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ABSTRACT

Bovine fibroblasts and epithelial cells were isolated fmm surgically biopsied mammary

tissue. Characterization of population doubling ~me, cytoskeletal intermediate filaments,

cryopreservation survival, and viability were performed on all fibroblast and epithelial

cells. Severa! clonal fibroblast cell lines were cotransfected with a plasmid bearing the

SV-40 Large-T-antigen, and the pSV-2 neo plasmid. Transfected cells were sllbsequently

selected with G418 sulfate and cloned.

MAC-T cells and non-clonal primary bovine marnmary epithelial cells prolifer4ted in

response to IGF-I, insulin, Sl:rum and serum albumin. MAC-T cells did not proliferate

when cult1Jred in EGF, estrogen, progesterone, estrogen+progesterone, growth hormone,

prolactin, and only modest proliferation was obtained after TGF-a treatment. Subsequent

experiments used serum, insulin or IGF-I (and its analogues) to stimulate cellular

proliferation. Serum albumin was not added to serum-free media preparations since it

stimulated cellular proliferation.

TGF-p receptors were characterized in MAC-T cells and normal fibroblasts. Affinity

labelling studies revealed that MAC-T and MF-2 cells contained type l, II, and III

autoregulatable receptors. Fibroblast proliferation, was inhibited 50% by TGF-p. TGF

P inhibited MAC-T cellular proliferation at concentrations among the lowest ever

reported, EDso = 4 pm. TGF-p was nol cytoloxïc al concentrations lOOQ-fold higher•
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Retinoic acid (RA) a1so inhibited proliferation of MAC-T cens. Inhibition of

proliferation did not occur when cens were growth stimulated by IGF-I analogues that

do not bind IGFBPs. Unlike TGF-,8, RA treatment increased IGFBP-2 and decreased

IGFBP-3 protein expression by cens into media and on the cen's membrane. RA was

cytotoxic at concentrations 1D-fold higher than ED,oo.

Fibroblasts and epithelial cens expressed the gap junction (GJ) protein, connexin43, with

transformed fibroblasts cxpressing significantly less connexin43. Perinuclear and cell

surface connexin43 was immunodeteeted in epithelial and fibroblasts cens. TGF-,8, RA

or cAMP, in~ connexin43 protein expression, especially phosphorylated species.

Only cAMP noticeably a1tered immunolocalization patterns of connexin43, causing a shift

from perinuclear pools to the cell surface. None of the growth inhibitors affected GJ

communication as measured by dye transfer. Therefore, mammary epithelial cells are

growth inhibited by TGF-,8 and RA by distinct mechanisms and both growth inhibitors

significantly enhance the gap junction protein, connexin43, without increasing GJ

communication.
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Résumé

Les fibroblastes mammaires bovins et les cellules épithéliales ont été isolés de tissus

provenant de biopsies chirurgicales. La caractérisation du temps de doublement de

population, des filaments intermédiaires cytosquelettiques, de survie à la congélation et

de viabilité a été faite sur tous les fibroblastes et cellules épithéliales. Plusieurs lignées

cellulaires de fibroblastes ont été cotransfectées avec le large Antigène-T de SV-40 et le

plasmide pSV-2néo, sélectionnées et clonées.

Les cellules MAC-Tet les cellules épithéliales mammaires bovines primaires non-clonées

prolifèrent en réponse à l'IGF-I, l'insuline, le sérum et l'albumine sérique. Les cellules

MAC-T ne prolifèrent pas en culture en présence d'EGF, d'estrogène, de progestérone,

d'estrogène+ progestérone, d'hormone de croissance, de prolactine. Une croissance

modérée est obtenue suite au traitement avec TGF-alpha. Subséquemment, le sérum,

l'insuline ou l'IGF-I (et ses analogues) ont été utilisés pour stimuler la prolifération

cellulaire. L'albumine sérique n'a pas été ajoutée aux préparations de milieux sans sérum

puisqu'elle stimule la prolifération cellulaire.

Les récepteurs de TGF-6 ont été caractérisés dans les cellules MAC-Tet fibroblastes

normaux. Les études de marquage d'affinité révèlent que les cellules MAC-T et MF-2

contiennent les récepteurs autorégulés de types l, n et m. La prolifération des

fibroblastes est inhibée de 50% par le TGF-B. ce dernier inhibe la prolifération des
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cellules MAC-T à des concentrations parmi les plus basses rapportées (ED50=4pM)

alors qu'il ne présente aucun effet toxique à des concelltrations 1000 fois supérieures.

L'acide rétinoïque (AR) inhibe aussi la prolifération des cellules MAC-T. L'inhibition

n'apparaît pas quand la croissance cellulaire est stimulée par des analogues de IGF-I ne

se fixant pas aux protéines liantes de l'IGF (lGFBP). Contrairement au TGF-.6, le

traitement au AR augmente l'expression des protéines IGFBP-2 alors qu'elle diminue les

IGFBP-3 dans le milieu et à la surface cellulaire. L'acide rétinoïque est cytotoxique à des

concentrations 10 fois supérieure à ED1OO.

Les fibroblastes et cellules épithéliales expriment la protéine de jonction (GJ),

connexin43, les fibroblastes transfonnés en exprimant beaucoup moins. La connexin43

périnucléaire et de surface est immunodéteetée dans les cellules épithéliales mais ies

fibroblastes présentent moins de connexin43 périnucléaire. Le TGF-.6, le AR ct l'AMPc

augmentent l'expression de la connexin43, spécifiquement les espèces phosphorylées.

Seul l'AMPc altère l'immunolocalisation, causant un déplacement à la suface des

groupes périnucléaires. Aucun inhibiteur de croissance n'affecte la communication GJ

mesurée par transfert de colorant. Conséquemment, les cellules épithéliales sont inhibées

par TGF-.6 et AR suivant des mécanismes distincts et tous deux augmentent de façon

sigificative la connexin43 sans altérer significativement la communication Gr•
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INTRODUCTION AND REVIEW OF LITERATURE

1. INTRODUCTION

This monograph will detail the regulation of cellular proliferation and its effect on cell

to cell communication in bovine mammary cells. The major current areas of mammary

gland research, outlined below, are intimately concemed with either cellular proliferation

and its modulation and/or cellular communication. In vivo and in vitro, classical and

contemporary methods of measuring mammary cell proliferation will be compared and

contrasted. This literature review will describe major growth inhibitors of mammary cell

proliferation in all species and their relevance to bovine mammary gland biology.

Finally, gap junctional communication and its role in cellular homeostasis and

interactions with growth inhibitors will be reviewed.

n. MAMMARY GLAND BIOLOGY

The mammary gland has intrigued researchers from many disciplines for decades. The

magnitude and diversity of research generated by a single gland only found in mammals

can basically be attributed 10 4 disparate subdisciplines•
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A. Breast Cancer Research

Research regarding breast cancer has been and is currently an area of intense study, as

breast cancer incidences have increased over the past 20 years, especially in North

America. In fact, greater than 1 in 9 women in the United States and Canada will be

afflicted with breast cancer (Klijn et al., 1993). Recently, the identification and cloning

of BRCAl, the first gene linked 10 heritable breast cancer, has spurred many researchers

to study this gene and its protein product, as weil as, search for other genes involved in

breast cancer (Easton et al., 1993). However, the majority ofbreast cancer cases are not

familial. In fact, BRCAI represents only 5-10% ofall breast cancer (Claus et al., 1991).

The intense search for the breast cancer gene has, however, reminded scientists that

breast cancer is not a single disease. Instead breast cancer is many diseases resulting

from abnormalities in endocrinelparacrinelautoerine function, receptors, cell

communicatiol,iattachment, secondary messengers, protooncogenes, extracellular

matrices, and metalloproteinases. However, one common theme in breast cancer is a

loss of control of normal cellular proliferation.

B. Improved MiIk Production

Success in improving milk production has far exceeded expectations. In the early

nineteenth century, average annual milk yields of dairy cattIe were approximately 2000

literslcow, by 1965 this figure had risen to 3600 liters and today North American

standards are approximately 6500 literslyear, with the Pacific regions reporting an 8500

literslyear average (D.S. department of agriculture, dairy situation and outlook reports,
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1965 and 1990; Cowie et al., 1980). Howc:ver, farmers are still far from realizing

maximal milk production as peak yields of over 25,000 liters/year have been reported

(Cowie et al., 1980). Nutritional, genetic, managerial and physiological techniques have

been employed te achieve these increases. The recent approval by the Food and Drug

Administration (U.S.) of recombinant bovine somatotropin should increase herd milk

yields that use bST by 10-15%, over previous figures (Burton et al., 1994). Although

many techniques have been used to enhance milk production, all techniques are

dependent upon 3 criteria: a) the length of lactation, b) the number of epithelial cells

present in the mammary gland, and c) the individual capacity of each epithelial cell to

secrete milk proLeins, carbohydrates and Iipids.

C. Mastitis

Mastitis is the most costly disease of dairy cows. In fact, losses, primarily from lost

milk production, have been estimated at between 1 to 2 billion dollarslyear in North

America (Lightner et al., 1988; DeGraves and Fetrow, 1993). Mastitis results when

bacteria (especia11y: Staphylococcus aureus, Streptococcus uberis and Streptococcus

agalactiae) and other pathogens (including mycoplasma) enter the teat and infect the

udder (Tyler et al., 1993) by breaking tight junctions and entering between epithelial

cells (MacDonald et al., 1994, Lin et al., 1995) or by destroying epithelial cells

(Sordillo et al., 1989 a,b). Research involved in controlling mastitis is quite diverse

ir.cluding immunotherapy, management, decreasing response to pathogens (Iimiting

resultant oxidative stress, swe1\ing), and enhancing tightjunction function (DeGraves and

3
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Fetrow, 1993; Erskine, 1993; Miller et al., 1993; Shearer ant: ;:rannon, 1993; Tyler et

al., 1993; Hannon, 1994; and Kirk et al., 1994). Mastitis research probably has the least

relevance to cellular proliferation and its control, however, cell-eell interactions are

important in preventing mastitis, impeding its progression and improving mastitis

treatment.

D. Altering MiIk Composition

Advances in targeted expression of transgenes has resulted in the appearance or

livelihood of numerous bioteehnology companies, govemment and university laboratories

attempting to convert the mammary gland inta a massive bioreactor. The mammary

gland has been targeted as an alternative to prokaryotic in vitro bioreactors, since

mammary epithelial ceIIs cao properly process proteins post-transcriptionally (i.e.

glycosylation, phosphorylation, cleavage, and folding) that are needed as human

pharmaceuticals (Wilmu~ et al., 1991; Henninghausen, 1992). Additionally, the

mammary gland, especially in high producing dairy cattle, has the capacity to produce

very large quantities of proteins which cao readily be harvested without hann ta the

animal. Furthermore, others have reported milk is a poor source ofproteolytic enzymes,

which cao potentially damage the protein of interest (Houdebine, 1993).

In addition to targeting the bovine mammary gland for the expression of human

pharmaceutical proteins, researchers are aIso interested in modifying the composition of

milk for various purposes: increasing or altering the protein content, making a natura!

4



•

•

substitute for 'formula' or human breast milk, and eliminating lactose. Although many

ideas have been postulated to introduce foreign genes or alter endogenous genes that are

specifically expressed within the mammary gland, production of transgenic animais are

and have becn the most widely studied (Houdebine, 1993). Many hurdles exist in

creating a predictable repeatable method for efficient expression of foreign proteins in

the bovine mammary gland (Houdebine, 1993; Janne, 1994). A comprehensive

understanding of the physiology of the normal and transgenic mammary gland is critical

te eventua1ly overcoming these obstacles (Henninghausen, 1992).

m. ACCFSSING MAMMOGENIC AND MAMMOSTATIC AGENTS: IN VIVO &

IN VITRO METROnS OF MEASURING MAMMARY CELL PROLIFERATION

Discemment of direct acting primary mitogens and primary growth inhibitors from

secondary or tertiary regulators of mammary growth is inherentiy complex when data are

obtained solely from whole animal studies. In contrast, studies involving culture of

mammary tissue explants, eliminates interference of circulatory mitogens. However,

expiant cultures have an unknown composition of cell types; including, epithelium,

fibroblasts, myoepithelium, endothelium, adipocytes, mast cells, plasma cells and cells

from the circulation. Expiant cultures are often static in growth and suffer from cellular

hypoxia (Baneljee et al., 1976; McGrath, 1987). A more defined method for measuring

cellular response te mitegens is primary cell culture. Primary cells are isolated from
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tissue and separated into different cell types. However, primary cell culture is labor

intensive and plagued by heterotypic cell contamination. Other difficulties with primary

cell culture include: early senescence, static growth, frequent surgicaI biopsies and

subsequent typing and characterization of cells (McGrath, 1987).

The in vitro method of choice by scientists studying breast cancer has been utilization of

clonai cell lines. The isolation, cloning and characterization of the major cell types

within the mammary gland have circumve.1ted many of the difficulties inherent with in

vivo, expiant and primary cell culture. However, maximal utilization of ceII lines are

only possible when the cells are able to be cultured for extended periods of time or have

been 'immortalized'. Ce1llines offer researchers the ability to study individuai ceII types

or specific cell combinations. AdditionaIly, individuai extracellular matrices,

combinations of purified extracellular matrices, or extracellular matrices isolated from

the mammary gland (Wicha et ai., 1979; Wicha et al., 1982) can readily be used; thus,

delineating how each ceII type or extracellular matrix contributes to a particular growth

factor's or growth inhibitors' actions.

IV.FSTABLISHED MAMMARY CELL LINFS

Numerous breast tumor ceII lines exist and display an array of different characteristics

(for review, Taylor-Papadimitriou et al., 1993; Stampfer and Yawsen, 1993; Dickson et

6
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al., 1994; Rochefort, 1994; Sobek et al., 1994). These inc1ude. breast tumor Iines with

or without estrogen, progesterone and epidennal growth factor (EGF) receptors. Breast

cancer œil Iines that do or do not respond to other growth factors and vitamins. œlls

from benign, tumorigenic, metastatic or aggressive metastatic tumors of the breast have

also been reported. Far fewer nonnal breast œil lines exist and fewer Iines still retain

differentiation properties in culture (Huynh et al., 1995). The most commonly used

nonnal breast epithelial œIl line, the HBL-loo line, was originally reported to synthesize

and secrete caseins, and thus show sorne degree of functional differentiation (Gaffney,

1~82). However, substantial drift has occurred in this œllline and a more recent study

has demonstrated that the HBL-loo œIl line lacks estrogen and prolactin receptors and

does not secrete caseins (Laherty et al., 1990). A myriad of epithelial and fibroblast œIl

populations and Iines have been descrîbed in recent years, but few have been weIl

charaeterized. In fact, only the murine mammary epithelial œllline, Comma-ID, has

been reported to synthesize appreciable amounts of casein (Danielson et al., 1984).

Unfortunately, subcloning of this line revealed severa! œIl types, and prolonged passage

of these cells led to increased oncogenic potential (Medina et al., 1986).

Regardless ofthe suitability ofthese cells for modeIing lactation, researchers frorn human

or bovine fields studying nonnal mammary gland biology have, however, benefitted from

two mammary epithelial cell lines of murine origin, the Comma-ID and NMuMg œIl

Iines. Both cell Iines are reportedly spontaneously immortal non-transfonned murine

rnammary epithelial cell Iines (Sizemore, 1979; Danielson et al., 1984). In addition to
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questionable functionality (NMuMg) and olicogenic state (Comma-ID), using these

murine celllines te extrapolate data from one species to another can often be errorenous.

In fact, substantial species variation exists between mammary gland development,

growth, hormonal responsiveness, remodeling, carcinogenesis, cellular composition and

anatomy between rodent, human and ruminant mammary glands (Akers, 1985; Akers,

1990; Politis et al., 1989, 1990; Woodward et al., 1993).

In 1992, at the beginning of my research project, there existed only two bovine

mammary epithelial celllines. Beth of these lines were epithelial, the MAC-T cellline

and the PS-BME line (Huynh et al., 1991; Gibson et al., 1991, 1992). Additionally,

both lines have been reported to morphologically and functionally differentiate in culture

when plated on the appropriate extracellular matrix and in the presence of lactogenic

hormones. The MAC-T cellline was transfected with a plasmid bearing the simian

virus-40 Large-T-antigen, the expression of which bas allowed continuous culture. The

P5-BME, like the NMuMG and Comma-ID murine cell lines was reportedly

spontaneously immortal. Unfortunate1y, the PS-BME line was later determined to be

murine in origin and most likely originated from the Comma-ID or NMuMG celllines

which were also used in the laboratory of origin (Craig Baumrucker, personal

communication). Thus, only a single bovine mammary cell line remained. No

myoepithelial, fibroblast or adipocyte lines from the bovine mammary were reported

and/or available for use. In July 1995, another bovine mammary epithelial cellline was

reported (Huynh et al., 1995), that bas not yet been distributed or weIl characterized•
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Most researchers who use cell lines to better understand how the cell type studied

normally functions within an organ or a gland realize that multiple celllines must be used

to accurately represent the heterogeneity of cells within a gland. As can easily be

recognized from the multitude of heterogenous breast cancer celllines, a single cellline

taken from a single mammary gland is not representative. Thus, the availability of a

single epithelial cell line bas Iimited in vitro modelling of the bovine mammary gland.

AIso, the Jack of stromal celllines is particularly limiting as many hormones and growth

factors in the mammary gland are not able to directly effect the mammary epithelium,

but instead function by endocrine or paracrine mechanisms (see below, Mammary Cell

Proliferation) (Haslam, 1986; Haslam, 1988; Woodward et al., 1993; Burton et al.,

1994).

V. MAMMARY CELL PROLIFERATION

A. Mitc.gens (Mammogens)

Bovine mammogenesis in vivo occurs in response to estrogen, progesterone, and growth

hormone. However, human, murine and bovine studies have demonstrated that none of

these hormones direct1y affect mammary epithe1ial cell proliferation. Growth hormone

(sotnatotropin) exerts its mitogenic effects on mammary epithe1ium through insulin-like

growth factor-I (IGF-Ior somatomedin-e), most of which is synthesized in the liver
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(Burton et al., 1994). However, the seemingly simple growth hormonelIGF-I axis is

complicated by: 1) A family of at least 7 IGF binding proteins (IGFBPs) that can inhibit

or potentiate IGF-Is' effects (Jones and Clemmons, 1995; Swisshelm et al., 1995); 2) the

expression of growth hormone receptor mRNA in the mammary gland (Glimm et al.,

1990); 3) local production of autoerinelparacrlne IGFs that have very low affinity for or

do not bind IGFBPs within the mammary gland (Jones and Clemmons, 1995); 4)

alterations in partitioning of nutrients, increased cell grcwth, increased synthetic capacity

of individual ceIls, changes in blood flow, and whole body metabolic changes

accompanying GH treatment (Burton et al., 1994). These factors combined with

hypothalamic and pancreatic regulators of growth hormone secretion add to the

complexity invo1ved in increased milk synthesislsecretion elicited by treatment of dairy

cattIe with exogenous bST. Regardless, an "unprecedented number of technical papers,

abstracts, and short communications have been published in the past decade regarding the

effects of exogenous bovine growth hormone on milk production" (Burton et al., 1994),

and bovine growth hormone remains the best understood and weIl studied hormone or

growth factor in the bovine animal.

Comparatively, littIe is known about the mechanisms of action of ovarian steroids on

bovine rnammary tissue. Estrogen and progesterone are known to elicit rnammary

growth and development in vivo, but do not have direct effects on bovine rnammary

epithelium (Woodward et al., 1993) and may function by a paracrlne pathway

(Woodward et al., 1992). The direct effects of many more growth factors/inIu"bitors,
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hormones, vitamins, and fatty acids are not known because of the lack of in vitro bovine

mammary cell models.

B. Inhibitors of Mammary Cell Proliferation

Although bovine mammary mitogens have been rigorously investigated for most of the

century, regulators or inhibitors of cellular proliferation have not received this degree of

scrutiny. Only in breast cancer research has significant effort been directed toward

understanding the control of cellular proliferation as weil as mitogenesis. In the murine

and bovine mammary glands, growth hormone, IGF-I, IGF-II, EGF, TGF-cx. thyroxine,

triiodothyronine, corticosteroids, acidic and basic FGF, insulin, estrogens, progesterones,

fatty acids, albumin and other cytokines have all been identified as mammary cell

mitogens (l'ucker, 1981; Akers, 1985, 1991; Oka et al., 1991). In sharp contrast, only

a single growth inhibitor has been weil charaeterized in the bovine mammary gland, aptly

named mammary derived growth inhibitor (MDGI) (Grosse et al., 1992). Two major

growth inhibitors have been weil characterized in mOllse mammary epithelium: MDGI

and the TGF-l3s (Yang et al., 1994; Daniel and Robinson, 1992). The void of rigorous

examination of growth regulators in normal mammary gland biology is particularly

perplexing since excessive growth inhibition would limit mammary gland growth,

deve10pment and subsequent lactation potential, important to the dairy industry. While,

absence of mammogenic regulators could result in uncontrolled cellular proliferation and

tumor formation, important for clinica1 oncology.
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VI. SPECIFIC GROWTH INHffiITORS OF MAMMARY CELLS

Control and regression of :,reast tumor proliferation is a goal of~ researchers studying

breast cancer. As a result of this, researchers have identified many growth inhibitors of

mammary ttlmor cells. Surprisingly, this work has infrequently been extended to include

normal breast epithelial cells, which would invariably be effected by in vivo treatments

aimed at the tumor.

This thesis has concentrated only on reversible physiological receptor-mediated growth

inhibitors. Four major physiological growth inhibitors have been described 1)

transforming growth factor-betas (TGF-ps), 2) retinoids and/or carotenoids, 3) vitamin

D, and 4) mammary derived growth inJu"bitors (MDGI). Interleukins and interferons

have also been ascribed to this class of growth inhibitors, although these agents often

induce programmed cell death, and results vary considerably from study to study (Solary

et al., 1991; Bajaj et al., 1993, Coradini et al., 1994; Otto, 1994). Likewise, the

diminutive growth mhibitory effects ofvitamin D are inconsistent and vitamin D has also

been demonstrated to induce apoptosis (Vandewalle et al., 1995). More research is

needed to understand the roles of these interleukins, interferons and vitamin D and their

control of proliferation in the mammary gland. Additionally, vitamin D, retinoids and

carotenoid research bas focused on tumorigenic mammary ce1ls. Only TGF-p and

MDGI have been intensely investigated in non-transformed mammary epithelial cells, and
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as previously stated only MDGI has been characterized in the bovine mammary gland.

A. Mammary-Derived Growth Inhibitor (MDGO

MDGI was originaIly purified from the bovine mammary gland (Grosse: et aI .• 1992).

Consequently, much research has been conducted in the bovine mammary gland or using

bovine mammary tissue or ceUs in vitro. MDGI is a member of the fatty acid binding

protein (FABP) famiIy. Synthesis of MDGI by bovine mammary epithelium has been

demonstrated by in vivo and in vitro triaIs (Erdman and Breter, 1993; Huynh and PoUak.

1995). AdditionaIly, MDGI has been reported to he regulated by lactogenic hormones,

maximaIly expressed at peak differentiation and to inhibit proliferation of mammary

epitheliaI ceIIs (Grosse et aI., 1992; Huynh and PoIlak, 1995). Interestingly, growth

inhibition did not occur in MAC-T ceIls unless these ceIIs were previously serum starved

and synchronized in Go (zavizion et aI., 1993). The same study reported that the

inhibition of cellular proliferation by MDGI was transient and proliferation was not

different than control cells after 4 d of MDGI treatment. In a murine study, researchers

have detennined that MDGI specificaIIy inhibits mammary epitheIiaI ceIl proliferation.

while stromaI ceII proliferation was not inhibited (Yang et aI., 1994).

In addition to a detaiIed examination of effects of MDGI on growth and differentirJtion

in the bovine mammary, others have cloned and characterized the cDNA for MDGI and

detennined that an ll-amino acid sequence in the COOH terminus of MDGI is

responsible for its growth inhibitoIj' actions (Treuner et aI., 1994; Yang et aI., 1994).
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Another group has recently reported that MDGI is a potent breast tumor suppressor,

despite only being a modest inhibitor of normal breast cell proliferation (Huynh e: al.,

1995). MDGI, reportedly, exerts its tumor suppressor effects by inducing a proliferating

cell to enter a differentiated state when also cultured with lactogenic hormones (Huynh

et al., 1995). Research regarding MDGI and growth inhibition in the mammary has

encompassed: the gene encoding MDGI, the MDGI protein and its regulatory sequences,

the distribution and expression patterns in vivo, as well as the ability of MDGI to induce

differentiation, suppress cellular proliferation, and suppress tumor progression. Thus,

MDGI remains the only weil understood inhibitor of bovine mammary cell proliferation.

B. Tran.<;forming Growth Factor-Beta (TGF-p)

TGF-,8 is a family of5 polypeptide growth factors, designated TGF-,8h TGF-,82' TGF-,83'

TGF-,8., and TGF-,8s. However, only TGF-,8h -~, and -,83 are expressed in mammals

(reviewed in Roberts and Spom, 1990). TGF-,8s have a high sequence conservation

between species and are expressed in nearly all mammalian cells (Roberts and Spom,

1990). The major actions of TGF-,8 include: growth inhibition and growth stimulation,

enhancing extracellular matrix synthesis/secretion, inhibiting metalloproteinases and

enhancing tissue inhibitors of metalloproteinases (TIMPs), and potent local

immunosuppression. TGF-,8 isoforms generally do not differ substantially in eliciting

a physiologica1 response, though isoform variability in degree of response bas often been

reported. Much of the variability in response can be attributed to differences in TGF-,8

isoform's 1) affinity for receptors and 2) developmentally regulated patterns ofexpression
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(Mas..c:ague, 1990).

AlI TGF-~s bind to three major TGF-~ receptors, designated type 1. type II and type III.

The cDNAs for these receptors have been cloned (Roberts and Spom, 1990). The type

m (betaglycan) receptor is a transmembrane proteoglycan with a short cytoplasmic

domain that has been postulated to enhance binding of TGF-~ to the signaling receptors

(Lopez-Casillas et al., 1991; Wang et al., 1991). Type 1 and II receptors are members

of a small family of transmembrane scrinelthreonine kinase signaling receptors (Lin et

al., 1992; Franzen et al., 1993).

Although MDGI is the best documented inhibitor of cellular proliferation in the bovine

marnmary gland, TGF-p has generated recent interest regarding its role in controlling

normal marnmary cell proliferation and marnmary gland development in the mouse

(Silberstein and Daniel, 1987; Daniel et al., 1992; Jhappan et al., 1993; Robinson et al.,

1993). In the murine marnmary gland, TGF-p reversibly inhibits ductai growth, while

alveolar morphogenesis is not inhibited (Silberstein and Daniel, 1987; Daniel et al.,

1989). Additionally, TGF-p is present in a latent form (acid/protease activated), in the

extrace1luIar matrix surrounding duets and ductules of the murine marnmary gland

(Robinson et al., 1991; Daniel and Robinson, 1992). Ductai side branching appears ta

occur exclusive1y in areas devoid of TGF-p activity. Thus, TGF-p appears to play a

major role in controlling growth, morphogenesis and developme.l1t in the murine

marnmary gland.

IS



•

•

TGF-fj has also been reported to control differentiation of murine mammary epithelial

cel1s. Robinson and coworkers (1993) found that explants from pregnant mice have

reduced fj-easein expression fol1owing exogenous TGF-fj treatment. Jhappan and

colIeagues (1993) created a series of transgenic mice overex~ssing TGF-fjl' These

mice not only showed impaired alveolar development and function, but exhibited greatly

diminished lactation functionality as expressed as a unit of alveolar cells present. Thus,

in addition to the marked growth and development inhibitory properties of TGF-fj in the

murine mammary gland, severallaboratories have demonstrated that TGF-fj also impairs

functional differentiation of mammary epithelium. Similarly, another laboratory has

reported that when normal murine mammary epithelial cells (NMuMg cells) are cultured

in TGF-,B containing media, morphological and functional transdifferentiation is induced

(Miettinen et al., 1994). NMuMg cells became fibroblastic after TGF-,B treatment in this

study as measured by 1) morphology, 2) cytoskeletal proteins, 3) production of

extracellular matrices, and 3) 10ss of epithelial specific cadherins. The epithelial 10

mesenchyme transition supports the role of TGF-fj in inhibiting mammary epithelial cell

functionldifferentiation by inducing a change in cellular phenotype.

