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ABSTRACT
Bovine fibroblasts and epithelial cells were isolated from surgically biopsied mammary
tissue. Characterization of population doubling {ime, cytoskeletal intermediate filaments,
cryopreservation survival, and viability were performed on all fibroblast and epithelial
cells. Severzl 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 subsequently

selected with G418 sulfate and cloned.

MAC-T cells and non-cional primary bovine mammary epithelial cells proliferated in
response to IGF-I, insulin, serum and serum albumin. MAC-T celis did not proliferate
when cultured in EGF, estrogen, progesterone, estrogen-+progesterone, growth hormone,
prolactin, and only modest proliferation was obtained after TGF-« 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-8 receptors were characterized in MAC-T cells and normal fibroblasts. Affinity
labelling studies revealed that MAC-T and MF-2 cells contained type I, II, and III
autoregulatable receptors. Fibroblast proliferation, was inhibited 50% by TGF-8. TGF-
8 inhibited MAC-T cellular proliferation at concentrations among the lowest ever

reported, EDs, = 4 pm. TGF-$ was not cytotoxic at concentrations 1000-fold higher.



Retinoic acid (RA) also inhibited proliferation of MAC-T cells. Inhibition of
proliferation did not occur when cells 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 cells into media and on the cell’s membrane. RA was

cytotoxic at concentrations 10-fold higher than ED,,.

Fibroblasts and epithelial cells expressed the gap junction (GJ) protein, connexin43, with
transformed fibroblasts expressing significantly less connexin43. Perinuclear and cell
surface connexin43 was immunodetected in epithelial and fibroblasts cells. TGF-8, RA
or cAMP, increased connexin43 protein expression, especially phosphorylated species.
Only cAMP noticeably altered 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, connexind3, without increasing GJ

communication.



Résumé

Les fibroblastes mammaires bovins et les cellules épithéliales ont ét€ isolés de tissus
provenant de biopsies chirurgicales. La caractérisation du temps de doublement de
population, des filaments intermédiaires cytosquelettiques, de survie A la congélation et
de viabilité a été faite sur tous les fibroblastes et cellules épithéliales. Plusieurs lignées
cellulaires de fibroblastes ont ét€ cotransfectées avec le large Antigene-T de SV-40 et le

plasmide pSV-2néo, sélectionnées et clonées.

Les cellules MAC-T et les cellules épithéliales mammaires bovines primaires non-clonées
proliferent en réponse 2 1'IGF-I, I'insuline, le sérum et 1’albumine sérique. Les cellules
MAC-T ne proliferent pas en culture en présence ¢’EGF, d’estrogene, de progestérone,
d’estrogeéne+ progestérone, d’hormone de croissance, de prolactine. Une croissance
modérée est obtenue suite au traitement avec TGF-alpha. Subséquemment, ie sérum,
I'insuline ou I'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-8 ont été caractérisés dans les cellules MAC-T et fibroblastes
normaux. Les études de marquage d’affinité révlent que les cellules MAC-T et MF-2
contiennent les récepteurs autorégulés de types I, II et III. La prolifération des

fibroblastes est inhibée de 50% par le TGF-8. Ce demier inhibe Ia prolifération des



cellules MAC-T 2 des concentrations parmi les plus basses rapportées (ED50=4pM)

alors qu'il ne présente aucun effet toxique a des concentrations 1000 fois supérieures.

L’acide rétinoique (AR) inhibe aussi la prolifération des cellules MAC-T. L’inhibition
n’apparait pas quand la croissance cellulaire est simulée par des analogues de IGF-I ne
se fixant pas aux protéines liantes de I'IGF (IGFBP). Contrairement au TGF-8, le
traitement au AR augmente ’expression des protéines IGFBP-2 alors qu’elle diminue les
IGFBP-3 dans le milieu et 2 la surface cellulaire. L’acide rétinoique est cytotoxique 2 des

concentrations 1Q fois supérieure 2 ED100.

Les fibroblastes et cellules épithéliales expriment la protéine de jonction (GJ),
connexind3, les fibroblastes transformés en exprimant beaucoup moins. La connexind3
périnucléaire et de surface est immunodétectée dans les cellules &pithéliales mais les
fibroblastes présentent moins de connexin43 périnucléaire. Le TGF-8, le AR ct ’AMPc
augmentent 1’expression de la connexin43, spécifiquement les espéces phosphorylées.
Seul ’AMPc altere I'immunolocalisation, causant un déplacement 2 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-8 et AR suivant des mécanismes distincts et tous deux augmentent de fagon

sigificative la connexind3 sans altérer significativement la communication GJ.
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INTRODUCTION AND REVIEW OF LITERATURE

I. 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 concerned 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.

IoI. MAMMARY GLAND BIOLOGY

The mammary gland has intrigued researchers from many disciplines for decades. The
magnitude and di;rersity of research generated by a single gland only found in mammals

can basically be attributed to 4 disparate subdisciplines.



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 to heritable breast cancer, has spurred many researchers
to study this gene and its protein product, as well as, search for other genes involved in
breast cancer (Easton et al., 1993). However, the majority of breast cancer cases are not
familial. In fact, BRCA1 represents only 5-10% of all 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 endocrine/paracrine/autocrine function, receptors, cell
communication/attachment, 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 Milk Production
Success in improving milk production has far exceeded expectations. In the early
nineteenth century, average annual milk yields of dairy cattle were approximately 2000
liters/cow, by 1965 this figure had risen to 3600 liters and today North American
standards are approximately 6500 liters/year, with the Pacific regions reporting an 8500

liters/year average (U.S. department of agriculture, dairy situation and outlook reports,



1965 and 1990; Cowie et al., 1980). However, 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 to achieve these increases. The recent approval by the Food and Drug
Administratior. (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 celi to

secrete milk proieins, carbohydrates and lipids.

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 dollars/year in North
America (Lightner et al., 1988; DeGraves and Fetrow, 1993). Mastitis results when
bacteria (especially: 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
ircluding immunotherapy, management, decreasing response to pathogens (limiting

resultant oxidative stress, swelling), and enhancing tight junction function (DeGraves and



Fetrow, 1993; Erskine, 1993; Miller et al., 1993; Shearer anc Harmon, 1993; Tvler et
al., 1993; Harmon, 1994; and Kirk et al., 1994). Mastitis research probably has the least
relevance to cellular proliferation and its control, however, cell-cell interactions are
important in preventing mastitis, impeding its progression and improving mastitis

treatment.

D. Altering Milk Composition
Advances in targeted expression of transgenes has resulted in the appearance or
livelihood of numerous biotechnology companies, government and university laboratories
attempting to convert the mammary gland into a massive bioreactor. The mammary
gland has been targeted as an alternative to prokaryotic in vitro bioreactors, since
mammary epithelial cells can 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 can readily be harvested without harm to the
animal. Furthermore, others have reported milk is a poor source of proteolytic enzymes,

which can 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 also interested in modifying the composition of

milk for various purposes: increasing or altering the protein content, making‘a natural



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 animals 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

to eventually overcoming these obstacles (Henninghausen, 1992),

. ACCESSING MAMMOGENIC AND MAMMOSTATIC AGENTS: IN VIVO &

IN VITRO METHODS OF MEASURING MAMMARY CELL PROLIFERATION

Discernment of direct acting primary mitogens and primary growth inhibitors from
secondary or tertiary regulators of mammary growth is inherently 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,
explant cultures have an unknown composition of cell types; including, epithelium,
fibroblasts, myoepithelium, endothelium, adipocytes, mast cells, plasma cells and cells
from the circulation. Explant cultures are often static in growth and suffer from cellular
hypoxia (Banerjee et al., 1976; McGrath, 1987). A more defined method for measuring

cellular response to mitogens is primary cell culture. Primary cells are isolated from



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 surgical 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
clonal cell lines. The isolation, cloning and characterization of the major cell types
within the mammary gland have circumveated many of the difficulties inherent with in
vivo, explant and primary cell culture. However, maximal utilization of cell lines are
only possible when the cells are able to be cultured for extended periods of time or have
been ‘immortalized’. Cell lines offer researchers the ability to study individual cell types
or specific cell combinations. Additionally, individual extracellular matrices,
combinations of purified extracellular matrices, or extracellular matrices isolated from
the mammary gland (Wicha et al., 1979; Wicha et al., 1982) can readily be used; thus,
delineating how each cell type or extracellular matrix contributes to a particular growth

factor’s or growth inhibitors’ actions.

IV. ESTABLISHED MAMMARY CELL LINES

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

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



al., 1994; Rochefort, 1994; Sobek et al., 1994). These include, breast tumor lines with
or without estrogen, progesterone and epidermal growth factor (EGF) receptors. Breast
cancer cell lines that do or do not respond to other growth factors and vitamins, celis
from benign, tumorigenic, metastatic or aggressive metastatic tumors of the breast have
also been reported. Far fewer normal breast cell lines exist and fewer lines still retain
differentiation properties in culture (Huynh et al., 1995). The most commonly used
normal breast epithelial cell line, the HBL-100 line, was originally reported to synthesize
and secrete caseins, and thus show some degree of functional differentiation {(Gaffney,
1982). However, substantial drift has occurred in this cell line and a more recent study
has demonstrated that the HBL-100 cell line lacks estrogen and prolactin receptors and
does not secrete caseins (Laherty et al., 1990). A myriad of epithelial and fibroblast cell
populations and lines have been described in recent years, but few have been well
characterized. In fact, only the murine mammary epithelial cell line, Comma-1D, has
been reported to synthesize appreciable amounts of casein (Danielson et al., 1984).
Unfortunately, subcloning of this line revealed several cell types, and prolonged passage

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

Regardless of the suitability of these cells for modeling lactation, researchers from human
or bovine fields studying normal mammary gland biology have, however, benefitted from
two mammary epithelial cell lines of murine origin, the Comma-1D and NMuMg cell
lines. Both cell lines are reportedly spontaneously immortal non-transformed murine

mammary epithelial cell lines (Sizemore, 1979; Danielson et al., 1984). In addition to



questionable functionality (NMuMg) and oncogenic state (Comma-1D), using these
murine cell lines to 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 cell lines. Both of these lines were epithelial, the MAC-T cell line
and the PS-BME line (Huynh et al., 1991; Gibson et al., 1991, 1992). Additionally,
both lines have been reported to morphologicaily and functionally differentiate in culture
when plated on the appropriate extracellular matrix and in the presence of lactogenic
hormones. The MAC-T cell line was transfected with a plasmid bearing the simian
virus-40 Large-T-antigen, the expréssion of which has allowed continuous culture. The
PS-BME, like the NMuMG and Comma-1D murine cell lines was reportedly
spontaneously immortal. Unfortunately, the PS-BME line was later determined to be
murine in origin and most likely originated from the Comma-1D or NMuMG cell lines
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 cell line was

reported (Huynh et al., 1995), that has not yet been distributed or well characterized.



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 cell lines 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 cell lines, a single cell line
taken from a single mammary gland is not representative. Thus, the availability of a
single epithelial cell line has limited in vitro modelling of the bovine mammary gland.
Also, the lack of stromal cell lines is particularly limiting 2s 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. Mitogens (Mammogens)
Bovine mammogenesis in vivo occurs in response to estrogen, progesterone, and growth
hormone. However, human, murine and bovine studies have demonstrated that none éf
these hormones directly affect mammary epithelial cell proliferation. Growth hormone
(somatotropin) exerts its mitogenic effects on mammary epithelium through insulin-like

growth factor-I (IGF-I or somatomedin-C), most of which is synthesized in the liver



(Burton et al., 1994). However, the seemingly simple growth hormone/IGF-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 autocrine/paracrine 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 grewth, increased synthetic capacity
of individual cells, 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 involved in increased milk synthesis/secretion elicited by treatment of dairy
cattle 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 well studied hormone or

growth factor in the bovine animal.

Comparatively, little is known about the mechanisms of action of ovarian steroids on
bovine mammary tissue. Estrogen and progesterone are known to elicit mammary
growth and development in vivo, but do not have direct effects on bovine mammary
epithelium (Woodward et al., 1993) and may function by a paracrine pathway

(Woodward et al., 1992). The direct effects of many more growth factors/inhibitors,
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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 well as mitogenesis. In the murine
and bovine mammary glands, growth hormone, IGF-1, IGF-II, EGF, TGF-a, thyroxine,
triiodothyronine, corticosteroids, acidic and basic FGF, insulin, estrogens, progesterones,
fatty acids, albumin and other cytokines have all been identified as mammary cell
mitogens (Tucker, 1981; Akers, 1985, 1991; Oka et al., 1991). In sharp contrast, only
a single growth inhibitor has been well characterized in the bovine mammary gland, aptly
named mammary derived growth inhibitor (MDGI) (Grosse et al., 1992). Two major
growth inhibitors have been well characterized in mouse mammary epithelium: MDGI
and the TGF-8s (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,
development and subsequent lactation potential, important to the dairy industry. While,
absence of mammogenic regulators could result in uncontrolled cellular proliferation and

turnor formation, important for clinical oncology.
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V1. SPECIFIC GROWTH INHIBITORS OF MAMMARY CELLS

Control and regression of breast tumor proliferation is a goal of all researchers studying
breast cancer. As a result of this, researchers have identified many growth inhibitors of
mammary tumor 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-8s), 2) retinoids and/or carotenoids, 3) vitamin
D, and 4) mammary derived growth inhibitors (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 hibitory effects of vitamin 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 has focused on tumorigenic mammary cells. Only TGF-8 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 (MDGI)
MDGI was originally purified from the bovine mammary gland (Grosse et al., 1992).
Consequently, much research has been conducted in the bovine mammary gland or using
bovine mammary tissue or cells in vitro. MDGI is a member of the fatty acid binding
protein (FABP) family. Synthesis of MDGI by bovine mammary epithelium has been
demonstrated by in vivo and in vitro trials (Erdman and Breter, 1993; Huynh and Pollak,
1995). Additionally, MDGI has been reported to be regulated by lactogenic hormones,
maximally expressed at peak differentiation and to inhibit proliferation of mammary
epithelial cells (Grosse et al., 1992; Huynh and Pollak, 1995). Interestingly, growth
inhibition did not occur in MAC-T cells unless these cells were previously serum starved
and synchronized in G, (Zavizion et al., 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 determined that MDGI specifically inhibits mammary epithelial cell proliferation,

while stromal cell proliferation was not inhibited (Yang et al., 1994).

In addition to a detailed examination of effects of MDGI on growth and differentiution
in the bovine mammary, others have cloned and characterized the cDNA for MDGI and
determined that an 11-amino acid sequence in the COOH terminus of MDGI is

responsible for its growth inhibitory actions (Treuner et al., 1994; Yang et al., 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 et 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 well understood inhibitor of bovine mammary cell proliferation.

B. Transforming Growth Factor-Beta (TGF-g)
TGF-g is a family of 5 polypeptide growth factors, designated TGF-8,, TGF-8,, TGF-8,,
TGF-8,, and TGF-8;. However, only TGF-8,, -8, and -8; are expressed in mammals
(reviewed in Roberts and Sporn, 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 physiological response, though isoform variability in degree of response has 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 of expression
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(Massague, 1990).

All TGF-8s bind to three major TGF-8 receptors, designated type I, type Il and type III.
The cDNAs for these receptors have been cloned (Roberts and Sporn, 1990). The type
IIT (betaglycan) receptor is a transmembrane proteoglycan with a short cytoplasmic
domain that has been postulated to enhance binding of TGF-8 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 serine/threonine kinase signaling receptors (Lin et

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

Aithough MDGI is the best documented inhibitor of cellular proliferation in the bovine
mammary gland, TGF-8 has generated recent interest regarding its role in controlling
normal mammary cell proliferation and mammary gland development in the mouse
(Silberstein and Daniel, 1987; Daniel et al., 1992; Jhappan et al., 1993; Robinson et al.,
1993). In the murine mammary gland, TGF-8 reversibly inhibits ductal growth, while
alveolar morphogenesis is not inhibited (Silberstein and Daniel, 1987; Daniel et al.,
1989). Additionally, TGF-8 is present in a latent form (acid/protease activated), in the
extracellular matrix surrounding ducts and ductules of the murine mammary gland
(Robinson et al., 1991; Daniel and Robinson, 1992). Ductal side branching appears to
occur exclusively in areas devoid of TGF-8 activity. Thus, TGF-8 appears to play a
major role in controlling growth, morphogenesis and development in the murine

mammary gland.

15



TGF-8 has also been reported to control differentiation of murine mammary epithelial
cells. Robinson and coworkers (1993) found that explants from pregnant mice have
reduced B-casein expression following exogenous TGF-§ treatment.  Jhappan and
colleagues (1993) created a series of transgenic mice overexpressing TGF-8,. These
mice not only showed impaired alveolar development and function, but exhibited greatly
diminished lactation functionality as expressed as 2 unit of alveolar cells present. Thus,
in addition to the marked growth and development inhibitory properties of TGF-8 in the
murine mammary gland, several laboratories have demonstrated that TGF-8 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-8 containing media, morphological and functional transdifferentiation is induced
{Miettinen et al., 1994). NMuMg cells became fibroblastic after TGF-8 treatment in this
study as measured by 1) morphology, 2) cytoskeletal proteins, 3) production of
extracellular matrices, and 3) loss of epithelial specific cadherins. The epithelial to
mesenchyme transition supports the role of TGF-£ in inhibiting mammary epithelial cell

function/differentiation by inducing a change in cellular phenotype.

