or have dedifferentiated may thus be able to serve a role

inpassing molecular signals between two poorly comnnmicating cel types during processes

snch as development and tumorigenesis.

3.5 Diseussion:

We have analyzed Cx43 expression and GRe between mammary epithelial cens,

fibroblasts and an intennediate cell type. These studies have also investigated the :fimction

ofE-cadherin in heteroceDular one. Our data demonstrates that ceD surlàce Cx43, localized

by jmmuDocytochemical analysis.. was abondant in homocellular cultures of fibroblasts,

intermediate cells or epithelial ceUs. However, Cx43 plaques were not detected between

epithelial ceUs and fibroblasts. Similarly, MOst cells in homoceDular culture were able to

transfer Lucifer Yellow dye to their neighbors, and most intermediate ceUs and MAC..T cells

were coupled by gap junetions. Fibroblast epithelial GHC, on the other band, was severely

restricted. Plasmid direeted expression ofE-cadherin in intermediate cells increased GRC

between epithelial ceUs and intermediate cells to 100%. Despite E-cadherin transfected
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fibroblasts having a more epithelial-like morphology following transfeetion, there was no

change in Gne between tibroblasts and epithelial ceUs when E-cadherin was localized at the

ceU surface offibroblasts.

The mechanisms that limit or facilitate Gnc between heterotypic cell types is not weIl

understood. The pioneering studies ofPitts and bis colleagues revealed that Gnc between

homotypic cells can he abundant, but is severely restricted between heterotypic cells (pitts and

BurIe, 1976; Pitts and Kam, 1985). UJÛortunately, these early studies were unable' ta

detennine ifthe di1ferent œil types expressed the same connexin and/or the same cell adhesion

Molecules, DOW known ta be important in cell-eell adhesion and GnC (Meyer et al., 1992).

The tirst connexin was not cloned until 1986 (Goodenough et al., 1996) and eonnexin

antibodies were not commerciably available. Fentiman and colleagues (1976) aIso found that

heterocellular GTIC was limited in mammary cells. However, these researchers revealed that

sorne cells in culture, calf lens epithelial cells for example, are non-selective communicators.

Later studies by Tomasetto and colleagues (1993) round excellent communication between

Donnai human mammary epithelial cells (TMEC) and nonnal human fibroblasts (TMEC).

In our studies, epithelial cells and fibroblasts have very liuùted GRC, but an interrnediate cell

type cm communieate more efficiently with either œil type. In faet, GnC between fibroblasts

and epithelial cells can oecur through this intermediate cell type.

Cells used in our sludies were ail obtained from the same gland (mammary gland) ofthe

same species (bovine) as weil as the same breed (Holstein-Friesian), thereby eliminating any
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species or organ differences that may complicate measuring heterocellular communication.

Furthermore, we have carefully charaeterized morphology, intermediate filaments, cadherins,

catenins, tigbt jmlction(and assoclated) proteins as weil as assessing epithelial clliferentiation

to ensure een typing. Sio.ce substantial drift ftequently occurs during culture, it was important

to type the een lines before and during these studies. Many mammary epithelial celllines have

drlfted significantly in culture, having altered morphology, differentiation, tumorigenicity, and

even cell type (Mork et al, 1990; Huynh and PoDak, 1995; Ronnov-Jessen et al, 1995).

In vivo, heteroceDular GJIC bas been demonstrated in severa! instances (Kam et al, 1986;

Laird and R.evel, 1990; Cyr et al, 1992; Simon et al, 1997). In the adult mammary gland

fibroblast and epithelial cells are most often separated by a basem.ent membrane.

Furthermore, dming and Û1111WtiateJ;yproceeding lactation, myoepithelial cens may complete1y

"seal" offepithelial cells from the surrounding stroma. However, GnC bas been. shown to

occur betweenmammary myoepithelial ceDs and epithelial cens in vitro (Pitelka et al, 1973)

and in vivo (Berga, 1984). Additionally, the mammary gland undergoes extensive postnatal

development during puberty, pregnancy and lactation. At the onset ofpuberty, during the

luteal phase of the menstrual cycle, and during pregnancy and early lactation, active cen

proliferation occurs. Doring periods ofductal elongation and side branching, the basement

membrane is degraded and epithelium invades the stromal tissue, thus fàcilitating direct

epithelial-stromal contact (Howlett and BisseD, 1993). AdditionaRy, metalloproteinase

expression, basement membrane discontinuity and stromal tissue invasion are common

dtaracteristics ofmarnmary epithelial tumors (Birkedal-Hansen et aI., 1993; Guelstein et al,
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1993); these charaeteristics are magnified in metastatic tomors. Thus, the potential for

fibroblast-epitheHal contact may occur ftequently in the normal and cancerous aduIt marnmary

gland.