Knowledge of TGF-,B action in the bovine mammary is very limited. TGF-,BI and TGF

tJ.z have been identified in bovine milk and colostrum (Cox and Burke, 1991; Jin et al.,

1991; Tokuyama and Tokuyama, 1993). AIl three mammalian TGF-,B isoforms are

expressed in both the non-lactating and 1actating bovine mammary gland (Maier et al.,
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1991). Despite the potent effects exhibited on normal murine mammary epithelial

proliferation and development, and studies that report TGF-p inhibits milk protein

synthesis, there have been no reports on the action of TGF-P nor have TGF-p receptors

been characterized in bovine mammary tissue or cells. If TGF-P behaves similarly in

the bovine mammary gland as it does in the murine, TGF-P may prove to be especially

interesting to many dairy scientists, who are concerned with maximizing mammary

development, proliferation and lactation.

c. Retinoids

i. Enzymatic Processing, Binding Proteins and Receptors

Animais are not capable of de nova synthesis of vitamin A-active substances, neither

retinol nor the carotenoid precursor forms. For example, carotenoids are synthesized

exclusively by photosynthetic microorganisms and by plants, where they assist in plant

metabolism (Underwood, 1984). On average, one sixth of p-ca.rotene absorbed by the

small intestine is cleaved by carotene 15,15'-dioxygenase, presumably in the cytosol of

enterocytes, to yield two ail trans-retinals (Ross, 1993). Subsequently, retinal can he

converted to either retinol or retinoic acid. Altemative1y, retinyl esters can be obtained

directly from a meat, milk or egg diet. Retinyl esters from the diet can he hydrolyzed

directly 10 retinol in the intestine. Retinol is the primary rorm of vitamin A in

circulation. Retinol and retinyl esters, are transported in the circulation by retinol

binding protein (RBP) and retinol is transported interstitial1y by a distinct RBP,

appropriate1y termed interstitial RBP. Retinol is esterified with palmitic or stearic acid
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in the liver (OIson, 1989, Ong, 1993). Stored retinyl esters can be hydrolyzed to retinol

to maintain the relatively narrow range of plasma retinol concentrations (Ross, 1993).

When the retinol-RBP complex reaches target tissues, RBP is released and the retinol

freely transverses the cell membrane (Creek et al., 1993). Retinol is transported

intracellularly by cellular retinol binding proteins (CRBPs). Here it can be enzymatically

oxidized into retinoic acid. Retinoic acid, is now recognized as the major physiologically

active metabolite of retinol (Ross et al., 1993). Retinoic acid is transported

inttacellularly by its own set of cellular retinoic acid binding proteins (CRABPs).

Interestingly, CRABPs and CRBPs belong to a larger family of fatty acid-binding

proteins that include MDGI. Retinoic acid is released from CRABPs and is

'transported' into the nucleus. In the nucleus, aIl-trans-RA binds to retinoic acid

receptors (RARa, RA,Rp, RAR'Y), and this complex binds to specific sites within

promoters termed retinoic acid response elements (RARE) and induces gene transcription

(Soprano et al., 1993). RARE have been identified in the promoter of many genes

important to mammary gland function including: lactoferrin, tissueplasminogen activator,

oxytocin, growth hormone, laminin {3, as weil as in their own RARs and CRBPs

(DeLuca, 1991; Richard and Zingg, 1991; Smith et al., 1991; Bulens et al., 1995; Lee

et al., 1995). Additional1y, 3 more nuclear receptors, RXRa, RXR{3, RXR'Y, bind 9-eis

RA, and can bind their own RARE or facilitate RARs binding to RARE as a heterodimer

(Zhang and Phahl, 1993). Interestingly, 13-eis RA does not bind RARs nor RXRs

(Wolf, 1993) or binds these receptors with very 10w affinity (Wu et al., 1994), and may
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funetion independently of nuclear steroid receptor binding (Wolf. 1993).

Regulation of retinoie aeid is not limited to the intestinal and hepatie enzymes. the 2

RBP, the 5 CRBPs or CRABPs and the 6 RAR or RXRs. RARs. RXRs. CRBPs and

CRABPs have been shown to have RARE in their own promoters and can be up or

downregulated accordingly (Napoli, 1993; Wolf, 1993; Zhang and Phahl, 1993).

Moreover, a number of ligand-Iess nuelear 'orphan' receptors have been clone<!, and

several of these have recently been reported to bind either retinoids or retinoid receptors

(perlmann and Jansson, 1995; Seol et al., 1995), further adding to the eomplexity of

regulation of RA induced gene transcription.

ü. Retinoids and Mammary Gland Functïon

Retinoids inhibit the proliferation of many mammary carcinoma celllines and may also

inhibit breast tumor promotion and progression (Lacroix and Lippman, 1980; Fontana

et al., 1991; Adamo et al., 1992; Decensi et al., 1993; Halter, 1993; and Shemer et al.,

1993). Toxie effects of retinoids have limited their therapeutie usage (David et al.,

1988). Excess retinoids cause: 1) mucocutaneous side effects, 2) abnormallipid profiles

in sera, 3) liver toxicity, 4) teratogenie effects (all but eliminating use by pregnant and

nursing mothers), and 5) permanent idiopathie hyperostosis ske1etal abnormalities (for

review see, David et al., 1988). However, now more than 3000 naturally-occurring and

synthetie vitamin A analogues have been descnOed, many of which have little or no
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major side effects in vivo (Lippman et al., 1987; DiGiovanna, 1992; Arnold et al.,

1994). With the advent of these new retinoids has came a surge in retinoid interest in

controlling tumor mammary cell proliferation and severa! in vivo human trials are

underway.

In contrast to significant investigation with breast tumors, only two studies exist

regarding RA's action on normal mammary epithelial cell proliferation. The first, by

Lotan (1979) found no significant change in growth of a nonmalignant myoepithelialline

and minimal inhibition (13%) in the breast epithelial line, HBL-l00 following RA

treatmenL Although the HBL-l00 cellline was originally reported to be 'normal', more

recent evidence has demonstrated HBL-l00 cells cause tumors when transplanted into

nude mice (Ohaliwal et al., 1990). Additionally, as previously stated, this line Iacks

estrogen and prolactin receptors and does not secrete casein (Laherty et al., 1990).

Sixteen yea.rs after Lotan's study (1979), Lee and colleagues (1995), have shown non

clonaI primary mammary epithelial enriched cells from the rat are considerably growth

inhibited and possibly growth arrested following culture in RA containing media for 5

d - 25 d. This recent study, which cultured these cells in an undefined basement

membrane from the Englebreth-HoIm-Swarm sarcoma in a growth factor and hormone

enriched, BSA containing media, is the only examïnation of the role of RA on non

transformed mammary cell proliferation. No parallel studies have been performed with

_non-transformed bovine, ovine, murine or human mammary cells•
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Although many studies have been designed to examine how vitamin A or ,s-earotene

affects mammary development, mammogenesis and lactogenesis in vivo, results are

inconsistent. Studies that have limited vilamin A or ,s-earotene intake, have encountered

other endocrinologica1 problems; while mammary development and growth has been

reported to be not effected or severely repressed (Sankaran and Topper, 1982; Chew et

al., 1985, respectively). Researchers have supplemented the diet of dairy caule with j3

carotene and demonstrated bath increases in milk production and no changes in milk

production (Swanson et al., 1968; Oldham et al., 1991). Thus, despite considerable

in vivo efforts, no clear outcome bas prevailed.

VU. GAP JUNCTIONAL COMMUNICATION AND REGULATION OF

CELLULAR PROLIFERATION

A. Cellular Communication and Gap Junctions

Communication between cells within the mammary gland is important in development

and function. Cellularcommunication occurs at many leve1s: autoerinelparacrine signais,

extracellular matrix signais from homotypic or heterotypic cells, gap junctions and

various contact mediated reponses from: desmosomes, calcium dependent (cadherins) and

independent (CAMs) ceU adhesion molecules, and zanula occuldens.

Gap junctions are channe1s that allow for the direct passage of small molecules (Ca2+,

amino acids, second messengers) from one cell to another. A gap junction channel is
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composed of a hemichannel, connexon, from one cell pairing with a connexon from

another cell. Each connexon is fonned by six polypeptides (connexins) arranged in a

hexamer, fonning a central pore (Beyer et al., 1993). 'Closed' connexons are

transported to the cell surface and aggregate into clusters tenned 'plaques' as junctions

are beginning to fonn between aggregating cells (Laird and Saez, in press). The

connexins are a family of gap junctional proteins, which are differentially expressed in

virtually all cell types (Casico et al., 1995). Twelve different connexins have been

cloned in the rat (Laird and Saez, in press). To add to the complexity, severa! studies

have identified that different connexins can occur in the same gap junctional plaque and

they can fonn heteromeric hemichannels (Traub et al., 1989; Stauffer, 1995,

respectively).

B. Regulation of Gap Junctional Communication

Regulation of gap junctional communication is multifactorial, dependent upon: synthesis,

assembly, transport, insertion of connexinslconnexons, fonnation of gap junctional

plaques with opposing cells, gating of the junctions, and turnover of the junctions.

Opening and closing of individual gap junctions have been reported to be regulated by

phosphorylation, calcium, pH, hydrogen, voltage, acidification and second messengers

(Liu et al., 1993; Suchyna et al., 1993). Although gating represents a very quick

mechanism of up or downregulating intracellular communication, connexins themselves

are dynamic proteins with a reported halflife of 1-3 h in vitro (Laird et al., 1991; Laird

et al., 1995) and 5 h in vivo (Fallon and Goodenough, 1981). Thus, turnover of gap
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junctions alse represents a process by which gap junctional communication can quickly

be up or downregulated.

Connexin trafficking may be particularly important in gap junction regulation, because

of their rapid turnover. Additionally others have shown tha. pools of eytoplasmic

connexin may be responsible for rapid increases in gap junction plaques (Larsen et al.,

1991), since increases in connexin transcripts are often not sufficient to explain the

quantity of plaque increases (Beyer, 1993). For exarnple, at the onset of labor in

mammals, Cx43 protein increases 50 to lOQ-fold in the uterus, whereas Cx43 mRNA is

only amplified 5-fold (Beyer, 1993). Interestingly, the regulation of connexin gene

expression in the liver, carcinogenie states, during tissue injury, and during development

is an area of considerable research effort. However, other tissue or organs which have

been examined for gap junction proteins have been largely ignored when studying

connexin gene expression (Beyer, 1993; Wolburg and Rohlmann, 1995). Therefore,

control of gap junctions remains a complex, !:lut dynamie system with connexins having

a short half-life, and an even more rapid gating system.

C. Gap Junetional Communication: General Funetion and Mammary Gland

Funetion

Gap junetions permit homologous cell communication, via trans-membrane pores. The

purposes of this type of communication are extensive. Gap junetions can magnify

cellular responses ta external and internai stimuli by transmitting second messengers, ions
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and metabolites from one cell to another. In addition to amplifying hormonelgrowth

factor responses, gap junctions allow groups of cells to respond similarly by averaging

and transmitting the response. For example, muscle and nerve cells function as a

syncytium, by transmitting electricaI impulses through gapjunctions. Altematively, waste

products and xenobiotics can be diluted and their harmful effects minimized (Holder et

al., 1993). Additionally, gap junctions can close very rapidly during cell death, cell

injury and cell division to prevent transmitting toxins or inappropriate messengers and

maintain a barrier between the extrace11ular environment and the cell.

It has been demonstrated that adheringjunctions, especially cadherins are responsible for

pairing homologous cell types (Steinberg and Takeichi, 1994). Researchers have

acknowledged that in the absence of cell adhesion molecules or when cell adhesion

molecule binding is blocked, gap junctions do not form or their formation is substantially

inhibited (Musil et al., 1990; Jongen et al., 1991; Meyer et al., 1992). Altematively,

gap junctions can form when cadherins are introduced into a cell type lacking gap

junctions (Musil et al., 1990; Jongen et al., 1991). Moreover, gap junctions have been

reported between homologous cell types in near1y every tissue and cell type examined in

multicellular organisms (Holder et al., 1993). Data concertting heterologous gap

junctionaI communication are not as clear, as severa! researchers have reported

heterologous GJIC while others found no GJIC in the same cell types, i.e. epithelium and

fibroblasts (Tomasetto et al., 1993; Pitts and KaIn, 1985, respectively). Lack of

heterologous GJIC is important in allowing the transfer of molecular and hormonaI
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signaIs between homologous cells and preventing other cells to receive these messages.

It is easy to recognize the impcrtance of separating intercellular signaIling in

heterologous cells 50 extemaI stimuli affect only one group of cells. For example.

muscle and nerve cells transmit intercellular signaIs by GJIC. Lack of GIIC

communication barriers, could cause unplanned stimulated of other nerves, muscles or

cells by the signaIs meant for a single group of cells, say caridac muscle.

In mammary parenchymaI tissue, gap junctions are believed to be important in 1)

transmitting oxytocin signaIs from one myoepitheliaI cell to adjoining myoepitheliaI cells

to cause a synchronized contraction enabling efficient milk let down, and 2)

synchronizing epitheiiaI cells to responses of mammogenic and lactogenic hormones

enabling magnification and averaging of hormoneslgrowth regulators/lactogens and even

extracellular matrix signaIs (Monaghan et aI., 1994; Pozzi et aI., 1995). Severa! reports

have identified that stromaI cel1s may modulate epitheliaI cell proliferation or

differentiation by transmitting paracrine growth factors after blood borne

hormoneslgrowth factors bind the stroma! cel1. Therefore, gap junctionaI

communication is equaIly important in these cel1s, not only for their own

growthldifferentiation, but aI50 for their subsequent influence on epitheiiaI cells by

paracrine mechanisms.

Few reports have described gap junctionaI communication or connexin expression in the

normal mammary gland. Two independent studies have examined the expression of
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connexins in mice and rat mammary glands. Monaghan and colleagues (1994) reported

that Cx32, Cx40 and Cx43 were not expressed in the mouse mammary gland. Cx26 was

developmentally expressed in the epithelium: it was absent in the virgin, and expression

increased during pregnancy, was highest during lactation, and dramatica1ly fell at

involution. Perezamendariz and coworkers (1995), however, reported that in murine

mammary glands, Cx26, Cx32 and Cx43 were expressed. Cx43 was expressed in

mammary tissue from virgin and pregnant mice and increased during lactation. Whereas,

Cx26 and Cx32 had low expressionallevels in mammary tissue from virgin mice, rising

slightly during pregnancy and peaking during lactation. Additionally, this study

confirmed that Cx26 and Cx32 were present in epithelial cells, while Cx43 was present

in epithelium, fibroblasts, myoepithelium and adipocytes. A separate study determined

that Cx43 was expressed in normal human breast tissue (Wilgenbus et al., 1992). Yet

another laboratory found the expression of Cx26 and Cx43 in normal human mammary

epithelial cells, but these cells lacked Cx31.1, Cx32, Cx33, Cx37, and Cx40 (Lee et al.,

1992). This study also determined by Northern blot analysis and immunocytochemistry

that Cx26 and Cx43 were both downregulated in tumor cells. Gap junctional

communication bas not been examined in the bovine mammary gland by in vivo or in

vitro methods.

D. Cellular Proliferaüon and Gap Junctional CommuDÎcaüon

1.oss of cellular homeostasis leads to cancer and disease states. This bas been well

documented by severa! proto-oncogenes, p53, pl0SRB and pp6Oc-src, that function to
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maintain normal cellular proliferation and cellular homeostasis (Chiarugi et al., 1994;

Shalloway et al., 1992; Ozbun and Butel, 1995; Weinberg, 1995). Likewise, gap

junctions are critical to the maintenance of cellular homeostasis in many cells. Many

independent studies have demonstrated that gap junctions regulate cellular proliferation,

while loss of gap junctional communication causes cellular dysfunction and may lead to

tumorigenesis (Lowenstein, 1967; Eghbali et al., 1991; Zhu et al., 1992; Ruch, 1994;

Mesnil et al., 1995). Severa! key observations have provided compeIling evidence that

gap junctions are involved in the regulation ofcellular proliferation: 1) Tumor promoters,

such as TPA have been shown to block gap junctional communication (Oh et al., 1991).

Additionally, many tumor cell lines, such as the rat C6 glioma cells, human SKHep 1

hepatoma cells and human mammary 21MT-2 cells, lack gap junctional communication,

(Eghbali et al., 1991; Naus et al., 1991; Lee et al., 1992) 2) Transfection of

communication-cieficient tumor celllines with plasmids bearing connexin26, connexin32

or connexin43 results in both a decreased rate of cellular proliferation and a reversaI of

the neoplastic phenotype as shown by in vivo an in vitro studies (Eghbali et al., 1991;

Zhu et al., 1993; Ruch, 1994; Mesnil et al., 1995) 3) subtractive hybridization for

rnRNAs expressed in normal breast epitheIial cells, but not in breast tumor cells led 10

the identification of connexin26 (Lee et al., 1992).

Another important link 10 gap junctions and control of cellular proliferation involves

connexin trafficlàng during the cell cycle. Gap junctions are subject 10 defined

modulations during normal cell cycle progression. For example, Xie and colleagues (D•
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Laird, personal communication) demonstrated that during mitosis, a novel form of

connexin is present that is near or at the cell membrane. This novel mitosis-specific

connexin, however, is not functional. Thus, during mitosis, gap junctions are reportedly

disrupted and therefore cellular communication via these junctions is also disabled.

Additionally, recent evidence from our laboratory has demonstrated that when cells enter

quiescence, connexin43 protein content is decreased by 95%, as measured by Western

blotting (Sia et al., 1995). However, gap junctional communication is Dot dramatically

effected. These cell cycle specific modulations in connexin and gap junctional

communication support the idea that gap junctions play a role in regulating cellular

proliferation.

We propose that gap junctional communication potentiates a.'1d sustains the effect of

growth inhibitors across mammary epithe1ium by allowing transfer of their second

messengers and metabolites. Reciprocally, growth inhibitors that do not cause apoptosis

or cellular toxicity, upregulate gap junctional communication. Conversely, toxins should

inhibit gap junctional communication, to prevent intercellular spread of these potentia11y

lethal toxins. The increase in gap junctional communication following reversible growth

inhibition should function to: 1) increase mitogenic responsiveness to cells in a quiescent

state that may he lacking approprlate nutrientslgrowth factors to proliferate, 2) maintain

a syncytium of homeostatic cells, or 3) maximize effects of lactogenic hormones on

cellular differentiation•
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VIn. SUMMARY AND RFSEARCH PROPOSAL

This thesis examines how direct regulators of mammary epitheIial cell proliferation

function, and whether their function alters gap junctional communication. Growth

inhibition studies will concentrate on TGF-,Bs and retinoids, since they have been largely

ignored in the bovine mammary gland. The thesis is divided into 5 paper-formatted

chapters. The fust chapter, details the deveIopment of mammary epithelial and fibroblast

cell lines and their isolation, cloning and characterization. Additionally, this chapter

describes transfection of these celllines with an 'immortalizing' oncogene. The celllines

described in chapter 1 are utilized as in vitro models thl'oughout the remaining chapters.

Chapter 2 characterizes the growth responsiveness of mammary epithelial ceUs to growth

factors and hormones that have been reported as mitogenic to bovine mammary

epithelium in vivo. Several important differences among bovine, human and murine

mammary epitheIial cell proliferation were observed and discussed. Additionally,

endocrine and paracrine hormone action is implicated for many previously described in

vivo 'mammogens' that do not alter cellular proliferation of mammary epithelial ceIls

directly.

Chapter 3, characterizes, for the first time in the bovine, the patent growth inhibition by

TGF-,Bl and TGF-,62. The effect of these growth inlnoitors on mammary fibroblasts and

epithelium are extensively characterized and contrasted, including the effect of
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immortalization by expression of the Large-T-antigen on growth inhibition. This is

particularly important to TGF-,s, since other laboratories have shown that the expression

of severa! oncogenes including the Large-T-antigen may interfere with TGF-,s action.

Additionally, Chapter 3 details the receptors involved in TGF-,s binding and auto

regulation of these receptors.

In Chapter 4, retinoic acid and retinol's effectiveness as a potent growth inhibitor of

non-transformed mammary epithelium is described for the first time in any species.

Additionally, a novel proposai for the mechanism of inhibition of cellular proliferation

by retinoic acid is described.

In Chaper 5, connexin protein type and localization are charaeterized in bovine marnmary

fibroblasts and epithelium. Gap junctional communication and connexins have not

previously been examined in the boy.le mammary gland. Next, function of the identified

gap junctions in normal and SV-40 large-T-antigen transfected fibroblasts and epithelial

cells are discussed. Lastly, this chapter compares the effect of three growth inhibitors,

that act by independent pathways, on the protein expression of Cx43 by

immunohistoehemica1 and biochemica1 ana1ysis. We aIso propose a relationship between

a class of physiologica1 growth inhibitors, that are not cytotoxic or apoptotic, and gap

junctional communication. These studies, for the first time, outline the potent growth

inhibitory effects of TGF-p and RA and relate this growth inhibiton to gap junctional

communication•
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CHAPTER 1

Isolation, c1oning, immortalization and characterizai.ion of

bovine mammary epithelial and fibroblasts cells.

INTRODUCTION

Research regarding hormonal control of mammogenesis and lactogenesis in the bovine

animal has been dominated by in vivo studies, and expiant cultures (Tucker, 1981;

Akers, 1985; McGrath, 1987; Akers, 1991). Consequently, direct action of mitogens

and differentiation agents on individual cell types is largely unknown. These studies have

identified many mammary specific mitogens including: estrogen, progesten...e, growth

hormone, insulin, insulin-like growth factors, thyroxine, and corticosteroids.

Additionally, data from murine and human studies have demonstrated that epidermal

growth factor, IGF-I, IGF-II, insulin, fibroblast growth factors, transforming growth

factor-a, ete. are direct mitogens to mammary epithelial cells (Tonelli and Sorof, 1980;

Imai et al., 1981; Taketani and Oka, 1983; Vonderhaar, 1987; Sakthivel et al., 1993).

Limited data has been obtained from primary cell culture. However, results have often

been inconsistent because of limitations in primary cell culture steming from: 1) a non

clonal population ofcells, often containing stromal, endothelial, myoepithelial and blood
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cells as well as the extracellular matrices they secrete, 2) a lack of characterization of

these cell with regard to cytoskeletal cell-typing markers, growth responsiveness, and

differentiation capabilities, and 3) early senescence and a lack of cellular responsiveness.

Although many human and murine mammary cell lines exist, including normal and

transformed; only a single clonai bovine mammary epitheli... cell line has been weil

characterized. This cell line, MAC-T, is a mammary epithelial cell iine isolated from

a lactating Holstein cow (Huynh et al., 1991). Unfortunately, because only a single cell

line exists, mitogens or mitostatic agents identified using the MAC-T cell line can only

be confirmed with biopsied primary cell populations. Additionally, no other cell lines

representing mammary stromal cells have been established.

The mammary gland is composed of many cell types which potentially affect mammary

epithelial cell growth and differentiation (Haslam, 1988), with epithelial cells,

myoepithelial cells, adipocytes and fibroblasts comprising the major cellular components

of the gland. Stromal tissue in the rodent mammary gland is mostly adipose with close

physica1 association of adipocytes and epithelial cells (Cowie, 1974; Woodward et al.,

1993). In contrast in the bovine mammary gland, adipocytes are not in close apposition

10 epithelial cells (Akers, 1990; Woodward et al., 1993). Instead, epithelial cells are

separated from the adipose tissue by a 100 /LM or larger expanse of stromal cells, the

vast majority of which are fibroblasts (Woodward et al., 1993). Therefore, we have

chosen 10 isolate the major cellular components of the mammary gland parenchyma
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(epithelial cells) and stroma (fibroblast cells). This chapter will describe the isolation,

c1oning, 'immorta1ization' and characterization of bovine mammary epithelial and

fibroblast cells.

MATERIALS AND METHODS

Honnones, Enzymes and Culture Materials

All culture reagents, media, serum, and enzymes were obtained from GIBCO BRL

(Burlington, Ontario, Canada) and Becton Dickinson (Ville St. Laurent, Quebec,

Canada), unless otherwise noted. The colIagena'ieS, hyaluronidase, and pronase used in

tissue dissociation were obtained from Sigma Chemical Co. (St. Louis, MO, USA).

Cell Isolation

Mammary biopsies were taken from one nulliparous pubertal Holstein heifer and two

pregnant Holstein heifers. Haïr was shaved from the area selected for incision and the

skin was scrubbed with iodine. The a."'imals were given a general anaesthetic of

Xy1azine (100 mg/ml; Rompum", Mobay Corporation, Shawnee, KA, USA) at 0.2 ml

Lm. (caudal to the scapula) and 0.1 ml Lv. (via tht;jugular).

An electroscalpel was used ta cut the skin and cauterize small blood vessels. An incision

of approximate1y 4 cm was made immediate1y dorsal to the teat on the lateral side of the

udder. A mass of fascia and attached parenchymal tissue was removed using sterile

forceps and immediately placed in sterile complete medium (Medium 199IDMEM
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mixture containing 10% FBS, 100 lU/mI penicillin G sodium, 10 iLg/ml streptomycin

sulfate, 25 iLglml amphotericin B, 50 iLg/ml gentamicin, 10 iLg/ml bovine insulin, 1

iLg/ml hydrocortisone, 1.85 mg/ml sodium bicarbonate and 15 mM HEPES). The vial

containing tissue was stored on ice for transport to the laboratory, approximately 10 min.

Tissue was next minced with IWo scalpel blades and transferred to 75 ml dissociation

solution (HBSS with 30 mM HEPES, 12.2 mM glucose, 100 lU/ml collagenase type Xl,

100 lU/ml collagenase type lA, 25 lU/mI hyaluronidase, 0.41 lU/mI pronase, 1 mg/ml

serum albumin and antibiotics as per complete media). The 75 mIs of dissociation

solution with 1-5 g minced tissue was placed in a 300 ml trypsinizing f1ask. Next, the

tissue was incubated for 90 min at 150 rpm in a 37° C gyratory water bath. Dissociation

solution was centrifuged at 100 X g for 3 min and supematant transferred to a new vial.

The pellet consisting of undigested tissue clumps was digested again in fresh dissociation

solution for 60 min further. Supematant was centrifuged at 700 X g for 5 min,

supernatant discarded and the pellet resuspended in 30 mIs complete medium. This

centrifugation and resuspension step was repeated, to remove tissue debri, adipocytes and

erythrocytes, and then passed through a sterile nitex 65 JLM pore size mesh filter

(Technico, Montreal, Quebec, Canada). The filtered cell suspension consisting of single

celIs and small celI clusters were plated at 40,000 cells/cm2 on tissue culture dishes.

Clumps of ceI1s not passing through the filter were plated in separate dishes. AU cells

were plated in complete medium and incubated in a 5% C~ humidified incubator al 37°

C.
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Cell Cloning and Typing

Following 1-3 passages, plates were enriched for fibroblast or epithelial cells by

differential trypsinization (Schumann et al., 1988). Enriched cultures were next cloned

by limiting dilution into 96-well tissue culture plates. Wells that contained one cell were

marked and colonies resulting from these wells progressively transferred to 24 weil

plates, 35 mm dishes and 100 mm dishes when cells were approaching confluency.

Cell typing (as epithelial or fibroblast) was confirmed by immunohistochemical analysis

after incubation with monoclonal antibodies that react with vimentin (Boehringer

Mannheim, Indianapolis, IN) and cytokeratin (pan-specific, Boehringer-Mannheim) as

described previously (Huynh et al., 1991).

Transfections

Fibroblasts and epithelial cel1 clones were co-transfected with the simian virus-40 Large

T-antigen directed from the plasmid, pBAPSV4OTtsA58 (Otsuka et al., 1979), and the

pSV-2 nea plasmid which provided a dominant selectable marker (Southem and Berg,

1982). Transfections and subsequent selection were the same as that previous1y reported

(Huynh et al., 1991), except that 45 IÙ lipofectin reagent (GIBCO BRL, Burlington,

Ontario, Canada) and 55 IÙ HBSS containing 5 /lg pBAPSV4OTtsA58 plasmid and 1.1

/lg pSV2 plasmid were incubated for 5 h per 100 mm plate. Lipofectin transfections

resulted in a dramatic increase in the percentage of ceIls stably transfectedl/lg DNA over

calcium phosphate transfections (Woodward et al., 1995).
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Transfected cells were transferred to 6 weil multiplates 24 h following transfection at a

density of 5000 cells/cm2 in DMEM containing 10% FBS and 200 I-'g/ml G418 sulfate

(GIBCO). This concentration of G418 sulfate was previously determined to cause 100%

cell death of non-transfected epithelial cells after 7 d culture. Selection media were

changed every 3 days. Following 14 d of selection, surviving colonies were isolated with

c10ning rings as previously described (Huynh et al., 1991). Sorne epithelial and

fibroblast transfectants were recloned by limiting dilution, described above. Ali

transfected cells were recharacterized with regard to cytoskeleton and population doubling

ttmes as per Ethier (1985) in 10% FBS.