Knowledge of TGF-8 action in the bovine mammary is very limited. TGF-8, and TGF-
£, have been identified in bovine milk and colostrum (Cox and Burke, 1991; Jin et al.,
1991; Tokuyama and Tokuyama, 1993). All three mammalian TGF-8 isoforms are

expressed in both the non-lactating and lactating 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-g inhibits milk protein
synthesis, there have been no reports on the action of TGF-8 nor have TGF-8 receptors
been characterized in bovine mammary tissue or cells. If TGF-8 behaves similarly in
the bovine mammary gland as it does in the murine, TGF-8 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
Animals are not capable of de novo 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 8-carotene absorbed by the
small intestine is cleaved by carotene 15,15°-dioxygenase, presumably in the cytosol of
enterocytes, to yield two all trans-retinals (Ross, 1993). Subsequently, retinal can be
converted to either retinol or retinoic acid. Alternatively, retinyl esters can be obtained
directly from a meat, milk or egg diet. Retinyl esters from the diet can be hydrolyzed
directly to retinol in the intestine. Retinol is the primary form of vitamin A in
circulation. Retinol and retinyl esters, are transported in the circulation by retinol
binding protein (RBP) and retinol is transported interstitially by a distinct RBP,

appropriately termed interstitial RBP. Retinol is esterified with palmitic or stearic acid

17



in the liver (Olson, 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 transporied
intracellularly 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, all-trans-RA binds to retinoic acid
receptors (RARa, RARB, RARY), 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, tissue plasminogen activator,
oxytocin, growth hormone, laminin 8, as weil as in their own RARs and CRBPs
(DeLuca, 1991; Richard and Zingg, 1991; Smith et al., 1991; Bulens et al., 1995; Lee
etal., 1995). Additionally, 3 more nuclear receptors, RXRa, RXRS, RXRy, bind 9-cis
RA, and can bind their own RARE or facilitate RARSs binding to RARE as a heterodimer
(Zhang and Phahl, 1993). Interestingly, 13-cis RA does not bind RARs nor RXRs

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

Regulation of retinoic acid is not limited to the intestinal and hepatic 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-less nuclear ‘orphan’ receptors have been cloned, 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 complexity of

regulation of RA induced gene transcription.

ii. Retinoids and Mammary Gland Function
Retinoids inhibit the proliferation of many mammary carcinoma cell lines and may also
inhibit breast tumor promotion and progression (Lacroix and Lippman, 1980; Fontana
etal., 1991; Adamo et al., 1992; Decensi et al., 1993; Halter, 1993; and Shemer et al.,
1993). Toxic effects of retinoids have limited their therapeutic usage (David et al.,
1988). Excess retinoids cause: 1) mucocutaneous side effects, 2) abnormal lipid profiles
in sera, 3) liver toxicity, 4) teratogenic effects (all but eliminating use by pregnant and
nursing mothers), and 5) permanent idiopathic hyperostosis skeletal abnormalities (for
review see, David et al., 1988). However, now more than 3000 naturally-occurring and

synthetic vitamin A analogues have been described, many of which have little or no
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major side effects in vivo (Lippman et al., 1987; DiGiovanna, 1992; Amold et al.,
1994). With the advent of these new retinoids has came a surge in retinoid interest in
controlling tumor mammary cell proliferation and several 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 myoepithelial line
and minimal inhibition (13%) in the breast epithehal line, HBL-100 following RA
treatment. Although the HBL-100 cell line was originally reported to be ‘normal’, more
recent evidence has demonstrated HBL-100 cells cause tumors when transplanted into
nude mice (Ohaliwal et al., 1990). Additionally, as previously stated, this line lacks
estrogen and prolactin receptors and does not secrete casein (Laherty et al., 1990).
Sixteen years after Lotan’s study (1979), Lee and colleagues (1995), have shown non-
clonal 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-Holm-Swarm sarcoma in a growth factor and hormone
enriched, BSA containing media, is the only examination 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 f-carotene
affects mammary development, mammogenesis and lactogenesis in vivo, results are
inconsistent. Studies that have limited vitamin A or 8-carotene intake, have encountered
other endocrinological 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 cattle with -
carotene and demonstrated both 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 has prevailed.

VII. 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. Cellular communication occurs at many levels: autocrine/paracrine signals,
extracellular matrix signals from homotypic or heterotypic cells, gap junctions and
various contact mediated reponses from: desmosomes, calcium dependent (cadherins) and

independent (CAMS} cell adhesion molecules, and zonula occuldens.

Gap junctions are channels that allow for the direct passage of small molecules (Ca’*,

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 fr_om
another cell. Each connexon is formed by six polypeptides (connexins) arranged in 2
hexamer, forming a central pore (Beyer et al., 1993). ‘Closed’ connexons are
transported to the cell surface and aggregate into clusters termed ‘plaques’ as junctions
are beginning to form 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, several studies
have identified that different connexins can occur in the same gap junctional plaque and

they can form heteromeric hemichannels (Traub et al., 198%; Stauffer, 1995,

respectively).

B. Regulation of Gap Junctional Communication
Regulation of gap junctional communication is multifactorial, dependent upon: synthesis,
assembly, transport, insertion of connexins/connexons, formation 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 half life 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



junctions also 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 cytoplasmic
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 example, at the onset of labor in
mammals, Cx43 protein increases 50 to 100-fold in the uterus, whereas Cx43 mRNA is
only amplified 5-fold (Beyer, 1993). Interestingly, the regulation of connexirn gene
expression in the liver, carcinogenic 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, but dynamic system with connexins having

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

C. Gap Junctional Communication: General Function and Mammary Gland

Function

Gap junctions permit homologous cell communication, via trans-membrane pores. The
purposes of this type of communication are extensive. Gap junctions can magnify

cellular responses to external and internal stimuli by transmitting second messengers, ions
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and metabolites from one cell to another. In addition to amplifying hormone/growth
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 electrical impulses through gap junctions. Alternatively, 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 extracellular environment and the cell.

It has been demonstrated that adhering junctions, 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). Alternatively,
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 nearly every tissue and cell type examined in
multicellular organisms (Holder et al., 1993). Data concerning heterologous gap
junctional communication are not as clear, as several 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 Kam, 1985, respectively). Lack of

heterologous GJIC is important in allowing the transfer of molecular and hormonal
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signals between homologous cells and preventing other celils to receive these messages.
It is casy to recognize the impertance of separating intercellular signalling in
heterologous cells so external stimuli affect only one group of cells. For example,
muscle and nerve cells transmit intercellular signals by GJIC. Lack of GJIC
communication barriers, could cause unplanned stimulated of other nerves, muscles or

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

In mammary parenchymal tissue, gap junctions are believed to be important in 1)
transmitting oxytocin signals from one myoepithelial cell to adjoining myoepithelial cells
to cause a synchronized contraction enabling efficient milk let down, and 2)
synchronizing epithelial cells to responses of mammogenic and lactogenic hormones
enabling magnification and averaging of hormones/growth regulators/lactogens and even
extracellular matrix signals (Monaghan et al., 1994; Pozzi et al., 1995). Several reports
have identified that stromal cells may modulate epithelial cell proliferation or
differentiation by transmitting paracrine pgrowth factors after blood bome
hormones/growth factors bind the stromal cell. Therefore, gap junctional
communication is equally important in these cells, not only for their own
growth/differentiation, but also for their subsequent influence on epithelial cells by

paracrine mechanisms.

Few reports have described gap junctional 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 dramatically 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 expressional levels 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 has not been examined in the bovine mammary gland by in vivo or in

vitro methods.

D. Cellular Proliferation and Gap Junctional Communication
Loss of cellular homeostasis leads to cancer and disease states. This has been well

documented by several proto-oncogenes, pS3, p10SRB and pp60c-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). Several key observations have provided compelling evidence that
gap junctions are involved in the regulation of cellular 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-deficient tumor cell lines with plasmids bearing connexin26, connexin32
or connexin43 results in both a decreased rate of cellular proliferation and a reversal 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
mRNAs expressed in normal breast epithelial cells, but not in breast tumor cells led to

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

Another important link to gap junctions and control of celiular proliferation involves
connexin trafficking during the cell cycle. Gap junctions are subject to 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, connexind3 protein content is decreased by 95%, as measured by Western
blotting (Sia et al., 1995). However, gap junctional communication is not 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 and sustains the effect of
growth inhibitors across mammary epithelium by allowing transfer of their second
messengers and metabolites. Reciprocally, growth inhibitors that do not canuse apoptosis
or cellular toxicity, upregulate gap junctional communication. Conversely, toxins should
inhibit gap junctional communication, to prevent intercellular spread of these potentially
lethal toxins. The increase in gap junctional communication following reversible growth
inhibition should function to: I) increase mitogenic responsiveness to cells in a quiescent
state that may be lacking appropriate nutrients/growth factors to proliferate, 2) maintain
a syncytium of homeostatic cells, or 3) maximize effects of lactogenic hormones on

cellular differentiation.



VIII. SUMMARY AND RESEARCH PROPOSAL

This thesis examines how direct regulators of mammary epithelial cell proliferation
function, and whether their function alters gap junctional communication. Growth
inhibition studies will concentrate on TGF-8s and retinoids, since they have been largely
ignored in the bovine mammary gland. The thesis is divided into 5 paper-formatted
chapters. The first chapter, details the development of mammary epithelial and fibroblast
cell lines and their isolation, cloning and characterization. Additionally, this chapter
describes transfection of these cell lines with an ‘immortalizing’ oncogene. The cell lines

described in chapter 1 are utilized as in vitro models throughout the remaining chapters.

Chapter 2 characterizes the growth responsiveness of mammary epithelial cells 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 epithelial 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 cells

directly.

Chapter 3, characterizes, for the first time in the bovine, the potent growth inhibition by
TGF-A1 and TGF-82. The effect of these growth inhibitors 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-8, since other laboratories have shown that the expression
of several oncogenes including the Large-T-antigen may interfere with TGF-8 action.
Additionally, Chapter 3 details the receptors involved in TGF-8 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 ime in any species.
Additionally, a novel proposal for the mechanism of inhibition of cellular proliferation

by retinoic acid is described.

In Chaper §, connexin protein type and localization are characterized in bovine mammary
fibroblasts and epithelium. Gap junctional communication and connexins have not
previously been examined in the boviae 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
immunohistochemical and biochemical analysis. We also propose a relationship between
a class of physiological 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-8 and RA and relate this growth inhibiton to gap junctional

communication.
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CHAPTER 1

Isolation, cloning, immortalization and characterizaiion of

bovine mammary epithelial and fibroblasts cells.

INTRODUCTION

Research regarding hormonal control of mammogenesis and Iactogenesis in the bovine
animal has been dominated by in vivo studies, and explant 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, progester..'s, 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, etc. 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 of cells, 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 clonal bovine mammary epithelic: cell line has been well
characterized. This cell line, MAC-T, is a mammary epithelial cell ine 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
physical 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
to epithelial cells (Akers, 1990; Woodward et al., 1993). Instead, epithelial cells are
separated from the adipose tissue by a 100 uM or larger expanse of stromal cells, the
vast majority of which are fibroblasts (Woodward et al., 1993). Therefore, we have

chosen to 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,
cloning, ‘immortalization’ and characterization of bovine mammary epithelial and

fibroblast cells.

MATERIALS AND METHODS

Hormones, Enzymes and Culture Materials

All culture reagents, media, serum, and enzymes were obtained from GIBCO BRL
(Burlington, Ontario, Canada) and Becton Dickinson (Viile St. Laurent, Quebec,
Canada), unless otherwise noted. The collagenases, 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. Hair was shaved from the area selected for incision and the
skin was scrubbed with iodine. The animals were given a general anaesthetic of
Xylazine (100 mg/ml; Rompum®, Mobay Corporation, Shawnee, KA, USA) at 0.2 ml

i.m. (caudal to the scapula) and 0.1 ml i.v. (via the jugular).

An electroscalpel was used to cut the skin and cauterize small blood vessels. An incision
of approximately 4 cm was made immediately dorsal to the teat on the lateral side of the
udder. A mass of fascia and attached parenchymal tisste was removed using sterile

forceps and immediately placed in sterile complete medium (Medium 199/DMEM
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mixture containing 10% FBS, 100 IU/ml penicillin G sodium, 10 pg/mi streptomycin
sulfate, 25 pg/ml amphotericin B, 50 ug/ml gentamicin, 10 pg/ml bovine insulin, 1
pg/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 two scalpel blades and transferred to 75 ml dissociation
solution (HBSS with 30 mM HEPES, 12.2 mM glucese, 100 IU/ml collagenase type XI,
100 IU/ml collagenase type 1A, 25 TU/ml hyaluronidase, 0.41 1IU/ml pronase, 1 mg/ml
serum albumin and antibiotics as per complete media). The 75 mls of dissociation
solution with 1-5 g minced tissue was placed in a 300 ml trypsinizing flask. 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 supemnatant transferred to a new vial.
The pellet consisting of undigested tissue clumps was digested again in fresh dissociation
solution for 60 min further. Supernatant was centrifuged at 700 X g for 5 min,
supernatant discarded and the peliet resuspended in 30 mls complete medium. This
centrifugation and resuspension step was repeated, to remove tissue debri, adipocytes and
erythrocytes, and then passed through a sterile nitex 65 uM pore size mesh filter
(Technico, Montreal, Quebec, Canada). The filtered cell suspension consisting of single
cells and small cell clusters were plated at 40,000 cells/cm? on tissue culture dishes.
Clumps of cells not passing through the filter were plated in separate dishes. All cells
were plated in complete medium and incubated in a 5% CO, humidified incubator at 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 resuiting from these wells progressively transferred to 24 well

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

Cell typing (as epithelial or fibrobiast) 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 cell clones were co-transfected with the simian virus-40 Large-
T-antigen directed from the plasmid, pBAPSV40TtsAS58 (Otsuka et al., 1979), and the
pSV-2 neo plasmid which provided a dominant selectable marker (Southern and Berg,
1982). Transfections and subsequent selection were the same as that previously reported
(Huynh et al., 1991), except that 45 ul lipofectin reagent (GIBCO BRL, Burlington,
Ontario, Canada) and 55 ul HBSS containing 5 ug pBAPSV40TtsAS8 plasmid and 1.1
p#g pSV2 plasmid were incubated for 5 h per 100 mm plate. Lipofectin transfections
resulted in a dramatic increase in the percentage of cells stably transfected/ug DNA over

calcium phosphate transfections (Woodward et al., 1995).
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Transfected cells were transferred to 6 well multiplates 24 h following transfection at a
density of 5000 cells/cm® in DMEM containing 10% FBS and 200 ug/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
cloning rings as previously described (Huynii et al., 1991). Some epithelial and
fibroblast transfectants were recioned by limiting dilution, described above. All
transfected cells were recharacterized with regard to cytoskeleton and population doubling

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

Transformed 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. Substrzum adherence 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
derﬁonstrates a lack of need for a substrata and is representative of a transformed

phenotype.

49



RESULTS

Cell Cloning and Selections:

# Cell Populations Viable after Cloning, Transfection and Cryopreservation
Epithelial cells | Fibroblast cells

# cloned 9% 763

# not senencing after cloning and passage 2 16

Nontransfected cells surviving 1 3

cryopreservation

# clonal cells transfected 12 16

# surviving selection 3 10

# surviving transfection & cryopreservation 0 4

Only 2 epithelial cell lines, the FbE (AKA MEB-E) and the PrE, survived cloning,
though neither proliferated following Large-T-antigen transfection. The FbE line was

the only epithelial line to survive cryopreservation and thawing.

Similarly, 16 fibroblast cell 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 cell populations transfected, 4

fibrobiast cell lines 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-T2 and MF-T3 cells did not enter crisis after

passage and cryopreservation/thawing.

Characterization of Morphology, Cytoskeletal Proteins, Growth and Phenotype

All fibroblast lines were positive for vimentin and negative for cytokeratin and had a
fibroblastic morphology. A phase contrast micrograph of MF2 cells is representative of
the nontransfected fibroblast morphology (Figure 1). An immunofluorescent micregraph
of MAC-T cells cocultured with a FibC cell is shown in Figure 2a, the punctate staining
between MAC-T cells is connexind3. Figure 2b is the same cells showing positive
vimentin staining of FibC and negative vimentin staining MAC-T cells. Figure 2c is an
overlay of 2a and 2b, vimentin staining is green. The epithelial morphology of the FbE

cell line is captured in a phase contrast micrograph (Figure 3).

51



NEG NEG 15-20 min 19h
NEG NEG 20-30 min 17h
NEG NEG 10 min 28 h
NEG NEG 4 min 26 h
NEG NEG 6 min 25h
Tfm Tfm 0 min 16 h
Tfm NEG S min 34 h
Tfm NEG 2 min 32h
Tfm Tfm < 1 min 21h |

Therefore all of the Large-T-antige expressing 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
represents the morphology of the MF-2 cell line, with the transformed phenotype of the

MF-T2 cell line in the inset.

DISCUSSION
Bovine mammary fibroblasts grew more vigorously than epithelial celis in primary
culture (previous to cloning) and allowed for extensive cloning.  Three clonal non-
transfected 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, all of the fibroblasts and none of the epitt.elial cell lines displayed
a transformed phenotype. All parameters of epithelial transformation could not be
assessed, since all epithelial transfectants entered crisis. Cell crisis was monitored by 1)
increased population doubling times, 2) decreased substratum adherence, 3) appearance
of numerous giant cells, 4) appearance of numerous mutlinucleated cells, S) cytoplasmic
.vacuolation and 6) increased cellular cytoxicity as previously defined by others

(Freshney, 1994).
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Upon transfecting fibroblast cells with the Large-T-antigen, all fibroblasts tested showed
variable degrees of a transformed phenotype, including the more aggressive FibA line.
The MAC-T bovine mammary epithelial cell line has also been transfected with the SV-
40 Large-T-antigen (Huynh et al., 1991). The MAC-T cell line is not transformed as the
cells 1) do not form foci on plastic or in soft agar, 2) are substratum dependent and

contact inhibited, 3) do not form tumors in nud~ mice (Huyrh et al., 1991).

Researchers studying breast cancer have benefitted from numerous tumor cell lines for
more than 25 years (Turkington, 1969; Dickson et al., 1989). Additonally, 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, several fibroblast cell populations from
the human breast have been described (Cullen 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
nontransfected epithelial 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 d:fferentiation of many cell types. For example independent studies by
several laboratories have shown that the expression of the Large-T-antigen results in a
loss of growth inhibition to TGF-8 (Hosobuchi and Stampfer, 1989; Laiho et al., 1990;
Pietenpol et al., 1950; Missero et al., 1991). The Large-T-antigen probably exerts this
effect and its ability to permir 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 holding cells in a middle or late G, phase (Weinberg,
1995). TGF-8 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-T) and their nontransfected counterparts, fibroblast (3hUnfil, FibC
and MF2) and epithelial (FbE) can now be easily compared and contrasted. Thus,
Large-T-antigen modulation of growth or differentiation in MAC-T cells can be directly
assessed with the cell lines described within.

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

describes the establishment of 3 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. Additionally, fibroblasts, unlike adipocytes, lie in close
apposition to stromal 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, 1931;
Silberstein, 1992; Schrey et al., 1992; Cunha, 1994; Vollmer et al., 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 ﬁbroblastsr

(Woodward et al., 1992).