cen sorting, in vitro and in vivo, occursby homotypic cens adhering to each other through

een type specifie een adhesi.on moIecules (Takeichi, 1991). We have previously found in vitro

cell sorting when MAC-T ceDs are cu1tured with fibroblasts for extended periods. The E­

cadherin expressing MAC-T ceRs form isJands separated by fibroblasts (that are E-cadherin

negative). Cadherins have a1so been. shown to be important in homotypie GUC. For

example, several groups have observed apositive correlation between cen adhesion molecule

expression and GUC (Kojima et al, 1994; EI-Sabban and Pauli, 1994-1995; Jansen et al,

1996). It has been shown that when N-eadherin assembly is prevented by N-cadherin

antibodies in reaggregating NovikoffceDs, GJIC is prevented (Meyer et al, 1992). Likewise,

othershave demonstrated decreased or aboHshed GJIC in cells treated with anti-cell adhesion

antibodies (Musil et aL, 1990) or increased GUC in ceDs transfected with cadherins (Jongen

et al, 1991). Therefore, il seemed likely that heteroeellular GUC may not occur between

mammary fibroblasts and epithelial~ since their dHlèrent cadherins would 0D1y allow them

to form. adherensjunetions witbin a een type and not between the two eeR types. Gnc did,

however, oecor between fibroblasts and epithe1ia1 cens, albeit inftequently. Despite tbis

infrequent heterocellular GnC, we hypothesized that frequency ofheterocellular GDC may

increase if fibroblasts expressed the epitheJial specifie E-cadherin. Morphology of the

fibroblasts tbat stahly expressedthe E-cadherln transgene were markedly more epithelial-like.
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However, heterocellular Gnc between E-cadherin transfected fibroblasts and epithelial eells

was not more frequent than GJIC between non-transfected fibroblasts and epithelia1 eells

(MAC-T and FîbC 12.1% versus MAC-T and FîbC TF 14.3%). Smprisingly, the

intennediate cens, wbich endogenously express E-cadherin, when transfeeted with E-cadherin

showed a slightincrease in GnC (FîbE to MAC-T 81.8% versus FibE TF to MAC-T 100%

and MAC-T to FibE 69.6%versus MAC-T to FibE TF 100%). Perhaps tbis should not have

beenunexpected since El-Sabban andPauli (1994-1995) have previously found a rate limiting

correlation betweeD. the expression level ofeen adhesion molecules and GHC between long­

metastatie cancer cens and endothelial ceDs.

The laek of correlation between cel adhesion molecu1es and GnC bas, however, been

noted previously. Meson and colleagues (1993) determined that gene expression ofan N­

CAM homologue (OCC gene) was not correlated with GJIC. Whereas, Guger and Gumbiner

(1995) found that enhanced expression of some cadherins does not alter gap junctional

eomnnmication. Similarly, E-cadherin. expression was correlated with the expressional

patterns ofeonnexin26 in hepatocytes, but connexin32 distn"bution or expression was not

altered by E-cadherin expression (Kojima et al, 1994). Therefore, there appears to be a

correlation betweeD. cen adhesion molecule expression and GJIC only in specifie combinations

of cen type, connexin expression and eadherin expression. Our results support tbis

conclusion, but futther extends the hypothesis that the expression ofce1l adhesion molecu1es

may be more influential in modu1ating Gnc between simi1ar ce1l types tb.an distinct

heterotypie cells.
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( The use of a 'transitional' cell type that expresses both epithelial and fibroblast

characteristics allowed us to detennine whether epithelial to Mesenchyme transition (EMT)

May provide a pathway for heteroceUular GRe. EMT has been shown to naturally occur

during the development ofseveral organslglands (Duband et al., 1995; Hay, 1995). EMT,

also occurs during tumorigenesis and May be a key element controlling the first steps of

invasion and metastasis in epithelial derived tumors (Boyer and Thiery, 1993). EMT can be

induced by 1) growth factors, 2) extracellularmatrices and expression oftheir cognate cellular

receptors (integrins), 3) and expression or repression of cell adhesion molecules. In faet,

recent studies have demonstrated that established fines ofDonnal mammary epithelial cells

undergo EMT simply by treatment with TGF-p (Miettinen et al., 1994). Others have found

extensive changes in the phenotype of low passage mammary ceUs by serum and growth

factors (Ronnov-Jessen et aL, 1995). The intermediate cell type used in our experiments

(FibE, originally isolated from mammary epithelial ceUs) maintains its 'transitional'

characteristics under our defined culture conditions. Interestingly, EMT is most Iikely to

occur when epithelial-to-stromal cell contact may be greatest, during development and

tumorigenesis. Our results support the hypothesis that transitional cells present' during EMT

could facilitate epithelial to stromal cell Gnc.