Transfl)nned Phenotype Assessment

Cells were analyzed for a transformed phenotype, based on twO criteria: loss of topo

inhibition and loss of adherence to substratum. Contact inhibition was assessed

histologically and by Giemsa staining of 10 d confluent plates as previously described

(Bertram, 1979). Foci formation on plastic identified by Giemsa staining was

representative of loss of contact inhibition. Substrarum aùherence was measured by time

of trypsinization (0.25%) and ability to grow and form colonies in 0.1 % soft agar as

previously described (Leone et al., 1991). Quick trypsinization times cr removal of cells

without trypsin are indicative of a transformed phenotype. Likewise, growth in soft agar

demonstrates a lack of need for a substrata and is representative of a transformed

phenotype.
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RESULTS

Cell Cloning and Selections:

# Cell Populations Viable after Cloning, Transfection and Cryopreservation

Epithelial cells Fibroblast cells

# c10ned 99 763

# not senencing after c10ning and passage 2 16

Nontransfected cells surviving 1 3

cryopreservation

# clonai cells transfected 12 16

# surviving selection 3 10

# surviving transfection & cryopreservation 0 4

Only 2 epithelial cell Iines, the FbE (AKA MEB-E) and the PrE, survived cloning,

though neither proliferated following Large-T-antigen transfection. The FbE line was

the only epithe1ialline to survive cryopreservation and thawing.

Similarly, 16 fibroblast celI populations survived cloning and only 3 of these did not

enter crisis after passage and cryopreservation/thawing: 3hUnfil (AKA MFB-3hUnfl),

MF2 (MFB-Pr),FibC (MFB-3). Of the 16 fibroblast celI populations transfected, 4

tibroblast celIlines were viable and survived selection (MF-T2 (Fib D), MF-T3 (Fib 00),
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Fib A, and Fib B. However, only MF-1'2 and MF-T3 cells did not enter crisis after

passage and cryopreservation/thawing.

CharacterizatioD of Morphology, Cytoskeletal Proteins, Growth and Phenotype

AIl fibroblast lines were positive for vimentin and negative for cylokeratin and had a

fibroblastic morphology. A phase contrast micrograph of MF2 cells is representative of

the nontransfected fibroblast morphology (Figure 1). An immunofluorescent mic~ograph

of MAC-T cells cocultured with a FibC cell is shown in Figure 18, the punctate staining

between MAC-T cells is connexin43. Figure 2b is the same cells showing positive

vimentin staining of FibC and negative vimentin staining MAC-T cells. Figure 2c is an

overlay of2a and 2b, vimentin staining is green. The epithelial morphology of the FbE

cell line is captured in a phase contrast micrograph (Figure 3).
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Therefore all ofthe Large-T-antigea"1 cxpressing fibroblasts show signs of transformation,

though MAC-T cells (which also have been transfected with the simian virus-40 Large-T-

52



•

•

antigen) do not exhibit a transformed phenotype. Giemsa staining of petri dishes (Figure

4) can quickly quantify foci formation. The positive stained plate. FibA. has extensive

foci formation. whereas the FibC have no foci. A phase contrast micrograph of FibA

cells in Figure 5 shows large foci and the inset is a foci being trypsinized. Figure 6

represent~ the morphology of the MF-2 cell line, with the transformed phenotype of the

MF-1'2 cell line in the inset.

DISCUSSION

Bovine mammary fibroblasts grew more vigorously than epithelial celis in primary

culture (previous to cloning) and aIlowed for extensive cloning. Three clonai non

transfectel.i fibroblast lines (3hUnfil, MF2, and FibC) and one epithelial line (FbE)

display normal morphology and normal growth after at least 25 passages and could also

be cryostored and thawed without significant cell death or cell crisis. None of these lines

have a transformed phenotype. Several epithelial and fibroblast lines were successfully

transfected. Oddly, ail of the fibroblasts and none of the epitt.elial celllines displayed

a transformed phenotype. Ali parameters of epithelial transformation could not be

assessed, since ail epithelial transfectants entered crisis. Cell crisis was monitored by 1)

increased population doublir.g times, 2) decreased substratum adherence, 3) appearance

of numerous giant cells, 4) appearance of numerous mutlinucleated cells, 5) cytoplasmic

. vacuolation and 6) increased cellular cytoxicity as previously defined by others

(Freshney, 1994).
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Upon transfecting fibroblast cel1s with the Large-T-antigen, a11 fibroblasts tested showed

variable degrees of a transformed phenotype, inc1uding the more aggressive FibA line.

The MAC-T bovine mammary epithelial cel1line has also been transfected with the SV

40 Largc-T-antigen (Huynh et al., 1991). The MAC-T cel1line is not transformed as the

cel1s 1) do not form foci on plastic or in soft agar, 2) are substratum dependent and

contact inhibited, 3) do not form tumors in nucl~ mice (Huyr.h et al., 1991).

Researchers studying breast cancer have benefitted from numerous tumor cel1 lines for

more than 25 years (Turkington, 1969; Dickson et al., 1989). Additionally, a few non

transformed lines representative of the human and murine mammary gland are available

(Sizemore, 1979; Danielson et al., 1984; Gaffney, 1992). Although, no immortalized

mammary fibroblast cell lines have been reported, severa! fibroblast cell populations from

the human breast have been described (CulIen et al., 1991; Adam et al., 1994; Brouty

Boye et al., 1994). In this study, we introduce for the first time: 1) normal bovine

fibroblast lines, 2) SV-40 Large-T-antigen transfected bovine fibroblast cell lines

displaying a transformed phenotype, 3) an epithelial cell line FbE that has the potential

for extended passage in culture (passages exist as high as 40), without displaying any

signs of crisis. The FbE line may have become spontaneously immortalized, since

nontrànsfected epithe1ial cells typically enter crisis after 5-25 passages (Huynh et al.,

1991; Freshney, 1994). However, as demonstrated, none of the nontransfected lines

have a transformed phenotype.
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The MAC-T cell line itself, is a good in vitro model for bovine lactation and

mammogenesis. However, expression of the Large-T-antigen has been shown to effect

proliferation and differentiation of many cell types. For example independent studies by

severa! laboratories have shown that the expression of the Large-T-antigen results in a

loss of growth inhibition to TGF-,B (Hosobuchi and Stampfer, 1989; Laiho et al., 1990;

Pietenpol et al., 1990; Missero et al., 1991). The Large-T-antigen probably exerts this

effect and its ability to permit long term culture or 'immortalization' of cells by binding

p53 protein and hypophosphorylated retinoblastoma protein (pRB) (Weinberg, 1991).

The hypophosphorylated state of pRB protein and wild-type p53 protein prevents

progression of the cell cycle by h;)lding cells in a middle or late G1 phase (Weinberg,

1995). TGF-,B and other growth inhibitors may function by retaining pRB in an

underphosphorylated state (Laiho et al., 1990). Others have found wild-type p53 and

hypophosphorylated pRB are important in normal cellular differentiation (Moles et al.,

1991; Weinberg, 1995) and mammary epithelial cell differentiation (Geradts et al.,

1994). Large-T-antigen expressing fibroblast (FibA, Fib B, MFT2, MFT3) and

epithelial cells (MAC-1') and their nontransfected counterparts, fibroblast (3hUnfil, FibC

and MF2) and epithelial (FbE) cao now be easily compared and contrasted. Thus,

Large-T-antigen modulation of growth or differentiation in MAC-T cells cao be directly

assessed with the celllines described within.

In addition to cloning a nontransfected bovine mammary epithelial cell line, this report

describes the establishment of3 nontransfected and 4 SV-40 Large-T-antigen transfected
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fibroblast cell lines. Fibroblasts and adipocytes represent the major cell types present

in bovine mammary stroma. AdditionaIly, fibroblasts, unlike adipocytes, lie in close

apposition to stromaI cells. Murine and human mammary studies have documented that

many hormones, growth factors and growth inhibitors may exert their effects through

fibroblast interactions (Sheffield, 1988; Haslam, 1988; Haslam and Counterman, 1991;

Silberstein, 1992; Schrey et ai., 1992; Cunha, 1994; Vollmer et ai., 1995).

Additionally, we have previously shown that estrogen does not directly effect bovine

mammary epithelial cell (MAC-T) proliferation in vitro (Woodward et al., 1992).

However, fibroblasts adjacent to epithelium in vivo proliferate in response to exogenous

estrogen in prepubertal heifers (Woodward et al., 1993). Moreover, when bovine primary

mammary fibroblast cells are treated with estrogen, their conditioned media stimulates

the proliferation of MAC-T cells more than conditioned media from untreated fibroblasts

(Woodward et al., 1992).

These bovine mammary fibroblast cell lines may prove useful in analyzing paracrine

interactions in the mammary. Ad~tionally, the establishment ofboth normal and SV-40

Large-T-antigen transfected lines of epithelial and fibroblast origin enable researchers to

perform experiments with the immortalized lines and determine whether Large-T-antigen

expression alters hormonal responsiveness. Most importantly, the effects of

hormoneslgrowth factors on bovine mammary epithelium can now be efficiently

analyzed: 1) directly, 2) with or without exogenous extracellular matrices, 3) and in

epithelia1lfibroblast coculture models.
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Figure 1: A phase contraSt micrograph of MF2 normal fibroblast cens cultured in 10%

FBS. Cells are confluent and have formed the typical swirl pattern characteristic of

normal fibroblasts.
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Figure 2: Immunoflorescent micrographs of FibC fibroblast cens cocultured with MAC

T epithelial cells. Panel A is a micrograph of ail 3 cens: 2 MAC-T cens and 1 FibC cen

(Note: punctate staining between MAC-T cens is Connexin43 protein). Panel B is

stained for vimentin. The FibC cell stained positive, whereas no staining was observed

in the MAC-T cel\s. Panel C is an overlay of A and B.
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Figure 3: Phase contrast micrograph of FbE erithelial cells. Micrograph was taken al

the edge of a cluster. Note homogenous cuboidal morphology. typical of mammary

ej>ithelium.
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Figure 4: A photogiaph of Giemsa stained confluent cultures of 2 cell types: FibC (top

dish) and FibA (bottom dish). Fib A cells were transfected with the SV-40 Large-T

antigen and display a transformed phenotype. Dark spots on the plate represent

formation of foci. Note: nontransfected FibC cells have no foci stained, while FibA cells

have extensive foci formation.
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Figure 5: Phase contrast micrographs of foci formed by FibA cells. Note the lack of

cells outside the foci area and the arrangement of fibroblasts at the periphery of the foci.

The inset is a micrograph of the same culture of FibA cells being trypsinized. This

demonstrates that these clusters are foci, composed of layers of fibroblasts typical of

transformed cells.
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Figure 6: Phase contrast micrograph of MF-1'2 transformed fibroblasts. These

fibroblasts are MF-2 cens transfected with the SV-4Q Large-T-antigen. Compare to

Figure l, MF-2 cens. MF-TI cens lack contact inhibition and cens overlap one another.

Swirl patterns formed by confluent MF-2 fibroblasts are lost in MF-TI fibroblasts .
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SUMMARYl

The major objective, described in this tirst chapter, was the creation ofa series of bovine

mammarj cell lines. Realization of this objective allows for extensive in vitro

exanrination of bovine mammary cell proliferation, its control. and interactions among

homologous and heterologous cells. This chapter has described the isolation, c1oning.

characterization and transfection of bovine mammary tibroblasts and epithelial cells.

Previous to this study, only a single cell line from the bovine mammary existed. the

MAC-T epithelial cell line.

A ceIlline isolated from a single animal and immortalized by constitutive expression of

the SV-40 Large-T-antigen, leaves many questions unanswered when modeling the bovine

mammary gland. 1) Does this line accurately represent mammary epithelum of the

bovine mammary gland?, 2) Do cells isolated from animals in different reproductive

states in the mammary vary in response?, 3) Does expression of the SV-40 Large-T

antigen aiter responsiveness of these cells to hormones and growth factors?, 4) Are other

major cell types affected by the hormonelgrowth factor being examined? By creating

severa!. epithelial and tibroblast cell Unes from three different animals representing IWO

reproductive states (three if the MAC-T ceIlline is included), by creating tibroblast lines

that have not been transfected with the SV-40 Large-T-~tigen and others that do express

the Large-T-antige:-., this chapter will allow these questions te be addressed in

subsequent chapters. Finally, 'this chapter has demonstrated for the tirst time that
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mammary fibroblasts are easily transformed by expression of the SV-40 Large-T-antigen,

but mammary epithelial cells appear to be resistant to this transformation. Cells,

including the FbE, FibC, MF2, PrE, 3hUnfil, MFT2 and MfT3, created in this chapter

are used in studies throughout this thesis.
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CHAPTER2

Lack of mitogenic response to EGF, pituitary and ovarian

hormones in bovine mammary epithelial cells.
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The direct honnonal regulation of bovine mammary
epithelial cell prolife....tion was examined using the MAC
T cel! line as an in vitro model. Unlike human and
murine mammary epithelial cells, MAC-T cells show linle
or no growlh response to epidermal growth factor
(murine (mECfl or human (hECfl) and only modest pro
liferation alter trealment with TCRL Similarly, primary
mammary epithelial c~lIs isolated from a pregnant non
Iaetating Holstein cow showed no response to mECF or
hECF (P>O.l). The vast differences between species were
realized when MAC-T cells and a mtlrine cell line
(NMuMC) were cultured concurrendy under identical
conditions. The murine cell lines' proliferative responses
were 22times greater lhan MAC-T cells when cultured in
hECF or mECF spiked media. Additionally, seve....1 ho....
mones lbCH, bPRL. E, P or E+ P) which can elicit
dramalic mammagenic aclivity ;n lIÏvo, were completely
inactive~ Similar to murine and human mammary trials,
ICF-! was a potent mitagen (maximal stimulation atl0 ngI
ml, P <0.01), while insulin was most effective at higher
concentrations (1000 ngIml or greater, P <0.05). The
diminutive response ta ECF may represent a fundamental
difference between the endocrine regulation of marn
mogenesis in the bovine when compared ta the mouse or
human.

Introduction

Milk production is the summatio!l of the secretory
activity of mammary epithelial cells over time. Total
milk production is thus affected by (1) the length of
lactation and the non-Iactating period (2) the combined
secretory capacity of each mammary epithe1ial cell. and
(3) the total number of actively secreting epithelial
cells. Efforts to increase milk production by increasing
cell number depends on understanding the response of
epithelial cells to mitogens. These mitogens affect
mammary epithelial cells directly or through interac
tions with other cells to induce mammary epithelia1 cell
proliferation.

Mammary epithe\ial cell lines of murine or human
origin. both normal and neoplastic have provided
valuable insight into the specific effects of many hor
mones. growtb factors and inhibitors (Soule el al.•
1973: Sïzcmore. 1979: Danielson el al.. 1984). How
ever. this wealth of information must be prudently
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applied to ruminant dairy animab ~lS subst:.mti:ll ..lif
ferenct.."$ cxist bc:t\\'t.~n the rumin:.mt and rodent Of

human mammary gland. Prc\'ious reports h:'l\'C

identified dilferences in the de,e1opment or those
glands. honnoncs in\'ol\'cd in: mammaogcnL"Sis. I;),Ct'l~

tion and ils induction. and the c\'cnls of involution
(Cowic et al.. 1980: Wiens et al.. 1992). substanti:ll
variations in milk composition (Jenne·ss. 19S5. 19S5:
Mepham. (987) as wcll as markcd dilTerencos in gl:md
gross morphology and ccll..lar composition (Schmidt.
1971). Wc have previously rcported spccic'S variations
in responsc to cstrogcn and TGF-Il on mamm:lry
growth and developmcnt (Woodward et al.. 1992.
1993a.b) as wcll as ccllular and gros., "n:ltomical
diffcrcnccs (Akcrs. 1990).

Research rcgarding hormonal control of mamme
genesis and lactogcncsis in dairy callic has becn
dominated by in l'ÏI'O studics. cxpl"nt "nd primary ccII
cultures (Tuckcr. 1981; Oils & Forsyth. 19S 1:
McGrath. 1987: Akers. (990). Only recently has a
functional bovine mammary epithclial ccII linc b:comc
availablc as an ;n vitro model or lactation. The estab
lishment of bovine mammary epithelial ccII lines by our
laboratory. dcnoted MAC-T (Mammary Alvcolar CcII
lar<Je T antigen). has provided an appropriate cxpcri
mental modcl (Huynh el al.. 1991). These clonai cclls
grow weil in culture and are responsivc to extr.lccllul"r
matnx signais and prolactin for thc induction or
differentiation. In this state. MAC-T cells synthesizc
and secretc Cl and Il cascin. lactose and lipid (Huynh el
al.. 1991). With regard to regulation or ccll growth.
MAC-T cells are reported to have high affinity recep
tors for [GF-[ and marked mitogenic responses to
[GF-[ (Zhao el al.. 1992) and that certain whcy pre
teins, namcly Cl-Iactalbumin and lactorcrrin. arc known
to inhibit cell proliferation (Rejman el al.. 1992).

The MAC-T cell linc represents the Most rcduc
tivnist biological modcl l'or thc CV'.lluation of direct
hormonal effects on the bovinc mammary gland: a
single clonaI cell line. in dcfined media into which
hormones are added. [n contras!, expiant culture
retains the tissue architecture and ccllular diversity or
the mammary gland. and therefore presents a broadcr
repertoire of hormonal responsiveness. for cx:Implc
paracrine interactions. [n this report we CV'.lluated thc
direct effects of hormones or growth factors previously
determined to be mammogenic or lactogcnic in thc
bovine in vivo or in murine and human studies. By first
describing the direct hormonal effects on bovine mam
mary epithe1ial ceUs. we bave a foundation from which
we cao begin to unravel the more complex rcgulation
of bovine mammogenesis at the tissue and organismaJ
level.



530 T.lo \\'OODWARD d .1/.

Clonai bovine mammary cpithelial cells responded
direetly to physiological conccnt:-dtions of hormones/
growth factors including: insulin. IGF-!, IGF-II and
preparations of bovine serum albumin (BSA). Most
hormones known lO he mammogenic in vivo. including:
growth hormone. prolactin. EGF. estrogen and pro
gesterone. did not exert a direct biological e!fect on the
proliferdtion of bovine m~mmary cpithelial cclls.

Neither mEGF nor hEGF was mitogenic for bovine
mammary epithelial cclls at conccntrdtions up to
250 ng/ml (Figure 1 (DNA). Table 1 (3H-thymidine
incorpordtion)). As a positive control, 5% FBS
amplified tritiated thymidine incorpordtion by ncarly
2000% (Table 1). Both EGFs often gave rise to
minimal growth incrcascs. though. results were never
significantly different than control in any of eight trials
with as many as 18 replicates per trcalment. Further.
mEGF in combination with FBS and/or hIGF-1 did
not affect MAC-T ccII proliferdtion whether measured
by DNA accumulation (Figure 1B) or thymidine incor
pOrdtion (Table 2). To determine whether the clonai
line (MAC-T) differcd because of its adaptation to
culture ur sincc it was isolated from a laetating animal.
primary bovine mammary cpithelial cclls from preg
nant non-Iactating Holstein cows were tested. These
cclls also failed to elicit significant proliferative rcs
ponseo: when eulturcd in DMEM containing hEGF or
mEGF (Figure 2). To eonfirm that our EGF p''Cpara
tions were active, MAC-T cclls and NMuMG cclls (a
murine mammary cpithelial cell line known to rcspond
to EGF) were dircctly comparcd. MAC-T cell pro
liferation showed minimal non-significa..'t increases
(12%) while NMuMG cells increased thymidine incor-

poration more than 250% (Figure 3. P<O.OI). Note
that both MAC-T cells and NMuMG cells were very
rcsponsive to even low levels of FBS (0.75%) as weil as
higher levels (5%).

Insulin-like groWlh factor -1 and -II were found to
he potent mitogens for MAC-T cells. DNA accumula
tion was stimulated by 0.1 ng/ml hIGF-1 in serum free
media and la ng/ml hIGF-1 in the presence of FBS
(Figure 4A. P<O.OS). ['H]thymidine incorporation
rcsults exhibited maximal mitogenic activity for IGF-I
and IGF-II at 10 ng/ml. Des (1-3) IGF-I and Long R'
IGF-I were slightly more effcctive tha.., IGF-I at lower
concentrations (~20 ng/ml), but were equally mito
genic at higher concentrations ("" 40 ng/ml: data not
shown). Insulin at 10 ng/ml was also uniformly
mitogenic in both the DNA accumulation and
thymidine incorporation assays (Figure 4B. Table 2.
P<O.OS). The addition of 1% FBS did not alter the
effective dose of insulin. 10 ng/ml. but it did increasc
the magnitude of DNA accumulation at this concen
tration of insulin (Figure 4B).

Bovine growth hormone (bGH) and bovine prolactin
(bPRL) were not mitogenic to bovine mammary
cpithelia1 cells when tested at concentrations ranging
from lOto 1000 ng/ml. The presence of 1% FBS was
not permissive for either bGH Or bPRL. Furthermore.
the addition of FBS at levels of 2, 4, or 8% to media
containing GH or PRL did not cause a proliferative
rcsponse above that caused by the serum alone (data
not shown). No synergistic action helWeen insulin and
bGH or bPRL was found conceming thymidine incor
poration (Table 2).

Table 1 Effect or concentration or hEGF and mEGF on tritiatcd
thymidine incorporation into serum stlrVed MAC-T cells

•

MACoT

A

•
84±10

147± 16t
83±8

227±!/t
226± 13t
73±8
64±16

c.pm.lwt!//

lOng
lOng
lOng

10+ lOng
1fIS
1fIS

Far:'",,(s)

Control (DMEM)
bt
mEGF
blGF·t
bIGF-1 + mEGF
bGH
bPRI

bt + btGF-1 10 + 10 ng 231 ± lit
bt + mEGF 10 + 10 ng 1S7± 12t
bl + bIGF·1 + mEGF 10 + 10 + tO ng 219±3t
bl+bPRI 10ng+ tl'g 134±I7t
bl + bGH 10 ng+ t fIS t:lO± lot
-An conc:::œtmt:ions per mJ. data given as mcan±SD x 10-'. (n -4).
tI_leS value is g=ICr :ban control (P.;;o.oS)

Table 2 Eff«:ts or bIGF-I, mEGF. bovine insuli.. bGH and bPRL
on tritiated thymidine incorporation into serum starvcd MACT

œlls'

Conc (nslml) hEGF mEGF

Control (DMEM) 3.2±0.s 3.2±0.S
0.1 2.S±O.1 3.4±0.1
Q.S 3.2±O.l 3.4±0.2
1.0 2.6±0.1 3.2±0.1
5.0 3.2±0.3 4.0±0.4
10.0 2.6±0.1 3.0±0.2
50.0 2.7±0.1 3.6±0.1
100.0 2.7±0.2 2.7±0.1
2.\0.0 3.S±0.2 3.6±0.3

FBS S.O% 62.4±4.9- 62.4±4.9-

Data pn:scnled as mean±SE (X 10-'c.p.m. n-9).
-Indicates value is greater than control (P:S:;:O.OS)

10 50
mEGF (ngI1III1

o .5 5 50

mEGF (ngimll

o

~--*"QF-I
+- +-;----+ <FBS

t- ~-9-9

B

2.25 MAC-T.----._. -+--+. FBS
+IGF-I

1.25

2.00

~ 1.75

~ 1.50

~ 2.60
Q

~ 2.40

2.20

2.80

FIaurt 1 Eff'ect or mEGF. Alonc or in combiaation with FBS lIDd/or
lGF-1 on the srowth or MAC-T œlls. The dT"" or mEGF aJone
(0). in combination witb 1% FBS (e): 10 nglml btGF-. (C) or W.
FBS and 10 nglml IGF-t (.)
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Discussion

The direct interaction of endocrine hormones with
mammary epithelial cclls of domestic clairy animais is
poorly understood. Considerable work with expiant
culture and less 50 with primary mammary cclls has
implicated ManY hormones. growth factors and in
hibitors in the regulation of proliferation and differ
entiation of seeretory epithelial cells (Tucker, 1981;
A1cers. 1985, 1990). This t'CDOn defines which of the

Flc=4 ElI'ec:t orhlGF·1 (Al and bovine in.ulin (B) on.he growth
of MAC-T cclls cultun:d in serum fn:c media (0) or media Sup
plcmcntcd with 1-1. FBS (e). (e) Indicatcs a sisnifant dilTercncc
(P<O.OS) from the control (no hormone addition)

Bovine serum albumin preparations do not inducc
an accumulation of DNA when added to serum free
media in the range from 10 to 640 Ilg/ml (Figure SA).
However, funher increases. from 2-16 mg/ml in BSA
concentration caused large increases in DNA accumu
lation (P<O.OI). When three stocks of BSA were com
pared. each stock increased MAC-T ccII proliferation,
but effective concentrations varied considerably be
lWeen stocks (Figure SB). Fatty acid-free BSA was the
lcast effective in increasing MAC-T ccII DNA accumu
lation (P<OoOS).

*o bovin. (MAC-Tl

• murln. (NMuMG)

control mEGF hEGF FBS FBS

2S nglml .7S'" S'"

oL...1----:-.L-
control mEGF hEGF S'" FBS

100 nglml

o

100

700

:::E SOOD-
U

;!
:s
~ 300

F"q:are 2 The figure shuws the dfcet of mEGF and hEGF on
primary bovine mammary epithelium from pregnant non-betating
cows. CPM wcrc st:lndardized to initial CPM and % initial CPM is
displaycd

Fi&art' 3 Comparison bctwccn a murine line (NMuMG) and a
bovine line (MAC..T) to EGF standardizcd to the sounc: control an:
showno (0) Indicatcs a signi6cant dill'crcnœ (P<OoOS) rrom 'he
control

Estradiol \7-/1 concentrations from 100 pg/mi to
100 ng/mi or progesterone concentrations from 1 ng/mi
to 1000 ng/mi did not affect MAC-T cell proliferation,
either in serum-free media or in the presencc of 1%
FBS. When estradiol \7-/1 and progesterone were

• added together over severaI logs of concentrations,
they were aIso without e1fect on MAC-T ccII growth.
Neither were thes:: steroids able to stimualte prolifera
tion in phenol red free media. Additionally, estradiol
\7-/1 was unable to alter proliferative response of
bovine mammary epithelial ceI\s from pregnant non
laetating Holstein cows (data not shown).
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both hEGF and mEGF were eomparatively effective in
NMuMG cells. Data eoneeming EGFs effectiveness in
the ruminant mammary is somewhat divided. Sheffield •
& Yuh (l Q88) found neither sialoadenectomy nC'l sialo
adenectomy + EG F altered growth of bo,ine mam-
mary tissue xenografted into doar.d fat pads of
athymie nude mice. Like"ise. Gow & Moore (1992)
round EGF deercased milk yield in lactating ewcs and
sugge>t that EGF may aet as a mitotic inhibitor in the
mammary gland or sheep. Several papers eonceming a
bovine mammary epithelial cel~ line (PS-BME) and its
acUle responsivencss to EGF must he reexamined (Gib-
son el al.. 1991. 1992). since thcse lincs were later
shown to he murine in origin (Baumrueker. personal
communication) which ourselvcs and others have pro-
ven to he very responsive to EGF. Perhaps. most
ruminant studies have round EGF to he a slight
mitogen in the mammary gland. but often the criteria
to achieve mitogenie responses are extraneous (Furu·
mura et al.. 1990: Tou el al.. 1990) with modest effects.

Th= retarded responses in the bovine to a potent
groWlh factor in the human and mouse should. per
haps. not he unexpected. First. in both murine and
human milk. EGF is the major growth factor secreted
(Shing & Klagsbum. 1984). In the ruminant no truc
EGF bas becn identified and reports of EGF·like
material in the milk and colostrum V-dry from low to
none (Shing & Klagsbum. 1984: Gow & Moore. 1992).
However. recently a bovine TGF-<t was identifi-.d ,:t
tissue from pregnant cows after PCR amplification
(Zurfluh el al.. 1990). TGF.... on the other hand. is
able to induce small but significant increascs in pro
Iifèration of a MAC-T-cell subclone (Akers. unpub
Iished observation). This is in agreement that TGF-<t is
generally a more patent mitogen than EGF in the
bovine mammary (Tou el al.. 1990: Zurfluh el al..
1990).