These bovine mammary fibroblast cell lines may prove useful in analyzing paracrine
interactions in the mammary. Additionally, the establishment of both 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
hormones/growth factors on bovine mammary epithelium can now be efficiently
analyzed: 1) directly, 2) with or without exogenous extracellular matrices, 3) and in

epithelial/fibroblast coculture models.

56



LITERATURE CITED

Adam L., M. Crepin, J. LeLong, E. Spanakis, and L. Israel. 1994. Selective
interactions between mammary epithelial cells and fibroblasts in co-culture. Int.
J. Cancer, 59:262-268.

Akers, R.M. 1985. Lactogenic hormones: binding sites, mammary growth, secretory cell
differentiation, and milk biosynthesis in ruminants. J. Dairy Sci., 68:501-519.

Akers, R.M. 1990. Lactation physiology: a ruminant animal perspective. Protoplasma,
159:96-111.

Bertram, J.S. 1979. Modulation of cellular interactions between C3H/10T1/2 cells and

their transformed counterparts by phosphodiesterase inhibitors. Cancer Res.,
39:3502-3508.

Brouty-Boye, D., C. Mainguene, V. Magnien, L. Israel, and R. Baupain. 1994.
Fibroblast-mediated differentiation in human breast carcinoma cells (MCF-7)
grown as nodules in vitro. Int. J. Cancer, 56:731-735.

Cowie, A.T. 1974, Overview of the mammary gland. J. Invest, Dermat., 63:2-9,

Cullen, X.J., H.S. Smith, S. Hill, N. Rosen, and M.E. Lippman. 1991. Growth factor
messenger RNA expression by human breast fibroblasts from benign and
malignant lesions. Cancer Res., 51:4978-4985.

Cunha, G.R. 1994, Role of mesenchymal-epithelial interactions in normal and abnormal
development of the mammary gland and prostate. Cancer, 74:1030-1044.

Danielson, K.G., C.J. Oborn, E.M. Durban, J.S. Butel, and D. Medina. 1984.
Epithelial mouse mammary cell line exhibiting normal morphogenesis in vivo and
functional differentiation in vitro. Cell Biol., 81:3756-3760.

Dickson, R.B., E.W. Thompson, and M.E. Lippman. 1989. Hormones and breast
cancer in vitro. Human Cell, 2:219-230.

Ethier, S.P. 1985. Primary culture and serial passage of normal and carcinogen treated
rat mammary epithelial cells in vitro. J. Natl. Cancer Inst., 74:1307-1318.

Freshney, R.L. 1994, Specialized techniques. In: Culture of Animal Cells: A Manual of
Basic Technique. R.I. Freshney, ed. Wiley-Liss Inc., New York, Vol. 3, pp.
319-444.

57



Gaffney, E.V. 1992, A cell line (HBL-100) established from human breast milk. Cell &
Tissue Res., 227:563-568.

Geradts, J., S.X. Hu, C.E. Lincoln, W.F. Benedict, and H.J. Xu. 1994. Aberrant
retinoblastoma gene expression in routinely processed, archival tumor tissues
determined by three different anti-RB antibodies. Int. J. Cancer, 58:161-167.

Haslam, S.Z. 1988. Cell to cell interactions and normal mammary gland function. J.
Dairy Sci., 71:2843-2854.

Haslam, S.Z. and L.J. Counterman. 1991. Mammary stroma modulates hormonal

responsiveness of mammary epithelium in vivo in the mouse. Endocrinology,
129:2017-2023.

Hosobuchi, M., and M.R. Stampfer. 1989. Effects of transforming growth factor-8 on
growth of human mammary epithelial cells in culture. In Vitro Cell. Dev. Biol.,
25:705-713.

Huynh, H.T., G. Robitaille, and J.D. Turner. 1991. Establishment of bovine mammary
epithelial cells (MAC-T): an in vitro model for bovine lactation. Exp. Cell Res.,
197:191-199.

Imai, Y., C.K.H. Leung, H.G. Friessen, and R.P.C. Shiu. 1982. Epidermal growth
factor receptors and effect of epidermal growth factor on growth of human breast
cancer cells in long-term tissue culture. Cancer Res., 42:4394-4398.

Laiho, M., J.A. DeCaprio, J.W. Ludlow, D.M. Livingston, and J. Massague. 1990.
Growth inhibition by TGF-8 linked to suppression of retinoblastoma protein
phosphorylation. Cell, 62:175-185.

Leone, A., U. Flatow, C.R. King, M.A. Sandeen, . M. Margulies, L.A. Liotta, P.S.
Steeg. 1991. Reduced tumor incidence, metastatic potential and cytokine
responsiveress of nm23-transfected melanoma cells. Cell, 65:25-35.

McGrath, M.F. 1987. A novel system for mammary epithelial cell culture. J. Dairy Sci.,
70:1967-1980.

Missero, C., E. Filvaroff, and G. Paolo Dotto. 1991. Induction of transforming growth

factor 81 resistance by the E1A oncogene requires binding to a specific set of
cellular proteins. Biochemistry, 88:3489-3493.

38



Moles, J.P., I.T. Schiller, A. Tesniere, I. M. Leigh, J.J. Guilhou, and N. Basset-Seguin.
1994. Analysis of HPV16 E6 and mutant p53-transfected keratinocytes in
reconstituted epidermis suggests that wild-type p53 inhibits cytokeratin 19
expression. J. Cell Sci., 107:435-441.

Pietenpol, J.A., J.T. Holt, R.W. Stein, and H.L. Moses. 1990. Transforming growth
factor-81 suppression of c-myc gene transcription: role in inhibition of
keratinocyte proliferation. Proc. Natl. Acad. Sci., 87:3758-3762.

Sakthivel, R., M. Hamdan, J. Yang, R.C. Guzman, and S. Nandi. 1993. Effect of TGF-
alpha on growth of normal human breast epithelial cells in serum-free primary
culture using 3-dimensional collagen gels. Cell Biol. Ini., 17:387-397.

Schrey, M.P., K.V. Patel, and N, Tezapsisis. 1992. Bombesin and glucocorticoids
stimulate human breast cancer cells to produce endothelin, a paracrine mitogen
for breast stromal cells. Cancer Res., 52:1786-1790.

Sheffield, L.G. 1988, Organization and growth of mammary epithelia in the mammary
gland fat pad. J. Dairy Sci., 71:2855-2874.

Silberstein, G.B., K.C. Flanders, A.B. Roberts, and C.W. Daniel. 1992, Regulation of
mammary morphogenesis: evidence for extraceliular matrix-mediating inhibition
of ductal budding by transforming growth factor-beta-1. Devel. Biol., 152:354-
362.

Sizemore, S.R. 1979. Hormonal responsiveness of NMuMG, a mammary epithelial cell
line. Dairy Sci., 41:28.

Taketani, Y., and T. Oka. 1983. Epidermal growth factor stimulates cell proliferation
and inhibits functional differentiation of mouse mammary epithelial cells in
culture. Endocrinology, 113:871-876.

Tonelli, Q.J., and S. Sorof. 1980. Epidermal growth factor requlrement for development
of cultured mammary gland. Nature, 285:250-252. ~

Tucker, H.A. 1981. Physiological control of mammary growth, lactogenesis, and
lactation, J. Dairy Sci., 64:1403-1421.

Turkington, R.W. 1969. Hormonal regulation of cell proliferation in breast cancer cells
in vitro. New York St. J. Med., 69:2649-2655.

Vollmer, G., N. Ellerbrake, A. Hopert, R. Knauthe, W. Wunsche, and R. Knuppen.

1995. Extracellular matrix induces hormonal responsiveness and differentiation
in RUCA-I rat endometrial adenocarcinoma cells. J. Steroid Bioch., 52:259-269.

59



Vonderhaar, B.K. 1987. Local effects of EGF, o-TGF, and EGF-like growth factors on
lobuloalveolar development of the mouse mammary gland in vivo. J. Cell.
Physiol., 132:581-584.

Weinberg, R.A. 1991. Tumor suppressor genes. Science, 254:1138-1146.

Weinberg, R.A. 1995. The retinoblastoma protein and cell cycle control. Cell, 81:323-
330.

Woodward, T.L., R.M. Akers, T.B. McFadden, H.T. Huynh, and J.D. Tumer. 1992.
Estrogen mediated bovine mammary epithelial cell proliferation: evidence of
indirect action. J. Dairy Sci., 75:P242. (Abstract).

Woodward, T.L., W.E. Beal, and R.M. Akers. 1993. Cell interactions in initiation of
mammary epithelial proliferation by oestradiol and progesterone in prepubertal
heifers. J. Endocr., 136:149-157.

Woodward, T.L., N. DuMont, M. O’Connor-McCourt, J.D. Tumer, and A. Philip.
1995. Characterization of transforming growth factor-8 growth regulatory effects
and receptors on bovine mammary celis. J. Cell. Phys., 165:339-348.



Figure 1: A phase contrast micrograph of MF2 normal fibroblast cells cultured in 10%
FBS. Cells are confluent and have formed the typical swirl pattern characteristic of

normal fibroblasts.
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Figure 2; Imml;noﬂorescent micrographs of FibC fibroblast cells cocultured with MAC-
T epithelial cells. Panel A is a micrograph of all 3 cells: 2 MAC-T cells and 1 FibC cell
(Note: punctate staining between MAC-T cells is Connexin43 protein). Panel B is
stained for vimentin. The FibC cell stained positive, whereas no staining was observed

in the MAC-T cells. 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 at
the edge of a cluster. Note homogenous cuboidal morphology, typical of mammary

epithelium,
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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.






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 2 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.






Figure 6: Phase contrast micrograph of MF-T2 transformed fibroblasts. These
fibroblasts are MF-2 cells transfected with the SV-40 Large-T-antigen. Compare to
Figure 1, MF-2 cells. MF-T2 cells lack contact inhibition and cells overlap one another.

Swirl patterns formed by confluent MF-2 fibroblasts are lost in MF-T2 fibroblasts.
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SUMMARY 1

The major objective, described in this first chapter, was the creation of a series of bovine
mammary cell lines. Realization of this objective allows for extensive in vitro
examination of bovine mammary cell proliferation, its control, and interactions among
homologous and heterologous cells. This chapter has described the isolation, cloning,
characterization and transfection of bovine mammary fibroblasts and epithelial cells.
Previous to this study, only a single cell line from the bovine mammary existed, the

MAC-T epithelial cell line,

A cell line 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 alter responsiveness of these cells to hormones and growth factors?, 4) Are other
major cell types affected by the hormone/growth factor being examined? By creating
several epithelial and fibroblast cell lines from three different animals representing two
reproductive states (three if the MAC-T cell line is included), by creating fibroblast lines
that have not been transfected with the SV-40 Large-T-antigen ai;d others that do express
the Large-T-antigen, this chapter will allow these questions to be addressed in

subsequent chapters. Finally, this chapter has demonstrated for the first time that
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mammary fibroblasts are easily transformad 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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CHAPTER 2

Lack of mitogenic response to EGF, pituitary and ovarian

hormones in bovine mammary epithelial cells.
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The direct hormonal regulation of bovine mammary
epithelial cell proliferation was examined using the MAC-
T celi line as an in vitro model. Unlike human and
murine mammary epithelial cells, MAC-T cells show liitle
or no growth response to epidermnal growth factor
{murine (mEGF) or human (hEGF) and only modest pro-
liferation after treatment with TGFw. Similarly, primary
mammary epithelial cells isolated from a pregnant non-
lactating Holstein cow showed no response to mEGF or
hEGF (P>>0.17). The vast differences between species were
realized when MAC-T cells and a mnrine cell line
(NMuzMG) were cultured concurrently under identical
conditions. The murine cell lines’ proliferative responses
were 22 times greater than MAC-T cells when cultured in
hEGF or mEGF spiked media. Additionally, several hor-
mones (bGH, bPRL, E, P or E+P) which can elicit
dramatic mammogenic activity in vivo, were completely
inactive. Similar to murine and human mammary trials,
IGF-l was a potent mitogen (maximal stimulation at 10 ng/
ml, P-<<0.01), while insulin was most effective at higher
concentrations (1000 ng/ml or greater, P-<<0.05). The
diminutive response to EGF may represent a fundamental
difference between the endocrine regulation of mam-
mogenesis in the bovine when compared to the mouse or
human,

Introduction

Milk production is the summation 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-lactating period (2) the combined
secretory capacity of each mammary epithelial 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
cpithelial cells to mitogens. These mitogens  affect
mammary epithelial cells directly or through interac-
tions with other cells to induce mammary cpuhchal cell
proliferation.

Mammary epithelial cell lines of murine or human
origin, both normal and neoplastic have provided
valuable insight into the specific effects of many hor-
mones, growth factors and inhibitors (Soule er al.
1973; Sizemore, 1979; Danielson er af., 1984). How-
ever, this wealth of information must be prudently

Correspondence: 1.D. Turner. Ph.D.
Received 13 January 1994; accepted 2 March 1994

applied to ruminant dairy animals as substantial Jil-
ferences exist between the ruminant and rodent or
human mammary  gland.  Previous  reports  have
identified differences in the development of these
glands, hormones involved in: mammuogencsis, lacta-
tion and its induction, and the events of involution
(Cowie er al.. 1980: Wiens er af.. 1992). substantial
variations in milk composition (Jenness, 1985, 198%:
Mepham, 1987) as well as marked differences in gland
gross morphology and cellalur composition (Schmid.
1971). We have previously reported species variations
in response to cstrogen and TGF-B on mammary
growth and development (Woodward er al., 1992,
1993a,b) as well as cellular and gross anatomical
differences (Akers, 1990).

Research regarding hormonal control of mammo-
genesis and lactogenesis in dairy cattle has been
dominated by in vive studies, explant and primary celi
cultures (Tucker, 1981; Dils & Forsyth, 1981;
McGrath, 1987; Akers. 1990). Only recently has a
functional bovine mammary epithelial cell line bscome
available as an in vitro model of lactation. The estab-
lishment of bovine mammary epithelial cell lines by our
laboratory, denoted MAC-T (Mammary Alveolar Celi-
lame T antigen). has provided an appropriate experi-
mental model (Huynh e al., 1991). These clonal cells
grow well in culture and are responsive to extracellular
matrix signals and prolactin for the induction of
differentiation. In this state, MAC-T cells synthesize
and secrete o and B casein, lactose and lipid (Huynh er
al., 1991). With regard to regulation of cell growth,
MAC-T cells are reported to have high affinity recep-
tors for IGF-I and marked mitogenic responses to
IGF-1 (Zhao er al., 1992) and that certain whey pro-
teins, namely «-lactalbumin and lactoferrin, are known
to inhibit cell proliferation (Rejman er al., 1992).

The MAC-T cell line represents the most reduc-
tionist biological model for the evaluation of direct
hormonal effects on the bovine mammary gland; a
single clonal cell line, in defined media into which
hormones are added. In contrast, explant culture
retains the tissue architecture and cellular diversity of
the mammary gland, and therefore presents a broader
repertoire of hormonal responsiveness, for example
paracrine interactions. In this report we evaluated the
direct effects of hormones or growth factors previously
determined to be mammogenic or lactogenic in the
bovine in vivo or in murine and human studics. By first
describing the direct hormonal effects on bovine mam-
mary epithelial cells, we have a foundation from which
we can begin to unravel the more complex regulation
of bovine mammogenesis at the tissue and organismal
level.
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Results

Clonal bovine mammary ecpithelial celis responded
directly to physiological concentrations of hormones/
growth factors including: insulin, IGF-I, IGF-I1 and
preparations of bovine serum albumin (BSA), Most
hormoncs known to be mammogenic in vive, including:
growth hormone, prolactin, EGF, cstrogen and pro-
gesterone, did not exert a direct biological effect on the
proliferation of bovine mammary epithelial celis.
Neither mEGF nor hEGF was mitogenic for bovine
mammary epithelial cells at concentrations up to
250 ng/ml (Figure [ (DNA), Table 1 (3H-thymidine
incorporation)). As a positive control, 5% FBS
amplified tritizted thymidine incorporation by nearly
2000% (Table ). Both EGFs often gave rise to
minimal growth increases. though, results were never
significantly different than control in any of eight trials
with as many as 18 replicates per treatment. Further,
mEGF in combination with FBS and/or hiGF-I did
not affect MAC-T cell proliferation whether measured
by DNA accumulation (Figure 1B) or thymidine incor-
poration {Table 2). To determine whether the clonal
line (MAC-T) differed because of its adaptation to
culture ur since it was isolated from a lactating animal,
primary bovine mammary e¢pithelial cells from preg-
nant non-lactating Holstein cows were tested. These
cells also failed to elicit significant proliferative res-
ponscs when cultured in DMEM containing hREGF or
mEGF (Figure 2). To confirm that our EGF prepara-
tions were active, MAC-T cells and NMuMG cells (a
murine mammary epithelial c¢ll line known to respond
tc EGF) were directly compared. MAC-T cell proe-
liferation showed minimal non-significant increases
{12%) while NMuMG cells increased thymidine incor-

A
MAC-T
280}
88
seol N —
a
2 240
0 0 50 250
B mEGF {(ng/mi)
225 [Mac-T———p— 4———4 < FBS
+IGF-
< 200}
E 175 ¢\¢\¢_/¢ ~1GF-
2 1wsof ¢ %—— rus

0 S5 ) 50
mEGF (ng/ml)

Figure 1  Effect of mEGF, alone or in combination with FBS and/or
IGF-I on the growth of MAC-T cells. The cffect of mEGF alone
(O). in combination with 1% FBS (®): 10 ng/mt hIGF-1 (1) or 1%
FBS and 10ng/m! IGF-1 (W)

poration more than 250% (Figure 3, P<<0.01). Note
that both MAC-T cells and NMuMG cells were very
responsive 1o even low levels of FBS (0.75%) as well as
higher levels (5%).