This study has demonstrated that true mammary epithelial cells rarely establish GllC with

fibroblasts in vitro. Intermediate cell types, however, form gap junctions with either

fibroblasts or epithelial cells and communicate relatively weB with either cell type.

Intermediate ceUs may actually facilitate GnC between the two distinct cell types, epithelial
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cells and fibroblasts. Although cadherin expression has previously been shown to facilitate

one between sorne homotypic cells, expression of the same cadherin is not suflicient for

heterocellular onc between fibroblasts and epithelial cells. Thus, the mechanism of

heterocellular gap junction fonnation in the mammary gland May require more than an

adhesion event. We hypothesize that GnC is nonnally limited to homotypic cens in the adult

mammary gland, though, during development, pregnancy, involution, or tumorigenesis,

interm.ediate cells MaY catalyze heterocellular Gnc. These results are particularly compelling

in light of substantial alterations in stromal œil behavior during breast epithelial cell

carcinogenesis (desmoplasia) that have been suggested to alter tumor cell steroidal

responsiveness, metalloproteinase expression, ceU proliferation and tumorigenic potential.
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Figure 1. Cytokeratin immunostainiog in bovine mammary ceU lines. MAC-T (A, B).
FibE (C, D), and FibC (E. F) ceUs were immunostained with an anti-cytokeratin antibody (Bt
Dt F) and viewed onder transmitted ligbt for morphology (A, C, E) and fluorescence for the
distribution of the intennediate filament protein cytokeratin. Consistent witb the
characterization of MAC-T cens as being epitheüal in nature, these ceUs express cytokeratin
which is absent in FibE and FibC cells. AIl fluorescent images were taken at the same
parameters. Bar =10 Ilm. .
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Figure 2. Vunentin immuDostainiDg in bovine mammary celllines. MAC-T (A, B), FibE
(C, D), and FibC (E, F) cells were characterized by confocal microscopy for morphology
under transmitted light (A, C, E) and for the dist~ibution orthe intermediate filament protein
vimentin after immunofluorescent staining using an anti-vimentin antibody (B, D, F). The Jack
ofvimentin expression in MAC-T ceUs suggests it is epithelial in nature. Although FibE ceUs
exhibit an epithelial-like morphology, they express vimentin, typical offibroblastic ceUs such
as the FibC. AlI fluorescent images were taken at the same parameters. Bar = 10 J,lm.
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Figure 3.CeOs (rom the bovine breast express Cx43 in vivo. Bovine mammary gland (15.6
Ilg) (Iane b) and mouse heart (0.72 Jlg) (Jane a) were Western blotted for Cx43. Note that
the bovine mammary gland expresses Cx43 at =42 kO.
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Figure 4. HomoceUular populations ofintermediate ceUs, epitbelial cells and fibroblasts
express Cx43 and are weB couple. Live homocellular populations ofintermediate FibE (Alli
epithelial MAC-T (B), and fibroblastic FibC (C) cells were microinjected with Lucifer yellow
(mjected cells denoted by asterisks) and dye was observed to spread to neighbouring cens in
ail œil types. Western blots werealso perfonned using celllysates ofFibE (inset, A), MAC-T
(inset, B), and FibC (inset, C). Several species of Cx43 were present in each cell type, a
nonphosphorylated species and phosphorylated species. Bar = 10 J.lm.
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Figure 5. InterceUular communication and connexin43 immunostaining in heterocellular
cultures. Heterocellular cultures ofMAC-TlFibE (A-C), Fib ClFibE (D-F), and MAC-TlFibC
(G-I) were microinjected with Lucifer yellow (A, D, G), immunostained for Cx43 (B, E, H),
and viewed under transmitted light (C, F, 1). Mixed cell populations show coupling between
MAC-T cells (denoted by E= epithelial) and FibE cells (denoted 1= intermediate) and
between FibE cells and FibC cells (denoted F= fibroblasts), but poor coupling between
epithelial cells and fibroblasts. The injected cell is indicated by an asterisk and the
corresponding fields shown for Cx43 immunostaining and transmitted light images aid in
distinguishing each cellline. Bar = 10 J,lm.
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Figure 6. Westem blot analysis ofE-eadherin in bovine mammary ceUs. Western blots
of (ysates ftom MAC-T (lane a), FibC TF (lane b), FibC (lane cl, FibE TF (lane dl, and FibE
(Jane e) cells revealed that aU ceU lines, with the exception ofthe non-transfected FibC ceUs
(lane cl, contained tùIl.length E-cadherin at Mc cs 120-130 kD. E-cadherin expression was not
upregulated in FibE cells after transfection with E-cadherin, but the level of E-cadherin
expression in FibC ceUs was comparable to that ofFibE after transfection. The cell lysates
contain equal amounts ofproteine
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Figure 7. Characterization of E-cadherin distribution in MAC-T and FibE cells. The
MAC-T (A, B) and FibE (C, D) eeU lines were immunof1uorescently stained for E-cadherin.
E-cadherin staining was endogenously present in MAC-T and FibE eeUs at the ceU surface
(B, D), with additional intraeeUular staining present in MAC-T eeUs. The corresponding
transmitted light images are shown (A, C). Bar =10 pm.
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Figure 8. Characterization ofE-cadherin distribution ÎD FibC, and FibC TF. The bovine
mammary fibroblasts, FibC, were immunofluorescently stained for E-cadherin prior to (8) and
post-transfection (D) with a plasmid encoding E-cadherin. Ceu surface immunostaining (see
arrows) for E-cadherin wu only observed inFibC cens der ttansfection (FibC TF ceUs). The
corresponding transmitted 6ght images are shown for FibC, prior ta (A) and post-transfection
(C). Bar =10 Jlm.