One explanation for the lack of EGF resPOnsc may
he the relatively low conservation of sequence identity:
IGF-I. TGF.... insulin and TGF-jll. /l2. jl3 ail share
88-100% sequence identity hetween bovine. human
and mous.: polypeptides (A1tsehul el al.. 1990; Maier el
al.. 1991). However. EGF only shares 68% sequence
identity hetween mouse and human with no reports of
this growth factor in the bovine. ln contras!. severa1
laboratories have reported the presence of EGF/TGF-<t
receptors or receptor mRNA in the bovine mammary
gland (Spritzer & Grosse. 1987; G1imm el al.. 1992).
The significant (though modcst) increascs in MAC-T
cel1 proliferation in resPOnse to TGF-<t indicate the
MAC-T cells also have TGF-<t/EGF-like receptors.
though binding kinetics. receptor number and regula
tion thereof as weil as post receptor events have yet to
he examined. We suggest either mEGF and hEGF are
dissimilar to a potential bovine EGF such !hat limiting
receptor binding and/or subsequent post receptor
action would occur or EGF bas no central role in
bovine mammogencsis.

Mitogens which direetly affect MAC-T cell prolifera-
tion inc1ude insu1in. IGF-I and IGF-Il. wlule BSA •
preparations have aIso been shown to enhance pro
liferation. The Iargcst resPOnse of bovine insu1in occur-
red at pharmacologica1 1eveIs. 1-10 j1gJm1 (Figure 4B).
At thcse very high levels insuIin can interact with the
IGF-I receptors (Massague & Czech. 1982; Zhao el al.,
1992). In support of !bis concept is the IlIck of an
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major mammogenic or Iactogenic hormones directly
aflèct bovine mammary epithelial cell growth. This
reductionist view permits the experimental evaluation
of the most bas'~ elements of =Iation. one cell-one
hormonc. The bovine mamma..y epithelial cell line
MAC-T has provided the biological context in vilro
and is not influenced by the presence of contaminating
cell types nor by mammary tissue architecture. More
complete regulatory motifs will emerge as other cell
types are added and the effects of substratum are
ev-.l1uated in this system.

Perhaps the most striking finding of thcse trials was
the paucity or lack of EGF induced growth of bovine
mammllry epithelial cells. Regardlcss of whether the
EGF was human or murinc. from Sigma or UBI,
tested on an immortal clonai line or a primary linc. or
whether the cells were from a pregnant non-Iaetating
or lactating non-pregnant animal little to no effect was
clicited. Since non-clonal carly passage epithelial cells
(Icss than five passages) confirmed resu\ts obtained
with the MAC-T linc. adaptation to culture conditions
is unlike1y to account for lack of resPOnse. To confinn
our EGF preparations were active. NMuMG cells (a
murine line known to resPOnd to EGF) were compared
to MAC-T cells: the murine line increased thymidine
incorporation more !han 260% 0_ NMuMG ceIIs
not stimulated Y'jth EGF, some 22 limes greater !'CS

ponse !han MAC-T cells (Figure 3A). Additiona11Y,

FJcan: S Bovine serum albumin (BSA) stimuhltion or MAC-T ccII
prolireration (A). Scrum-rn:c media (DMEM) w:tS supplemenled with
the level or BSA indicated and ONA accumulation mcasurcd. (B)
Com~n:s ditrcrcnt preparations or BSA including a rany acid..rree
stock. (-) Indicncs a significant ditfcn:ncc (P<O.OS) rrom no BSA
u'cu.ted cclls
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addilive effeel when insulin was added in combinalion
",ilh IGF-I (Table 2) as has pre\iously boen reported

•

by olher laboralories (Baumrucker & Slemberger.
1989). IGF-I in serum frcc media slimulaled DNA
accumulation al 0.1 ngiml which is a lc\'eI consistent
",ilh lhe IGF-I roeeplor binding kinelics previously
reported for MAC-T ceUs (Zhao et al.. 1992). levels of
10-25 ng/ml IGF-I appeared lo have a synergislic
aClion ",ilh olher faclors in Ihe FBS. These faclors
were nol insulin or EGF (Table 2). A separale sludy in
our laboralory demonslraled Ihal MAC-T ceUs do
secrele low levels of IGFBP-3 and moderale levels of
IGFBP-2 (Romagnolo et al.. 1994). so lO delermine
whelher Ihese binding prolcins aller IGF-I respon
siveness. IWO analogs of IGF-I (des(1-3)IGF-I and
Long R' IGF-I) Ihal e"hibit very low binding 10 IGF
BPs were compared 10 IGF-I. The IGF-I analogs were
slighlly more effeelive al lower concenlralions (1-20
ng/ml) Ihan roeombinanl IGF-I. whereas concenlra
tions of 40 ng/ml or higher were equaUy mitogenie. as
tesled by thymidine incorporalion. Proliferative res
ponses 10 IGF·1. -Il and insulin by lhe MAC-T-ecUs
are similar to results obtained in both the mouse and
human mammary glands (Slockdale et al.. 1966:
Imagawa et al.. 1986: Underwood et al.. 1986).

Reports of direct growth hormone action on bovine
mammary epithelium are laeking. though GH reeeptor
mRNA bas been reported in the bovine mammary
gland (Glimm et al.. 1990). This taken with the enor
mous research inlerest in bovine growth hormone.
since substantial inereases in milk production foUowing
exogenous bGH administration were demonstrated in
dairy cattle (Bauman et al.• 1985). warranled our tes
ting of the hormone in vitro. Indeed. as expc:eled GH
failed to alter ceUular proliferation. In vivo. GH
induces synthesis of IGF·I (mueh from hepatie stores)
and release into the circulation. hence the GH{IGF-I
endocrine axis is implicated in inereased milk produc
tion (Davis et al.. 1987; Winder et "al.. 1989). Consis
tent with this concept is the presence of high affinity
reeeptors for IGF·I on mammary ceUs (Zhao et al..
1992) and the absence of GH reeeptors on bovine
mammary cells (Akers, 1985; Keys & Dijione. 1988;
McFadden et al•• 1990). The absence of any diroet
bGH effeets and the strongly mitogenie nature ,of IGF·
1 on mammary epithelial cells. supports the concept of
an indirect action of GH effeets in vivo.

Prolactin. a fundamental lactogen in mammals. is
less understood when considering its effc:etiveness in
eliciting mammary gland growth. On one hand.
authors have found PRL to have mammogenic proper
ties in both ruminants (Vandeputte-Yan et al.. 1976)
and mice (Topper & Freeman. 1980; Nagasawa et al.•
1986). Whereas, others have found no correlation
between PRL and mammary growth in ruminants in
vivo (Sejrsen et al.. 1983) and in vitro (Skarda et al..
1977). Data from our laboratory and others have dem
onstrated that the MAC-T cells do respond lac·

•

togenica1ly to PRL (Huynh et al•• 1991; Romagnolo &
Akers, unpublished data); however. no proliferative
response was evoked when MAC-T ceUs were cultured
in PRL (over severa!logs of concentrations) in varying
FBS concentrations. Since severa! reports have imp
licated PRL to work indireetly with other hormones
and we did not test PRL's effeet witb GH. cor
tieosteroids or ovarian steroids. a collaborative role of

PRl dircctly inducing mammary crithelü\l ~cl1 pn.'
lifemlion should 001 be disc,'unlcd.

Likc GH. o\'arian slcroids h~l\'c hccn known 10
stimulate mammar\' g,rowth l;',r sorne time (Fr.lOke &
Rosenbloom. 1915). "Indeed. plasma eslr,'gen e,'necn
tr.nions increasc: during the laller stages of pregnanc),
and peak ncar parturition. dircctly coinciding with
rnamman' g,rowth. EstroJ.:en alone or in combÎnatil''lO
with pros~terone stimul;tes growth of the m~l1nm;lf)'
gland and,'or mamm:lry cpilhelial cells in hum,ms
(Baron. 1955). miee (Haslam. 19S5I. goals (Cl.wic "t
al.• 1952) and callle (Tucker. 19S5: Woodw:lrd ,·t ell..
1993a). HC'wcver. in "irro studÎ\."S with Olurine and
human cells support an indire'Cl effcel or Ihe,,", sleroids
on mamm:lry cells (Shyamala & Feren<:L)" 19S-I:
Richards et al.• 1988). The presenl sludy suggesls lh:ll
estrogen and progesterone also afT\.'Ct bovine mammary
epilhelial cells indiroelly. MAC-T cells were MI
slimulated by eslrogen or progesleronc alone or in
cornbination. "ith or \\ithout serum.

Recenlly. many researchers have subsliluled serum
wilh BSA 10 eliminale unknown proteins and fally
acids when testing palential milogens in "itre>. BSA
found in milk. ranges in concenlr~lion from 380 10
500 "g/ml (Ng-Kwai-Hang et al.. (987) and has boen
shown nollo affecl MAC-T ccII proliferalion (Rejman
et al.. 1992). Prcliminary e"perimenlS from our
laboralory revealed higher (above 5 mg/ml) BSA con
centrations consislently augmenl prolifer~tive response.
To determine if BSA is appropriate to use as a 'safe'
sUbslitule to FBS in growlh assays. four preparations
of BSA were examined. AI higher concentr~tions of
BSA. 2 mg/ml (similar 10 10% FBS) or more. a
significant stimulation of growth of MAC-T cells
(Figure 5A) oeeurred. Whether Ihis stimulalion is a
resull of BSA ilSelf or impurities in the preparation is
unknown. though substantial variation among lots sug
gests the latter.

It is important to noie that many serum·free media
used to culture mammary epithelium use BSA at con·
cetrations from 0.5-15 mg/ml (Imagawa et al.. 1982;
Campbell et al.. 1991). When BSA is used in milligram
quantititc:s. contaminating faclors found in low levels
may reaeh biologically relevant levels (McKieman &
Bavister. 1992). Moreover. B~A is known to synergize
with growth factors to cause enhaneed stimulation of
growth of cultured cells (Singh et al.. 1992). In a
murine study with optimal growth in concentrations of
BSA from 5-15 mg/ml. Imagawa et al. (I982). deter
mined that lipids or lipid soluble substances account
for mueh of the cellular growth. Likewise. using four
different stocks of BSA we found ail 10 retain pro
Iiferative activity at concentrations of 10 mg/ml or
higher. except fatty acid·free BSA which was only
effc:etive at higher concentrations (Figure SB). Regard
less of the cause of mitogenesïs, the proliferative res·
panses to and the inconsistency of BSA preparations
warrant appropriale attention from Iaboratories who
replace sera witb BSA.

This study confirms that the regulation of bovine
mammary epitbelial proliferation bas similarities (IGF
1. IGF-II and insulin) and differences (EGF) when
compared to the human or mutine mammary gland.
Data aIso indicates that many potent in vivo mam
mogens are unable to stimulate epitbelial ce1I prolifera·
tion directly. Tbus. endocrine. paracrine and autocrine
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factors as weil as ECM must account for much of
thcsc hormonal actions.

:\1areriallll) and mctbods

lI(Jrmon~ ... QrtJ culrur~ mQl~rials

AU honnones. cxecpt whcrc noted. were obtained from the
Sigma Chemical Company (St. Louis. MO). Pituitary bovine
prolactin WolS a girl from the National Hormone PituitaI'}"
Program and recombinant bovine growth hormone was from
American Cyanamid Co. (Prineeton. NJ. Lot 69S8C-42A).
The IGF-! analogs (des (1-3) IGF-! and Long R' IGF-!) were
purchascd from GroPep Ply Lld (Adelaide. South Australia).
Ali eulture reagents. vessels. media. serum. and enzymes were
obtained from Giben (Gaithersburg. MD) unless otherwise
noted. Ali four stocks of BSA were purehascd from Sigma.
BSA stock Cat no. A-7906 and A-3803 were deemed
98-99% pure; whereas the other stocks were 96-99% pure
with lhe remainder mostly g1obulins. The RIA grade BSA
(A-7888) was initially fraetionated by cold alcohol, the other
three stocks by hcat shock with the IWO cell culture lots
(A-7906 and A-39!2) having a secondary eban:oaljdialysis to
reduee low molecular weigbt contaminants. The remaining
preparation (A-3803) was substantially free of fally acids
«0.003%). The RIA grade BSA was not used in com
parison tests betwcen BSA stocks. EGF (murine) was pur
ehased from Sigma. except when human EGF and murine
EGF were compared. then both EGFs were purehascd from
Upstate Bioteebnology Ine. (UBI: Lake Placid. NY).

C~/Jsand cultu~ conditions

Bovine mammary epithelial eells (MAC.1j from our labor
atory were used in ail experiments. These cells were originally
derived from mid·lactation Holstein cows and were estab
lished in culture tbrougb low lovel constitutive expression of
the SV40 Iarge-T antigen (Huynh <1 al_ 1991). These eells are
not transformed. MAC·T cells are clonai, non-tumorigenie in
nude mie:e. show ancborage dependency and topo-inhibitioc.

To confirm that our results were indicative of normal
bovine mammary epithelium. primary bovine mantmary
epithelial eells were obtained from pregnant non·lactating
Holstein cows as previously described (Huynh .t al.. 1991).
Primary eells were not clonai in origin but were substantially
free of stromal eell contamination as determined by
cylokeratin and vimentin staining. Colis were maintained for
routine passage in DMEM with 10% FBS.

Hormones whicb were woter soluble (insulin. IGF·I and Il.
prolactin. EGF and growth hormone) were added direetly to
the culture media from coneentrated stocks. Steroid hor·
mones were added in an ethanol vebicle to a final coneentra·
tion not exeeeding 0.001%. In preliminary experiments. it
was found that a coneentration of 0.01 % ethanol or more
signi6cantly inhibited proliferation.
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(;1. 3503-3514.

Quantification of cell proliferation

MAC-T-cells were plated at a densi'y of 2 x 10" eells/well in
a 24 weil plate (Nu.'c1on. Denmark) in 1ml DMEM sup- •
plemented with 10% FBS for 24 h. The eells were then serum
starved for 48 h (two media ehanges) by cul,uring the eells in
DMEM with no additions. The stimulation of proliferation
was then assessed during a 72 h experimental period when
the cells were cultured in DMEM containing the various
hormones. aJone or in combination. T0 assure proliferation
was not inhibited by eontaet inhibition (1) eeils were visually
monitored (2) a time 0 (i.e. al time of homone addition) and
a positive control (S% FBS) were colleeted and run with ..eh
assay. Ail experiments showed a signi6cant inerease in DNA
or thymidine incorporation by the positive control. Eaeh
hormonal regime was also evaluated in the presenee of 1'10
FBS. 1'10 FBS was capable of eliciting signi6cant growth in
both DNA and thymidine assays. Morcover. 10% FBS
caused large increases in DNA accumulation. potentially
masking modest proliferative responses of the hormonej
growth faetor l>eing tested. In faet. <ven a milieu of
hormonesjgrowth faetors (insulin (1 "g/ml). hydrocortisone
(S "g/ml). trüodothyronine (1 ng/ml). bovine prolactin (I"g/
ml) and IGF-I (10 ng/m1» previously shown to he mitogenic
alone were only able to modestly inerease growth of MAC-T
cells cultured in 10% FBS. Total DNA content per weil was
measured ftuorometrically as per Labarea &: Paigen (1980).

['H]thymidine incorporation was based on the method des
eribed by Sheffield (1988). Bri.fty. cells were plated as above.
but serum starved 72 h (instead of 48 h) with three fresh
media changes. CelIs were cultured in test media for 18 h
with l "Cijml methyl-!'H]thymidine (ICN. Irvin. CA; SA
64 Cijmmol) added for the Iast 1 h. Primary cells were only
serum starved 48 h and NMuMG eells 24 h sinee mor
phological changes and deereascd survival were associated
with extended serum starvation. When NMuMG eells.
primary epithelial eells or MAC-T cells were compared all
cells were serum starved identically. The data were expressed
as e.p.m.jwell.

Statistica/ ana/)'sis

The general Iinear models proeedure (PROC GLM) of SAS
(1988) was used to analyse dependent variables. Growth of
MAC-T eells in hormones was analysed using Dunnett's test
(Zar. 1984). comparing ail hormone matments to control (no
hormone). Comparisons betwcen matments utilized con·
trasts to obtain F values. The eritical F values obtained from
non-onhogonal contrasts were then replaeed by the Bonfer
",ni F test (Zar. 1984). Ail statistical models contained mat·
ment only.
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SUMMARY2

Chapter 2 describes the growth responsiveness of bovine mammary epithelial ct.lls to a

host of hormones, growth factors and cellular mitogens that have previously been

reported to cause mammary epithelial cell proliferation in vivo or in vitro in the bovine

animal or in other species. Alth()ugh substantial literature exists on the effects of

mammogens on bovine mammary tissue, this is the first time the effects of these

mitogens have been studied directly on isolated, c10nal bovine mammary epithelial cells

under defined conditions. Prior to determining how gro'.vth inhibitors affect mammary

~ithelium, a comprehensive study defining direct mammary epithelial mitogens was

required.

This chapter utilized the MAC-T epithelial cel1 line and a mixture of FbE and PrE

epitheliallines described in chapter 1. With these celIlines, serum, IGF-I, des(1-3) IGF

l, Long R3 IGF-I, insulin and IGF-II were confirmed to be potent mammary epithelial

mitogens. Bovine serum albumin induced substantial mammary epithelial cellular

proliferation, regardless of whether the preparation of BSA was free of fatty acids. This

is especialty important since many mammary epithe1ial researchers use high

concentrations of BSA in their serum-free media that would cause substantial celI

proliferation.

The most potent in vivo mitogens including estrogen, progesterone, estrogen +
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progesterone, growth hormone, prolactin, did not stimulate cellular proliferation when

cens were treated with these hormones aione or in combination with serum. Similar

results have been reporte<! in human mammary epithelium regarding the lack of estrogen

and progesterone responsiveness. However, in both murine and human mammary

epithdial cells, EGF and TGF-a have been shown to be pote:1t mitogens. In this

chapter, for the first time we have shown that EGF does not stimulate bovine mammary

epithelium ceIl proliferation, regardless of the source of EGF. Whereas ili control

studies, EGF enhanced murine mammary epithelial cell proliferation by nearly 300%.

This is especially important since severai researchers have speculated that EGF is a

potent mitogen in the bovine mammary. lilis difference in growth response to EGF may

also represent a fundarnental difference between bovine mammogenesis and murine or

human mammogenesis.

This chapter, in addition to enhancing our understanding of bovine mammary physiology

and its complexities, has identified severai key differences between murine and bovine

mammogenesis•
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CHAPTER3

Characterization of transforming growth factor-p growth

regulatory effects and receptors on hovine mammary cells
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Characterization of Transforming Growth
Factor-13 Growth Regulatory Effects and

Receptors on Bovine Mammary Cells

T.L WOODWARD, N. Dl.MONT, M. O'CONNOR·McC.OURT,
'.0. TURNER, AND A. PHILIP"

Cep.Ufments 0; Animal Science tr.t. W.. J.O. TJ .rncl Phy~;olo.~y .mri Surgt'ry (N.n.. .-\.1'.1,
McCU/ University. Montre.l!. Ccm.ld.l. H9X 3V9; BiOll'Chnology R(.~·.lfch In~I;lutl·. N.J,ion.11

ReseJrch Council Ccm.ld.l (M.O.-M.J. Montrl',l!. Cm.ld.l, H·W lR2

TrJnsforming groWlh ii1ctore~ (TGF·Ii) has lx.-cn shown lo inhibit nlJmmJrY mor·
phog~nesis, growth...nd differentiation in murine studi~. Wc h.wc char.lclcrizl"Ci
TGF.p recepto" and their autoreg,dation. and the growlh r<'Spon"" 10 TGF.p1
and TGF·P2 in cultured bovine mammary epithelium lMAC·n .lnd iibrobl.1Sls.
Affinity labelling studies revealed that fibroblast and epithelial cells conl.lin,,1
type l, Il, and III lbelaglycanl recepto", with the type III rceeptor IlCing th"
predominant binding component. On bolh fibroblasts and epitheli"l cells. TGF·
pl and TGF.p2 had equal binding affinities for lhe type 1.lnel Il ,,"ceplo". but
TGF.p2 had a higher affinity for the type III receptor. Aise. preincub.llion of MAC·
T cells with 50 pM TGF.pl or TGF-p2 markcdly downreguloted TGF.p '<'Cepto".
Proliferative response was measured using both total DNA and 'H.thymidine
incorporation. Beth TGF.p isoforms were effective in inhibiling prolifer.ltion of
MAC·T cells and fibroblasts. Inhibition of proliferation was not altercd following
immortalization of fibroblasts wilh SV-40 lal);e-T~lntigen ILn, even when the
cells acquired a transformed phenotype. Inhibition of proliferation was not a
result of cyloloxicity, as TGF.p at concentrations l,OOO.fold higher than ED."
levels did not increase cell death. Moreover, the inhibilion was revc"ible .1S
shown by retum of cellular proliferation 10 control levels following TGF.p re
moval. Although groWlh inhibilion was nol transient as culture of MAC·T cells
in TGF·p resulted in sustained inhibition of proliferation for at least 144 h.
te 1995 Wilt...,.·L~ ... lne.
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The profound effects of systemic hormones on mam
mary development. differentiation, and secretory activ
ity are well documented. At the cell and tissue level,
the action of many of these hormones is mediated by
growth factors in an autocrine or paracrine manner. Of
the many peptide growth factors, transforming growth
factor.~ (TGF.~) appears to be relatively unique in its
widespread effects on nwnerous cell types, inlluencing
cellular proliferation, migration, and elaboration ofex
tracellular matrix (reviewed in Roberts and Spom,
1990; Massague, 1990). In mammals, three isoforms of
TGF-~ (-~1, -Il2, and .~) have been identified, each
encoded by a different gene. Although the three iso
forms, in genera!, have similar biological activities in
most in vitro assays, severa! studies indicate marked
differences in their cellular origin, developmental ex
pression, and binding to receptors, suggesting that the
TGF-~ isoforms have distinct functions in vivo <Pelton
et al, 1990; Chcüetz et al, 1990; Joyce et al., 1990;
Roberts and Sporn. 1992).

The actions of TGF-~ are mediated by binding to
highly specifie cell surface receptors which are present
on nearly all cell types (Wakefield et al, 1987). Aflinity
cross-link labelling studies with iodinated TGF-~ have

o 1995 WILEY·USS, lNe.

shown that most cells have threc types ofTGF·p recep
tors, designated type l, n, and III (Roberts and Spom,
1990; Massague, 1990). The reœnt cloning ofthese re
ceptors showed that type 1 lFranzen ct al.. 1993) and
type n (Lin et al., 1992) reœptors arc transmembrane
serinelthreonine kinases while the type III reœptor
(Wang et al., 1991; Lopez·Cnsillas et al., 1991) is u
transmembrane proteoglycan with a short cytoplasmic
domain. The first two arc dircctly involved in signal
transduction while the third has Ix..,n postulatcd te
enhance binding ofTGF·~ to the signalling reœptel'!l.

There is an emerging interest in the raie of TGF
~ in mammary physiology, following the ascription of
potent growth regulatory effects to mammary gland
development lSilberstein and Daniel, 1987; Daniel and
Robinson, 1992; Robinson et al., 1993). Using slow-rc·
lease implants, in redents, studies from Charles Dun·
ie!'s laboratory have shown that TGF-P rcve",ibly in·
hibits ductal growth in the murine mammary gland

Reœived November 18, 1994: accepted April 5. 1995.
-To whom reprint request8lcorreapondcnœ tchould be uddl'eKHOO
at MontreaJ General Hospital, 1650 c.dar A..,nuo,lloom C9J 77,
MontreaJ, Quebec, Canada H3G 1A4.
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ISilh,·"lein and Daniel. 198ï; Daniel et al.. 1989J.
whilc alvcolar mnrphugcncsis was oot inhibitcd. An
endoJ.:l·flOUS roll' for TGF-1i in the mousc mammary
g:1:lOd was suggcstcd by the observation that the mam·
mary J.:land displayed developmentally reb'Ulatcd ex·
pression ofTGF'1l isoforms rRobinson et al.. 1991; Dan·
il't and Robinson, 1992J. Furthermore. recent stuliies
in mice provided evidence that TGF-ll regulatcs func
linn:ll difTerentiation and la~enesisin the mammary
J.:land. for example. TGF'1l inhibitcd l3-casein expres·
sion in mammary cxplan~ from pregnant miel' (Rob
inson et al .. 1993). Also, mice overexyressing TGF-ll
exhihit.<.od impaired alvenlar function and deficiency in
lactation (.Ihappan et al.. 1993).

1n this report., we address the previous!y ~nexplor~d

question as ta whether TGF'll plays a slmllar l'Ole ln
bovine mammary morphogenesis and I::ctation through
in vitro cxpcriments. Isolation and characterization of
the major cellular representativps of stromal and pa·
renchymal tissues of the bovine mammary gland has
enabled us ta determine the direct efTeet of TGF'll on
those cclls. In the present study, we describe the growth
regulatary efTects of TGF'll isof~rms and charactcrize
the TGF'll rcceptors on bovine mammary epithelial
cclls and fibroblasts.

MATERIALS AND METROnS
Cells and culture conditions

Ali culture reagents, media, serum, and enzymes
were obtained from GIBCO BRL (Burlin~n, Ontario,
Canada) and Bedon Dickinson (Ville St. Laurent. Que
bec, Canada), unlcss otherwise noted. The collagenase,
hyaluronidase, and pronase used in tissue dissociation
were obtained from Sigma Chemical Co. (St. Louis,
MO). Recombinant human IGF-I was purchased from
Ingram and Bell (Lachine, Quebec, Canada).

Tissue was obtained by mammary biopsy from cy
cling nulliparous, non-pregnant. non·lactating Holstein
heifers as previously described (Huynh et al., 1991),
except for MAC·T cells which were obtained from a
mid·lactational Holstein cow. The following bovine
mammary cell lines were used: (1) (MAC-T) a clonai
epithelial cell line immortnlized by stable transfection
with '!te SV-40 Large-T-antigen (LT) <Huynh et al.,
1991); (2) (MF-2) a non·c1onal primary fibroblast popu·
lation: (3) (MF-T2) the MF-2 line stably transfeeted
with t!,e LT (5 Ilg plnsmid); and (4) (MF-T3) a clonai
fibroblast line stably transfeeted with LT \15 Ilg plas
mid): unlike MF·T2 cells, they display a transformed
phenotype as evidenced by loss of contact inhibition,
formation of f...,j on plastic. and diminished anchorage
depcndency. . .

Cell typing (as epithelial or fibroblast) wns confirmed
bv immunohistochemical analysis after incubation
With monoclonal antibodies that renct with vimetin
(Boehringer.Mannheim, Indianapolis. lN) and cytoker
utin (pan·specific, Boehringer-Mnnnheim) as described
prcviously (Huynh et al.. 1991). Expression of the LT
wns directed from the plnsmid pBAPSV40TtsA58 (Ot
suka ct al.. 1979) and the pSV2.neo plasmid provided
a domin""t selectnble marker (Southem and Berg,
1982). Transfections and subsequent selection were the
same as thnt previously reportcd (Huynh et al., 1991),
except thnt 45 JJ1 Iipofectin reagent (Gibco BRL) and
55 III HBSS (containing 5 Ilg pBAPSV40TtsA58 plas-

mid and 1.1 I1g pSV2J were incubated for 5 h per 100
mm plate. Lipofectin tram.rections resulted in a dm
matie increase in the pcrcentage of ceIls stably
transfectcd/Ilg DNA over calcium phosphate transfec
tions (data not shown). AlI cells were maintained for
routine culture in 10'h FBS supplemented DMEM in a
humidified. 3ïoC. S'Ir CO, incubator.

TGF-Ii

TGF·jH a:>d TGF-ll2 purchased from Austral Biologi·
cals (San Ramon. CA) were used in ail experiments.
Ali glass and plasticware were siJanized <Silp"acot,e;
Sigma) prior to TGF-ll exposure. TGF'll was dlluted ln
a 5 mM HCII15 !1M BSA solution for addition to cell
cultures, unless otherwise noted. This solution did not
efTeet cellular proliferation (data not shown). No sig
nificant difTerence in biological activity was observed
when these growth factors were obt,ained from Bristol
Myers Squibb (TGF-ll1) (Seattle, WA) or from Celtrix
(TGF-ll2) <Palo Alto, CA).