Insulin-like growth factor -I and -II were found to
be potent mitogens for MAC-T czlls. DNA accumula-
tion was stimulated by 0.1 ng/ml hIGF-I in serum free
media and 10 ng/ml hIGF-I in the presence of FBS
(Figure 4A. P<<0.05). [Hlthymidine incorporation
results exhibited maximal mitogenic activity for 1GF-I
and IGF-II at 10 ng/ml. Des (1-3) IGF-I and Long R?
1GF-1 were slightly more effective than IGF-I at lower
concentrations (<20 ng/ml). but were equally mito-
genic at higher concentrations (240 ng/ml: data not
shown)., Insulin at 10ng/ml was also uniformly
mitogenic in both the DNA accumulation and
thymidine incorporation assays (Figure 4B, Table 2,
P<C0.05). The addition of 1% FBS did not alter the
cffective dose of insulin, 10 ng/ml, but it did increase
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
epithelial cells when tested at concentrations ranging
from 10 to 1000 ng/ml. The presence of 1% FBS was
not permissive for ¢ither 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
response above that caused by the serum alone (data
not shown). No synergistic action between insulin and
bGH or bPRL was found concerning thymidine incor-
poration (Table 2).

Table 1 Effect of concentration of hEGF and mEGF on tritinted
thymidine incorporation into serum starved MAC-T <xlls

Conc (ng/ml) hEGF mEGF

Control (DMEM) 2£0.5 2205
0.1 2.5%0.1 3401
2.5 250.1 34202
1.0 26=0.1 32X0.1
50 2E0.3 40+04
10.0 2601 3.0x£02
50.0 27%0.1 36x0.1
100.0 27%0.2 2.7%0.1
250.0 3.5%0.2 36£03

FBS 5.0% 624%4.9* 62.4%49°

Data presented as mean®SE (X 10" cp.m. nm9).
*Indicates value is greater than contrel (P<£0.05)

Table 2 Effects of hIGF-1. mEGF, bovine insulin, bGH and bPRL
on tritiated thymidinc incorporation into scrum starved MAC-T
cells*

Factor(s) Conc® e.pa.fwell
Control (DMEM) - 8410
bl 11373 147 16¢
mEGF 10ng 8348
hIGF-I 10ng 27+t
BIGF-I + mEGF 10+ 10ng 26+ 13¢
bGH lpg 73+
bPRI 1pg 6ax16
bl + hIGF-I 10+ 100g 21£11t
bl + mEGF 10+ 10ng 1572124
bl + hIGF-I + mEGF 10+ 10+ 10ng 2193+
bl + bPRI 10ng+1pg 1343174
bl + bGH 10ng+1pg 120£10¢

*All concentrations per ml, data given as mean®SD x 107, (nm 4),
tindicates value is greater than control (P<0.05)
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Figore 2 The figure shows the cffect of mEGF and hEGF on
primary bovine mammary cpithelium from pregnant noa-lactating
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Figure 3 Comparison between a2 munine line (NMuMG) and 2
bovine line (MAC-T) to EGF standardized to the same control arc
shown, (*)} Indicates a significant difference (P<C0.05) from the
control

Estradiol 17-B concentrations from 100 pg/ml to
100 ng/ml or progesterone concentrations from 1 ng/ml
to 1000 ng/ml did not affect MAC-T cell proliferation,
either in serum-free media or in the presence of 1%
FBS. When estradiol 17-§ and progesterone were
added together over several logs of concentrations,
they were also without effect on MAC-T cell growth.
Neither were thess steroids able to stimualte prolifera-
tion in phenol red free media. Additionally, estradiol
17-f was unable to alter proliferative response of
bovine mammary epithelial cells from pregnant non-
lactating Holstein cows (data not shown).

53
A
24 :;
22 L ]
18
-
: . s
g _ +\* 5 /2' »
10
e
8
] o k] 1 _6 5
MGF=¢ (ng/mil)
B

19t

T e
s

_b.h

(,
)

0 1 0 VO WO WV
bovine insulin (ng/ml)

Figure4 Effect of hIGF-I (A) and bovince insulin (B) on the growth
of MAC-T cells cultured in scrum free media (O) or media sup-
plemented with 1% FBS (@), (*) Indicates a significant difference
(P<C0.05) from the control (no hormone addition)

Bovine serum albumin preparations do not induce
an accumulation of DNA when added to serum free
media in the range from 10 to 640 ug/ml (Figure SA).
However, further increases, from 2-16 mg/ml in BSA
concentration caused large increases in DNA accumu-
lation (P<C0.01). When three stocks of BSA were com-
pared, each stock increased MAC-T cell proliferation,
but effective concentrations varicd considerably be-
tween stocks (Figure 5B). Fatty acid-free BSA was the
least effective in increasing MAC-T cell DNA accumu-
lation (P<<0.05).

Discussion

The direct interaction of endocrine hormones with
mammary epithelial cells of domestic dairy animals is
poorly understood. Considerable work with explant
culture and less so with primary mammary cells has
implicated many hormones, growth factors and in-
hibitors in the regulation of proliferation and differ-
entiation of secretory cpithelial cells (Tucker, 1981;
Akers, 1985, 1990). This report defines which of the
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Figure 8 Bovine secrum zlbumin (BSA) stimulation of MAC-T cell
proliferation (A). Scrum-free medin (DMEM) was supplemented with
the level of BSA indicated and DNA accumulation measured. (B)
Compares different preparations of BSA including a2 fatty acid-free
stock. {*) Indicates a significant difference (P<<0.05) from no BSA
treated cells

major mammogenic or lactogenic hormoenes directly
affect bovine mammary epithelial cell growth. This
reductionist view permits the experimental evaluation
of the most basiz elements of regulation. one cell-one
hormone. The bovine mammary epithelial cell line
MAC-T has provided the biological context in vitro
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
evaluated in this system.

Perhaps the most striking finding of these trals was
the paucity or lack of EGF induced growth of bovine
mammary epithelial cells. Regardless of whether the
EGF was human or murine, from Sigma or UBI,
tested on an immortal clonal line or a primary line, or
whether the cells were from a pregnant non-lactating
or lactating non-pregnant animal little to no effect was
clicited. Since non-clonal carly passage epithelial cells
(less than five passages) confirmed results obtained
with the MAC-T line, adaptation to culture conditions
is unlikely to account for lack of response. To confirm
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 than 260% over NMuMG cells
not stimulated with EGF, some 22 times greater res-
ponse than MAC-T cells (Figure 3A). Additionally,

both hEGF and mEGF were comparatively effective in
NMuMG cells. Data concerning EGF’s effectiveness in
the ruminant mammary is somewhat divided. Sheffield
& Yuh (1988) found neither sialoadenectomy ner sialo-
adenectomy + EGF altered growth of bovine mam-
mary tissue xenografted into cleared fat pads of
athymic nude mice. Likewise., Gow & Moore (1992)
found EGF decreased milk yield in lactating ewes and
suggest that EGF may act as a mitotic inhibitor in the
mammary gland of sheep. Several papers concerning a
bovine mammary epithelial cel! line (PS-BME) and its
acute responsiveness to EGF must be reexamined (Gib-
son et al.. 1991, 1992). since these lines were later
shown to be murine in origin {Baumrucker. personal
communication) which ourselves and others have pro-
ven to be wvery responsive to EGF. Perhaps. most
ruminant studies have found EGF to be a slight
mitogen in the mammary gland. but often the criteria
to achieve mitogenic responses are extraneous (Furu-
mura et al., 1990; Tou er al.. 1990) with modest cffects.

These retarded responses in the bovine to a potent
growth factor in the human and mouse should, per-
haps. not be unexpected. First, in both murine and
human miik, EGF is the major growth factor secreted
(Shing & Klagsburn, 1984). In the ruminant no truc
EGF has been identified and reports of EGF-like
material in the milk and colostrum vary from low to
none (Shing & Klagsburn, 1984; Gow & Moore, 1992).
However, recently a bovine TGF<« was identified &
tissue from pregnant cows after PCR amplification
(Zurfluh er al.. 1990). TGF-z. on the other hand. is
able to induce small but significant increases in pro-
lifération of a MAC-T-cell subclone {Akers. unpub-
lished observation). This is in agreement that TGF<x is
generally a more potent mitogen than EGF in the
bovine mammary (Tou er af., 1990: Zurfluh er al.,
1990).

One explanation for the lack of EGF response may
be the relatively low conservation of sequence identity:
IGF-1. TGF-, insulin and TGF-Bl. B2, B3 all share
88-100% sequence identity between bovine, human
and mouse polypeptides (Altschul er al., 1990; Maier er
al.. 1991). However, EGF only shares 68% sequence
identity between mouse and human with no reports of
this growth factor in the bovine. In contrast, several
laboratories have reported the presence of EGF/TGF-«
receptors or receptor mRNA in the bovine mammary
gland (Spritzer & Grosse, 1987; Glimm ez al., 1992).
The significant (though modest) increases in MAC-T
cell proliferaton in response to TGF-x indicate the
MAC-T cells also have TGF-x/EGF-like receptors,
though binding kinetics, receptor number and regula-
tion thereof as well as post receptor events have yet to
be examined. We suggest cither mEGF and hEGF are
dissimilar to a potential bovine EGF such that limiting
receptor binding and/or subsequent post receptor
action would occur or EGF has no central role in
bovine mammogenesis. ‘

Mitogens which directly affect MAC-T cell prolifera-
tion include insulin, IGF-I and IGF-II, while BSA
preparations have also been shown to enhance pro-
liferation. The largest response of bovine insulin occur-
red at pharmacological levels, 1-10 pg/ml (Figure 4B).
At these very high levels insulin can interact with the
IGF-I receptors (Massague & Czech, 1982; Zhao er al.,
1992). In support of this concept is the lack of an
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additive effect when insulin was added in combination
with IGF-I (Table 2) as has previously been reported
by other laboratories (Baumrucker & Siemberger.
1989). IGF-l in serum free media stimulated DNA
accumulation at 0.1 ngiml which is 2 level consistent
with the IGF-I receptor binding Kinetics previously
reported for MAC-T cells (Zhao er al.. 1992). Levels of
10-25ng/ml IGF-1 appeared to have a synergistic
action with other factors in the FBS. These factors
were not insulin or EGF (Table 2). A separate study in
our laboratory demonstrated that MAC-T cells do
secrete low levels of IGFBP-3 and moderate levels of
IGFBP-2 (Romagnolo er al. 1994), so to determine
whether these binding proteins alter IHGF-1 respon-
sivencss, two analogs of IGF-1 (des(1-3YIGF-1 and
Long R* IGF-I) that exhibit very low binding 1o 1GF-
BPs were compared to IGF-I, The 1GF-I analogs were
slightly more effective at lower concentrations (1-20
ng/ml) than recombinant IGF-I. whereas concentra-
tions of 40 ng/ml or higher were equally mitogenic. as
tested by thymidine incorporation. Proliferative res-
ponses to IGF-1, -1l and insulin by the MAC-Tells
are similar to results obtained in both the mouse and
human mammary glands (Stockdale er al., 1966:
Imagawa et al.. 1986; Underwood er al., 1986).

Reports of direct growth hormone action on bovine
mammary epithelium are lacking, though GH receptor
mRNA has been reported in the bovine mammary
gland (Glimm er al, 1990). This taken with the enor-
mous research interest in bovine growth hormone,
since substantial increases in milk production following
exogenous bGH administration were demonstrated in
dairy cattle (Bauman er al.. 1985), warranted our tes-
ting of the hormone in vitro. Indeed, as expected GH
failed to alter cellular proliferation. /n vive, GH
induces synthesis of IGF-I {much from hepatic stores)
and release into the circulation, hence the GH/IGF-I
endocrine axis is implicated in increased milk produc-
tion (Davis et al., 1987 Winder er al.. 1989). Consis-
tent with this concept is the presence of high affinity
receptors for IGF-I on mammary cells (Zhao er al.,
1992) and the absence of GH receptors on bovine
mammary cells (Akers, 1985; Keys & Dijione, 1988:;
McFadden er al.,, 1990). The absence of any direct
bGH effects and the strongly mitogenic nature of IGF-
1 on mammary epithelial cells, supports the concept of
an indirect action of GH effects in vivo.

Prolactin, a fundamental lactogen in mammals, is
less understood when considering its effectiveness in
eliciting mammary gland growth. On one hand,
authors have found PRL to have mammogenic proper-
ties in both ruminants (Vandeputie-Van er al., 1976)
and mice (Topper & Freeman, 1980; Nagasawa et al..
1986). Whereas, others have found no correlation
betwezn PRL and mammary growth in ruminants in
vivo (Sejrsen er al., 1983) and in vitro (Skarda er al.,
1977). Data from our laboratory and others have dem-
onstrated that the MAC-T cells do respond lac-
togenically to PRL (Huynh ez al., 199]1; Romagnolo &
Akers, unpublished data); however, no proliferative
response was evoked when MAC-T cells were cultured
in PRL (over several logs of concentrations) in varying
FBS concentrations. Since several reports have imp-
licated PRL to work indirectly with other hormones
and we did not test PRL’s effect with GH, cor-
ticosteroids or ovarian steroids, a collaborative role of

PRL directly inducing mammary cpithelinl cell pro-
liferation should not be discounted.

Like GH. owvarian steroids have been known to
stimulate mammary growth for some time (Franke &
Rosenbloom, 1915). Indeed. plasma estrogen concen-
trations increase during the latter stages of pregnancy,
and peak near parturition. directly coinciding with
mammary growth. Estrogen alone or in combination
with progesterone stimulates growth of the mammary
gland and’or mammary cpithelial cells in humans
{Baron. 1958). mice (Haslam. 1988), goats (Cowie ot
al.. 1952} and cattle (Tucker, 1985 Woodward ef of.,
1993a). However. in vitre studies with murine and
human cells support an indirect effect of these steroids
on mammary cells (Shyamala & Ferenczy, 1954
Richards er af.. 1988). The present study suggests that
estrogen and progesterone also affect bovine mammary
epithelial cells indirectly. MAC-T cells were not
stimulated by cstrogen or progesterone alone or in
combination, with or without serum.

Recently. many researchers have substituted serum
with BSA to ¢liminate unknown proteins and fatty
acids when testing potential mitogens in vitro. BSA
found in milk, ranges in concentration from 380 to
500 pg/ml (Ng-Kwai-Hang et al.. 1987) and has been
shown not to affect MAC-T cell proliferation (Rejman
er al. 1992). Preliminary cxperiments from our
laboratory revealed higher (above 5 mg/ml) BSA con-
centrations consistently augment proliferative response,
To determine if BSA is appropriate Lo use as a “safe’
substitute to FBS in growth assays, four preparations
of BSA were examined. At higher concentrations of
BSA. 2mg/ml (similar to 10% FBS} or more, a
significant stimulation of growth of MAGC-T cells
(Figure 5A) occurred. Whether this stimulation is a
result of BSA itself or impurities in the preparation is
unknown, though substantial variation among lots sug-
gests the latter,

It is important to noie that many serum-frec media
used to culture mammary epithelium use BSA at con-
cetrations from 0.5-15 mg/m! (Imagawa er al., 1982;
Campbell er af., 1991). When BSA is used in milligram
quantitites, contaminating factors found in low levels
may reach biologically relevant levels (McKiernan &
Bavister, 1992). Moreover, BSA is known to synergize
with growth factors to cause enhanced 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 er al. (1982), deter-
mined that lipids or lipid soluble substances account
for much of the cellular growth. Likewise, using four
different stocks of BSA we found all to retain pro-
liferative activity at concentrations of 10 mg/ml or
higher, except fatty acid-frec BSA which was only
effective at higher concentrations (Figure 5B). Regard-
less of the cause of mitogenesis, the proliferative res-
ponses to and the inconsistency of BSA preparations
warrant appropriate attention from laboratories who
replace sera with BSA.

This study confirms that the regulation of bovine
mammary epithelial proliferation has similarities (IGF-
I, IGF-Il and insulin) and differences (EGF) when
compared to the human or murine mammary gland.
Data also indicates that many polent in vive mam-
mogens are unable to stimulate epithelial cell prolifera-
tion directly. Thus, endocrine, paracrine and autocrine
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factors as well as ECM must account for much of
these hormonal actions.

Materizls and methods

Hormones and culture materials

All hormones, except where noted, were obtained from the
Sigma Chemical Company (St. Louis, MO). Pituitary bovine
prolactin was a gift from the Nationa! Hormone Pituitary
Program and recombinant bovine growth hormone was from
American Cyanamid Co. (Princeton, NJ, Lot 6958C.42A).
The IGF-I analogs {des (1-3) IGF-I and Long R* IGF-I) were
purchased from GroPep Pty Lid (Adelaide, South Australia).
All culture reagents, vessels, media, serum. and enzymes were
obtained from Gibco (Gaithersburg, MD) unless otherwise
noted. All four stocks of BSA were purchased from Sigma.
BSA stock Cat no. A-7906 and A-3803 were decmed
98-99% pure; whereas the other stocks were 96=-99% pure
with the remainder mostly globulins, The RIA grade BSA
(A-7888) was initially fractionated by cold alcohol, the other
three stocks by heat shock with the two cell culture lots
(A-7906 and A-3912) having a secondary charceal/dialysis to
reduce low molecular weight contaminants. The remaining
preparation (A-3803) was substantially free of fatty acids
(<<0.003%). The RIA grade BSA was not used in com-
parison tests between BSA stocks. EGF (murine) was pur-
chased from Sigma. except when human EGF and murine
EGF were compared, then both EGFs were purchased from
Upstate Biotechnology Inc. (UBI; Lake Placid, NY).

Cells and culture conditions

Bovine mammary epithelial celis (MAC-T) from our labor-
atory were used in all experiments, These cells were originally
derived from mid-lactation Holstein cows and were estab-
lished in culture through low level constitutive expression of
the SV40 large-T antigen (Huynh er al.. 1991). These cells are
not transformed. MAC-T cells are clonal, non-tumorigenic in
nude mice, show anchorage dependency and topo-inhibition.

To confirm that our results were indicative of normal
bovine mammary cpithelium, primary bovine mammary
epithelinl cells were obtained from pregnant non-lactating
Holstein cows as previously described (Huynh er al., 1991).
Primary cells were not clonal in origin but were substantially
free of stromal cell contamination as determined by
cytokeratin and vimentin staining. Ceils were maintained for
routine passage in DMEM with 10% FBS.

Hormones which were water soluble (insulin, IGF-I and 11,
prolactin, EGF and growth hormone) were added directly to
the culture mediz from concentrated stocks. Steroid hor-
mones were added in an ethanol vehicle to a final concentra-
tion not exceeding 0.001%. In preliminary experiments, it
was found that a concentration of 0.01% ethanol or more
significantly inhibited proliferation.
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SUMMARY 2

Chapter 2 describes the growth responsiveness of bovine mammary epithelial cells to 2
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. Although 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, clonal bovine mammary epithelial cells
under defined conditions. Prior to determining how growth inhibitors affect mammary
gpithelium, a comprehensive study defining direct mammary epithelial mitogens was

required.