•

Cx43~

(

Figure 9. Western blot analysis ofCx43 in bovine Dlammary ceUs. Western blot studies
of MAC-T (Jane a), FibC TF (Jane b)t FibC (Jane c)>> FibE TF (Jane dl, and FibE (Iane e) ceU
lysates revealed that there were no alterations in the expression levels ofCx43 in either FibE
or FibC foUowing transfection. The expression levels ofCx43 in FibC and MAC-T cens were
comparable; expression ofCx43 was substantially lower in FibE cens. The cen lysates have
been standardized for protein content.
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Figure 10. Western blot analysis of D-catenin expression in bovine mammary cells.
Western btots using an anti-B-catenin revealed that MAC-T (lane a), FibC TF (lane b), FibC
(lane cl, FibE TF Oane d), and FibE (lane e) cells ail expressed B-catenin al fI$ 92 kD. The
lysates have been standardized for protein content.
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Figure Il. Characterization of O-catenin immunoOuorescence in MAC-T and FibE cens.
lnununostaining with an anti-B-catenin antibody revealed distinct staining patterns in bovine
mammary cells. B-catenin was distributed in a rim-like pattern at the periphery of FibE (0)
and MAC-T cells (B) with additional intracellular pools in MAC-T cells. Cell morphology is
shown in the corresponding transmitted light images ofMAC-T (A) and FibE (C) cells. Bar
= 10 J,lm.
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Figure 12. CbaracterizatioD of B-cateoin immunoftuorescence in FibC and FibC TF
cells. Immunostaining with an anti-B-catenin antibody revealed that B-catenin was distributed
in a punctate pattern at the œil surface ofFibC cells prior to (8) and post-transfection (D).
The respective transmitted llght images, A and C, are presented. Bar = 10 lim.
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Figure 13. Dye transfer from fibroblasts to cpitheJial cdls via intermediate cells in triple
cell cocultures. When Lucifer yellow was microinjected into a fibroblast (A, D), dye
transferred ta epithelial "E" cells via a group of intermediate "1" cells. The injected cell is
denoted by an asterisk in the transmitted light image (C). The intermediate cells and
fibroblasts can be distinguished from epithelial cells by the presence of anti-vimentin (B, D)
immunostaining. The morphological appearances of intermediate cells and fibroblasts is used
ta distinguish between these two cell types. Panel D represents an overlay ofLucifer yellow
dye transfer (green) and anti-vimentin staining (red) with overlapping areas appearing in
yellow. Bar = 10 ~m.
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Figure 14. Dye transfer from epithelial cells 10 fibrQblasts via intermediate cells in
triple ceU cocultures. When Lucifer yellow was microinjected ioto an epithelial cell CA, D),
dye transferred to nearby fibroblasts "'F' via adjacent intermediate 'T' cells. The iojected cell
is denoted by an asterisk in panei C. The cell types are distinguished based on anti-vimentin
immunofluorescent staining (B. D) and morphology under transmitted light (C). Panel D
represents an overlay ofdye transfer (green) and anti-virnentin immunofluorescence (red) with
areas of overlap in yellow. Bar = 10 Ilm.