QuantifiC'ltion of cell proliferation

Cellular proliferation was measured by assaying
both tatal DNA and incorporation ofmethyl."H-thymi
dine (ICN, Irvin, CA; SA = 64 Ci/Olmo\). Briefly, total
DNNwell wns measured by plating cells at a density of
2 x 10' cells/well in a 24 weil plate (GIBCO, Burlington,
Ontario, Canada) in 1 ml DMEM supplemented with
10% FBS for 24 h. The cells were then serum stnrved
for 48 h with two media changes to Iimit exogenous
mitogenslinhibitars interference. DNA was qunntified
following a 72 h experiment pcriod where the cells were
cultured in the presence of the various treatments
(combinations of TGF-f3,;, IGF, FBS). Attnched cells
were treated with 0.25% trypsin (250 JJ1/wel\) until de
tachment from plastic (10 min), then 750 JJ1 ofa 1.33x
concentrated (final concentration = IX) high salt PBS
(Labarca and Paigen, 1980) was addP.<!, the sample wns
transferred ta a 4 ml borosilicate test tube, sonicated
(for 5 sec/weI\) at intermediate s~t:ting,and nssayed for
total DNA using a Model TKO 100 DNA f1uorometer
(Hoefer Scientific, San Francisco, CA) as per Labarca
and Paigen (1980). We have previously descr'bed in
detail the nssay procedure used for measuring thymi
dine incorporation (Woodward et al., 1994). Bach exper·
iment contained a minimum of 9 replicates per treat
ment with ail experiments being repeated at least
twice. Proliferation of cells was induced by addition of
IGF·I (300 nM) or FBS (1 Or 5%, sec below) during the
exr"eriment period, following serum starvation. MAC
T cell dose response experiments have shown that near
r.."llXÏmnI DNA accumulation was obtained with 5%
FBS, whereas only 1% FBS W;JS needed to maximize
thymidine incorporation ("R-TdR) (Zhao et al., 1992;
Woodward et al., 1994). These concentrations were
used in the corresponding nssays.

Cytotoxicity assays

Cytotoxicity of TGF-ll was measured by culturing
MAC-T cells in TGF'll2 containing media for 72 h and
subsequently counting tatal cell number and live cell
number (by Trypnn Blue exclusiun) on a hemocytome
ter, 5 replicatesltreatment.
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~. 1. A:: Inhibition ofthymidine inc:orpomtion in MAC-T cel1M byTGF-pt urTGF·p:.t MteriMktt indiclIte
signifieont differcnccs in ;lH.TdR (rom control <P ~ .05), S.E.M.• 504. B: Inhibition of thymidine
incorporation in MF-2 ecUs by TGF·~l or TGF-P2. S.E.M.• 845.
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Revel'sibility of TGF-P effeet

To determine whether TGF-p growth inhibition was
reversible or not, MAC-T ce11s were plated in 24 weil
dishes as previously described <Woodward et al, 1994).
Subsequently, TGF-P2 (1,10, or 100 pM) was added for
48 h in 1% FBSlDMEM. The ceIIs were then rinsed and
1% FBSIDMEM without TGF-p was added. At 24 h
interva1s (up to 120 h), ce11s were harvested and as
sayed for tots! DNA and "H"TdR. Data are represented
as CPMI~DNA.

lodinatioll of TGF-P and affiIlity
labe1liD.g of cells

Recombinant TGF-pl (Bristol-Myers Squibb, Seattle,
WAl and TGF-p2 (Austral Biologicals) were iodinated
as described previously <Philip and O'Connor-McCourt,
1991). In the present study, 2-5~ ofTGF-pl or 2~
ofTGF-P2 were iodinated and the specifie activity was
in the range of 1.5-3.0 IlCilpmol for both TGF-pl and
-132- TGF-13 receptors were characterized using aflinity
IabelIingand competition studies on MAC-T (epithe1ial)
and MF-2 (fibrob1ast) cells. Affinity Iabelling was pel'
formed as previously described by Mitchell et al. (1992).
Briefly, this involved the incubation of ce11s with ""'1
TGF-pl or 1251-TGF-p2 in the absence or presence of
the indicated concentratiollS of un1abelled TGF-pl or
TGF-132 for 3 h at 4OC. The bound ligand was cross
Iinked to the receptors by incubating with 1 mM BS3
and the ceIIs were solubolized and the supemstant col
lected and subjected to SDS-PAGE and autoradi
ography.

SDS-PAGE 8Ild autoradiograpby

SDS-PAGE analysis was performed according to the
method of Laemmli (1970) using 3-11% (w/v) linear
gradient separatin~ gel, 3% (w/v) stacking gel, and a
Tris-CI bufTer system as described prcviously (Philip
and O'Connor·McCourt, 1991). The gels werc cali
brnted using Bio-Rnd (Richmond, CAl low and high
molecular weight standards. "C-methylated protein
standards <Amersham, Onkville, Ontario, Canada)
were used to estimate molecular weight of unknown
bands. Following electrophoresis, gels werc stained
with Coomassie Brilliant blue, destained, dried, and
exposed to Kodak OmatAR film at -80OC using Dupont
Cronex Lightaing (Dupont, Wilmington, DE) plus in
tensifying screens.

PreincubatiOIl ofMAC-T cells with TGF-p
before atlinity Iabelling

MAC-T cells were plated in DMEM as described
above, aIlowed to attach for 24 h, serum storved for 24
h, and preincubated in the absence or presence of 50
or 100 pM of unlabelled TGF-Pl or TGF-p2 for 24 h in
DMEM containing 1% FBS. The cells werc then washed
3 times with ice-cold DPBS for 30 min at 4OC, then
aflinity Iabelled as above. Control experiments werc
performed using ,zol_TGF_P iIlStead ofunlabelled TGF
13 in the preincubation to ellSUre that the washing step
employed before aflinity labelling allowed the dillllOCia
tion ofany prebound TGF-p. Cell numbers werc deter
mined wi.h a hemocytometer on identical wells prior
to the solubilization step.
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Fi.:. 2. Suppn.."tlMion ofcellular proliferation orMAe-T ccllt' und MF·
2 œil" cultured in Merum-free. JUOwth promotin.: media <lGF.l. 300
nM) by TGF-P2- Data Arc t."Xp~Dt' total DNA. ~terisks indic:nt.e
Il flia:nifiennt difTercnce cP ~ .05) (rom control (300 nM IGF-I without
TG..··I12). S.E.M. - 0.068.

Statistical analysis

The genernl linenr models procedure (PROC GLM)
ofSAS (1988) was used to analyze dependent variables.
Data from total DNA and "H-TclRassays were analyzed
using Dunnett's test lZar, 1984), comparing TGF-~

treatments to control (no TGF-~). Comparisons he
tween TGF-~ treatments utilized non-orthogonal con
trasts to obtain F values. These critical F values were
then replaced by the Bonferroni F test lZar, 1984). Ali
statistical models contained treatment only.

RESULTS
Growth inhibition of bovine mpmmary

epitbelial cells and fibroblasts

TGF·~l and TGF-~were bath effective inhibitors of
"H·TcIR into MAC-T cells at very low concentrations
!Fig. lAl. Half maximal inhibition occurred at 4 pM for
bath isoforms and maximal inhibition at 40 pM cP ""
.Oll. Similarly, MAC-T cells in serum-Cree media stimu·
lated with 300 nM IGF-I were also maximally growth
inhibited by 40 pM TGF-~2 as detected by total DNA
measurement (Fig. 2). Thymidine incorporation into
fibroblasts stimulated by 1% FBS was also inhibited
by TGF-~l and TGF-~2, but to a lesser degree (Fig.
lB). Fibroblasts (MF-2), stimulated by 300 nM IGF-I,
were weakly inhibited by TGF-~2 as shown by a de
cren.-.e in total DNA (Fig. 2).

A more detailed comparison of the maYÏmal inhibi·
tion and the concentration at which it was observed for
MAC-T cells and different fibroblast populations (MF-

2. MF-TI. MF-T3J is presented in Table 1. Both the
degrcc of maximal inhibition (as a percent of no inhibi·
tion. Table 1l. and the concentration ofTGF-~ required
ta achicve maximal inhibition varicd considern.bly he-:
tween ccII types: i.e.. MAC-T cells were 60-;;' growth
inhibited at 40 pM TGF-~2. while MF-2 cells were only
growth inhibited 7% at 1.28 nM TGF-~2. Serum starved
cells showed little or no increases in total DNA and only
minimal incorporation ofiahelled thymidine. columns 1
and 4 (Table 1). Maximal inhibition byTGF-~l orTGF
~2 for epithelial cells <MAC-Tl. was similar to that ob
served following serum starvation whereas, for fibre
blasts (MF-2, MF-TI, MF-T3), maximal inhibition by
TGF-~l or TGF-~2was only 50% ofwhat was observed
following serum starvation. Interestingly. no change in
inhibition could he demonstrated following LT transfec·
tion in fibroblasts whether they displayed a normal
<MF-TZ) or a transformed phenotype <MF-T3).

TGF-~ induced growth inhibition is not a result
of cellular toxieity and its action is reversible
Both isoforms ofTGF-~ inhibited MAC-T cell growth

maximally at40 pM and concentrations 100·fold higher
did not decrease the numher oflive cells cP '" .05), as
measured by Trypan Blue exclusion (Fig. 3).

Culture ofMAC-T cells in TGF-~2 for 48 h and subse
quent removai of the growth inhibitor revealed growth
was reversibly inhibited (Fig. 4). The growth inhibitory
effect of TGF-~2 (l pM or 100 pM) was evident for 72
h afterTGF-~ removal cP "" .001). However, the growth
returned to control levels by 120 h.

MAC-T and MF·2 cells show isoform specifie
binding for TGF-~

Using an aftinity cross-link lahelling technique, wc
have identified three high aftinity binding components
(65,85, and 250-300 kDa) on MAC-T cens (Fig. 5) and
MF-2 cells (Fig. 6). Although their apparent Mr and
banding pattern on SDS-PAGE were similnr to those
of the type l, n, and m TGF-~ receptors, their isoform
specificity appenred to he distinct from that normally
observed for the type l, n, and m receptors. The type
1and n receptors have generally bœn shown to exhibit
a much higher aftinity for TGF·~1 than for TG~2
while the type m receptor usually binds bath isoforms
with similnr aftinity. In contrast, the 250-300 kDa
component, which is the predominant binding complex
on bath MAC-T and MF·2 cells, bas a greater aftinity
for TGF-~2 than for TGF-~l as detected by competition
experiments using unlabelled TGF·~l and TGF·~.On
MAC-T ceIls, 1.0 nM TGF-~1 blacks binding of either
50 pM t:"I-TGF.~l or t:"I-TGF.~2to the type m TGF
~ receptor by approximately the same extent as 0.20
nM TGF·~ (Figs. SA and B). Similarly, on mammary
fibroblasts (MF-2), 7.5 nM TGF-~l blacks binding of
100 pM l2'I-TGF-~l (Fig. GAl or t:"'I-TGF.~(data not
shawn) to the typem TGF-~ receptor by approximately
the same extent as 1.5 nM TGF·~2. The 65 kDa and
the 85 kDa binding complexes in bath mammary ceIl
types also display isoform specificities distinct from
those of classie type 1 and type n receptors, respec
tively, in that they have the same or slightly higher
affinity for TGF·~2 than for TGF-~l. In previous stud
ies using the same TGF~l and TGF·~ preparations,
the type 1 and type n receptors on other ceIl types

•
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Fig. 3. Hemocytometric counbJ of MAC-T œllg" Totol œil numbcr
and perœntagc of live cells aftcr trclltment. with phygiolDJ:ic:nl and
8up11lphysiologicol (1,000 x EDr..,) concentrnûoruJ ofTGF-Jl2 ore pre
scnted. AsterisJas indicnte a lIignificant difference (P ~ .051 (rom con..
trot

Fil:. 4. Durntion of MAC-T JtI'Owlh inhibition by TGIo'·p2. MAC-T
œil" were cultured in TGF·p2 Mupplcmentro. mt-din for 4" h. fol·
lowcd by rcmovol ofTGF.1l2 and "u~uent.BMMY of :'H·TdR IInd
total DNA every 24 h for 120 h. CcII a:r'Qwth iM ruproKentod IIM CPMI
p.,:: DNA ml Q pcrœntnJ:C of control (ccUM cultun.od in 1'J, ""BS. nnt
ex~cd tG TGF·p2).
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displayed greater affinity for TGFIU than for TGF~2
(Mitchell et al., 1992). The apparent Mr and banding
pattern ofthe TGF·~binding components under nonre
ducing conditions were the same as that observed un
der reducing conditions for both MAC-T cella (data not
shown) and MF-2 ceIIs (Fig. 6B).

PreinCUbatiOD ofMAC-T cells with TGF-Il
results in a decrease in TGF'1l receptors

A 24 h preincubation of MAC-T ceIls with 50 pM of
TGF-~1 or .~ induced a decrease in the affinity la
beIling of type m TGF·~ receptors and to a lesser ex
tent, of type 1 and n receptors <Fig. 7). Interestingly,
TGF-~was at least two times more potent than TGF·
~1 in inducingthe down regulation oftypem receptors.
Under the same culture conditions, there was no de
cresse in cell number. This down regulation of TGF
Il receptors is not due to continued occupancy of the
receptors by unlabelled TGF-p, since we were able to
determine, using I21iI_TGF-~instead ofunlabelledTGF
~, that the washing step use<! before affinity Iabel\ing
was effective in aIIowing the dissociation of virtuaIIy
ail prebound TGF·~.

A separate trial was conducted to detennine ifTGF·
~ induced growth inhibition wne transient or sustnined
over 144 h. "H.TdRlllg DNA ne a percent of controllno
TGF·~) declined in TGF·~ trente<! cells (at 10 or 100
pM) until 72 h (Fig. 8). After 72 h of culture in TGF-Il,
cell growth ("H.TdRlllg DNA) wne maintained at 5% of
the rate of cella Ineking TGF·~.

DISCUSSION

Severalstudies have documente<! the powerful inhib
itory effects of TGF-~ on the development nnd fune
tional difTerentiation of the mouse mamllllllY I:land. lt
is not known whetherTGF·~playe a similar mie in the
bovine mammary gland, where such studics may lend
to avenues for incrensed milk production, an nren of
obvioue interest to the clairy industry. Recent studics
have reporte<! the identification of both TGF-1l1 and
TGF-~2 in bovine milk (Cox and Burke, 1991; ,Jin et
al., 1991) and TGF-~2 in bovine colostrum (Tokuynmn
and Tokuyama, 1993). In addition, ail threc TGF-~ ieo
forms have been shown to be expressed in both the non·
lactating and Iactating bovine mamllllllY gland (Maier
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et al•• 1991). However. reœptors for TGF-~ have not
been characterized in bovine mammary tissue and. to
c1ate. there have been no reports on the action ofTGF
~ in the bovine mammary gland. In the present study.

we demonstrate that both TGF.~1 and TGF-~2mark·
edIy inhibit the growth of bovine mammary epithelial
œlls and, to a Jesser extent, mammary fibrobJaata in
culture. In addition, we have clmracterized type 1. n. •



Fig. 7. TGF-Il reccptors on MAC.T œlls are downl'CJ:Uloted following
prcincuoo.tion with TGFalll or TGF-P2. MAC-T ceUs were preincu..
bated with 50 pM TGF·~l or TGF.Jl2 ror 24 h .nd .mnily Iobcllcd
with 50 pM '''I·TGF.~l.
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globulin which inhibits the binding ofTGF-1l to ils n.~

ceptor (Danielpourand Spom. 1990; Philip et al.. 1994).
However, when MAC-T or MF-2 cells were cultured in
serum·free, BSA·free media and stimulated with IGF·
1, growth inhibition by TGF-J32 was similar to that in
serum-contnining media <compare Fig>!. 1 and 2).

It wns not surprising that MAC-T cells were growth
inhibited by TGF'J3, since epithelial cells are generally
growth inhibited by TGF-13 although the extreme Ilensi·
tivity of MAC-T cells to TGF·J3 wns unexpected. On
the other hand, stromal cells are onen unresponsive or
stimulated by TGF-13 in vitro (Roberts and Spom, 1990)
and in vivo (Daniel et al., 1989). We have demonstrated
that mammmy fibroblnsts are growth inhibited by
TGF-J3, although they are considerably less Ilensitive to
TGF-J3 than epithelial cells.

ln the present study, using an affinity labelling tech
nique, we have identified three high affinity binding
components on MAC-T and MF·2 cells. While thelle
binding complexes have the same apparent Mr and
binding pattem as type 1, n, and m TGF·J3 receptors,
they display isoform specificities that are distinct from
tbose normally observed. In general, type 1 and Il re
ceptors bind TGF-J31 with a much higher affinity than
TGF-J32 and the type m receptors bind TGF-J31 and
TGF·J32 with similar affinities (Chiefetz et al., 1990;
Roberts and Spom, 1992). In contrast, the type 1and
type n receptors detected on MAC-T and MF·2 cell.
have equal or slightly higher affinity for TGF.~2 than
forTGF.J31 when labelled with ""'I-TGF.J31 or ""·I-TGF.
132; the type mreceptors on these cell types displayed
approximately a 5-fold higher affinity for TGF-J32 than
TGF·J31 when labelled with "'''I.TGF-J31 or ""'I.TGF-J32.

Cell surface TGF-J3 binding components, with the
same Mras type 1and n receptors, which display high
affinity for TGF-f32 have previously been reported
(Cheifetz et al., 1990). In addition, there are Ileveral
reports describing the presence of subllets of the type
m receptors which display a greater affinity for TGF-
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and m TGF-J3 receptors in these cell types, and have
shown that preincubation ofepithelial cells with TGF
13 isoforms results in a downregulation ofTGF.J3 recep
tors, with TGF-J32 being more effective than TGF-J31.

Few potent growth inhibitors ofmammmy cells have
been identified, in sharp contrast to a number of mam·
mmy cell mitogens: GH, IGF·I, IGF·n, EGF, TGF-a,
aFGF, bFGF, estrogens, progesterone, and insulin <Alt.
ers, 1990) that have been documented. Control ofmite>
genesis in the mammmy gland is particularly im
portant since excessive inhibition would limit mam
mmy development, while absence of mammogenic
regulators could result in uncontrolled growth and tu·
mor formation. The data from this studY and Daniel
and Robinson (1992), demonstrated that TGF-IU and
TGF-132 inhibit growth ofmammary epithelial cells and
fibroblasts. With regard to mammary epithelial cell
growth, MAC-T cells exhibited an ED..at very low con
centrations (4 pM), similar to that of CCI-64 Mv 1 Lu
(mink lung epithelial ceI\s), which are used as a TGF·
13 bioassay system because oftheir exquisite sensitivity
(Ikeda et al., 1987). Moreover, inhibition was not a re
suit of cytotoxicity as concentrations 1,OOQ.fold higher
(4 DM) than the ED.. (4 pM) did not cause ceII death
and since the inhibition was reversible following TGF
13 removal.

TGF-J3 growth inhibition properties may be influ·
enced byserum. Forexample, serum contains el macro-•

•
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112than for TGF·~1 rScJ:arini et al., 198;; Mitchell and
O'Connor·McCourt. 1991; Mitchell et al., 1992). These
differenees in the amnity labelled binding characteris·
tics in different cell types can be due to post.transla·
Lional modifications or due to internction with othcr
protcins.

The isofonn specifie binding ofTGF.~ to receptors on
MAC·T and MF·2 cells May reflect differential roles of
TGF·~1 and ·~2 on these cells. A1though both isofonns
were equipotent in the J:rowtb inhibitory response.
TGF.~2 was more potent than TGFIH in the downregu
lation of rl'Ceptors on these cells. A recent study by
Robinson and colleagues 11991> has demonstrated that
the patterns of gene expression and the distribution of
TGF·~ isofonns in the mouse mammary gland vary
with the physiological state ofthe animal. Forexample.
TGF·~2 was expressed only during pregnancy and
TGF-~1 and -1l3 were expressed in both non-pregnant
and pregnant states. while no TGF-/3 isofonn expres
sion was deteeted during lactation. However. there is
no infonnation concerning TGF./3 reœptor changes in
the mammary with various reproduetîve states.
Whether the expression of TGF-/3 reœptors paranels
the expression ofligands observed during various phys
iologica1 states remains to be detennined.

Since Iigand-dependent reœptor-downregulation is
onen associated with attenuated cellular response
<Norris. 1985). we measured thymidine incorporation!
!tg DNA daily for 144 h in MAC-T cells culture<! in FBS
(1%) with O. 10. or 100 pM TGF·/32. TGF·/32 caused at
least 50% inhibition acroSS ail times. in faet growtb
continued to dccline until 72 h, after which 'H-TdRI!tg
DNA stabilized at only 5% the level ofcells not treated
with TGF-/3. Since cells were synchronized (to max
imize early differences in 'H-TdR) and because the
MAC-T cell cycle is approximately 17 h (Huynh et al.,
1991) Iittle difference in "H.TdRI!tg DNA was evident
when comparing TGF·/3 treated or untreated cells at
24 h. 'H.TdR in MAC·T cells in 1% FBS is maximal
at approximately 17 h; however. by 24 h Most serum
supplemented cells have progressee! through the S
phase into G., (Lu and Means, 1993), while serum
starved and growtb inhibited ceUs have becn arrested
in G,JG,. Thus, "H-TdR (occurring during the S phase)
is minimal at this time. By 48 h. however. the cells
have escaped synchronization, since after the third pro
gression (51 h) the cell cycle is close ta random
lFreshney, 1994). Thus. ail time points except 24 h (Fig.
8) yield valid comparisons as a high percentage ofcells
are potentially in S-phase.

To permit long term culture ofepithelium and fibro
blasts. wc have îmmortalized severallines with the SV,
40 Large-T-nntigen (LT). Non-transfected mammary
epithe\ial cells typica1ly survive only 10-25 passages,
whereas MAC-T cells (with the LT) have maintained
growtb and morphologica1 properties after 350 pas
sages (Huynh et al., 1991). A1though oncogene "immor·
talization' May alter mnny cellular functions, MAC-T
ceUs retain Many properties of in vivo mammary epi·
the\ial cells. such as the presence of tight junctions.
gap junctions, as weil as the ability ta differentiate
(synthesis of caseins. lactose, and lipids) in response
to prolactin and appropriate extraceUu1ar matrices
(Huynh et al.. 1991; MacDonald et al., 1994). Likewise,
LT transfected tnammary fibrobiasts are growtb sr-

rested when cultured in the absence ofappropriate hor·
monelgrowth factor stimulation. However. several
studies using a variety of ccII types have shoy,." that
transiection with LT results in a loss of growth inhibi
tion to TGF-/3 Œosobuchi and Stampfer. 1989; Laiho
et al.. 1990; Pietenpol et al.. 1990b; Missero et al..
1991). TGF./3 indueed inhibition ofDNA synthesis has
becn shown to involve retention of the retinoblastoma
gene produet. pRB. in an underphosphorylated state
which arrests cells in middle or late Gl phase of the
ecU cycle (Laiho et al.. 1990). The LT binds hypophos
phorylated pRB, thereby releasing cells from normal
growtb arrest (Weinberg, 1991). An elegant series of
experiments have demonstrated TGF-/3 May function
through suppression of e-mye gene expression in some
eeU types (Pietenpol et al.• 1990a). In these ecUs. a TGF·
/3 control clement in the promoter of e-mye appears to
require hypophosphorylated pRB for TGF-/3 mediated
suppression of e-mye and subsequent suppression of
growtb (Pietenpol et al.• 1991; Moses. 1992). Thus, high
levels ofLT could tie up much hypophosphorylated pRB
and induce resistance to TGF-/3 growtb inhibition.

In the present study. we have shown that incorpora·
tion of the LT transgene did not negate TGF-/3 inhibi·
tory properties in either parenchyma1 or stromal cells
of the bovine mammary gland. First, the MAC-T cell
\ine was growtb inhibited by extremely low concentra
tions ofTGF'/3 <BD.. =4 pM). Sccondly, there were no
differences in growtb inhibition (whether measured by
DNA or thymidine assays) between normal and LT
transfected fibroblasts. Moreover, one line, MF·T3, that
developed a transformed phenotype subsequent ta LT
transfection remained growtb inhibited by the same
concentrations ofTGF-/3 that effectively inhibit normal
(non-transfected) fibroblasts (Table 1). Our resu1ts are
consistent with others, who have shown that transfor
mation by oncogenes such as HPV E7 or LT which bind
pRB was not able to induce TGF-/3 resistance (Valverius
et al., 1989; Braun et al.• 1990; Woodworth etai., 1990).
Furthermore, it has been reported that TGF·/3 induced
fibroblast growtb inhibition May function indepen·
dentiy ofe-mye expression (Moses. 1992) and the mam
Mary gland in general appears ta be resiatant ta trans
formation induced by LT (Choi et al., 1987,1988; Wolff
et al.• 1992).

In summary. our studies have shown the cell specifie
regulation cf bovine mammary cell growth by TGF·/31
and TGF-/32 and have analyzed TGF./3 receptars on two
cell types of the bovine mammary gland. Other re
searcbers have documented the synthesis and secretion
ofTGF-/3 isoforms in lactating and non-lactating tissue
(Cox and Burke. 1991; Maier et al., 1991; Tokuyama
and Tokuyama, 1993). Thus, the presence of TGF-/3
synthesis and secretion by bovine mammary cells. ta
gether with our resu1ts on the characterization ofTGF
/3 reœptars and on the potent inhibitary efl'ects ofTGF·
/3 on bovine mammary cells, provide a basis for further
studies ta define the role ofTGF.~in bovine mammary
deveiopment, involution, and lactation.
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SUMMARY3

This chapter analyzed the effects of TGF-,8 on bovine mammary cell proliferation,

defined the presence of cellular receptors a."1d examined their regulation. Mammary

epithelial and fibroblast lines from chapter 1 were used. Cellular proliferation was

stimulated by FBS, insulin or IGF-I as described in chapter 2. This report is the first

to describe potent growth inhibitory effects to TGF-,8 in the bovine mammary gland.

Mammary epithelial cells were growth arrested by TGF-,8 at very low concentrations,

in fact the concentrations were among the lowest ever reported for any cell type in any

species. TGF-,8 growth inhibitory effects were reversible. Additionally, this study

determined that fibroblasts were growth inhibited by TGF-,8, though not growth arrested.

The pathway involved in TGF-,8 growth inhibition is currently under investigation,

however, in severa! cell types, it appears to involve the cell cycle regulators, pRB or

p53. The SV-40 Large-T-antigen, previously used to immortalize the MAC-T bovine

mammary epithe1ial cell line, has been shown to bind both pRB and p53 and may

interfere with their regulation of cell cycle progression. In this study we showed that

TGF-,8 action in bovinf. mammary cells is not inhibited by transfection with the SV-40

Large-T-antigen. Furthermore, even when fibroblasts were transformed following Large

T-antigen transfection, they did not lose responsiveness 10 TGF-,8•
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With regard to TGF-J3 receptors, we found that fibroblasts and epithelial cens contained

type l, II and III receptors and unexpectedly TGF-J32 had an equal or greater affinity for

these receptors than TGF-J3I. Additionally, these receptors were downregulated by TGF

131 or TGF-J32. However, downregulation of receptors did not affect cenular inhibition

induced by TGF-J3. Therefore, this chapter was the first study to identify TGF-J3 as a

patent reversible growth inhibitor of bovine mammary epithelial cens and fibroblasts.
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CHAPTER4

Inhibiton of cellular proliferation and modulation of

insulin-like growth factor binding proteins by

retinoids in a bovine mammary cell line

T.L. Woodward, H.T. Huynh, J.D. Turner, and X. Zhao.

Accepted for publication in The Journal of Cellular Physiology (1996)
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ABSTRACT

Retinoids are potent inhibitors of growth and tumor progression in many marnmary

carcinoma celllines, though regulation ofgrowth in non-tumorigenic marnmary epithelial

cells by retinoids is less c::ar. Here, we have characterized the inhibition of MAC-T (a

non-transforrned bovine marnmary epithelial cell line) cellular proliferation by retinoids

and their role in regulating insulin-like growth factor binding proteins (IGFBPs).

Retinoic acid (RA) (100 nM) was a potent inhibitor of MAC-T cell proliferation. Retinol

was 10-100 times less effective. Neither retinoid could complete1y arrest growth at non

cytotoxic concentrations. Retinoic acid inhibited cellular proliferation by 1 h (P< .05),

but inhibition was S-fold greater by 24 h (p< .01). This second stage of growth

inhibition (after 12 h) was dependent upon protein synthesis. However, RA induced

inhibition of cellular proliferation did not persist, with thymidine incorporation increasing

toward control levels by 4 d in culture. Retinoic acid was less effective in inhibiting

thymidine incorporation when cells were stimulated with insulin, des(I-3) IGF-I or

Long(R3) IGF-I when compared to cells stimulated with native IGF-I or serum.

Inhibition of proliferation by RA was associated with increased levels of IGFBP-2 in

conditioned media and in plasma membrane preparations. Treatment with insulin or

des(I-3) IGF-I resulted in the appearance of IGFBP-3 in conditioned media and on the

cell surface. However, RA significantly reduced IGFBP-3Ievels in conditioned media,

and eliminated IGFBP-3 associated with the plasma membrane. Thus, RA is a potent

but transient inhibitor of bovine mammary epithelial cell proliferation and this growth
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inhibition is correlated with increased IGFBP-2 accumulation and inhibition of IGF-I

stimulated IGFBP-3 protein secretion.