This chapter utilized the MAC-T epithelial cell line and a mixture of FbE and PrE
epithelial lines described in chapter 1. With these cell lines, serum, IGF-1, des(1-3) IGF-
I, Long R? IGF-1, 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 especially important since many mammary epithelial researchers use high
concentrations of BSA in their serum-free media that would cause substantial cell

proliferation.

The most potent in vivo mitogens including estrogen, progesterone, estrogen +

70



progesterone, growth hormone, prolactin, did not stimulate cellular proliferation when
cells were treated with these hormones alone or in combination with serum. Similar
results have been reported in human mammary epithelium regarding the lack of estrogen
and progesterone responsiveness. However, in both rmurine and human mammary
epithelial cells, EGF and TGF-o have been shown to be potent mitogens. In this
chapter, for the first time we have shown that EGF does not stimulate bovine mammary
epithelium cell proliferation, regardless of the source of EGF. Whereas in control
studies, EGF enhanced murine mammary epithelial cell proliferation by nearly 300%.
This is especially important since several researchers have speculated that EGF is a
potent mitogen in the bovine mammary. This difference in growth response to EGF may
also represent a fundamental 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 several key differences between murine and bovine

mammogenesis.
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CHAPTER 3

Characterization of transforming growth factor-8 growth

regulatory effects and receptors on bovine mammary cells
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Transforming growth factor-B (TGF-B) has been shown to inhibit mammary mor-
phogenesis, growth, and differentiation in murine studies. We have characterized
TGF-B receptors and their autoregulation, and the growth response to TGF-BI
and TGF-B2 in cultured bovine mammary epithelium (MAC-T) and fibrablasts.
Affinity labelling studies revealed that fibrablast and epithelial cells contained
type |, II, and 1l (betaglycan} receplors, with the type Il receptor being the
predominant binding component. On bath fibroblasts and epithelial cells, TGF-
B1 and TGF-B2 had equal binding affinities for the type | and Il recepiors, but
TGF-B2 had a higher affinity for the type lll receptor. Also, preincubation of MAC-
T cells with 50 pM TGF-B1 or TGF-B2 markedly downregulated TGF-p receplors.
Proliferative response was measured using both total DNA and 'H-thymidine
incorporation. Both TGF-P isoforms were effective in inhibiting proliferation of
MAC-T cells and fibroblasts. Inhibition of proliferation was not altered following
immortalization of fibroblasts with 5V-40 Large-T-antigen (LT}, even when the
cells acquired a transformed phenotype. Inhibition of proliferation was not a
result of cytotoxicity, as TGF-p at concentrations 1,000-fold higher than ED.,
levels did not increase cell death. Moreover, the inhibition was reversible as
shown by return of cellular proliferation to contral levels iollowing TGF-§ re-
moval. Although growth inhibition was not transient as culture of MAC-T cells

in TGF-B resulted in sustained inhibition of proliferation for at Teast 144 h.

© 1995 Wiley-Liw, tac,

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-B (TGF-B) appears to be relatively unique in its
widespread effects on numerous cell types, influencing
cellular proliferation, migration, and elaboration of ex-
tracellular matrix (reviewed in Roberts and Sporn,
1990; Massague, 1990). In mammals, three isoforms of
TGF-B (-f1, -p2, and -B3) have been identified, each
encoded by a different gene. Although the three iso-
forms, in general, have similar bioclogical activities in
most in vitro assays, several studies indicate marked
differences in their cellular origin, developmental ex-
pression, and binding to receptors, suggesting that the
TGF-B isoforms have distinet functions in vivo (Pelton
et al., 1990; Cheifetz et al., 1990; Joyce et al., 1990;
Roberts and Sporn, 1992).

The actions of TGF-§ are mediated by binding to
highly specific cell surface receptors which are present
on nearly all cell types (Wakefield et al., 1987). Affinity
cross-link labelling studies with iodinated TGF-§ have
© 1895 WILEY-LISS, INC,

shown that most cells have three types of TGF-§ recep-
tors, designated type I, II, and III (Roberts and Sporn,
1990; Massague, 1990), The recent cloning of these re-
ceptors showed that type I (Franzen et al., 1993) and
type II (Lin et al., 1992) receptors are transmembranc
serine/threonine kinases while the type III receptor
(Wang et al., 1991; Lopez-Casillas et al,, 1991) is a
transmembrane proteoglycan with a short cytoplasmic
domain. The first two are directly involved in signal
transduction while the third has been postulated to
enhance binding of TGF-B to the signalling receptors.

There is an emerging interest in the role of TGF-
B in mammary physiology, following the ascription of
potent growth regulatory effects to mammary gland
development (Silberstein and Daniel, 1987; Daniel and
Robinson, 1992; Robinson et al., 1993). Using slow-re-
lease implants, in rodents, studies from Charles Dan-
iel's laboratory have shown that TGF-B revervibly in-
hibits ductal growth in the murine mammary gland
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{Silberstein and Daniel, 1987 Daniel et al,, 1989,
while idveolar morphogenesis was not inhibited. An
endogenous role for TGF-B in the mouse mammary
pland was suggested by the observation that the mam-
mary pland displayed developmentally regulated ex-
pression of TGF-[ isoforms (Robinson et al., 1991; Dan-
il and Robinson, 1992,. Furthermore, recent studies
in mice provided evidence that TGF-p regulates func-
tional differentiation and lactogenesis in the mammary
giand. For example, TGF-B inhibited B-casein expres-
sion in mammary explants from pregnant mice (Rob-
inson et al., 1993). Also, mice overexpressing TGF-B
exhibited impaired alveolar function and deficiency in
lactation (Jhappan et al., 1993).

In this report, we address the previously unexplored
guestion as to whether TGF-p plays a similar role in
bovine mammary morphogenesis and lactation through
in vitro experiments. Isolation and characterization of
the major cellular representatives of stromal and pa-
renchymal tissues of the bovine mammary gland has
enabled us to determine the direct effect of TGF- on
those cells, In the present study, we describe the growth
regulatory effects of TGF-B isoforms and characterize
the TGF-B receptors on bovine mammary epithelial
cells and fibroblasts.

MATERIALS AND METHODS
Cells and culture conditions

All culture reagents, media, serum, and enzymes
were obtained from GIBCO BRL (Burlington, Ontario,
Canada) and Becton Dickinson (Ville St. Laurent, Que-~
bec, Canada), unless otherwise noted. The collagenase,
hyaluronidase, and pronase used in tissue dissociation
were obtaired from Sigma Chemical Co. (St. Louis,
MO). Recombinant human IGF-I1 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
moammary c¢ell lines were used: (1) (MAC-T) a clonal
epithelial cell line immortalized by stable transfection
with the SV-40 Large-T-antigen (LT} (Huynh et al.,
1991); (2) (MF'-2) a non-clonal primary fibroblast popu-
lation; (3) (MF-T2) the MF-2 line stably transfected
with the LT (5 pg plasmid); and (4) (MF-T3) a clonal
fibroblast line stably transfected with LT (15 pg plas-
mid); unlike MF.T2 cells, they display a transformed
phenotype as evidenced by loss of contact inhibition,
formation of f~ei on plastic, and diminished anchorage
dependency. ©

Cell typing (as epithelial or fibroblast) was confirmed
by immunohistochemical analysis after incubation
with monoclonal antibodies that react with vimetin
{Boehringer-Mannheim, Indianapolis, IN)} and cytoker-
atin {pan-specific, Boehringer-Mannheim) as described
previously (Huynh et al., 1991). Expression of the LT
was directed from the plasmid pBAPSV40TtsASS (Ot-
suka et al., 1979) and the pSV2-neo plasmid provided
a dominant selectable marker (Southern and Berg,
1982). Transfections and subsequent selection were the
same as that previously reported (Huynh et al., 1991),
except that 45 pl lipofectin reagent (Gibco BRL) and
55 pl HBSS (containing 5 pg pBAPSV40TisASS plas-

mid and 1.1 ug pSV2) were incubated for 5 h per 100
mm plate. Lipofectin transfections resulted in a dra-
matic increase in the percentage of cells stably
transfected/ug DNA over calcium phosphate transfec-
tions {data not shown). All cells were maintained for
routine culture in 10% FBS supplemented DMEM in a
humidified, 37°C, 5% CO. incubator.

TGF-B

TGF-B1 and TGF-B2 purchased from Austral Biologi-
cals (San Ramon, CA) were used in all experiments.
All glass and plasticware were silanized (Sigmacote;
Sigma) prior to TGF-B exposure, TGF-§ was diluted in
a 5 mM HCV15 pM BSA solution for addition to cell
cultures, unless otherwise noted. This solution did not
effect cellular proliferation {data not shown). No sig-
nificant difference in biological activity was observed
when these prowth factors were obtained from Bristol-
Myers Squibb (TGF-B1) (Seattle, WA) or from Celtrix
(TGF-p2) (Palo Alto, CA).

Quantification of cell proliferation

Cellular proliferation was measured by assaying
both total DNA and incorporation of methyl-"H-thymi-
dine (ICN, Irvin, CA; SA = 64 Ci/mmol). Briefly, total
DNA/well was measured by plating cells at a density of
2 x 10* cells/well in & 24 well plate (GIBCO, Burlington,
Ontario, Canada) in 1 m! DMEM supplemented with
10% FBS for 24 h. The cells were then serum starved
for 48 h with two media changes to limit exogenous
mitogens/inhibitors interference, DNA was quantified
following a 72 h experiment period where the cells were
cultured in the presence of the various treatments
(combinations of TGF-Bs, IGF, FBS). Attached cells
were treated with 0.25% trypsin (250 pl/well) until de-
tachment from plastic (10 min), then 750 pl of a 1.33%
concentrated (final concentration = 1X) high salt PBS
(Labarea and Paigen, 1980) was added, the sample was
transferred to & 4 ml borosilicate test tube, sonicated
(for 5 sec/well) at intermediate setting, and assayed for
total DNA using a Model TKO 100 DNA fluorometer
{Hoefer Scientific, San Francisco, CA) as per Labarca
and Paigen (1980). We have previously descr'bed in
detail the assay procedure used for measuring thymi-
dine incorporation (Woodward et al., 1994). Each exper-
iment contained a minimum of 9 replicates per treat-
ment with all experiments being repeated at least
twice. Proliferation of cells was induced by addition of
IGF-I (300 nM) or FBS (1 or 5%, see below) during the
experiment period, following serum starvation. MAC-
T cell dose response experiments have shown that near
rcaximal DNA accumulation was obtained with 5%
FBS, whereas only 1% FBS wus needed to maximize
thymidine incorporation (*H-TdR) (Zhao et al., 1992;
Woodward et al., 1994). These concentrations were
used in the corresponding assays.

Cytotoxicity assays
Cytotoxicity of TGF-f was measured by culturing
MAC-T cells in TGF-B2 containing media for 72 h and
subsequently counting total cell number and live cell

number (by Trypan Blue exclusiun) on a hemocytome-
ter, 5 replicates/treatment.
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Fig. 1. A:cInhibition of thymidine incorporation in MAC-T cells by TGF-B1 or TGF-B2. Asterirks indiente
significant differencea in "H-TdR from control (P = .05), SEEM. = 504, B: Inhibition of thymidine
incorporation in MF-2 cells by TGF-B1 or TGF-p2, S.EM. = 845,

Reversibility of TGF-p effect

To determine whether TGF-B growth inhibition was
reversible or not, MAC-T cells were plated in 24 well
dishes as previously described (Woodward et al., 1994).
Subsequently, TGF-B2 (1, 10, or 100 pM) was added for
48 h in 1% FBS/DMEM. The cells were then rinsed and
1% FBS/DMEM without TGF-p was added. At 24 h
intervals (up to 120 h), cells were and as-
sayed for total DNA and H-TdR. Data are represented
as CPM/ug DNA.

Iodination of TGF-f and affinity
labelling of cells

Recombinant TGF-B1 (Bristol-Myers Squibb, Seattle,
WA) and TGF-f2 (Austral Biologicals) were iodinated
as described previously (Philip and O’Connor-McCourt,
1991). In the present study, 2-5 pg of TGF-81 or 2 pg
of TGF-$2 were iodinated and the specific activity was
in the range of 1.5-3.0 pCi/pmol for both TGF-f1 and
-B2. TGF-P receptors were characterized using affinity
labelling and competition studies on MAC-T (epithelial)
and MF-2 {fibroblast) cells. Affinity labelling was per-
formed as previously described by Mitchell et al. (2992).
Briefly, this involved the incubation of cells with *I-
TGF-B1 or I.TGF-B2 in the absence or presence of
the indicated concentrations of unlabelled TGF-B1 or
TGF-2 for 3 h at 4°C. The bound ligand was cross-
linked to the receptors by incubating with 1 mM BS3
and the cells were solubolized and the supernatant col-
lected and subjected to SDS-PAGE and autoradi-

ography.

SDS-PAGE and autoradiography

SDS-PAGE analysis was performed according to the
method of Laemmli (1970) using 3-11% (w/v) lincar
gradient separatiny gel, 3% (w/v) stacking gel, and a
Tris-Cl buffer system as described previously (Philip
and O'Connor-McCourt, 1991). The gels were cali-
brated using Bio-Rad (Richmond, CA) low and high
molecular weight standards. '*C-methylated protein
standards (Amersham, Quakville, Ontario, Canada)
were used to estimate molecular weight of unknown
bands. Following electrophoresis, gels were stained
with Coomassie Brilliant blue, destained, dried, and
exposed to Kodak Omat AR film at —-80°C using Dupont
Cronex Lightning (Dupont, Wilmington, DE) plus in-
tensifying screens.

Preincubation of MAC-T cells with TGF-B
before affinity labelling

MAC-T cells were plated in DMEM as described
above, allowed to attach for 24 h, serum starved for 24
h, and preincubated in the absence or presence of 50
or 100 pM of unlabelled TGF-B1 or TGF-f2 for 24 h in

. DMEM containing 1% FBS. The cells were then washed

3 times with ice-cold DPBS for 30 min at 4°C, then
affinity labelled as above. Control experiments were
performed using '?I-TGF-p instead of unlabelled TGF-
B in the preincubation to ensure that the washing step
employed before affinity labelling allowed the dissocia-
tion of any prebound TGF-B. Cell numbers were deter-
mined wi.h a hemocytometer on identical wells prior
to the solubilization step.
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1GF- (M)

Fig. 2. Suppression of cellular proliferation of MAC-T cells and MF-
2 cellg cultured in serum-free, growth promoting media (JGF.1, 300
nM) by TGF-B2. Datn are expressed as totnl DNA. Asterisks indicate
a sigmifiennt difference (P = .05) from control (300 nM IGF-[ without
TGF-i2), S.EM. = 0.068,

Statistical analysis

The general linear models procedure (PROC GLM)
of SAS (1988) was used to analyze dependent variables.
Data from total DNA and “H-TdR assays were analyzed
using Dunnett’s test (Zar, 1984), comparing TGF-§
treatments to control (no TGF-B). Comparisons be-
tween TGF-§ treatments utilized non-orthogonal con-
trasts to obtain F values. These critical F vaiues were
then replaced by the Bonferroni F test (Zar, 1984). All
statistical models contained treatment only.

RESULTS
Growth inhibition of bovine
epithelial cells and fibroblasts

__TGF-B1 and TGF-B2 were both effective inhibitors of
*H-TdR into MAC-T cells at very low concentrations
(Fig. 1A). Half maximal inhibition occurred at 4 pM for
both isoforms and maximal inhibition at 40 pM (P =<
.01). Similarly, MAC-T cells in serum-free media stimu-
lated with 300 nM IGF-I were also maximally growth
inhibited by 40 pM TGF-p2 as detected by total DNA
measurement (Fig. 2). Thymidine incorporation into
fibroblasts stimulated by 1% FBS was also inhibited
by TGF-81 and TGF-B2, but to a lesser degree (Fig.
1B). Fibroblasts (MF-2), stimulated by 300 nM IGF-1,
were weakly inhibited by TGF-B2 as shown by a de-
crease in total DNA (Fig. 2).

A more detailed comparison of the maximal inhibi-
tion and the concentration at which it was observed for
MAC-T cells and different fibroblast populations (MF-
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2, MF-T2, MF-T3) is presented in Table 1, Both the
degrce of maximal inhtbitioen (as a percent of no inhibi-
ticn, Table 1), and the cancentration of TGF-B required
to achieve maximal inhibition varied considerably be:
tween cell types: i.e., MAC-T cells were 605 growth
inhibited at 40 pM TGF-B2, while MF-2 cells were only
growth inhibited 7% at 1.28 nM TGF-B2. Serum starved
cells showed little or no increases in total DNA and only
minimal incorporation of labelled thymidine, columns 1
and 4 (Table 1). Maximal inhibition by TGF-81 or TGF-
B2 for epithelial cells (MAC-T), was similar to that ob-
served following serum starvation whereas, for fibro-
blasts (MF-2, MF-T2, MF-T3), maximal inhibition by
TGF-p1 or TGF-B2 was only 50% of what was observed
following serum starvation. Interestingly, no change in
inhibition could be demonstrated following LT transfec-
tion in fibroblasts whether they displayed a normal
{MF-T2) or a transformed phenotype (MF-T3).

TGF-B induced growth inhibition is not a result
of cellular toxicity and its action is reversible

Both isoforms of TGF-B inhibited MAC-T cell growth
maximally at 40 pM and concentrations 100-fold higher
did not decrease the number of live cells (P = .05), as
measured by Trypan Blue exclusion (Fig. 3).

Culture of MAC-T cells in TGF-B2 for 48 h and subse-
quent removal of the growth inhibitor revealed growth
was reversibly inhibited (Fig, 4). The growth inhibitory
effect of TGF-$2 (1 pM or 100 pM) was evident for 72
h after TGF-f removal (P = .001). However, the growth
returned to control levels by 120 h.