Table 1: ChaneterizatioD of Bovine Mammary ceO Lines

ZO·.;'}

Vunentin

Cytokeratin

+

+

+

+ +

(

Bovine mammary cell lines, MAC-T, FibC and FibE, were charaeterized for morphology and
by immunofluorescence for the presence/absence ofmarker proteins, cytoskeletal (vimentin,
cytokeratin) or junetional (E.cadhe~ oceludin, ZO-l) proteins. These marker proteins
enabled classification ofMAC-T cells as epithelial cells, FibC cells as fibroblasts, and FibE
as an intermediate cell type with properties ofboth epithelial cens and fibroblasts.



Table 2: Qua.tiReatioD 01BeteroceDalar Dye Trusler .

:-~. : ~ .." " ........ ~ ,... ' ..:

Heterocellular
Transfer

Total
21/44= 47..,.A

Total
15/38= 39.5%

(

The following table represents the quantification of heteroceUolar dye transfer. ceU Unes
(MAC-T, FibC, FibC TF, FibE, and FibE TF) were co-cultured in various combinations.
Lucifer yeUow wu injected ioto one population ofceDs and observecl for the fiequency of
successfùl transfer ioto ceUs of a diiferent type. In aD cases, injections had to fùIfiIl two
criteria: firstly, aD qedion,s. Il the very least, had ta traDsfer dye witbin the sune population
as the injected ceD; and seeondly, in the case ofsuccessfù1 heteroceDular dye transfer, more
than one ceU of. type other than the injected ceD had to receive clye. In an scenarios of
coculture, the total number oC success'bl injections are presented and the success of dye
transfer in either direction is presented.
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CONCLUSIONS AND OBIGINAL CONTRIBUTIONS



I(

4.1 Conclusion:

We have shown that decreased Cx43 expression is not correlated with changes in gap

junctional intercellular communication (OnC) in quiescent manunary epithelial cells. GnC

appears to be maintained by the redistribution of intracellular Cx43 to the cell surface. In

addition to alterations in the expression levels ofCx43, phosphorylation ofCx43 undergoes

modest modifications at the GrlGl transition suggesting the possible involvement ofcell cycle

dependent kinases. With the knowledge that 10ss of gap junctions has been shawn to be

involved in tumorigenesis, modifications in Cx43 and GnC during the cell cycle may be

possible mechanisms by which cells regulate proliferation. Gap junctiona1 communication may

pemût cells to maintain responsiveness to regulatory or differentiation factors.

In the case of GnC between different celllineages, a process proposed to be involved in

tumorigenesis and proper development, we have examined the role of E-cadherin expression

as a critical mechanism for gap junction formation. We have shown that expression of the

same cadherin, coexpressed with the same connexin, is insufficient in establishing

heterocellular gap junction formation between distinct cell lines of the mammary gland.

Transitional or intennediate cells May, however, act as mediators ofGne between poorly

coupled œil types. These studies underlie the importance ofselective communication between

different cell lineages in the mammary gland and support the proposai that GnC between

mammary fibroblasts and epithelial cells is uncommon and can be associated with abnormal

growth, i.e. tumorigenesis, which is also marked by the presence of intermediate cell types.
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4.2 Contributions to Original Knowledge:

Chapter 2:

In this study, we have demonstrated that there are drastic reduetions in Cx43 expression

in the bovine mammary gland during quiescence and a modest change in Cx43

phospborylation. However, these changes do not correlate with a significant down-regulation

in Gnc.

Chapter3:

We have shown that E-cadherin which bas been reported to be necessary for gap junction

fonnation is, itself: insufficient in establishing heterocellular communication between well

charaeterized epithelial cells and fibroblasts ofthe mammary gland. Our studies aIso support

the low incidence ofheterocellular communication between these two celllines. In addition,

we have provided evidence suggesting that intermediate (transitional) ceU types can bridge

and regulate communication between mammary fibroblasts and epithelial cells.

In contrast ta human and murine mammary glands, there is also a dearth ofinfonnation

conceming the role ofgap junctions in the bovine mammary gland. Our studies represent, to

our knowledge, the only experiments direetly addressing the role of gap junetions in the

bovine mammary gland.
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