INTRODUCTION

Retinoids inhibit the proliferation of many mammary carcinoma celllines (Fontana et al.,

1991; Adamo et al., 1992; Decensi et al., 1993; Halter et al., 1993; Shemer et al.,

1993). However, our understanding of retinoid action in normal mammary epithelium

is limited. Retinol is transported in the circulation by retinol binding proteins (Creek et

al., 1993) and intracellularly reênol and retinoic acid (RA) are bound to a distinct set of

cellular retinol binding proteins (CRBPs) and cellular retinoic acid binding proteins

(CRABPs) (Wolfand Phil, 1991; Napoli, 1993; Giguere, 1994). Although retinoids have

been reported to alter cellular events independent of receptor binding (Samokyuszyan et

al., 1984; Pitts et al., 1986; Moore ct al., 1992), retinoid acid receptors have been

identified and shown to regulate transcription of genes containing retinoic acid response

e1ements (RARE) (Chambon et al., 1991; Richard and Zingg, 1991; Marshall et al.,

1994; Penricks et al., 1994). Furthtlrmore, even though RA has been recognized as a

growth inhibitor for decades, only more recent studies have probed into the mechanism

of RA action and have demonstrated the involvement of RA in transcriptional regulation

of severa! genes which directly or indirectly result in growth inhibition, tumor

suppression and modulation of differentiation and cell-to-cell communication (De Luca,

1991; Giguere, 1994; Hossain and Bertram, 1994; Man, 1994; Ruberte, 1994).
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Insulin-like growth factor binding proteins (lGFBPs) are one family of protein5 ti'at are

regulated by RA and at least one member (lGFBP-6) contains a RARE within its

promoter (Zhu et al., 1993). Six IGFBPs have been cIoned and sequenced and nearly

ail of IGF-I transported extracellularly is bound to one of these high affinity binding

proteins (Jones and Clemmons, 1995). Also, a new IGFBP, mac25, has been described

and likely contains a RARE in its promoter (Swisshelm et al., 1995). Previously, we

have shown IGF-I (incIuding des(l-3) IGF-I and Long(R3) IGF-I) to be among the most

potent stimulators of bovine mammary epithelial cell growth (Woodward et al., 1994).

In fact, IGF-I was a considerably stronger mitogen in MAC-T cells or primary bovine

mammary epithelial cells than estrogen, progesterone, growth hormone, prolactin,

insulin, epidermal growth factor, TGF-a, TGF-tl or hydrocortisone (Woodward et al.,

1994, 1995). IGFBPs, on the other hand, have been shown to potentiate or attenuate the

effects of IGF-I (for review, Clemmons et al., 1995). IGFBPs can augment or inhibit

IGF-I mediated cellular proliferation depet)ding upon 1) the type of IGFBP, 2) the cell

type, and 3) the cell environment, i.e. extracellular matrix, serum, hormones, ete.

Furthermore, IGFBP-3 has recently been shown to be a ligand for a cell surface receptor

in a breast cancer cell line. Upon binding 10 this receptor IGFBP-3 inhibits cellular

proliferation, independent of IGF-I (Oh et al., 1992; 1993 a,b).

In severa! breast cancer celllines, RA blacks IGF-I stimulation of cellular proliferation.

In MCF-7 cells this inhibition of proliferation has been correlated with increased levels

of IGFBP-4 and the appearance of IGFBP-3 in conditioned media (Fontana: et al., 1991;
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Adamo et al., 1992; Sheikh et al., 1992). lnterestingly, growth inhibition and lGFBP

modulation by RA appear to preferentially affect estrogen receptor positive breast

carcinoma lines (Fontana et al., 1991; Sheikh et al., 1993a). These cell lines already

have altered steady-state lGFBP expression when compared to estrogen receptor negative

lines (Clemmons et al., 1990; Sheikh et al., 1993a); further supporting the interaction

of the steroid hormone receptor superfamily and IGFBPs in mammary epithelium.

In the present study we exarnined the proliferation ofa non-transformed bovine mammary

epithelial cellline (M.6.C-T) to retinol and RA in media without serum and without serum

albumïn, and in lGF-l spiked or serum-containing media. We have also described the

distinct alteration in lGFBP profiles in conditioned media and plasma membrane

preparations by RA with or without insulin and lGF-l. Our last objective of this study

was to analyze these data and more clearly define the mechanism(s) of RA induced

growth inhibition and contrast this with other known growth inhibitors in mammary

epithelium.

MATERIALS AND METROnS

Materials and cell culture

AlI enzymes, hormones, media, serum and culture reagents were obtained from GIBCO

BRL (Burlington, Oot.), Becton Dickinson (St. Laurent, Que) or Sigma Chemical Co.

(St. Louis, MO), unIess otherwise noted. Recombinant human lGF-l, des(l-3) lGF-l and
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Long(R3) IGF-I were purchased from GroPep Pty. Loo. (Adelaide, Australia). Retinol

and all-trans retinoic acid (RA) were purchased from Fluka (Ronkonkoma, NY). Retinol

and RA were solubilized in 100% ethanol at 37 C under n~trogen in the clark and always

used within 24 h. ControIs always contained ethanol at concentrations equal to those

with retinoids. Final ethanol concentrations never exceeded 0.03%, unless otherwise

noted.

The MAC-T ceU line is an established bovine mammary epithelial ce11 line, clonai in

origin and immortalized by low level constitutive expression ofthe SV-40 large-T-antigen

(Huynh et al., 1991). Additionally, MAC-T cells are non-transformed as they show

contact inhibition, are non-tumorigenic in nude mice, do not form foci in soft agar or on

plastic, are responsive to FBS and exogenous growth factors, growth arrested by TGF

Pl or TGF-P2 and secrete a- and p-caseins (Huynh et al., 1991; Woodward et al., 1994,

1995). MAC-T celIs were maintained for routine culture in Dulbecco's Modified

Eagle's Medium (DMEM) containing 10% FBS in a humidified, 37 C, 5% C~

incubator as described previously (Woodward et al., 1994).

Quantification of ceU proliferation

Cellular proliferation was measured by assaying both total DNA and incorporation of

methyPH-thymidine ~H-TdR) (lCN, Irvin, CA; SA = 64 Cilmmol) as previously

described (Woodward et al., 1994). AlI cellular proliferation experiments had a

minimum of9 replicates per treatment with al1 experiments being repeated at least twice•
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Positive (with FBS or in the absence of an inhibitor) and negative growth controls

(serum-free or TGF-,81 supplemented) were used in ail experiments to assure validity of

results. To stimulate cel1 proliferation, FBS (1 %), IGF-I (30 ng/ml), des(I-3) IGF-I (30

ng/ml), Long(R3) IGF-I (30 ng/ml) or insulin (3 fig/mI) were used. Briefly, for 3H-TdR,

1 X 10" MAC-T cells/cm2 were plated, attached overnight, and serum-starVed either 48

h and treatments applied, or treatments applied in FBS directly after plating. Thymidine

incorporation was determined as described previously (Woodward et al., 1994). For

DNA assays, the treatment protocol was identica1 to 3H-TdR assay except for a 72 h

tteatment period, after which cells were Iysed, harvested in sample buffer containing 1

#tg/ml Hoescht 33258 dye and the absorbance measured fluorometrica1ly as described

previously (Woodward et al., 1993). For long term (l d) thymidine experiments, cens

were plated at a density of 1 X 1()1 cens/cm2• cens were refed with fresh media and

treatments every 24 h during ail experiments.

Cytotoxicity assay

Cytotoxicity of retinoids was measured by culturing MAC-T cens in retinoi or RA for

72 h. Media and treatments were changed daily. Subsequently, total cell number and live

cell number, measured by trypan blue exclusion, were quantitated by hemocytometer (9

replieates/treatment). Final ethanol concentrations in the cytotoxicity assay never

exceeded 0.3%.

Plasma membrane preparations

MAC-T cells were cultured as described above for conditioned media sample collection.
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Enriehed plasma membrane was prepared, using a modified protoeol described by Pollak

and coworkers (1990), by rinsing MAC-T cells in cold PBS 2X, Iysing cells in hypotonie

buffer (5 ml/plate: 1 mM EDTA, 1 mM sodium bicarbonate, inhibitors as described in

Western ligand blotting section, except NaF was omitted), and homogenized on ice for

10 s (Polytron PTl00, 112 speed). Homogenate was fust centrifuged at 1000 X g for

10 min 10 remove nuc1ei and supernatant was transferred to new tubes and centrifuged

again at 15,000 X g for 5 min to remove Iysosomal contamination (Damell et al., 1990).

The supernatant was then centrifuged at 50,000 X g for 40 min to pellet the membrane

proteins. The membrane pellet was resuspended in sample buffer with inhibitors.

Samples were then adjusted to equal protein concentrations by BCA assay

(Chromatographie, Brocksville, Ont).

Western ligand blotting

MAC-T ce11s (1.8 X 1()4 ce11s1em~ were plated in DMEM containing 10% FBS

overnight Prior to treatment, ce11s were maintained in serum-free DMEM for 48 h. Ce1ls

were eultured in indicated treatments for 48 h and conditioned media was harvested for

Western ligand blotting analysis. In sorne samples, protease inhibitors (see below) were

immediate1y added upon media collection. Conditioned media were then centrifuged at

2000 X g at 4 C for 5 min to remove cells. Conditioned medium samples were either

frozen (-80 C) or analyzed immediate1y. Conditioned media was either ran

unconcentrated or concentrated 5-10 fold on SDS-PAGE gels as indicated. Media were

concentrated 5-10 fold using 10,000 molecular weight eut off Iow protein binding
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cellulose filters (Millipore, Mississauga, Ontario, Canada). Samples were adjusted by

protein content following concentration. Conditioned medium samples were separated

using SDS-PAGE, 12% acry1amide, according to Laemmli (1970) under non-reducing

conditions. Samples were prepared in the presence of the following inhibitors:

phenylmethylsulfonyl fluoride (2 mM), leupeptin (3 /LM), aprotinin (16 /LM), EDTA (2

mM), NaF (50 mM) and NaVO. (500 JLM). Samples were electrotransferred onto

nitrocellulose filters and probed with I2SI-IGF-I (S.A. = 2000 Ci/mmol) (Amersham,

Oakville, Ont.), as previously described by Hossenlopp (1986). Filters were exposed to

Kodak X-omat film with Cronex lighting-plus intensifying screens (DuPont) at -80 C.

Filters were also exposed overnight to 2 d in a PhosphorImager cassette and subsequently

scanned for band intensity in a PhosphorImager (Molecular Dynamics, San Fransico,

CA). Sorne autoradiographs were recorded by videocamera and the image was digitized

on a PowerMac 7l00AV. Band intensity on the digitized image was quantified using

NIH-Image version 1.57 (1995) software.

Statistical anaIysis

The generallinear models procedure (pROC GLM) of SAS (1988) was used to analyze

dependent variables. Data from proliferation assays were analyzed using Dunnett's test

(Zar, 1984), when comparing treatments to control. Comparisons between treatments

utilized non-orthogonal contrasts to obtain F values. These critical F values were then

rep1aced by the Bonfernoni F test (Zar, 1984).
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RFSULTS

Growth response of MAC-T cells to retinoids

Retinoic acid inhibited cellular proliferation at 100 nM in both DNA and 3H_TdR assays

(Figures la and 2b). In contrast, retinol inhibited 3H-TdR in MAC-T cells only at a high

concentration (10 J.'M) (Figure lb). Similarly, using total DNA as an indice of cellular

proliferation, retinol inhibited growth at 1and 10 J.LM (Figure 2d). Neither retinoid was

able to completely arrest growth without significant cytotoxic effects. Based on a trypan

blue exclusion assay, RA and retinol were 100% cytotoxic after 72 h culture at 100 J.LM

and 1 mM, respective1y. Interestingly, bath retinoids were able to modestly increase total

DNA (P< =.05) of MAC-T cells at 100 nM, when cultured in serum-free, non

supplemented DMEM for 72 h (Figures 2a and 2c). Retinoic acid increased 3H-TdR in

serum-free MAC-T cells, aIso, though results were not significant (P>.10) (data not

shown).

T'une course of retinoic 8cid induced growth inhibition

In the presence of 1% FBS, RA significantly inhibited lH-TdR into MAC-T cells, and

this inhibition was observed as early as 1 h after RA addition (P < .05) (Figure 3a).

Inhibition was persistant between 2 and 12 h, then further decreased to leve1s of less than

50% of control cells and this growth inlu"bition was signjficantly greater than that

observed by 12 h (12 h vs 24 h, P<.OI) (Figure 3a). In the presence of 10 J.LM

cycioheximide, RA inln"bited MAC-T cellular proliferation only by 20% or Iess (P < .OS)
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and growth inhibition was not different across times (Figure 3b). Thus, it appears that

RA inhibits growth in a phasic manner, with the tirst phase oceurring rapidly (in less

than 1 h) and the second and mueh more potent inhibition not occurring until after 12 h

and requiring protein synthesis. Furthermore, RA maintained its inhibition of MAC-T

cellular proliferation up to 3 d after treatments began (Figure 3e). Proliferation,

however, was less inhibited on d 4 and S and was not different from control by d 6.

Interestingly, on d 7 RA treated cells incorporated more 3H-thymidine than control cells

(P < .OS) (Figure 3e). Cells were not growth inhibited in control (1 % FBS-no RA)

treatments by topo-inhibition, as 3H-TdR counts were much higher than previous days

(CPM: d3=29,300, d6=S4,673, d7=76,270). Also, a previous experiment with MAC-T

cens under identical conditions has shown that TGF-P2 could maintain complete growth

inhibition of 3H_TdR, while control cells incorporated thymidine at rates 20 fold higher

for at least 6 days, thus demonstrating growth was not impaired in control cells

(Woodward et al., 1995).

Mitogen dependent retinoic acid growth inhibition

Retinoic acid (1~ inhibited 3H-TdR of MAC-T cens by approximately SO% (Figure

lb, 3a and 4) when cens were cultured in 1% FBS. However, cells eultured in IGF-I

were growth inhibited fH-TdR) 64% by RA (Figure 4). Whereas, when stimulated by

insulin, des(1-3) IGF-I or long(R3) IGF-I, cells were only growth inhibited by RA 20%,

27% and lS%, respective1y (Figure 4). Interestingly, the growth inhibition caused by

RA in the presence of mitogens with no or very low affinity for IGFBPs (insulin, des(l-
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3) IGF-I or Long(R3) IGF-I) was similar to growth inhibition by RA in cycloheximide

treated MAC-T cells.

IGFBPs in retinoic acid treated MAC-T cells

The major IGFBP secreted into media by MAC-T cells when cultured in serum-free,

hormonelgrowth factor-free conditions is a single strong band at 30 kDa (Figure Sa).

We have previously demonstrated this band to be IGFBP-2 (Romagnolo et al., 1994).

When MAC-T cells were cultured in serum-free DMEM, aIl other IGFBP bands are at

or below the level ofdeteetion in unconcentrated conditioned media. Again in serum-free

DMEM, RA caused a dose dependent accumulation of IGFBP-2 in the media and

maximal levels were observed at a concent.ation of 1~ and at a higher concentration

(10~ IGFBP-2 accumulation was reduced (Figure Sa). The optimal time ofIGFBP-2

accumulation in the conditioned media of MAC-T celIs was between 36 and 72 h for aIl

treatments (Figures Sb and Sc). Thus subsequent experiments used RA at concentrations

of 1~ or less and cells were cultured for 48 h to optimize IGFBP accumulation and

minimize degradation of binding proteins that is inherent with extended culture periods.

IGFBP-2 was stimulated 2-3 fold by insulin or des(l-3) IGF-I, 5 fold by RA and 7-8 fold

by RA + insulin or RA + des(1-3) IGF-I (Figure 6 a,b). Insulin or des(1-3) IGF-I

treatment of serum-free cultured MAC-T cells resulted in the appearance ofa 40-45 kDa

doublet, previously identified as IGFBP-3 (Romagnolo et al., 1994). Unexpectedly, RA

was a potent inlu"bitor of insulin or des(1-3) IGF-I induced IGFBP-3 accumulation into

86



•

•

conditioned media (Figure 6a,c and 1). In fact, RA reduced IGFBP-3 in conditioned

media of MAC-T cells stimulated by insulin or des(I-3) IGF-I by 80%. Interestingly,

RA aIone induced a faint band at 4ü-45 kDa when cultured in serum-free media (Figure

6 a,c and 1).

When samples were concentrated 5-10 fold by passage through a 10,000 kDa cut-offIow

protein binding filter, visualization of IGFBP-3 was substantiaIly enhanced. Retinoic acid

(1~ could completely block IGFBP-3 induced by a low concentration of insulin (300

ng/ml). Attenuation of IGFBP-3 induced by a high insulin concentration (3 pg/ml) by

RA was aIso observed (Figure 1). AdditionaIly, a faint 24 kDa IGFBP was aIso

observed in concentrated samples (Figure 1). This IGFBP is probably IGFBP-4. It is

not likely a breakdown product of higher molecular weight IGFBPs, because no

differences were seen between samples prepared in the presence of proteolytic and

phosphatase inhibitors when compared to samples without inhibitors (data not shown).

The autoradiograph in figure 7 was prepared from samples containing inhibitors.

Crude plasma membrane preparations contained an IGFBP profile similar to conditioned

media (Figure 8). IGFBP-2 was increased by insulin, des(l-3) IGF-I or RA with a

strong synergistic action when RA was combined with insulin or des(l-3) IGF-I. One

unique feature of the plasma membrane preparations was that IGFBP-3 induced by insulin

(3 pg/ml) or des(I-3) IGF-I (30 ng/ml) was complete1y lost when treated with RA (1

~. Also, there was no detectable IGFBP-3 in RA treated ce1Is. The plasma membrane
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preparations also revealed a more distinct doublet for IGFBP-3 when treated with insulin

or des(I-3) IGF-I than conditioned media, though this may represent differences in total

IGFBP-3 protein loaded, when compared to conditioned media preparations.

DISCUSSION

ln this investigation we have demonstrated that the retinoids, RA and retinol, inhibit

celIular proliferation of MAC-T celIs, a non-transformed bovine mammary epithelial ce1l

line. Similarly, others have shown that RA inhibits proliferation of breast cancer celI

lines (Lacroix and Lippman, 1980; Fontana et al., 1991; Sheikh et al., 1993). More

recently, RA has been shown to inhibit proliferation of normal rat mammary epithe1ium

when these non-clonai primary epitheIial celIs were cultured in basement membrane

extracted from the Englebreth-Holm-Swarrn sarcoma (Lee et al., 1995). The present

study, however, is the first 10 demonstrate the potent growth inhibitory properties of RA

in a non-transformed clonaI mammary epithe1ia1 line devoid of stroma! components,

exogenous extrace1lular matrices and in the absence of serum and serum albumîn.

Furthermore, we have examined IGFBP secretion and ce1l surface associated IGFBP in

MAC-T ce1ls treated with RA, since RA induced growth inhibition was markedly reduced

when MAC-T ce1ls were cultured in IGF-I analogues that show reduced affinity for

IGFBPs, suggesting that RA inhibits growth through a pathway involving IGFBPs.

Specifically. we have shown RA 10 increase IGFBP-2 5-fold and e1iminate IGF-I induced
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IGFBP-3 in conditioned media and on plasma membranes of MAC-T cells. These results

are in contrast to results reported in breast cancer cells, as Chen and colleagues (1994)

and Martin and coworkers (1995) reported that RA enhanced 1GFBP-3 secretion into the

media in the MCF-7 mammary tumor cell line.

Retinoid induced growth inhibition

Inhibition of mammary tumor growth by RA is not novel, however, as RA has proven

effective in retarding the incidence, appearance and growth of Many mammary tumors

in both in vitro and in vivo studies spanning at least 20 years (Moon et al., 1976; Lotan

and Nicolson, 1977; Lotan, 1979; Lacroix and Lippman, 1980; Fraker et al., 1984;

Marth et al., 1984; Fontana et al., 1990). It is of great interest to determine if and how

normal mammary epithelium May also be affected by preventive or therapeutic retinoid

treatment, though on1y a few studies have examined RA effects on non-transformed

mammary epithelial cells. A manuscript by Lotan (1979) originally found no significant

change in growth of a nonmalignant myoepithelialline and minimal inhibition (13%) in

the normal breast epithelialline, HBL-100 following 7 d of culture in RA containing

media (1~. However, the HBL-100 cellline has been reported to lack prolactin and

estrogen receptors and does not secrete casein (Laherty et al., 1990), whereas the MAC

T cell line is more representative of functional ·mammary epithelium since it has been

shown to morpho10gically and functionally (synthesize and secrete lX- and p-caseins in

response to proIactin) differentiate in culture.
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Sixteen years after Lotan's study (1979), Lee and colleagues (1995), have shown non

clonai primary mammary epithelial cells from the rat are growth inhibited following

culture in RA containing media for 5 d - 25 d. Our results confirm data by Lee and

coworkers (1995), in that we also found RA to be a potent inhibitor of mammary

epithelial cell proliferation. In addition to examining the mechanism of RA induced

growth inhibition (see RA modulation of IGFBPs, below), the present study, for the first

time, analyzed how RA affects cellular proliferation after short exposure times (1 h to

24 h) as well as in long term culture (Id to 7 d). Short term growth analyses are

particularly relevant in Iight of findings by Moore and coworkers (1992) that retinoids

can substantially alter Golgi apparatus morphology and enhance Golgi apparatus function

in normal mammary epithe1ial cells after only 5 min retinoid exposure.

Using both 3H-TdR and total DNA as measures ofce11 proliferation, we have determined

MAC-T cells are growth inhibited by RA in as little as 1 h and maximally grùwth

inhibited after 3 d in culture. This is in contrast to the study by Lee and coworkers

"(1995), which determined maximal inhibition of growth by RA in rat mammary

epithelium occurred following 21 d of culture. In contrast, when MAC-T cells were

cultured in RA for periods exceeding 5 d, cellular inhibition by RA was lost. Possible

explantions for descrepancies between these results include: 1) Substantial variation of

RA effects in breast tumor mles has been attributed to status of estrogen receptors and

estrogen responsiveness (Fontana et al, 1991; Sheikh et al., 1993a) and whether these

cells possess cellular retinoic acid binding proteins (Marth et al., 1984; Ueda et al.,

1985), 2) MAC-T cells were growth stimulated by insulin, IGF-I or 1% FBS (serum
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albumin was never added) and cultured in the absence of exogenous matricies. whereas

a combination of fatty-acid free BSA. EGF, hydrocortisone, prolactin. insulin,

transferrin. ascorbic acid and progesterone were used in growth media to culture these

rat mammary cells grown inside EHS matrix in Lee's study. This is especially relevant

since FBS and serum albumin have been reported to bind retinoic acid (Smith et al.,

1973; Lacroix and Lippman, 1980) and alter its action. Moreover, we have previously

demonstrated that severa! BSA preparations inc1uding fatty-acid free BSA significantly

alter mammary epithe1ial cell proliferation (Woodward et al., 1994).

In the absence of protein synthesis, however, MAC-T cells are on1y minimally (11 %)

growth inhibited after 24 h culture in RA (1 ~. Moreover, when MAC-T cens are

treated with RA (11LM) for 1-4 h growth is inhibited 15-18%. Interestingly, HBL-100

cells are similarly growth inhibited by RA (1~. Since protein synthesis is required

for RA 10 maximally inhibit growth in MAC-T cells, it is 1ikely that RA inhibits growth

by at 1east 2 mechanisms. The first of which occurs within 1 h of treatment and is

protein synthesis independent. The second requires protein synthesis and adequate time,

24 h, (likely for accumulation ofsufficient quantity of protein) to exhibit maximal growth

in1u"bition.

RA modulation of IGFBPs and mecbanisms of RA inhibition

Severa! studies have demonstrated that breast cancer cells inhibited by RA show marked

increases in IGFBP-3 accumulation (Adamo et al., 1992; Sheikh et al., 1993b; Martin
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et al., 1995). The appearance of IGFBP-3 occurs in conditioned media or plasma

membrane preparations of MAC-T cells when treated with the mitogens, insulin or IGF

1. In fact, IGFBP-3 quantities in conditioned media and on cell membranes are similar

10 IGFBP-2 quantities (the major IGFBP secreted by MAC-T ceIls) following

insulin/IGF-I treatrnent. However, RA causes a substantial decrease in insulin/IGF-I

induced IGFBP-3 accumulation in conditioned media, and elimination of IGFBP-3 bound

to plasma membrane preparations. Chen and colleagues (1994) demonstrat,;;d that

IGFBP-3 enhanced DNA synthesis in MCF-7 cells. Interestingly, these authors have also

reported that MCF-7 cells are growth inhibited by RA and show substantial increased

IGFBP-3 secretion by RA. This study, which used MCF-7 cells that were transfected

with an IGFBP-3 expression vector, found that increased IGFEP-3 secretion by these

cells resulted in 1) enhanced IGF-I binding to the cells, 2) increased DNA synthesis in

the transfected cel1s by IGF-I when compared to their non-transfected counterparts and

3) a decrease in IGF-I desensitization ofits own receptor. Thus, since IGFBP-3 has been

reported to enhance IGF-I mitigated DNA synthesis in MCF-7 cells, it would appear that

increased IGFBP-3 secretion by these cells in response to RA would not be a mechanism

by which RA induces growth inhibition, but possibly a compensatory mechanism 10

overcome RA mediated growth inhibition (Adamo et al., 1992).

In contrast, severa! lines of evidence indicate that changes in bath the type and

concentration of IGFBPs following RA treatrnent may regulate MAC-T cel1 growth.

Substantial growth inhibition in MAC-T cel1s occurs only after 17-24 h, the time when
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IGFBPs are first detectable in conditioned media. Additionally. in the absence of

protein synthesis. MAC-T œlls are only slightly growth inhibited by RA. Interestingly.

IGFBP accumulation in conditioned media in response to RA is not persistent over time

and new IGFBP accumulation is substantially lower following 108 h of culture than 72

h of culture. Similarly, inhibition of proliferation is diminished following 4 d of RA

treatment. Moreover, we have previously shown IGFBP-3 to potentiate the growth

stimulatory effects of IGF-I in a MAC-T œil line transfected with an IGF-I expression

vector (Romagnolo et al., 1994). Thus, RA induced growth inhibition is correlated with

RA induced IGFBP-3 downregulation.

In addition to RA causing a decrease in IGFBP-3 in conditioned media, RA prevents

IGFBP-3 binding to œil membranes in MAC-T cells. IGFBP-3, by binding to the

plasma membrane, may help localize IGF-I near its receptor and subsequently potentiate

IGF-I action. Increased œil surface binding of IGFBP-3 has been correlated with a

decrease in affinity for IGF-I and an increase in IGF-I mediated œllular proliferation

(Conover, 1992; Jones and Clemmons, 1995). In fibroblasts, as much as 97% of œil

surfaœ IGF-I is bound to plasma membrane associated IGFBP-3 (Clemmons et al.,

1987). Our data has shown substantial IGFBP-3 bound to the œil surfaœ following

treatment with mitogens, insulin or IGF-I, and henœ during periods of maximal

mitogenesis. These data refute the hypothesis that increases in IGFBP-3 in conditioned

media upon IGF-I1insulin treatment are a result of reIease of œll surface associated

IGFBP-3, because littIe to no ce11 surface IGFBP-3 exists untii after insulin/IGF-I
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treatment. Likewise, it appears RA does not promote cell surface binding of IGFBP-3

at the expense of IGFBP-3 in conditioned media, since IGFBP-3 is completely lacking

in plasma membrane preparations from RA treated cells. Thus, shifts in IGFBP from

conditioned media ta cell membranes (or cell membranes to conditioned media) in

response ta RA treatment as suggested by Adamo and colleagues (1992) and

demonstrated by Shemer et al., (1993) are not apparent in MAC-T cells.