MAC-T and MF-2 cells show isoform specific
binding for TGF-f

Using an affinity cross-link labelling technique, we
have identified three high affinity binding components
(65, 85, and 250-300 kDa) on MAC-T cells (Fig. 5) and
MF-2 cells (Fig. 6). Although their apparent Mr and
banding pattern on SDS-PAGE were similar to those
of the type I, II, and III TGF-B receptors, their isoform
specificity appeared to be distinct from that normally
observed for the type I, II, and III receptors. The type
I and II receptors have generally been shown to exhibit
a much higher affinity for TGF-f1 than for TGFB2
while the type Il receptor usually binds both isoforms
with similar affinity. In contrast, the 250-300 kDa
component, which is the predominant binding complex
on both MAC-T and MF-2 cells, has a greater affinity
for TGF-B2 than for TGF-B1 as detected by competition
experiments using unlabelled TGF-1 and TGF-82. On
MAC-T cells, 1.0 nM TGF-f1 blocks binding of either
50 pM "PI-TGF-$1 or **I-TGF-p2 to the type III TGF-
B receptor by approximately the same extent as 0.20
nM TGF-B2 (Figs. 5A and B). Similarly, on mammary
fibroblasts (MF-2), 7.5 nM TGF-B1 blocks binding of
100 pM LTGF-B1 (Fig. 6A) or ™*I-TGF-B2 (data not
shown) to the type ITI TGF-B receptor by approximately
the same extent as 1.5 nM TGF-§2. The 65 kDa and
the 85 kDa binding complexes in both mammary cell
types also display isoform specificities distinct from
those of classic type I and type II receptors, respec-
tively, in that they have the same or slightly higher
affinity for TGF-f2 than for TGF-B1. In previous stud-
ies using the same TGFB1 and TGF-B2 preparations,
the type I and type H receptors on other cell types
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TABLE 1. Maximal intubition 1771 of ‘H-TAR and total DNA by TGF-B1 and TGF-32 in MAC-T,

MF-2, MF-T2, and MF-T3 ¢ells

o 'I_-l;t_hyn_xid‘mq incorporation ' " Tatal DINA Y
Cell type Serum-free TGF-p1 TGF2 Serum-free TGt TGRE
MAC-T e 62 140¥ 60 140 59 RBh B4R [HETERY
MF.2 5] 1016400 T LR 44 16 11,250 qTl2sm
MF.T2! 37 14 400 19 0 @ 14 12560 12 WG4
MF.T3* 25 18480 1911600 3n (L RTE TV 21 ibd
Y af growth anhibation compared te serun with ne TGRS oy
*Cancentrution of TGFPL or TGERZ (pMy at whieh the mavanial sahadution wirs abtanmed
‘Tranefected with LT, not transformed.
Transfected with LT and display transfurmed planotype.
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Fig. 3. Hemocytometric counts of MAC-T cells, Total cell number
and percentage of live cells after treatment with physiological and
snp:cnxhysiologiml {1,000 % ED) concentrations of TGF-)2 nre pre-
nsc:nl Asterisks indicate & significant difference (£ = ,05) from con-
trol.

displayed greater affinity for TGFB1 than for TGFE2
(Mitchell et al., 1992). The apparent Mr and banding
pattern of the TGF-B binding components under nonre-
ducing conditions were the same as that observed un-
der reducing conditions for both MAC-T cells (data not
shown) and MF-2 cells (Fig. 6B).

Preincubation of MAC-T cells with TGF-B
results in a decrease in TGF-B receptors

A 24 h preincubation of MAC-T cells with 50 pM of
TGF-B1 or -p2 induced a decrease in the affinity la-
belling of type IIl TGF-B receptors and to a lesser ex-
tent, of type I and II receptors (Fig. 7). Interestingly,
TGF-B2 was at least two times more potent than TGF-
Bl in inducing the down regulation of type III receptors.
Under the same culture conditions, there was no de-
crease in cell number. This down regulation of TGF-
B receptors is not due to continued occupancy of the
receptors by unlabelled TGF-B, since we were able to
determine, using ***I-TGF-B instead of unlabelled TGF-
B, that the washing step used before affinity labelling
was effective in allowing the dissociation of virtually
all prebound TGF-B.

-
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Fig. 4. Duration of MAC-T growth inhibition by TGF-j}2. MAC-T
cells were cultured in TGF-B2 supplemented media for 48 h, fol-
lowed by removal of TGF-B2 and subsequent nauny of *H-TdR nnd
total DNA every 24 h for 120 h. Cell growth is represented ns CPM/
i DNA as o percentage of control (cells cultured in 1% FBS, not
exposed to TGF-B2),

A separate trial was conducted to determine if TGF-
B induced growth inhibition was transient or sustained
over 144 h. "H-TdR/ug DNA as a percent of control (no
TGF-B) declined in TGF-p treated cells (at 10 or 100
pM) until 72 h (Fig. 8). After 72 h of culture in TGF-8,
cell growth ("H-TdR/ug DNA) was maintained at 5% of
the rate of cells lacking TGF-p.

DISCUSSION

Several studies have documented the powerful inhib-
itory effects of TGF-B on the development and func-
tional differentiation of the mouse mammary gland. It
is not known whether TGF-§ plays a similar role in the
bovine mammary gland, where such studies may lead
to avenues for increased milk production, an area of
obvious interest to the dairy industry. Recent studies
have reported the identification of both TGF-§1 and
TGF-f2 in bovine milk (Cox and Burke, 1991; Jin et
al,, 1991) and TGF-B2 in bovine colostrum (Tokuyama
and Tokuyama, 1993). In addition, all three TGF-P iso-
forms have been shown to be expressed in both the non-
lactating and lactating bovine mammary gland (Maier
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Fig. 5. TGF-p binding components on MAC-T cells. Confluent monolayers of MAC-T cells were affinity
labelled with 100 pM of '"“I-TGF-B1 (A) or "*I-TGF-B2 (B) in the presence or absence of the indicated
concentrations of uniabelied TGF-B1 or -B2. Analysis on SDS PAGE was done under reducing conditions.

B TGF-beta) TGF-beta2
A {n\) nM
| |
o828 32822232 ¢
250 - 350 kDA = 250 - 350 KOs -
85 WDa. 85 kDa ~ J

65 hD& = 65 Da =

Fig. 6. TGF-B binding components on mammary fibroblasts (MF-2 cells) under reducing (A) and non-
reducing (B) conditiona. MF-2 cells were affinity labelled with 150 pM'®[-TGF-§1 in the presence or
abeence of indieated concentrations of unlabelled TGF-81 or TGF-B2.

¢t al., 1991). However, receptors for TGF-B have not
been characterized in bovine mammary tissue and, to
date, there have been no reports on the action of TGF-
B in the bovine mammary gland. In the present study,

we demonstrate that both TGF-§1 and TGF-B2 mark-
edly inhibit the growth of bovine mammary epithelial
cells and, to a lesser extent, mammary fibroblasts in
culture, In addition, we have characterized type I, I,
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Fig, 7. TGF-B receptors on MAC-T cells are downregulated following
preincubation with TGF-B1 or TGF-f2, MAC-T cells were preincu-
bated with 50 pM TGF-f1 or TGF-B2 for 24 h and affinity Iabelled
with 50 pM "PI-TGF-BL.

and III TGF-P receptors in these cell types, and have
shown that preincubation of epithelial cells with TGF-
B isoforms results in a downregulation of TGF-B recep-
tors, with TGF-B2 being more effective than TGF-B1.

Few potent growth inhibitors of mammary cells have
been identified, in sharp contrast to a number of mam-
mary cell mitogens: GH, IGF-I, IGF-II, EGF, TGF-c,
aFGF, bFGF, estrogens, progesterone, and insulin (Ak-
ers, 1990) that have been documented. Control of mito-
genesis in the mammary gland is particularly im-
portant since excessive inhibition would limit mam-
mary 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-81 and
TGF-B2 inhibit growth of mammary epithelial cells and
fibroblasts. With regard to mammary epithelial cell
growth, MAC-T cells exhibited an EDy, at very low con-
centrations (4 pM), similar to that of CCl-64 Mv 1 Lu
{mink lung epithelial cells), which are ased as a TGF-
B bioassay system because of their exquisite sensitivity
{Ikeda et al., 1987). Moreover, inhibition was not a re-
sult of cytotoxicity as concentrations 1,000-fold higher
(4 nM) than the EDg, (4 pM) did not cause cell death
and since the inhibition was reversible following TGF-
B removal,

TGF-8 growth inhibition properties may be influ-
enced by serum. For example, serum contains ¢, macro-
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Fig. 8. Culture of MAC-T celln in TGF-B2 contnining medium with
1% FBS for 144 h. Samples were taken every 24 h with an additional
sample time at 17 h (first cell cycle), CPM/ug DNA for all samplen
xeept 24 h (see text) are significantly leas (* =2 ,05) than control (oo
TGF-p2 with serum},

globulin which inhibits the binding of TGF-§ to its re-
ceptor (Danielpour and Sporn, 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-B2 was similar to that in
serum-containing media {(compare Figs. 1 and 2),

It was not surprising that MAC-T cells were growth
inhibited by TGF-B, since epithelial cells are generally
growth inhibited by TGF-p although the extreme sensi-
tivity of MAC-T cells to TGF-B was unexpected, On
the other hand, stromal cells are often unresponsive or
stimulated by TGF-B in vitro (Roberts and Sporn, 1990)
and in vivo (Daniel et al., 1989). We have demonstrated
that mammary fibroblasts are growth inhibited by
TGF-B, although they are considerably less sensitive to
TGF-B than epithelial cells.

In 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 these
binding complexes have the same apparent Mr and
binding pattern as type I, II, and ITI TGF-B receptors,
they display isoform specificities that are distinct from
those normally observed. In general, type I and II re-
ceptors bind TGF-B1 with a much higher affinity than
TGF-B2 and the type IlI receptors bind TGF-B1 and
TGF-B2 with similar affinities (Chiefetz et al., 1990;
Roberts and Sporn, 1992). In contrast, the type I and
type I receptors detected on MAC-T and MF-2 cells
have equal or slightly higher affinity for TGF-f2 than
for TGF-B1 when labelled with '*[-TGF-B1 or "*I-TGF-
B2; the type I receptors on these cell types displayed
approximately a 5-fold higher affinity for TGF-B2 than
TGF-B1 when labelled with '*I.TGF-B1 or '**I-TGF-B2.

Cell surface TGF-§ binding components, with the
same Mr as type I and [T receptors, which display high
affinity for TGF-B2 have previously been reported
(Cheifetz et al., 1990). In addition, there are several
reports describing the presence of subsets of the type
IN receptors which display a greater affinity for TGF-
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B2 than for TGF-1 iSegarini et al., 1987; Mitchell and
O'Connor-McCourt, 1991; Mitchell et al., 1992). These
differences in the affinity labelled binding characteris-
tics in different cell types can be due to post-transla-
tional modifications or due to interaction with other
proteins.

The isoform specific binding of TGF-J to receptors on
MAC-T and MF-2 cells may reflect differential roles of
TGF-p1 and -B2 on these cells. Although both isoforms
were cquipotent in the growth inhibitory response,
TGF-B2 wax more potent than TGFB1 in the downregu-
lation of receptors on these cells. A recent study by
Rabinson and colleagues (1991) has demonstrated that
the patterns of gene expression and the distribution of
TGF-f isoforms in the mouse mammary gland vary
with the physiological state of the animal. For example,
TGF-p2 was expressed only during pregnancy and
TGF-B1 and -B3 were expressed in both non-pregnant
and pregnant states, while no TGF-B isoform expres-
sion was detected during lactation. However, there is
no information concerning TGF-B receptor changes in
the mammary with various reproductive states.
Whether the expression of TGF-B receptors parailels
the expression of ligands observed during various phys-
iological states remains to be determined.

Since ligand-dependent receptor-downregulation is
often associated with attenuated cellular response
(Norris, 1985), we measured thymidine incorporation/
pg DNA daily for 144 h in MAC-T cells cultured in FBS
(1%) with 0, 10, or 100 pM TGF-$2. TGF-B2 caused at
least 50% inhibition across all times, in fact growth
continued to decline until 72 h, after which "H-TdR/ug
DNA stabilized at only 5% the level of cells not treated
with TGF-B. Since cells were synchronized (to max-
imize early differences in *H-TdR) and because the
MAC-T cell cycle is approximately 17 h (Huynh et al.,
1991) little difference in "H-TdR/utg DNA was evident
when comparing TGF-$ 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 progressed through the S
phase into G. (Lu and Means, 1993), while serum-
starved and growth inhibited cells have been arrested
in Go/Gi. 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 to random
{Freshney, 1994). Thus, all time points except 24 h (Fig.
8) yield valid comparisons as a high percentage of cells
are potentially in S-phase,

To permit long term culture of epithelium and fibro-
blasts, we have immortalized several lines with the SV-
40 Large-T-antigen (LT). Non-transfected mammary
epithelial cells typically survive only 10-25 passages,
whercas MAC-T cells (with the LT) have maintained
growth and morphological properties after 350 pas-
sages (Huynh et al., 1991). Although oncogene “immor-
talization™ may alter many cellular functions, MAC-T
cells retain many properties of in vivo mammary epi-
thelial cells, such as the presence of tight junctions,
gap junctions, as well as the ability to differentiate
{synthesis of caseins, lactose, and lipids) in response
to prolactin and appropriate extracellular matrices
(Huynh et al., 1991; MacDonald et al., 1994), Likewise,
LT transfected mammary fibroblasts are growth ar-
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rested when cultured in the absence of appropriate hor-
mone/growth factor stimulation. However, several
studies using a variety of cell types have shown that
transiection with LT results in a loss of growth inhibi-
tion to TGF-P (Hosobuchi and Stampfer, 1989; Laiho
et al., 1990; Pietenpol et al., 1990b: Missero et al.,
1991). TGF-B induced inhibition of DNA synthesis has
been shown to involve retention of the retinoblastoma
gene product, pRB, in an underphosphorylated state
which arrests cells in middle or late G1 phase of the
cell cycle (Laiho et al., 1990). The LT binds hypophos-
phorylated pRB, thereby releasing cells from normal
growth arrest (Weinberg, 1991). An elegant series of
experiments have demonstrated TGF-B may function
through suppression of c-myc gene expression in some
cell types (Pietenpol et al., 1990a). In these cells, a TGF-
B control element in the promoter of c-myc appears to
require hypophosphorylated pRB for TGF-B mediated
suppression of c-myc and subsequent suppression of
growth (Pietenpol et al., 1991; Moses, 1992}, Thus, high
levels of LT could tie up much hypophosphorylated pRB
and induce resistance to TGF-§ growth inhibition.

In the present study, we have shown that incorpora-
tion of the LT transgene did not negate TGF-B inhibi.
tory properties in either parenchymal or stromal cells
of the bovine mammary gland. First, the MAC-T cell
line was growth inhibited by extremely iow concentra-
tions of TGF-B (EDz = 4 pM). Secondly, there were no
differences in growth 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 to LT
transfection remained growth inhibited by the same
concentrations of TGF-p that effectively inhibit normal
(non-transfected) fibroblasts (Table 1). Qur results are
consistent with others, who have shown that transfor-
mation by oncogenes such as HPV E7 or LT which bind
PRB was not abie to induce TGF-B resistance (Valverius
et al., 1989; Braun et al., 1990; Woodworth et al., 1990).
Furthermore, it has been reported that TGF-B induced
fibroblast growth inhibition may function indepen-
dently of c-myc expression (Moses, 1992) and the mam-
mary gland in general appears to be resistant to trans-
formation induced by LT (Choi et al., 1987, 1988; Wolff
et al., 1992).

In summary, our studies have shown the cell specific
regulation ¢f bovine mammary cell growth by TGF-B1
and TGF-B2 and have analyzed TGF-B receptors on two
cell types of the bovine mammary gland. Other re-
searchers have documented the synthesis and secretion
of TGF-B isoforms in lactating and non-lactating tissue
{Cox and Burke, 1991; Maier et al., 1991; Tokuyama
and Tokuyama, 1993). Thus, the presence of TGF-B
synthesis and secretion by bovine mammary cells, to-
gether with our results on the characterization of TGF-
B receptors and on the potent inhibitory effects of TGF-
B on bovine mammary cells, provide a basis for further
studies to define the role of TGF-p in bovine mammary
development, involution, and lactation.
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SUMMARY 3

This chapter analyzed the effects of TGF-8 on bovine mammary cell proliferation,
defined the presence of cellular receptors and 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-§ 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-§ growth inhibition is currently under investigation,
however, in several 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 epithelial 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 bovine 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 to TGF-S.



With regard to TGF-8 receptors, we found that fibroblasts and epithelial cells contained
type I, IT and III receptors and unexpectedly TGF-82 had an equal or greater affinity for
these receptors than TGF-81. Additionally, these receptors were downregulated by TGF-
£1 or TGF-82. However, downregulation of receptors did not affect cellular inhibition
induced by TGF-8. Therefore, this chapter was the first study to identify TGF-8 as a

potent reversible growth inhibitor of bovine mammary epithelial cells and fibroblasts.
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ABSTRACT

Retinoids are potent inhibitors of growth and tumor progression in many mammary
carcinoma cell lines, though regulation of growth in non-tumorigenic mammary epithelial
cells by retinoids is less clzar. Here, we have characterized the inhibition of MAC-T (a
non-transformed bovine mammary 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 completely arrest growth at non-
cytotoxic concentrations. Retinoic acid inhibited cellular proliferation by 1 h (P<.05),
but inhibition was 5-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(1-3) IGF-I or
Long(R®) IGF-I when compared to cells stimulated with native IGF-1 or serum.
Inhibition of proliferation by RA was associated with increased levels of IGFBP-2 in
conditioned media and in plasma membrane preparations. Tmtrﬁent with insulin or
des(1-3) IGF-I resulted in the appearance of IGFBP-3 in conditioned media and on the
cell surface. However, RA significantly reduced IGFBP-3 levels 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

76



inhibition is correlated with increased IGFBP-2 accumulation and inhibition of IGF-1

stimulated IGFBP-3 protein secretion.

INTRODUCTION

Retinoids inhibit the proliferation of many mammary carcinoma cell lines (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 retinol and retinoic acid (RA) are bound to a distinct set of
cellular retinol binding proteins (CRBPs) and cellular retinoic acid binding proteins
(CRABPs) (Wolf and 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
elements (RARE) (Chambon et al., 1991; Richard and Zingg, 1991; Marshall et al.,
1994; Penricks et al., 1994). Furthermore, 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 several 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).