The role of IGFBP-2 in modulating IGF-I mediated cell proliferation is, perhaps, more

complicated since it is upregulated by insulinlIGF-I and strongly upregulated by RA,

while RA + insulin or IGF-I results in an additive IGFBP-2 upregulation. Purified

IGFBP-2 has been shown ta inhibit cell proliferation in severa! in vitro studies (Jones and

Oemmons, 1995). Morevover, Clemmons and coworkers (1990) have demonstrated that

rapidly proliferating ER-negative breast carcinoma celllines secrete primarily IGFBP-3,

whereas ER-positive lines, which grow slower, secrete primarily IGFBP-2. Although

exogenous IGF-I is a modest stimulus for IGFBP-2 secretion in MAC-T cells, we have

previously demonstrated that in MDIGF-I MAC-T cells (MAC-T cells transfected with

an inducible IGF-I expression vector) there is shift from IGFBP-2 expression ta IGFBP-3

expression upon IGF-I induced expression (Romagnolo et al., 1994). Furthermore, this

shift in expression from IGFBP-2 ta IGFBP-3 is correlated with a large increase in DNA

synthesis. l'bus, it is plausible that IGFBP-2 is only present in sufficient quantities ta

interfere with MAC-T cell proliferation when stimulated by RA (S-6-fold) or RA + IGF

I1insulin (7-8-fold). Also, since conditioned media from MAC-T cells treated with RA
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contains approximately 25-fold more IGFBP-2 than aIl other IGFBPs, IGFBP-2 may

preferentiaIly sequester IGF-I at the expense of other IGFBPs (that may potentiate IGF

Is' actions), regardless of binding affinities of IGF-I to the various IGFBPs.

Furthermore, when MAC-T cells are stimulated with IGF analogues that do not bind to

IGFBPs, RA can only inhibit growth 15-27% compared with 64% growth inhibition if

native IGF-I is used to stimulate growth. This data in light of the lack of IGFBP-3 and

aIl other IGFBPs following RA treatment makes IGFBP-2 a likely candidate for RA

induced growth inhibition.

Retinoic acid targeting of the IGF-I pathway is particularly pertinent since, it is weIl

known that IGF-I is a potent mitogen in breast tumor celllines as weIl as normaI murine,

human and bovine mammary epitheliaI lines (Yee et aI., 1991; Zhao et aI., 1992; Hadse1l

et aI., 1994) and its actions can be acute1y regulated by IGFBPs that are aIso secreted by

these cells (Fie1der et aI., 1992; Sheikh et aI., 1993b; Chen et aI., 1994; Romagnolo et

aI., 1994;). This is especially relevant in ruminant mammary epithelium, which unlike

its murine and human counterparts shows little to no response to EGF (Woodward et aI.,

1994; Moorby et aI., 1995). In faet, MAC-T cells are very sensitive to IGF-I (Zhao et

aI., 1992; Woodward et aI., 1994), but show minimal or no growth stimulation to

ovarian steroids, growth hormone, TGF-a orEGF (Woodward etaI., 1994). Therefore,

alteration of IGF-I induced cellular proliferation is a lîke1y target for growth inhibitors.

Interesting1y, we have previously demonstrated the potent mitostatic effeets ofTGF-p on
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MAC-T cells (Woodward et al., 1995) and severa!laboratories have shown retinoic acid

to work through a TGF-13 pathway, by inereasing TGF-13 proteins or TGF-13 receptors

(Falk et al., 1991; Kim et al., 1992; Poli et al., 1992, Roberts and Spom, 1992). In

fact, Lee et al, (1995) who have recently demonstrated RA inhibits proliferation of non

clonaI rat mammary epithelium postulated RA may function by inducing TGF-13 protein.

However, severa! important differences exist between RA and TGF-13 induced growth

inhibition in the MAC-T cellline. First, TGF-13 can cause growth arrest (~95% growth

inhibition) of MAC-T cells, compared with only a maximum of 50% growth inhibition

by RA. Secondly, TGF-13 maintains growth inhibition for at least 6 d following

treatment addition (Woodward et al., 1995), compared to reduced growth inhibition on

d 4 and no inhibition by d 6 for RA. Also, TGF-13 is not cytotoxic at concentrations

lQO-fold higher than concentrations needed for maximal growth inhibition (Woodward

et al., 1995). On the other hand, maximal growth inhibition of RA occurs at cytotoxic

levels. Finally, and perhaps the most dramatic difference between TGF-13 and RA

induced growth inlnoition of MAC-T cells is TGF-13 has no demonstratable effect on

IGFBP profiles in the presence or absence of insulin/IGF-I. Qthers have suggested the

modulation of IGFBPs in response to RA is a compensation mechanism for RA induced

growth inhibition (Adamo et al., 1992; Sheikh et al., 1993b). However, since TGF-131

(a more potent growth inlnoitor than RA) bas no effect on IGFBP-2 or IGFBP-3, the

alterations in IGFBP expression are not a result of growth inlnbition in itse1f.

Figure 9 is a model of RA action in MAC-T cells. a) represents MAC-T cells cultured
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in IGF-I containing media and b) IGF-I +RA containing media. The model

demonstrates that upon RA treatment of MAC-T cells occurs an increase in IGFBP-2 and

a decrease (elimination) in IGFBP-3 from both media and the cell surfar-c. We propose

that these binding proteins alter IGF-I availability to the receptor or alter ligand-receptor

mediated cellular proliferation following treatment with RA.

These studies provide compel\ing evidence that retinoids and especially RA are patent,

but transient, inhibitors of mammary epithelial cell proliferation. Additionally, data

herewithin supports the hypothesis that RA induced growth inhibition occurs, in part, as

a result of an increase in IGFBP-2 in conditioned media and plasma membrane

preparations and may also involve a decrease or elimination of IGFBP-3 from the

conditioned media and plasma membrane preparations, respectively. Future studies

detailing how RA effects: 1) IGF receptors, 2) IGFBP synthesis and secretory pathways

and 3) alterations in RARs or CRABPs in short and long term culture in normal

mammary epithelium are necessary to fully understand how retinoids may alter function

of nornal breast tissue when used in breast cancer trials.
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Figure 1: Inhibition of MAC-T cell proliferation by retinoic acid (a) and retinol (b)

as measured by incorporation of3H-thymidine into MAC-T cells following

17 h culture in retinoids (1 nM to 10 JLM). Ali treatments included 1%

FBS. Data are expressed as CPM!well ± SEM. Asterisks indicate

significant difference (P<.OS) from control (no retinoids) .
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Figure 2 Effect of retinoic acid (a,b) and retinol (c,d) on cell growth (as measured

by total DNA) following 72 h culture in no serum (a,c) or 1% FBS (b,d).

Bath retinoids inhibited growth in the presence of FBS (b,d) but slightly

increased growth in serum-starved MAC-T cells (a,c). Data are expressed

as Jlg DNA/well + SEM. Asterisks indicate significant difference

(p< .05) from control (no retinoids) .
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Figure 3 Time course of effect of 1 JLM retinoic acid on incorporation of 3H_

thymidine into DNA of MAC-T cells in the presence (a,c) or absence (b)

of protein synthesis. (a) 0 to 24 h; (b) 0 to 24 h with 10 JLM

cycloheximide or (c) 0-7 d culture. CelIs for short term (a,b) culture

were plated at 1 X 10' cellslcm2 and at 1 X 103 cellslcm2 for long term

culture (c). Data are expressed as CPM relative to untreated (i.e. adjusted

so cells not treated with retinoic acid (untreated) = 1.0). In figures a and

b all points except 0 h are significantly different than control (no retinoids)

(P< .OS). In figure c, asterisks indicate significant difference (P< .OS)

from control (no retinoids) .
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Figure 4 Inhibition of MAC-T cell proliferation by retinoic acid (1 J'M) as

measured by incorporation of 3H-thymidine into MAC-T cells growth

stimulated by 1% FBS, bovine insulin (3 JLM), IGF-I (30 ng/ml), 30

nglml des(1-3) IGF-I (30 ng/ml) or Long(R3) IGF-I (30 ng/ml). Retinoic

acid is least effective at inhibiting proliferation of mitogens that show a

reduced affinity for IGFBPs (insuIin, des(1-3) IGF-I and Long(R3) IGF-I).

Data are expressed as CPM/well. Percent differences between RA treated

and control are presented in parentheses. Solid bars = control, Open bars

= retinoic acid treated.
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Figure 5 Western ligand blols probed with 1:!SI_lOF_I for IGFBPs secreted into

conditioned media of MAC-T cells a) following 48 h treatment with

increasing concentt:ations ofretinoic acid (0 to 10~, or (b) time course

of maximal lOFBP secreted into conditioned media of MAC-T cells after

treatment with retinoic acid (lI'M), insulin (3 l'glml) or retinoic acid +

insulin for 36 h, 72 h and 108 h; (c) densitometric reading of Western blot

in (b).
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Figure 6 (a) Western ligand blot of unconcentrated conditioned media from MAC-T

cens for IGFBPs in response to insulin (3 !Lg/ml), des(1-3) IGF-I (30

ng/ml) or RA (.1 or 1 !LM); (b) densitometric analysis of lower molecular

weight band (lGFBP-2) and (c) upper molecular weight bands (lGFBP-3).
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Figure 7 Western ligand blot of concentrated media from MAC-T cells for IGFBPs

following treatmem with retinoic acid, insulin and des(l-3) IGF-I as

indicated. 5-10 fold concentrated samples were used. Protease inhibitors

(as described in Materials and Methods) were added upon harvesting

media.
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Figure 8 Western ligand blot of plasma membrane preparations from MAC-T cens

for IGFBPs. Note: the conditioned media used for Lie Western ligand

blot in figure 7 is from the cens used to obtain plasma membrane

preparations in this Western blot. Cel1s were cultured in retinoic acid (l

l'M), insulin (3 JLg/ml) or des(1-3) IGF-I (30 ng/ml) .
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Figure 9 A model of RA effects in MAC-T ceUs. MAC-T ceIls are growth

stimulated by IGF-I (a) and this stimulation of growth is concurrent with

IGFBP-3 binding to the ceIl surface and in the conditioned media.

However, when RA is added (b) DNA synthesis is inhibited (foIlowing

protein synthesis) and this inhibition is correlated with eIimination of cell

surface associated IGFBP-3 and conditioned media IGFBP-3 and increased

IGFBP-2 on the plasma membrane and in conditioned media.
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SUMMARY4

Chapter 4 examined the effects of the retinoids, retinol and retinoic acid (RA), on

mammary epithelial cell proliferation. Additionally, this study examines the mechanism

of retinoid mediated inhibition of mammary cell proliferation. This was the first report

to identify retinoic acid as a potent inhibitor of proliferation in a non-transformed

mammary epithelial cellline in any species.

Retinoic acid growth inhibition of mammary epithelial cell proliferation was substantial!y

reduced when cells were growth stimulated by IGF-I analogues (Chapter 2) that have a

low affinity for insulin-like growth factor binding protein (lGFBP). Also, RA was not

able to substantially inhibit cellular proliferation in the absence ofprotein synthesis. This

led us to examine the role of RA in regulating IGFBP secretion and cell membrane

binding. This study, for the first time in non-transformed cells, found that IGFBPs

appear to be responsible for much of retinoic acid's growth inhibitory properties.

Retinoic acid stimulated IGFBP-2 and inhibited IGF-I induced IGFBP-3. IGFBP-3 has

previously been shown to potentiate the effect of IGF-I on proliferation of MAC-T cells,

whereas IGFBP-2 is generally thought to sequester IGF-I, preventing receptor binding.

In addition to examining retinoic acid's mechanismof action, we comparecl growth

inhibition by RA to TGF-p (described in chapter 3). We found that un1ike severa!
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reports, TGF-,8 and retinoic acid inhibit mammary epithe\iaI cell proliferation by

independent pamways. This study therefore. identified a second potent growth regu\ator

of bovine mammary epithe\iaI cell proliferation that functions independently of TGF-,8.
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CHAPTER5

Regulation of Gap Junctional Communication and

Connexin43 Protein Expression in Bovine Mammary

Fibroblast and Epithelial Celh.
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ABSTRACT

Recent studies have demonstrated acute modulation of gap junction protein expression

in the mammary gland between nonpregnant, pregnant, and lactating mice. The

expression of connexin43 (Cx43) was examined in primary, clonai and immortalized

bovine mammary fibroblasts and epithelial ceUs by Western blot and immunocytochem

ica1 analyses. Gap junctional interceUular communication (GJIC) was accessed foUowing

microinjection of Lucifer YeUow dye. AU epithelial and fibroblast ceUs exp~sed Cx43.

AIl cens had abundant punctate ceU surface labelling of Cx43, though fibroblasts and SV

40 Large-T-antigen immortalized epithelial ceUs (MAC-T) had increased cytoplasmic

perinuclear Cx43 labelling. Fibroblasts, but not epithelium, expressed a transformed

phenotype after stable transfection with the SV-40 Large-T-antigen. Transformed

fibroblasts expressed little Cx43, lacked ceU surface labelling for Cx43 and lacked gap

junctional communication. Retinoic acid (RA), TGF-pi and cAMP each inhibited

cellular proliferation ofMAC-T cells and ail increas.::d total Cx43 expression, especially

phosphorylated Cx43 species. Concentrations of growth inhibitors that induced maximal

Cx43 eJtPression did not always cause maximal growth inhibition. Unlike RA orTGF-p,

cAMP significantly modulated the intracellular distribution of Cx43, resulting in less

perinuclear Cx43 and increased cell surface Cx43. None of the growth inhibitors

examined were able to increase GTIC in the weU coupled MAC-T ceUs, even when the

ce11s were serum-starved. These data suggest that bovine màmmary parenchymal and

stroma! ce11s have abundant regulatable gap junctions and immortalized ceUs may be

appropriate models of the bovine mammary gland when a normal phenotype is retained•
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INTRODUCTION

Gap junctions are channels that allow for the direct passage of small molecules (Ca2+,

amino acids, second messengers) from one cell to another. A gap junction channel is

composed ofa hemichannel, connexon, from one cel1 that pairs with a hemichannel from

an adjacent cell. Each connexon is formed by six polypeptides, the connexins, arranged

in a hexamer around the central pore (Beyer et al., 1993). The connexins are a family

of at least 12 proteins, which are differentially expressed in nearly ail cell types (Casico

et al., 1995; Laird and Saez, in press). Many cellular functions have been ascribed to gap

junction channels. Researchers have demonstrated the importance of gap junctional

intercellular communication (GJIC) in normal development, with disruption of GJIC at

early stages in embryo development causing specific developmental defects and death

(Warner et al., 1984; Reaume et al., 1995). Gap junctions also allow for the passage

of ions in e1ectrically excitable tissues such as nervous tissue, smooth muscle and cardiac

muscle (Beyer, 1993). Additionally, GJIC is believed to play an important role in

regulating cellular proliferation and differentiation in the embryo and adult by

transmitting secondary messengers, metabolites and ions from one celI ta another (Beyer,

1993; Wolburg and Rohlmann, 1995). Consequently, abnormalities in GJIC or loss of

GJIC have been demonstrated in cancer and disease states (Holder et al, 1993).

Recently, Monaghan and colleagues (1994) have demonstrated marked increases in

connexin26 expression in the mouse mammary gland during progression from virgin ta

pregnancy to lactation. Furthermore, .these workers found that abruptly following
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lactation, during involution, connexin26 expression is greatly diminished. Pozzi and

coworkers (1995) have confirmed these results, also in the mouse. finding highest

expression of both Cx32 and Cx26 during lactation, however :hese researchers could not

detect either of these connexins in human mammary tissue by immunocytochemistry.

Both studies suggest that connexin expression may be critical to normal mammogenesis,

lactogenesis and involution. However in these reports and others, considerable

differences exist concerning which connexins are synthesized or expressed in murine and

human mammary cells (Lee et al., 1992; Wilgenbus et al., 1992; Tomasetto et al., 1993;

Monaghan et al., 1994; Pozzi et al., 1995). Thus far, only rodents have been examined

for alterations in connexin expression and GJJC in nonpregnant, pregnant, lactating and

involuting mammary glands.

In addition to modulation of gap junctional communication during mammary gland

maturation and differentiation, many independent studies have demonstrated that gap

junctions regulate cellular proliferation, whHe loss of gap junctional communication

causes cellular dysfunction and may lead to tumorigenesis (Lowenstein, 1967; Eghbali

et al., 1991; Zhu et al., 1992; Ruch, 1994; Mesnil et al., 1995). Severa! key

observations have provided compelling evidence that gap junctions are involved in control

of cellular proliferation: 1) Tumor promoters, such as TPA have been shown 10 block

gap junctional communication (Oh et al., 1991). Additional1y, many tumor celilines,

such as the rat C6 glioma cells, human SKHep 1 hepatoma cells and human mammary

21MT-2 cells, Jack gap junctional communication, (Eghbali et al., 1991; Naus et al.,

1991; Lee et al., 1992) 2) Transfection of communication-deficient tumor celllines with

119



•

•

connexin26, connexin32 or connexin43 results in both a decreased rate of cellular

proliferation and a reversai of the neoplastic phenotype as shown by in vivo an in vitro

studies (EghbaIi et ai., 1991; Zhu et ai., 1992; Ruch, 1994; Mesnil et ai., 1995), 3)

Subtractive hybridization for :nRNAs expressed in normaI breast epitheIiaI cells, but not

in breast tumor cells led ta the identification ofconnexin26 as a class II tumor suppressor

(Lee et ai., 1992). However, results are still not conclusive as independent laboratories

studying GnC in the breast have demonstrated 1) onc is not e1iminated in alI breast

tumor cells (Enomoto et ai., 1992; Laird et ai., 1995), 2) GnC is only downregulated

in tumor cells when the cells are highly metaslatic (Nicolson et ai., 1988), and Gnc

may actua11y be enhanced in early passage careinomas (Eldridge et al., 1989).

In the present vlork, we first describe the expression of connexin43 in severa! weil

characterized clonallines of bovine mammary epithelial cells and fibroblasts (Huynh et

al., 1991; Woodward et al., 1994; Woodward et al., 1995) by Western blot anaIysis and

immunocytochemistry. Alterations in Cx43 protein quantity and maturation and Gnc

in simian virus-40 Large-T-antigen (SV-40 L1) transfected epithe1ia1 and fibroblast cells

are contrasted with their non-transfected counterparts. Finally, increased Cx43

expression, Cx43 immunolocalization and onc are accessed following treatment with

the previously identified inhibitors of bovine mammary epithe1ia1 ce1l proliferation: 1)

retinoic acid, 2) TGF-~ .. and 3) dibutyrl cAMP•
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MATERIALS AND METHOnS

Materials, cells, and culture conditions

AlI hormones, enzymes, media, serum and culture reagents were obtained from GlBCO

BRL (Burlington, Ont.), Becton Dickinson (St. Laurent, Que.) or Sigma ChemicaI Co.

(St. Louis, MO), unless otherwise noted. AII-trans retinoic acid (RA) was purchased

from FLUKA (Ronkonkoma, NY). RA was solubilized in 100% ethanol at 37° C under

nitrogen in the clark and always used within 24 h. ControIs always contained equal

concentrations of ethanol. TGF-tlt was a gift from Bristol-Meyer Squibb. Ali glass and

plasticware were silanized (Sigmacote; Sigma) prior to TGF-tl exposure. TGF-tl was

diluted in a 5 mM HCl/15JLM BSA solution as previously described (Woodward et al.,

1995).

A bovine mammary epithelial ceIlline (MAC-T) obtained from a mid-Iactational bovine

animal and immortalized by stable transfection with the SV-40 Large-T-antigen (LT)

(Huynh et al., 1991) was used. Two primary mammary cell populations, one fibroblast

and one epithelial, isolated from pregnant bovine non-Iactating animals were previously

described (Woodward et al., 1994). Additionally severa! epithelial celilines (MEB-E)

and fibroblasts (MFB-3, MFB-TI) were isolated from mammary glands of non-pregnant

or pregnant bovine animals (MFB-3hUnf, MFB-Pr) (Woodward et al., 1995). MFB-TI

cells also stably express the LT as previously described; however, unlike MAC-T ceIls,

MFB-TI cel1s display a transformed phenotype (Woodward et al., 1995). AlI cells except

primary cel1 populations were clonal. Cell type was confirmed by immunocytoehemical
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analysis forvimentin (Boehringer-Mannheim, Indianapolis, IN), cytokeratin (pan-specifie,

Boehringer-Mannheim), smooth muscle actin (Enzo Diagnostics, FarmingdaIe, Ny), and

fibronectin (Sigma Chem. Co.) (Woodward et al., 1994; 1995). AlI cells were

maintained for routine culture in 10% FBS supplemented DMEM in a humidified 37°

C, 5% CO2 incubator.

Western b10tting

Cells were cu1tured in 100 mm tissue culture dishes, scraped with a rubber policeman

in the presence of protease inhibitors (see below) and pelleted at 500 X g for 5 min,

trypsin was deactivated with serum, repellete1 and pellet rinsed with co1d PBS. An

aliquot of resuspended cells was removed for protein assay (BCA assay, Pierce,

Rockford, IL) and hemocytometric counting. Samp1es were adjusted to equaI cell number

by hemocytometric analysis or to equaI protein by BCA assay as previous1y described

(Sorensen and Brodbeck, 1986). Cells were recentrifuged and pellet was resuspended at

1 X 107 cel1s/m1 in 1 ml sample buffer, 2 mM PMSF, 3 p.M 1eupeptin, 16 p.M aprotinin,

2 mM EDTA, 50 mM sodium floride, 500 p.M sodium ortbovanadate, 100 IÙ p

mercaptoethano1, 360 IÙ Hp and 500 IÙ 2X 10ading buffer (Woodward et al., 1995), on

ice and samp1e sonicated 10 s. Proteins were electrophoretically separated as per

Laemmli (1970) using a 10% po1yacry1amide gel with an acry1amide:bis acrylamide ratio

of 30:0.4. Gels in Figures 1 and 4 were ran for 2-2.5 hours at 28 mA, while the gel in

Figure 6 was ran at 24 mA for 3 h 10 enhance separation cf Cx43 species. Sarnples were

electrotransferred onto nitrocellulose filters and probed with cr-360 rabbit polyclonal

site directed antibody for the carboxyl terminaI ofCx43, as we have previously reported
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(Laird et al., 1995). Filters were exposed, overnight to 2 d. in a Phosphorlmager

cassette and subsequently scanned for band inlensity in a Phosphorlmager (Molecular

Dynamics, San Fransico, CA). Ali results obtained from Western blotting were repeated

with simi1ar resu1ts.

Immunocytochemistry

Fixed cells were 1abelled for Cx43, vimentin, smooth muscle actin, or cytokeratin as

previous1y described (Laird et al., 1995). Briefly, cells grown on glass coverslips were

fixed in 100% ethano1, b10cked of nonspecific binding sites with 10% horse sera or 2%

bovine serum albumin, rinsed in PBS and immunolabelled. Cells were labelled with 1-5

p.g anti-Cx43 antibody or 1:100 dilutions of cytoske1etal antibodies for 1 h. Cells were

rinsed 6X for 30 min in FBS and incubated 1 h in secondary antibody, goat anti-mouse

or donkey anti-rabbit rhodamine and mc conjugated antibodies. Coverslips were

rinsed, mounted and analyzed on a Zeiss LSM 410 inverted confocaI microscope as

described previous1y (Laird et al., 1995). AlI immunocytochemistry experiments were

repeated at 1east twice.

CeII communication assay

When determining gap junctional communication in al1 ceIl types, cells were cu1tured on

glass coverslips in 1% FBS prior to microinjection procedure. However, when testing

growth inhibitors, cel1s were cultured in serum-free media or 1% FBS supp1emented

DMEM for 24 h prior to and during growth inhibitor addition. Individual ceIls were

pressure microinjected with 5% aqueous Lucifer yellow CH (Sigma Chemical Co.)•
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Microinjected dye was allowed to spread for 10 min before cells were fixed in 3.7%

formaldehyde in PES. Cells were subsequently viewed on a Zeiss axiophot fluorescent

microscope or a Zeiss LSM 410 confocaJ microscope. At least 12 microinjected cells

were analyzed for ail treatments.

RFSULTS

Connexin e.xpression and GJlC in non-transformed bovine mammary cells

Bovine mammary epit.ielial cells, whether primary non-clonai, clonai nontransfected

(MEB-E), or clonai SV-40 Large-T-antigen immortalized (MAC-T), ail expressed Cx43

protein as measured by Western blot anaIysis (Figure 1). No major differences i:I Cx'~·3

abundance or phosphorylation status were observed between fibroblasts (Janes A,B) and

epithelial celIs (Janes C,D,E). There were differences in Cx43 protein quantities between

different fibroblast cell lines, notably primary celIs (Jane A) had less total Cx43 than

MFB-3 (Jane B). Variations in Cx43 species (phosphorylated versus unphosphorylated)

or quantity were minimal between primary (Jane C), clonai (Jane D) and immortalized

epithelial cells (Jane E). Moreover, quantities of Cx43 in fibroblasts or epithelial celIs,

as measured by PhosphorImager analysis of Western blots were similar whether celi

lysates were normalized to ceII number or to total protein (data not shown). Cx32 and

Cx26 were not identified in any bovine mammary epithelial or fibroblasts ce1l lysates

(M.A. Sia, D.W. Laird, and T.L. Woodward, unpublished observations).

124



•

•

Immunofluorescent labelling of MEB-E cells for Cx43. revealed high levels of

connexin43 at the cell surface (Figure 2 A). In MAC-T cells connexin43 labelling was

aise evident at the cell surface (Figure 2 B). In contrast to the MEB-E non transfected

epithelial cells, MAC-T cells had considerably higher perinuclear pools of Cx43. Data

presented by Sia and colleagues (1995) using coloca1ization and protein traffik blocking

drugs, indicate a small Cx43 pool exists within the medial or trans Golgi apparatus of

the MAC-T cells, though most of the perinuclear Cx43 pool has been transported past

the trans Golgi apparatus. When clonai non-transfected MFB-C fibroblasts were

immunolabelled for Cx43, punctate staining were observed between opposing cells.

(Figure 2 C).

Gap junctional communication was measured by transfer of microinjected Lucifer Yellow

dye (LY). In MEB-E epithelial cells (Figure 3 A), MAC-T epithelial cells (Figure 3 B)

or MFB-C fibroblast cells (Figure 3 C) microinjected LY dye always spread to at least

third order cells.

Connexin expression and GJIC in transformed bovine mammary fibroblasts

Mammary fibroblasts, MFB-TC, exhibited a transformed phenotype following stable

trllr.sfection with a SV-4Q Large-T-antigen expressing vector (Woodward et al., 1995).

Western blotting and PhosphorImager analysis revealed a striking downregulation of total

Cx43 protein (Figure 4 A, B). Moreover, phosphorylated species of Cx43 in

transformed flbroblasts (1ane C) were downregulated more than unphosphorylated

~es, when compand to either non-transfected clonai MFB-C fibroblasts (Jane A) or
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Immunolocalization of Cx43 in transfonned fibroblasts (MFB-TC) revealed no Cx43 at

location of cell-eell contact. Instead punctate Cx43 was restricted to perinuclear location

(Fig 5 A, arrows). AdditionaIly, dye transfer in MFB-TC was substantially reduced

when compared to non-transfected MFB-C cells (Figure 5 B, C). Lucifer Yellow never

transferred to more than one ceIl (Le. not all first order ceIls, only to one cell in contact

with the injected cell) and most often did not leave the microinjected cell.

Regulation of connexÎD e~..pression and GJIC by growth inhibitol'S

Previously, our laboratory and others have demonstrated TGF-,B.. retinoic acid, and

cyclic AMP in1uDits cellular proliferation of MAC-T ceIls (Woodward et al., 1995,

Woodward et al., In Press; Hund and Sheffield, 1991, respectively). Dose response

curves revealed maximal growth inhibition by RA and TGF-,B occurred at 1~ and 40

pM, respectively. When MAC-T ceIls were treated with TGF-,B.. totaI Cx43 protein was

increased 2-2.6 fold as measured by PhosphorImager analysis of Western blots (Table

1 A). Similarly, retinoic acid (100 nM) enhanced faster migrating Cx43 species 1.9 fold

and phosphorylated Cx43 species 2.7 fold (Figure 6 A, B). Higher concentrations of

retinoic acid (10~ to 100 ~, where RA begins to cause cytotoxicity) inhibited

phosphorylated Cx43 species by up to 70% versus untreated cells. Interestingly, RA was

not cytotoxic at 1~, though Cx43 expression was reduced when compared to 100 nM

RA.
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Despite a preferential increase in phosphorylated Cx43 species, TGF-,8 (100 pM) and RA

(100 nM) did not appear to alter cellular distribution of Cx43 as observed by

immunocytochemical a.'1alysis (data not shown). Moreover, TGF-,8 (100 pM) or RA

(100 nM) did not enhance microinjected LY spread (Figure 7 A, B, D). However,

treatment with RA at 10 JLM, which is beginning to exert cytotoxic effects but is not

lethal, limited LY dye spread to first order cells or less (Figure 7 E) and resulted in the

disappearance of intercellular punctate Cx43 labelling (Figure 8 A, B). ln 10 JLM RA

treated MAC-T cells, Cx43 immunostaining was dispersed throughout the cytoplasm

(Figure 8 B). Concomitant with the 10ss of GnC by cytotoxic concentrations (Ianes E,

F) of RA was a decrease in phospborylated species of Cx43 (46 kD and 44 kD), and a

modest increase in Cx43 at 42 and 43 kD (Figure 6).

Similar ta TGF-,8 and RA, dibutyrl cyclic AMP (dbcAMP) increased total Cx43 by

approximately 2-3 fold (Table 1 B). Slower migrating Cx43 species were inereased by

dbcAMP 2.8 fold (1 mM), while faster migrating forms only inereased 1.6 fold. Unlike

RA or TGF-,8, dbcAMP caused a dramatic redistribution of Cx43 (Figure 9). Prior ta

dbcAMP treatment, MAC-T cells had a large pool of perinuclear Cx43. Following

dbcAMP (200 !LM 1 12 h) treatment, this intracellular pool is dramatically reduced.

Moreover, a consistent increase in cel: surface (intercellular) pünctate Cx43 was present

following dbcAMP treatment (Figure 9). Functionai coupling, as measured by spread

of LY was not significantly altered, however (Figure 7 C).
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DISCUSSION

Loss of connexin expression and gap junctional communication has been associated with

breast tumorigenesis by in vitro and in vivo studies (Nicolson et al., 1988; Lee et al.,

1992; Wilgenbus et al., 1992; Tomasetto et al., 1993). Recent muTine studies have

demonstrated a developmentally specific regulation of connexin expression in the

mammary gland; with peak connexin expression duTing lactation and minimal connexin

expression in virgin mammary glands or during involution (Monaghan et al., 1994; Pozzi

et al., 1995). Interestingly, gap junction expression, regulation and function have not

been examined in the bovine mammary gland, where normal mammary deve10pment and

function have been fervently studied for most of this century. Using a series of bovine

mammary epithelial and fibroblast ce11lines in this study, we establish the expression of

Cx43 in aIl these cells, and characterize their distinct ce11 specific immunolocalization.

AdditionaIly, our results indicate that expression of the SV-40 Large-T-antigen and

subsequent cellular 'immortalization' does not, in itse1f, limit connexin gene expression

or gap junctional communication. However, Large-T-antigen transfected ce11s that

display a transformed phenotype do have reduced connexin43 protein, altered Cx43

immunolocalization and decreased gap junctional communication. FinaIly, the present

st'Jdy examines the correlation between growth inhibition (by retinoic acid, TGF-p and

cAMP) and gap junction upregulation in bovine mammary epithelial ce11s.

Studies concerning gap junction proteins and their regulation in the ruminant mammary

128



•

...

gland are lacking. In recent years, however, normal rnouse, rat and human rnarnrnary

ceIls have been examined for connexin expression and gap junctionai corn-nunication

(Wilenbus et al., 1992; Monaghan et al., 1994; Pozzi et al., 1995). In these species,

sorne discrepancies stiIl exist between \ïhich connexins .ne expressed. Wilenbus and

coIleagues (1992) reported that normal breast epithelium and normal breast connective

tissue only show irnrnunoreactivity for Cx43, not Cx26 or Cx32. In rnouse rnamrnary

gland tissue, Monaghan and coworkcrs (1994) found no imrnunoreactivity for Cx43 or

Cx32 in any stage of rnamrnogenesis or lactogenesis. However, these researchers did

find irnrnunoreactivity tO Cx26 in rnamrnary tissue during pregnancy and lactation.

Another laboratory, recently reported the presence of Cx26 and Cx32 in rnouse and rat

mammary gland, but only during lactation (pozzi et al., 1995). AdditionaIly, Cx43 was

present in aIl stages of rodent rnamrnary exarnined and in the human breast

(nonpregnant), though irnrnunolocalization reveaied junctions between rnyoepithelial cells

and not secretory epithelial ceIls (pozzi et al., 1995).

Herein, we have identified by Western blot and irnrnunocytochernical analyses the

presence of Cx43: 1) in low passage primary epithelial ceIls and 2) fibrobIasts, 3) in

clonal epitheliaI and 4) fibroblast ceIl Iines, in 5) SV-40 Large-T-antigen transfected

epitheIiaI ceIls and in 6) SV-40 transfected and phenotypicaIly transformed fibroblast ceIls

from the bovine rnamrnary gland. Interestingly, Iittie difference in Cx43 total protein

was observed between primary ceIls and non transformed ceIl Iines, indicating that Cx43

expression is not a result of adaptation to culture.

129



•

•

Mammary epithelial cells (MAC-l) and MFB-TC fibroblasts were transfected with the

SV-40 Large-T-antigen to allow for extended passage in culture (immortalization) without

senescence or retarded proliferation (Huynh et al., 1991; Woodward et al., 1995). The

mechanism by which SV-40 Large-T-antigen confers 'immortality' can also alter growth

and differentiation responsiveness as weil as induce a transformed phenotype (Weinberg,

1991; Moses, 1992; Weinberg, 1995). MAC-T cells, however, do not express a

transformed phenotype, are growth responsive and growth inhibited and retain normal

epithelial properties (Huynh et al., 1991; MacDonald et al., 1994; Woodward et al.,

1994; Woodward et al., 1995). Similarly, MAC-T cells expressed Cx43 at levels

comparative to primary epithelial ceIls or c10nal non transfected epithelial ceIls (MEB-E).

Immunolocalization of Cx43 did, however, reveal increased perinuclear pools of Cx43

when compared ta nontransfected counterparts. Cx43 is still abundant at the cell surface

in MAC-T ceIls, and gap junctional communication is at least equal to GJIC in non

transfected epithelial cells.

Much data bas suggested that tumorigenesis in the breast and other tissues may inhibit

normal gap junctional communication (Nicolson et al., 1988; Holder et al., 1993; Neveu

et al., 1994; Wolburg and Rohlmann, 1995). In 1989, Edridge and colleagues reported

that immortalization, but not transformation, of human mammary epithelial ceIls by

benzo(a)pyrene induced decreased intercellular communication. Additionally, these

researchers found !hat tumorigenic mammary epithelial ceIls communicated ta a greater

extent !han normal or immortalized ceIls and hypothesized that 'immomlization' of

_t'Jmor cells may be responsible for the reduced gapjunctional communication often found
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transfection) with the oncogenic simian-virus 40 was also reported by Steinberg and

Defendi (1981). Additionally, Rosen and colleagues (1988) reported that SV-40 infection

and transformation decreased GJIC in human fibroblasts. We have previously reported

that identica1 transfections with SV-40 Large-T-antigen \)ften led to cellular

transformation in bovine mammary fibrob1asts, whereas no epithelial cells expressed a

transformed phenotype (Woodward et al., 1995). The nontransformed MAC-T cellline

were well coup1ed by gap junctions, des;>ite the expression of the Large-T-antigen.

However, bovine mammary fibroblasts tl'ansfected with the Large-T-antigen and

expressing a transformed phenotype did show decreased connexin expression and loss of

GJIC (Huynh et al., 1991; Woodward et al., 1995). Thus, our resu1ts are contradictory

to those of E1r1ridge and coworkers (1989), since we found immorta1ization in itself does

not inhibit connexin expression or GJIC, but induction of a tumorigenic phenotype did

inhibit connexin expression and arrest GJIC.

Loss or diminished gap junctional communication in tumor cells may correspond to loss

ofcontrol of cellular proliferation in the tllmor state. Severa! reports have indicated that

gap junctional communication may play an important role in regu1ating cellular

proliferation (Zhu et al., 1992; Hossain and Bertram, 1994; Mesnil et al., 1995). Many

studies have now demonstrated inhibition of cellular proliferation in tumor cells

transfected with gap junctional proteins (Eghbali et al., 1991; Mehta, 1991; Rose et al.,

1993; Bond et al., 1994; Lin et al., 1995; Mesnil et al., 1995). Gap junctional

communication and/or connexin expression bas been shown to be inhibited by tumor-
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promoting agents that increase cel1 proliferation (Krutovskikh et al., 1995) and enhanced

by agents that inhibit cellular proliferation (Chiba et al., 1994; Hossain and Bertram,

1994; Ren et al., 1994). Researehers have alse found similar correlations between

growth inhibition and gap junctional communication in non-transformed cells (Chiba et

al., 1994; Ren et al., 1994; Zhang and Thorgeirsson, 199.1).

These studies specifically address three agents that inhibit cellular proliferation and

analyze how they affect gap junctions and their regulation. Previously, we and others

have shown retinoic acid, cAMP and TGF-,81 inhibit cellular proliferation of mammary

cells (Hund and Sheffield, 1991; Woodward et al., 1995; In press). Other laboratories

have demonstrated that retinoic acid enhances connexin expression or GJIC (Chiba et al.,

1994; Hossain and Bertram, 1994; Bex et al., 1995). cAMP bas alse been shown to

enhance GJIC (Mehta et al., 1992). Results conceming TGF-,8 effects on GJIC are less

definitive, with studies demonstrating inhibition of GJIC (Albright et al., 1991;

Chandross et al., 1995) or stimulation of GJIC (Albright et al., 1991; Chiba et al.,

1994). However, TGF-,8 often exhibits opposing effects in dissimilar cells, generally

stimulating mesenchymal ceIl proliferation and inhibiting parenchymal cell proliferation

(Roberts and Sporn, 1990). We have demonstrated that aIl three growth inhibitors

examined: cAMP, retinoic acid, and TGF-,8 enhance total Cx43 protein expression in the

non-transformed MAC-T ceIlline. Though, only cAMP was able to substantially alter

immunolocalization of Cx43, causing increased punctate cell surface Cx43 labelling and

decreased cytoplasmic and perinuclear Cx43•
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• Despite elevated connexin43 expression following treatment with RA, cAMP or TGF-,B,

none of these growth inhibitors significantly enhanced transfer of microinjected Lucifer

YeUow. Recent evidence from our laboratory indicates that induction of quiescence by

serum starvation did not inhibit gap junctional communication in mammary cells, despite

substantial connexin downregulation (Sia et al., 1995). Therefore, we propose that

upregulation (or downregulation) of total connexin expression, increased maturation of

connexin and even increased cell membrane expression of gap junction proteins do not

necessarily alter GnC in weU coupled ceUs.

When growth inhibition affected cellular cytotoxicity, connexin expression,

phosphorylation and gap junctional communication were all inhibited. We have

previously reported that retinoic acid begins to cause cellular cytotoxicity at 10 ILM in

MAC-T ce11s, though significant ceU death does not occur untilloo ILM (Woodward et

al., In Press). At concentrations of 10 or loo~, RA decreased connexin43 expression,

disproportio•.ate1y decreased phosphorylated Cx43 species, eliminated cell surface Cx43

and arrested dye transfer in MAC-T ce11s. Although many studies have shown to.ùns

inhibit gap junctional communication at lethal doses, others have shown, as reported

here, sub-Iethal concentrations of Cylotoxic agents to inhibit GnC (Tateno et al., 1993;

Hu and Cotgreave, 1995). In fact, Cx43 expression was maximal in MAC-T cells

following RA treatment al 100 DM, while Cx43 quantities dropped at the non-cytotoxic

concentration of 1~. TGF-,B was not cytotoxic at concentrations lOQ-fold higher

than those that mest MAC-T ce11 growth (40 pM) (Woodward et al., 1995). Cx43

expression increased as TGF-,Bl concentrations were increased up untill0 pM TGF-,Bl,
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with no significant change occurring at higher TGF-{j concentrations. Therefore, TGF-{j

upreglllation of Cx43 nearly paralleled TGF-{j inhibition of growth.

Since allometric mammary gland growth and development occur during puberty,

pregnancy and lactation (Sheffield, 1988), gap junctional communication and its

regulation may he particularly relevant in the adult mammary glanà, as others have

demonstrated the necessity of GJIC in nonnal embryonic development (Wamer et al.,

1984; McLachin and Kidder, 1986; Reaume et al., 1995). We have provided the first

evidence in bovine mammary epithelial and fibroblast ce11s of functional ga~ junction

proteins (Cx43), that can he acute1y regulated by growth inhibitors. However, this

regulation by growth inhibitors does not always significantly effect function, i.e., GJIC.

We have also determined that immortaIization of ce11s does not inhibit GJIC, whereas

oncogenic transfonnation may strongly inhibit connexin expression, maturation, and

function.
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Figure 1: Western blot analysis of Cx43 in bovine mammary cells: (A) primary

fibroblasts, (E) clonai fibroblas~ (MFB-C), (C) primary epithelium. (0) clonai

epithelium (MEB-E) and (E) clonai SV-40 Large-T-antigen immortalized epithelial

ceUs (MAC-T). Note the presence of Cx43 species at 42,44 and 46 kD in ail cell

lysates. Lysates were adjusted to cel! number.
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Figure 2: ImmunolocaIization of Cx43 in bovine mammary cells: (A) clonaI non

transfecled MEB-E epitheliaI cells, (B) clonaI immortaIized MAC-T epitheliaI cells,

(C) clonaI non-transfected MfB-C fibroblasts cells. Note intercellular punctate

labelling in aIl cclI types, and increased perinuclear vesicular labelIing in MAC-T

cells. Bars = 10 JI.m •
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Figure 3: Dye coupling in (A) MEB-E epithelial cens, (B) MAC-T epithelial cens and

(C) MFB-C fibroblast cells. Cells were microinjected with Lucifer Yenow and dye

was allowed to spread for 10 min before fixation. Note that dye spread to at least 3rd

order cells in all ce11 types.
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Figure 4: Western blot (Fig. A) and PhosphorImager (Fig. B) analyses of total Cx43

in bovine mammary fibroblasts. Primary fibroblast populations (lane B) are compared

to clonai non-transfected MFB-C fibroblasts (lane A) and SV-40 I.arge-T-antigen

transfected MFB-TC fibroblasts (lane C) displaying a transformed phenotype. Note

the large reduction in the phosphorylated Cx43 species and the downregulation of

total Cx43 in transformed fibroblasts. ~ysates were adjusted to cell number.
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Figure 5: Immunolocalization of Cx43 (A) and dye trar.sfer (B ) in transformed

bovine mammary MFB-TC fibroblasts. Note the Jack of Cx43 immunostaining at

locations of cell-cell apposition and the appearance of punctate intracellular staining in

MFB-TC cells (A, arrows). Lucifer Yellow failed to transfer from the microinjected

cell (asterisk) to any neighboring cells (B) as observed by phase contrast microscopy

(C). Bars = la p.m•
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Figure 6: Western blot (Fig. A) and Phosphorlmager (Fig. B) analyses of total Cx43

in bovine mammary MAC-T epithelial cells treated with all-trans retinoic acid (RA).

Note an increase in ail species of Cx43 up to 100 nM RA (Iane C). Howevcr.

concentration above 100 nM RA result in a decrease in phosphorylated species.
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Figure 7: Dye transfer in MAC-T cens cultured in 1% FBS, untreated (A), or treated

with 100 pM TGF-,sl (B), 200 ",M dibutyrl cAMP (C), 100 nM ail trans RA (D) or

10,..M RA (E). Cells were microinjected with Lucifer Yellow and dye was allowed

to spread for 10 min before fixation. Note there is Iittle difference in dye transfer

except when cytotoxic concentrations of RA (E) were used, where dye transfer was

completely eliminated. Cells were imaged under identical conditions.
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Figure 8: Immunolocalization of Cx43 in untreated (A) and aIl trans RA (10 !LM)

treated (B) MAC-T cells. Note intercellular punctate labelIing in untreated MAC-T

cells (A) is completely eliminated in 10 !LM RA treated cells (B). Also. there is

diffuse intracellular labeIIing throughout the cytoplasm of RA treated celIs. CelIs

were imaged under identicaI conditions. Bars = 10 !Lm•
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Figure 9: ImmunolocaIization of Cx43 in untrealed (A) and dibutyrl cAMP (B)

treated MAC-T cells. Nole perinuclear Cx43 staining in untrealed MAC-T cells (A)

is loS! upon 12 h 200 /LM cAMP treatment. Cells were imaged under identical

conditions. Bars = 10 /Lm •
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Table 1. PhosphorImager analysis of Western blots (not shown) of ail Cx43 species

in bovine mammary epithelial ceUs (MAC-T) treated with TGF-,B, (A) or dibutyrl

cAMP (B). (A) TGF-,B treatment (10 pM) resulted in an increase in phosphorylated

and unphosphorylated expression of Cx43. (B) cAMP treatment also increased Cx43

expression, however, phosphorylated Cx43 species steadily increased as cAMP

concentrations increased from 1 JLM to ImM. Lysates were adjusted to ceU number.
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Transforming growth factor- /31
Concentration 0 1pM 10pM 100 pM 1nM

44-46 kD 1.0 1.0 2.6 2.1 2.0

42-43 kD 1.0 1.1 1.5 1.5 2.0

• A

dibutyrl cAMP
Concentration a 1J1M 10 J1M 100 J1M lmM

44-46kD 1.0 1.3 1.8 2.3 2.8

42-43 kD 1.0 1.4 1.6 1.6 1.5
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SUMMARY5

Gap junctional proteins, connexins, and gap junctional intercellular communication

(GJIC) were examined in chapter 5. Ali the fibroblast and epithelial cell !ines were

positive for connexin43 protein as determined by Western blot and immunocytochemical

analyses. These bovine mammary cells inc1uded the MAC-T cellline and fibroblast and

epithelial cell lines and primary cell populations èescribed in chapter 1. Western blot

analysis revealed that Cx43 expression was not significantly different between non

transfecte1 and SV-40 large-T-antigen transfected epithelial cells. Additionally, Cx43

expression was similar in primary cell populations when compared to cell \ines. AIse,

fibroblast and epithelial cells expressed similar levels of Cx43 protein when measured

by Western blot and quantified by Phospholmager analysis. One major change in Cx43

protein expression occurred when fibroblasts were transfected with the SV-40 Large-T

antigen and displayed a transformed phenotype. These cells had much lower Cx43

protein levels, especially mature Cx43 species that are involved in GJIC at the cell

surface. Similarly, these cells had no immunodectable Cx43 at the cell surface, but still

had minimal cytoplasmic Cx43 immunoreactivity as evidenced by immunocytochemistry.

Functional analysis of these transformed fibroblasts revealed no dye transfer, when

microinjected with Lucifer Yellow. Thus, transformation of cells, but not SV-40 Large

T-antigen transfection inhibited Cx43 expression and GJIC.
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AIl other ceIl Iines, MAC-T, MEB-E (FbE) and MFB-3 transferred Lucifer YeIlow to

at least third order ceIls from the microinjected cell. Dye transfer in these non

transformed epithelial and fibroblast ceIllines appeared to be limited only by dilution of

the dye caused by transfer. Since Cx43 protein levels and dye transfer was similar in

all non-transformed bovine mammary epithelial and fibroblast ceIls, we sought to

determine if these proteins had similar immunoloca1ization patterns. Staining with a

Cx43 primary antibody and immunofluorescent secondary antibodies and visualization

by immunofluorescent confoca1 microscopy reveaIed minimal differences in Cx43 protein

expression within a ceIl type (i.e. epithelial or fibroblast). Epithelial ceIls had weIl

defined Cx43 punctate staining at the cell surface (plaques). Most intracellular Cx43

staining in epithelial ceIls was perinuclear. Fibroblasts, had punctate staining at the cell

surface. However, fibroblasts also had intracellular punctate staining and ceIl surface

punctate Cx43 staining outside of intercellular contact areas. Thus, we have shown that

Cx43 is present in stromal and parenchymal bovine mammary cells and that

transformation of these cells May lead to diminished Cx43 protein expression and 1055

of Gnc. These data prompted US to examine if growth inhibitors discussed in chapters

3 and 4 could regulate this abundant protein.

TGF-pl (chapter 3), retinoic acid (chapter 4) and the second messenger cyclic AMP have

been shown by ourselves and others to inhibit MAC-T cell proliferation. By Western

blot analysis, all of these growth inhibitors enhanced total Cx43 expression by 1.5-3 fold

in MAC-T cells. Additionally, cAMP caused a preferentiaI increase in the
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phosphorylated forms of Cx43. Cyclic AMP and TGF-.s were not toxic (chapler 3), but

RA caused cytotoxicity at la ",M or higher (chapler 4). Interestingly, al la or 100 ",M

RA inhibited Cx43 expression and preferentially inhibited ils phosphorylalcd forms.

Immunocytochemistry revea1ed no major Cx43 alterations by RA or TGF-.s treatment.

though cAMP treated MAC-T ceIls showed decreased perinuclear Cx43 staining and

increased ceU surface Cx43 staining. Cytotoxic concentrations of RA eliminaled ceIl

surface Cx43. No difference was observed in dye transfer between control, RA. TGF-.s.

or cAMP treated ceIls whether ceIls were cultured in serum free media or 1% FBS

supplemented media. Retinoic acid (la JLM) eliminated Lucifer YeIlow dye transfer in

MAC-T ceUs.

Therefore. both stromal and epithelial mammary ceIls express Cx43 prolein.

Transformation of ceUs or ceIlular cytotoxicity causes downregulation of Cx43 and

decreased GTIC. Additionally, growth inhibitors increase Cx43 protein, especially

phosphorylated species. MAC-T ceIls, however, are weil coupled without growth

inhibitor treatment, even in serum-free conditions. Thus, these increases in Cx43

expression did not lead to increased GTIC as measured by transfer of Lucifer YeIlow dye.

Therefore, growth inhibitors may not increase GTIC in previously weIl coupled (by gap

junctions) MAC-T cells, but may effect GTIC in virgin or involuting mammary glands,

when connexin expression (in mice) is reportedly very low or nonexistant.
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CONCLUSION

SeveraI conclusions can be drawn from this thesis. Mammary cells, whether primary

populations, clonai lines, or clonaI immortaIized (by the SV-40 Large-T-antigen) cell

lines respond similarly to mitogens, growth inhibitors and have similar gap junctionaI

protein expression and GJIC. However, when these cells exhibit a transformed

phenotype, cellular proliferation, morphology, connexin protein expression and GJIC are

aIl effected. Interestingly, fibroblasts were preferentiaIly transformed by SV-40 Large-T

an.igen transfection when compared to epit:leliaI cells.

Bovine mammary epitheliaI cells proliferate in response to insulin and IGFs, and

undefined components in serum and serum aIbumin. However, many mammogens that

are weIl characterized in vivo or in o~her species do not affect isolated bovine mammary

epitheliaI cell proliferation. Most notably is the lack of responsiveness to EGF. This

was especiaIly intriguing since EGF is a major mitogen to mouse and human mammary

epithelium and has often been considered a patent mammogen in aIl species.

After a comprehensive investigation of bovine epithelial mitogens, we sought to

determine what factors inhibit proliferation of these cells. Autoregulated TGF-{J

. receptors were identified in bath epitheliaI and fibroblast cells, making them a likely

candidate. TGF-{Jl and TGF-{J2 bath arrested MAC-T cell proliferation at very low

concentrations (4 pM), but only inhibited fibroblast proliferation by 50% at much higher
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concentrations (1.28 nM). No differences in inhibition of cellular proliferation by TGF-~

were noted between SV-40 Large-T-antigen transfected fibroblas15 and non-transfected

fibroblas15. TGF-l3s effec15 were not cytotoxic and were reversible. Thus. TGF-13 is the

first physiological growth inhibitor identified that completely and reversibly arres15

bovine mammary epithelial cell proliferation.

Retinoids were next investigated, and retinoic acid was found to inhibit cellular

proliferation of MAC-T cells. Retinoic acid was cytotoxic at concentrations lQ-fold

higher than concentrations that maximally inhibit cellular proliferation. Additionally, RA

inhibition of cellular proliferation occurred following increased JGFBP-2 protein

expression and decreased IGFBP-3 protein expression into the media and at the cell

surface. This did not occur after TGF-13 treatment. Additionally, when MAC-T cells

were growth stimulated by IGF-I analogues that do not bind IGFBPs, RA does not inhibit

cellular proliferation. Therefore, RA appeared to inhibit cellular proliferation by an

IGFBP dependent pathway. TGF-13 inhibited cellular proliferation independent of IGFBP

expression. Moreover, RA induced growth inhibition did not persist for more than 4 d,

whereas TGF-13 arrest of cellular proliferation did not decrease even by 7 d. Therefore,

TGF-13 and retinoic acid inhibited cellular proliferation of bovine mammary epithelial

cells, but function through different pathways.

Finally, 1 sought to determine ifgrowth inhibition was correlated with increased connexin

expression and enhanced GJIC as others have postulated. Since 1) cAMP has been
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shown to enhance connexin expression and GJIC in many cells, and 2) others have

demonstrated this second messenger inhibits MAC-T cell proliferation, cAMP was used

in these triaIs in addition to TGF-/3 and retinoic acid. First, Cx43 expression was

demonstrated in bovine mammary epitheliaI and fibroblast cells, regardless of whether

they were transfected with a plasmid bearing the SV-40 Large-T-antigen. When cells

were transformed by the SV-40 Large-T-antigen, Cx43 expression was decreased and

GJIC eliminated. However, MAC-T cells (which are trnnsfected but not transformed by

the SV-40 Large-T-antigen transfection) had similar Cx43 protein quantities and GJIC

as non-transfected cells.

AIl growth inhibitors stimulated total Cx43 protein expression. Cyclic AMP increased

phosphorylated species of Cx43 more than unphosphorylated species. Cyclic AMP aIse

caused a shift in cellular loca1ization of Cx43 from a perinuclear pool to the cell surface.

No noticeable changes in immunolocaIization of Cx43 were observed following RA or

TGF-13 treatment. RA at cylotoxic concentrations inhibited Cx43 total protein,

preferentiaIly inhibited phosphorylated Cx43 species, eliminated cell surface locaIization

of Cx43, and abolished transfer of Lucifer Yellow dye. RA at non-taxic concentrations,

TGF-13 or cAMP did not affect dye transfer.

Thus, growth inhibition is correlated with an increase in Cx43 protein. However, when

growth inhibitors are at or near cytotoxic concentrations, Cx43 protein expression and

GJIC are inhibited. AIse, SV-40 Large-T-antigen induced transformation inhibits Cx43
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protein expression and GJIC. MAC-T cells do not have decreased GJIC when cells are

serum-starVed and subsequently growth inhibited. Likewise. although RA. TGF-,8 and

cAMP increase Cx43 protein expression; these increases do not translate into enhanced

GJIC. Thus, a correlation exists between growth inhibitors and connexin expression in

the mammary gland. This thesis provides compeIIing in vitro evidence to these emerging

fields of research. Previous to the research presented in this thesis, studies conceming

1) onc or 2) the effects of RA, TGF-,8, or mitogens on bovine mammary epithelial cells

and fibroblast cells were absent. However, there is now an emergence of interest in

bovine mammary ceil culture and the action of retinoids and TGF-,8 on bovine mammary

epithelial ceIIs.
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Contributions to Original Knowledge

The results presented in this thesis represent the following contributions to original

knowledge.

Chapter 1

This is the first report describing characteristics of isolated or clonai fibroblasts from the

bovine mammary gland. Additionally, cellular transformation was induced by

transfection with the SV-40 Large-T-antigen only in mammary fibroblasts and not

mammary epitheJiaI cells.

Chapter2

This is the only existing report of the identification of direct acting mitogens on a clonai

bovine mammary epitheIiaI cell line. The data presented in this chapter describes the

direct role of EGF in the bovine mammary gland. Previously, EGF had only been

postulated to effect bovine mammary epitheIiaI cell proliferation. Furthermore, it is

demonstrated that mEGF or hEGF is ineffective in aItering proliferation of clonai or

primary bovine mammary epitheJiaI cells.

Chapter3

The potent growth inhibitory effects of TGF-pl and TGF-fJ2 on bovine mammary cell

proliferation were demonstrated. There are no previous reports describing any aspect
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of TGF-,8 action in the bovine mammary gland and its cellular constituents in vivo or in

vitro. This repo~ also identifies TGF-,8 receptors in the bovine mammary gland for the

first time.

Chapter4

Retinoic acid was demonstrated to transiently inhibit bovine mammary epithelial œIl

proliferation in this study. No reports have examined how retinoids affect mammary œIl

proliferation in any species previously. Additionally, this study has established the

involvement of a novel IGFBP pathway in retinoic acid induced mammary epithelial œIl

growth inhibition.

ChapterS

Connexin43 expression was identified in bovine mammary epithelial œIls and fibroblasts.

Gap junctional communication also occurred in all non-transformed cell types.

Transformation of fibroblasts induced by SV-40 Large-T-antigen transfection inhibited

connexin43 expression, preferentially decreased mature (phosphorylated) connexin43

species and eliminated GJC in these œIls. Connexin43 protein was increased by all

growth inhibi1ors, though GJC was not altered by any growth inhibitors. Previously,

no studies regarding any aspect of GJC in the bovine mammary had been reported.

Also, this is the first study 10 correlate growth inhibition (induced by several

independently acting growth inhibitors) and connexin expression•
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