Insulin-like growth factor binding proteins (IGFBPs) are one family of proteins that are
regulated by RA and at least one member (IGFBP-6) contains a RARE within its
promoter (Zhu et al., 1993). Six IGFBPs have been cloned and sequenced and nearly
all 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 (including des(1-3) IGF-I and Long(R*) 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-«, TGF-8 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 irhibit
IGF-I mediated cellular proliferation deperding upon 1) the type of IGFBP, 2) the cell
type, and 3) the cell environment, i.e. extracellular matrix, serum, hormones, etc.
Furthermore, IGFBP-3 has recently been shown to be a ligand for a cell surface receptor
in a breast cancer cell line. Upon binding to this receptor IGFBP-3 inhibits celiular

proliferation, independent of IGF-I (Oh et al., 1992; 1993 a,b).

In several breast cancer cell lines, RA blocks 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). Interestingly, growth inhibition and IGFBP
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 IGI'BP 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 examined the proliferation of a non-transformed bovine mammary
epithelial cell line MA.C-T) to retinol and RA in media without serum and without serum
albumin, and in IGF-I spiked or serum-containing media. We have also described the
distinct alteration in IGFBP profiles in conditioned media and plasma membrane
preparations by RA with or without insulin and IGF-I. Our last objective of this study
was to analyze these data and more clearly define the mecharism(s) of RA induced
growth inhibition and contrast this with other known growth inhibitors in mammary

epithelium.

MATERIALS AND METHODS

Materials and cell culture

All enzymes, hormones, media, serum and culture reagents were obtained from GIBCO
BRL (Burlington, Ont.), Becton Dickinson (St. Laurent, Que) or Sigma Chemical Co.

(St. Louis, MO), unless otherwise noted. Recombinant human IGF-I, des(1-3) IGF-I and
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Long(R*) IGF-I were purchased from GroPep Pty. Ltd. (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 nitrogen in the dark and always
used within 24 h. Controls always contained ethanol at concentrations equal to those
with retinoids. Final ethanol concentrations never exceeded 0.03%, unless otherwise

noted.

The MAC-T cell line is an established bovine mammary epithelial cell line, clonal in
origin and immortalized by low level constitutive expression of the 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-
B1 or TGF-82 and secrete a- and S-caseins (Huynh et al., 1991; Woodward et al., 1994,
1995). MAC-T cells were maintained for routine culture in Dulbecco’s Modified
Eagle’s Medium (DMEM) containing 10% FBS in a humidified, 37 C, 5% CO,

incubator as described previously (Woodward et al., 1994).

Quantification of cell proliferation

Cellular proliferation was measured by assaying both total DNA and incorporation of
methyl-*H-thymidine ¢H-TdR) (ICN, Irvin, CA; SA = 64 Ci/mmol) as previously
described (Woodward et al., 1994). All cellular proliferation experiments had a

minimum of 9 replicates per treatment with all 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-S1 supplemented) were used in all experiments to assure validity of
results. To stimulate cell proliferation, FBS (1%), IGF-I (30 ng/ml), des(1-3) IGF-I (30
ng/ml), Long(R®) IGF-I (30 ng/ml) or insulin (3 ug/ml) were used. Briefly, for *H-TdR,
1 X 10* MAC-T cells/cm? were plated, attached overnight, and serum-starved either 438
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 identical to *H-TdR assay except for a 72 h
treatment period, after which cells were lysed, harvested in sample buffer containing 1
pg/mi Hoescht 33258 dyc;, and the absorbance measured fluorometrically as described
previously (Woodward et al., 1993). For long term (7 d) thymidine experiments, cells
were plated at a density of 1 X 10° cells/cm®. Cells were refed with fresh media and

treatments every 24 h during all experiments.

Cytotoxicity assay

Cytotoxicity of retinoids was measured by culturing MAC-T cells in retinol 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
replicates/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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Enriched plasma membrane was prepared, using a modified protocol described by Pollak
and coworkers (1990), by rinsing MAC-T cells in cold PBS 2X, lysing cells in hypotonic
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 PT100, 1/2 speed). Homogenate was first centrifuged at 1000 X g for
10 min to remove nuclei and supernatant was transferred to new tubes and centrifuged
again at 15,000 X g for 5 min to remove lysosomal contamination (Darnell 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

(Chromatographic, Brocksville, Ont.).

Western ligand blotting

MAC-T cells (1.8 X 10* cells/cm? were plated in DMEM containing 10% FBS
overnight. Prior to treatment, cells were maintained in serum-free DMEM for 48 h. Cells
were cultured in indicated treatments for 48 h and conditioned media was harvested for
Western ligand blotting analysis. In some samples, protease inhibitors (see below) were
immediately 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 immediately. 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 cut off low 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% acrylamide, according to Laemmli (1970) under non-reducing
conditions. Samples were prepared in the presence of the following inhibitors:
phenylmethylsulfonyl fluoride (2 mM), leupeptin (3 xM), aprotinin (16 pM), EDTA (2
mM), NaF (50 mM) and NavVQ; (500 pM). Samples were electrotransferred onto
nitrocellulose filters and probed with *Z[-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 Phosphorlmager (Molecular Dynamics, San Fransico,
CA). Some autoradiographs were recorded by videocamera and the image was digitized
on a PowerMac 7100AV. Band intensity on the digitized image was quantified using
NIH-Image version 1.57 (1995) software.

Statistical analysis

The general linear 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

replaced by the Bonfernoni F test (Zar, 1984).
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RESULTS

Growth response of MAC-T cells to retinoids

Retinoic acid inhibited cellular proliferation at 100 nM in both DNA and *H-TdR assays
(Figures 1a and 2b). In contrast, retinol inhibited *H-TdR in MAC-T cells only at a high
concentration (10 uM) (Figure 1b). Similarly, using total DNA as an indice of cellular
proliferation, retinol inhibited growth at 1 and 10 xM (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 uM
and 1 mM, respectively. Interestingly, both retinoids were able to modestly increase total
DNA (P<=.05) of MAC-T cells at 100 nM, when cultured in serum-free, ;lon
supplemented DMEM for 72 h (Figures 2a and 2¢). Retinoic acid increased *H-TdR in
serum-free MAC-T cells, also, though results were not significant (P>.10) (data not

shown).

Time course of retinoic acid induced growth inhibition

In the presence of 1% FBS, RA significantly inhibited *H-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 levels of less than
S0% of control cells and this growth inhibition was significantly greater than that
observed by 12 h (12 h vs 24 h, P<.01) (Figure 3a). In the presence of 10 uM

cycloheximide, RA inhibited MAC-T cellular proliferation only by 20% or less (P <.05)
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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 first phase occurring rapidly (in less
than 1 h) and the second and much 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 3c). Proliferation,
however, was less inhibited on d 4 and 5 and was not different from control by d 6.
Interestingly, on d 7 RA treated cells incorporated more *H-thymidine than control cells
(P <.05) (Figure 3c). Cells were not growth inhibited in control (1% FBS-no RA)
treatments by topo-inhibition, as *H-TdR counts were much higher than previous days
(CPM: d3=29,300, d6=54,673, d7=76,270). Also, a previous experiment with MAC-T
cells under identical conditions has shown that TGF-82 could maintain complete growth
inhibition of *H-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 ¢M) inhibited *H-TdR of MAC-T cells by approximately 50% (Figure
1b, 3a and 4) when cells were cultured in 1% FBS. However, cells cultured in IGF-I
were growth inhibited CH-TdR) 64% by RA (Figure 4). Whereas, when stimulated by
insulin, des(1-3) IGF-I or long(R®) IGF-], cells were only growth inhibited by RA 20%,
27% and 15%, respectively (Figure 4). Interestingly, the growth inhibition caused by

RA in the presence of mitogens with no or very low affinity for IGFBPs (insulin, des(1-
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3) IGF-1 or Long(R*) 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,
hormone/growth factor-free conditions is a single strong band at 30 kDa (Figure 5a).
We have previously demonstrated this band to be IGFBP-2 (Romagnolo et al., 1994).
When MAC-T cells were cultured in serum-free DMEM, all other IGFBP bands are at
or below the level of detection 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 concentration of 1 pM and at a higher concentration
(10 zM) IGFBP-2 accumulation was reduced (Figure 5a). The optimal tiine of IGFBP-2
accumulation in the conditioned media of MAC-T cells was between 36 and 72 h for all
treatments (Figures Sb and 5¢). Thus subsequent experiments used RA at concentrations
of 1 uM 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(1-3) IGF-1, 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 of a 40-45 kDa
doublet, previously identified as IGFBP-3 (Romagnolo et al., 1994). Unexpectedly, RA

was a potent inhibitor of insulin or des(1-3) IGF-I induced IGFBP-3 accumulation into
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conditioned media (Figure 6a,c and 7). In fact, RA reduced IGFBP-3 in conditioned
media of MAC-T cells stimulated by insulin or des(1-3) IGF-1 by 80%. Interestingly,
RA alone induced a faint band at 40-45 kDa when cultured in serum-free media (Figure

6 a,cand 7).

When samples were concentrated 5-10 fold by passage through a 10,000 kDa cut-off low
protein binding filter, visualization of IGFBP-3 was substantially enhanced. Retinoic acid
(1 M) 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 also observed (Figure 7). Additionally, a faint 24 kDa IGFBP was also
observed in concentrated samples (Figure 7). 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(1-3) IGF-I or RA with a
strong synergistic action when RA was combined with insulin or des(1-3) IGF-I. One
unique feature of the plasma membrane preparations was that IGFBP-3 induced by insulin
(3 pg/mil) or des(1-3) IGF-I (30 ng/ml) was completely lost when treated with RA (1

pM). Also, there was no detectable IGFBP-3 in RA treated cells. The plasma membrane
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preparations also revealed a more distinct doublet for IGFBP-3 when treated with insulin
or des(1-3) IGF-I than conditioned media, though this may represent differences in total

IGFBP-3 protein loaded, when compared to conditioned media preparations.

DISCUSSION

In this investigation we have demonstrated that the retinoids, RA and retinol, inhibit
cellular proliferation of MAC-T cells, a non-transformed bovine mammary epithelial cell
line. Similarly, others have shown that RA inhibits proliferation of breast cancer cell
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 epithelium
when these non-clonal primary epithelial cells were cultured in basement membrane
extracted from the Englebreth-Holm-Swarm sarcoma (Lee et al., 1995). The present
study, however, is the first to demonstrate the potent growth inhibitory properties of RA
in a non-transformed clonal mammary epithelial line devoid of stromal components,
exogenous extracellular matrices and in the absence of serum and serum albumin.
Furthermcre, we have examined IGFBP secretion and cell surface associated IGFBP in
MAC-T cells treated with RA, since RA induced growth inhibition was markedly reduced
when MAC-T cells 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 to increase IGFBP-2 5-fold and eliminate 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 IGFBP-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 only 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 myoepithelial line and minimal inhibition (13%) in
the normal breast epithelial line, HBL-100 following 7 d of culture in RA containing
media (1 puM). However, the HBL-100 cell line 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 morphologically and functionally (synthesize and secrete a- and f-caseins in

response to prolactin) differentiate in culture.
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Sixteen years after Lotan’s study (1979), Lee and colleagues (1995), have shown non-
clonal primary mammary epithelial cells from the rat are growth inhibited following
culture in RA containing media for 5d - 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 (1d to 7 d). Short term growth analyses are
particularly relevant in light of findings by Moore and coworkers (1992) that retinoids
can substantially alter Golgi apparatus morphology and enhance Golgi apparatus function

in normal mammary epithelial cells after only 5 min retinoid exposure.

Using both *H-TdR and total DNA as measures of cell proliferation, we have determined
MAC-T cells are growth inhibited by RA in as little as 1 h and maximally growth
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 lines 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

90



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 several BSA preparations including fatty-acid free BSA significantly

alter mammary epithelial cell proliferation (Woodward et al., 1994).

In the absence of protein synthesis, however, MAC-T cells are only minimally (11%)
growth inhibited after 24 h culture in RA (1 uM). Moreover, when MAC-T cells are
treated with RA (1 pM) for 1-4 h growth is inhibited 15-18%. Interestingly, HBL-100
cells are similarly growth inhibited by RA (1 uM). Since protein synthesis is required
for RA to maximally inhibit growth in MAC-T cells, it is likely that RA inhibits growth
by at least 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 of sufficient quantity of protein) to exhibit maximal growth

inhibition.

RA modulation of IGFBPs and mechanisms of RA inhibition
Several 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-
I. In fact, IGFBP-3 quantities in conditioned media and on cell membranes are similar
to IGFBP-2 quantities (the major IGFBP secreted by MAC-T cells) following
insulin/IGF-I treatment. 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) demonstratzd 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 cells by IGF-I when compared to their non-transfected counterparts and
3) a decrease in IGF-I desensitization of its 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 to

overcome RA mediated growth inhibition (Adamo et al., 1992).

In contrast, several lines of evidence indicate that changes in both the type and
concentration of IGFBPs following RA treatment may regulate MAC-T cell growth.

Substantial growth inhibition in MAC-T cells 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 cells 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 cell 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 cell 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 cell surface binding of IGFBP-3 has been correlated with a
decrease in affinity for IGF-I and an increase in IGF-I mediated cellular proliferation
(Conover, 1992; Jones and Clemmons, 1995). In fibroblasts, as much as 97% of cell
surface IGF-1 is bound to plasma membrane associated IGFBP-3 (Clemmons et al.,
1987). OQur data has shown substantial IGFBP-3 bound to the cell surface following
treatment with mitogens, insulin or IGF-I, and hence during periods of maximal
mitogenesis. These data refute the hypothesis that increases in IGFBP-3 in conditioned
media upon IGF-I/insulin treatment are a result of release of cell surface associated

IGFBP-3, because little to no cell surface IGFBP-3 exists until after insulin/IGF-1
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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 to cell membranes (or cell membranes to conditioned media) in
response to 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 insulin/IGF-I and strongly upregulated bir RA,
while RA + insulin or IGF-I results in an additive IGFBP-2 upregulation. Purified
IGFBP-2 has been shown to inhibit cell proliferation in several in vitro studies (Jones and
Clemmons, 1995). Morevover, Clemmons and coworkers (1990) have demonstrated that
rapidly proliferating ER-negative breast carcinoma cell lines 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 to IGFBP-3
expression upon IGF-I induced expression (Romagnolo et al., 1994), Furthermore, this
shift in expression from IGFBP-2 to IGFBP-3 is correlated with a large increase in DNA
synthesis. Thus, it is plausible that IGFBP-2 is only present in sufficient quantities to
interfere with MAC-T cell proliferation when stimulated by RA (5-6-fold) or RA + IGF-

I/insulin (7-8-fold). Also, since conditioned media from MAC-T cells treated with RA

94



contains approximately 25-fold more IGFBP-2 than all other IGFBPs, IGFBP-2 may
preferentially sequester IGF-1 at the expense of other IGFBPs (that may potentiate IGF-
Is’ actions), regardless of binding affinities of IGF-1 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
all 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 well
known that IGF-1 is a potent mitogen in breast tumor cell lines as well as normal murine,
human and bovine mammary epithelial lines (Yee et al., 1991; Zhao et al., 1992; Hadsell
et al., 1994) and its actions can be acutely regulated by IGFBPs that are also secreted by
these cells (Fielder et al., 1992; Sheikh et al., 1993b; Chen et al., 1994; Romagnolo et
al., 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 al.,
1994; Moorby et al., 1995). In fact, MAC-T cells are very sensitive to IGF-I (Zhao et
al., 1992; Woodward et al., 1994), but show mirimal or no growth stimulation to
ovarian steroids, growth hormone, TGF-a or EGF (Woodward et al., 1994). Therefore,

alteration of IGF-I induced cellular proliferation is a likely target for growth inhibitors.

Interestingly, we have previously demonstrated the potent mitostatic effects of TGF-8 on
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MAC-T cells (Woodward et al., 1995) and several laboratories have shown retinoic acid
to work through a TGF-8 pathway, by increasing TGF-8 proteins or TGF-8 receptors
(Falk et al., 1991; Kim et al., 1992; Poli et al., 1992, Roberts and Sporn, 1992). In
fact, Lee et al, (1995) who have recently demonstrated RA inhibits proliferation of non-
clonal rat mammary epithelium postulated RA may function by inducing TGF-g protein.
However, several important differences exist between RA and TGF-8 induced growth
inhibition in the MAC-T cell line. First, TGF-8 can cause growth arrest (=95% growth
inhibition) of MAC-T cells, compared with only a maximum of 50% growth inhibition
by RA. Secondly, TGF-8 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-8 is not cytotoxic at concentrations
100-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-8 and RA
induced growth inhibition of MAC-T celils is TGF-g has no demonstratable effect on
IGFBP profiles in the presence or absence of insulin/IGF-I. Others 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-81
(a more potent growth inhibitor than RA) has no effect on IGFBP-2 or IGFBP-3, the

alterations in IGFBP expression are not a result of growth inhibition in itself.

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 surface. 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 compelling evidence that retinoids and especially RA are potent,
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 normal 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 of *H-thymidine into MAC-T cells following
17 h culture in retinoids (1 nM to 10 xM). All treatments included 1%
FBS. Data are expressed as CPM/well + SEM. Asterisks indicate

significant difference (P <.05) 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,¢) or 1% FBS (b,d).
Both 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 pg 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 uM retinoic acid on incorporation of *H-
thymidine into DNA of MAC-T cells in the presence (a,c) or absence (b)
of protein synthesis. (@) O to 24 h; () 0 to 24 h with 10 uM
cycloheximide or (¢) 0-7 d culture. Cells for short term (a,b) culture
were plated at 1 X 10° cells/cm® and at 1 X 10® cells/cm? for long term
culture (c). Data are expressed as CPM relative to untreated (i.e. adjusted
s0 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<.05). In figure ¢, asterisks indicate significant difference (P<.05)

from control (no retinoids).
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Figure 4

Inhibition of MAC-T cell proliferation by rettnoic acid (1 uM) as
measured by incorporation of 3H-thymidine into MAC-T cells growth
stimulated by 1% FBS, bovine insulin (3 gM), IGF-I (30 ng/ml), 30
ng/ml des(1-3) IGF-I (30 ng/ml) or Long(R* IGF-I (30 ng/ml). Retinoic
acid is least effective at inhibiting proliferation of mitogens that show a
reduced affinity for IGFBPs (insulin, des(1-3) IGF-I and Long(R®) 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 blots probed with 'PI-IGF-I for IGFBPs secreted into
conditioned media of MAC-T cells 2) following 48 h treatment with
increasing concentrations of retinoic acid (0 to 10 M), or (b) time course
of maximal IGFBP secreted into conditioned media of MAC-T cells after
treatment with retinoic acid (1 M), insulin (3 xg/ml) 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 (2) Western ligand blot of unconcentrated conditioned media from MAC-T
cells for IGFBPs in response to insulin (3 xg/ml), des(1-3) IGF-1 (30
ng/ml) or RA (.1 or 1 uM); (b) densitometric analysis of lower molecular

weight band (IGFBP-2) and (¢) upper molecular weight bands (IGFBP-3).
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Figure 7

Western ligand blot of concentrated media from MAC-T cells for IGFBPs
following treatment with retinoic acid, insulin and des(1-3) 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 cells
for IGFBPs. Note: the conditioned media used for the Western ligand
blot in figure 7 is from the cells used to obtain plasma membrane
preparations in this Western blot. Cells were cultured in retinoic acid (1

uM), insulin (3 ug/ml) or des(1-3) IGF-I (30 ng/ml).
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Figure 9

A model of RA effects in MAC-T cells. MAC-T cells are growth
stimulated by IGF-I (a) and this stimulation of growth is concurrent with
IGFBP-3 binding to the cell surface and in the conditioned media.
However, when RA is added (b) DNA synthesis is inhibited (following
protein synthesis) and this inhibition is correlated with elimination 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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SUMMARY 4

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 2 non-transformed

mammary epithelial cell line in any species.

Retinoic acid growth inhibition of mammary epithelial cell proliferation was substantiaily
reduced when cells were growth stimulated by IGF-I analogues (Chapter 2) that have a
low affinity for insulin-like growth factor binding protein (IGFBP). Also, RA was not
able to substantially inhibit cellular proliferation in the absence of protein 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 mechanism of action, we compared growth

inhibition by RA to TGF-§ (described in chapter 3). We found that unlike several
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. reports, TGF-8 and retinoic acid inhibit mammary epithelial cell proliferation by
independent pathways. This study therefore, identified a second potent growth regulator

of bovine mammary epithelial cell proliferation that functions independently of TGF-8.
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CHAPTER 5

Regulation of Gap Junctional Communication and
Connexind3 Protein Expression in Bovine Mammary

Fibroblast and Epithelial Cells
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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, clonal and immortalized
bovine mammary fibroblasts and epithelial cells by Western blot and immunocytochem-
ical analyses. Gap junctional interceliular communication (GJIC) was accessed following
microinjection of Lucifer Yellow dye. All epithelial and fibroblast cells expressed Cx43.
All cells had abundant punctate cell surface labelling of Cx43, though fibroblasts and SV-
40 Large-T-antigen immortalized epithelial cells (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 cell surface labelling for Cx43 and lacked gap
junctional communication. Retinoic acid (RA), TGF-81 and cAMP each inhibited
cellular proliferation of MAC-T cells and all increascd total Cx43 expression, especially
phosphorylated Cx43 species. Concentrations of growth inhibitors that induced maximal
Cx43 expression did not always cause maximal growth inhibition. Unlike RA or TGF-8,
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 GJIC in the well coupled MAC-T cells, even when the
cells were serum-starved. These data suggest that bovine mammary parenchymal and
stromal cells have abundant regulatable gap junctions and immortalized cells 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 (Ca**,
amino acids, second messengers) from one cell to another. A gap junction channel is
composed of 2 hemichannel, connexon, from one cell 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 all 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 electrically 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 cell to 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 to

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 GJIC 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 pap
junctions regulate cellular proliferation, while loss of gap junctionai 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). Several 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 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
21IMT-2 cells, lack gap junctional communication, (Eghbali et al., 1991; Naus et al.,

1991; Lee et al., 1992) 2) Transfection of communication-deficient tumor cell lines with
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connexin26, connexin32 or connexind3 results in both a decreased rate of cellular
proliferation and a reversal of the neoplastic phenotype as shown by in vivo an in vitro
studies (Eghbali et al., 1991; Zhu et al., 1992; Ruch, 1994; Mesnil et al., 1995), 3)
Subtractive hybridization for mRNAs expressed in normal breast epithelial cells, but not
in breast tumor cells led to the identification of connexin26 as a class II tumor suppressor
(Lee et al., 1992). However, results are still not conclusive as independent laboratories
studying GJIC in the breast have demonstrated 1) GJIC is not eliminated in all breast
tumor cells (Enomoto et al., 1992; Laird et al., 1995), 2) GJIC is only downregulated
in tumor cells when the cells are highly metastatic (Nicolson et al., 1988), and GJIC

may actually be enhanced in early passage carcinomas (Eldridge et al., 1989).

In the present work, we first describe the expression of connexin43 in several well
characterized clonal lines of bovine mammary epithelial cells and fibroblasts (Huynh et
al., 1991; Woodward et al., 1994; Woodward et al., 1995) by Western blot analysis and
immunocytochemistry. Alterations in Cx43 protein quantity and maturation and GJIC
in simian virus-40 Large-T-antigen (SV-40 LT) transfected epithelial and fibroblast cells
are contrasted with their non-transfected counterparts. Finally, increased Cx43
expression, Cx43 immunolocalization and GJIC are accessed following treatment with
the previously identified inhibitors of bovine mammary epithelial cell proliferation: 1)

retinoic acid, 2) TGF-§,, and 3) dibutyrl cAMP.
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MATERIALS AND METHODS

Materials, cells, and cuiture conditions

All hormones, enzymes, media, serum and culture reagents were obtained from GIBCO
BRL (Burlington, Ont.), Becton Dickinson (St. Laurent, Que.) or Sigma Chemical Co.
(St. Louis, MO), unless otherwise noted. All-trans retinoic acid (RA) was purchased
from FLUKA (Ronkonkoma, NY). RA was solubilized in 100% ethanol at 37° C under
nitrogen in the dark and always used within 24 h. Controls always contained equal
concentrations of ethanol. TGF-8, was a gift from Bristol-Meyer Squibb. All glass and
plasticware were silanized (Sigmacote; Sigma) prior to TGF-8 exposure. TGF-§8 was
diluted in 2 5 mM HC1/15uM BSA solution as previously described (Woodward et al.,
1995).

A bovine mammary epithelial cell line (MAC-T) obtained from a mid-lactational 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-lactating animals were previously
described (Woodward et al., 1994). Additionally several epithelial cell lines (MEB-E)
and fibroblasts (MFB-3, MFB-T3) were isolated from mammary glands of non-pregnant
or pregnant bovine animals (MFB-3hUnf, MFB-Pr) (Woodward et al., 1995). MFB-T3
cells also stably express the LT as previously described; however, unlike MAC-T cells,
MEFB-T3 cells display a transformed phenotype (Woodward et al., 1995). All cells except

primary cell populations were clonal. Cell type was confirmed by immunocytochemical
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analysis for vimentin (Boehringer-Mannheim, Indianapolis, IN), cytokeratin (pan-specific,
Boehringer-Mannheim), smooth muscle actin (Enzo Diagnostics, Farmingdale, NY), and
fibronectin (Sigma Chem. Co.) (Woodward et al., 1994; 1995). All cells were
maintained for routine culture in 10% FBS supplemented DMEM in 2 humidified 37°

C, 5% CO, incubator.

Western blotting

Cells were cultured 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, repelieted and pellet rinsed with cold PBS. An
aliquot of resuspended cells was removed for protein assay (BCA assay, Pierce,
Rockford, IL) and hemocytometric counting. Samples were adjusted to equal cell number
by hemocytometric analysis or to equal protein by BCA assay as previously described
(Sorensen and Brodbeck, 1986). Cells were recentrifuged and pellet was resuspended at
1 X 107 cells/ml in 1 ml sample buffer, 2 mM PMSF, 3 uM leupeptin, 16 xM aprotinin,
2 mM EDTA, 50 mM sodium floride, S00 gM sodium orthovanadate, 100 ul §-
mercaptoethanol, 360 xl H,O and 500 ul 2X loading buffer (Woodward et al., 1995), on
ice and sample sonicated 10 s. Proteins were electrophoretically separated as per
Laemmli (1970) using a 10% polyacrylamide gel with an acrylamide: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 to enhance separation cf Cx43 species. Samples were
electrotransferred onto nitrocellulose filters and probed with CT-360 rabbit polyclonal
site directed antibody for the carboxyl terminal of Cx43, as we have previously reported

122



(Laird et al., 1995). Filters were exposed, overmight to 2 d, in a PhosphorImager
cassette and subsequently scanned for band intensity in a Phosphorlmager (Molecular
Dynamics, San Fransico, CA). All results obtained from Western blotting were repeated

with similar resuits.

Immunocytockemistry

Fixed cells were labelled for Cx43, vimentin, smooth muscle actin, or cytokeratin as
previously described (Laird et al., 1995). Briefly, cells grown on glass coverslips were
fixed in 100% ethanol, blocked of nonspecific binding sites with 10% horse sera or 2%
bovine serum albumin, rinsed in PBS and immunolabelled. Cells were labelled with 1-5
ug anti-Cx43 antibody or 1:100 dilutions of cytoskeletal 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 FITC conjugated antibodies. Coverslips were
rinsed, mounted and analyzed on a Zeiss LSM 410 inverted confocal microscope as
described previously (Laird et al., 1995). All immunocytochemistry experiments were

repeated at least twice.

Cell communication assay

When determining gap junctional communication in all cell types, cells were cultured on
glass coverslips in 1% FBS prior to microinjection procedure. However, when testing
growth inhibitors, cells were cultured in serum-free media or 1% FBS suppiemented
DMEM for 24 h prior to and during growth inhibitor addition. Individual cells were

pressure microinjected with 5% agueous 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 PBS. Cells were subsequently viewed on a Zeiss axiophot fluorescent
microscope or a Zeiss LSM 410 confocal microscope. At least 12 microinjected cells

were analyzed for all treatments.

RESULTS

Connexin expression and GJIC in non-transformed bovine mammary cells

Bovine mammary epithelial cells, whether primary non-clonal, clonal nontransfected
(MEB-E), or clonal SV-40 Large-T-antigen immortalized (MAC-T), all expressed Cx43
protein as measured by Western blot analysis (Figure 1). No major differences in Cx<!3
abundance or phosphorylation status were observed between fibroblasts (lanes A,B) and
epithelial cells (lanes C,D,E). There were differences in Cx43 protein quantities between
different fibroblast cell lines, notably primary cells (lane A) had less total Cx43 than
MFB-3 (lane B). Variations in Cx43 species (phosphorylated versus unphosphorylated)
or quantity were minimal between primary (lane C), clonal (lane D) and immortalized
epithelial cells (fane E). Moreover, quantities of Cx43 in fibroblasts or epithelial cells,
as measured by PhosphorImager analysis of Western blots were similar whether celi
Iysates were normalized to cell number or to total protein (data not shown). Cx32 and
Cx26 were not identified in any bovine mammary epithelial or fibroblasts cell lysates

(M.A. Sia, D.W. Laird, and T.L. Woodward, unpublished observations).
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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
also 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 colocalization 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 clonal 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
transfection with a SV-40 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 fibroblasts (lane C) were downregulated more than unphosphorylated
species, when compared to either non-transfected clonal MFB-C fibroblasts (lane A) or
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primary fibroblasts (lane B), Figure 4 A, B.

Immunolocalization of Cx43 in transformed fibroblasts (MFB-TC) revealed no Cx43 at
location of cell-cell contact. Instead punctate Cx43 was restricted to perinuclear location
(Fig 5 A, arrows). Additionally, dye transier 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 cell (i.e. not all first order cells, only to one cell in contact

with the injected cell) and most often did not leave the microinjected cell.

Regulation of connexin expression and GJIC by growth inhibitors

Previously, our laboratory and others have demonstrated TGF-8,, retinoic acid, and
cyclic AMP inhoits cellular proliferation of MAC-T cells (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-8 occurred at 1 pM and 40
pM, respectively. When MAC-T celis were treated with TGF-8,, total Cx43 protein was
increased 2-2.6 fold as measured by Phosphorimager analysis of Western blots (Table
1 A). Similarly, retinoic acid (200 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 uM to 100 M, where RA begins to cause cytotoxicity) inhibited
phosphorylated Cx43 species by up to 70% versus untreated cells. Interestingly, RA was
not cytotoxic at 1 uM, 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 analysis {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 pM, 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). In 10 uM RA
treated MAC-T cells, Cx43 immunostaining was dispersed throughout the cytoplasm
(Figure 8 B). Concomitant with the loss of GJIC by cytotoxic concentrations (lanes E,
F) of RA was a decrease in phosphorylated species of Cx43 (46 kD and 44 kD), and a

modest increase in Cx43 at 42 and 43 kD (Figure 6).

Similar to TGF-8 and RA, dibutyr} cyclic AMP (dbcAMP) increased total Cx43 by
approximately 2-3 fold (Table 1 B). Slower migrating Cx43 species were increased by
dbcAMP 2.8 fold (1 mM), while faster migrating forms only increased 1.6 fold. Unlike
RA or TGF-8, dbcAMP caused a dramatic redistribution of Cx43 (Figure 9). Prior to
dbcAMP treatment, MAC-T cells had a large pool of perinuclear Cx43. Following
dbcAMP (200 xM / 12 h) treatment, this intracellular pool is dramatically reduced.
Moreover, a consistent increase in cell surface (intercellular) punctate Cx43 was present
following dbcAMP treatment (Figure 9). Functional 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 murine studies have
demonstrated a developmentally specific regulation of connexin expression in the
mammary gland; with peak connexin expression during 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 development and
function have been fervently studied for most of this century. Using a series of bovine
mammary epithelial and fibroblast cell lines in this study, we establish the expression of
Cx43 in all these cells, and characterize their distinct cell specific immunolocalization.
Additionally, our results indicate that expression of the SV-40 Large-T-antigen and
subsequent cellular ‘immortalization’ does not, in itself, limit connexin gene expression
or gap junctional communication. However, Large-T-antigen transfected cells that
display a transformed phenotype do have reduced connexin43 protein, altered Cx43
immunolocalization and decreased gap junctional communication. Finally, the present
study examines the correlation between growth inhibition (by retinoic acid, TGF-8 and

CAMP) and gap junction upregulation in bovine mammary epithelial cells.

Studies concerning gap junction proteins and their regulation in the ruminant mammary
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gland are lacking. In recent years, however, normal mouse, rat and human mammary
cells have been examined for connexin expression and gap junctional com-nunication
(Wilenbus et al., 1992; Monaghan et al., 1994; Pozzi et al., 1995). In these species,
some discrepancies still exist between which connexins are expressed. Wilenbus and
colleagues (1992) reported that normal breast epithelium and normal breast connective
tissue only show immunoreactivity for Cx43, not Cx26 or Cx32. In mouse mammary
gland tissue, Monaghan and coworkers (1994) found no immunoreactivity for Cx43 or
Cx32 in any stage of mammogenesis or lactogenesis. However, these researchers did
find immunoreactivity io Cx26 in mammary tissue during pregnancy and lactation.
Another laboratory, recently reported the presence of Cx26 and Cx32 in mouse and rat
mammary gland, but only during lactation (Pozzi et al., 1995). Additionally, Cx43 was
present in al! stages of rodent mammary examined and in the human breast
(nonpregnant), though immunolocalization revealed junctions between myoepithelial ceils

and not secretory epithelial cells (Pozzi et al., 1995).

Herein, we have identified by Western blot and immunocytochemical analyses the
presence of Cx43: 1) in low passage primary epithelial cells and 2) fibroblasts, 3) in
clonal epithelial and 4) fibroblast cell lines, in 5) SV-40 Large-T-antigen transfected
epithelial cells and in 6) SV-40 transfected and phenotypically transformed fibroblast cells
from the bovine mammary gland. Interestingly, little difference in Cx43 total protein
was observed between primary cells and non transformed cell lines, indicating that Cx43

expression is not a result of adaptation to culture.
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Mammary epithelial cells (MAC-T) and MFB-TC fibroblasts were transfected with the
S$V-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 well 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., 1594; Woodward et al.,
1994; Woodward et al., 1995). Similarly, MAC-T cells expressed Cx43 at levels
comparative to primary epithelial cells or clonal non transfected epithelial cells (MEB-E).
Immunolocalization of Cx43 did, however, reveal increased perinuclear pools of Cx43
when compared to nontransfected counterparts. Cx43 is still abundant at the cell surface
in MAC-T cells, and gap junctional communication is at least equal to GJIC in non-

transfected epitheiial cells.

Much data has 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, Eldridge and colleagues reported
that immortalization, but not transformation, of human mammary epithelial cells by
benzo(a)pyrene induced decreased intercellular communication. Additionally, these
researchers found that tumorigenic mammary epithelial cells communicated to a greater
extent than normal or immortalized cells and hypothesized that ‘immortalization’ of

tumor cells may be responsible for the reduced gap junctional communication often found
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in tumor cells. Loss of GJIC in keratinocytes ‘immortalized’ by infection (not
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 identical transfections with SV-40 Large-T-antigen often led to cellular
transformation in bovine mammary fibroblasts, whereas no epithelial cells expressed a
transformed phenotype (Woodward et al., 1995). The nontransformed MAC-T cell line
were well coupled by gap junctions, despite the expression of the Large-T-antigen.
However, bovine mammary fibrodlasts transfected 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 results are contradictory
to those of Eldridge and coworkers (1989), since we found immortalization 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
of control of cellular proliferation in the tumor state. Several reports have indicated that
gap junctional communication may play an important role in regulating cellular
proiiferation (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 etal.,
1993; Bond et al., 1994; Lin et al., 1995; Mesnil et al., 1995). Gap junctional

communication and/or connexin expression has been shown to be inhibited by tumor-
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promoting agents that increase cell 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). Researchers have also 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, 1994).

These studies specifically address three agents that inhibit cellular proliferation and
analyze how they affect gap junctions and their reguiation. Previously, we and others
have shown retinoic acid, cAMP and TGF-§1 inhibit cellular proliferation of mammary
cells (Hund and Sheffield, 1991; Woodward et al., 1995; In press). Other Iaboratories
have demonstrated that retinoic acid enhances connexin expression or GJIC (Chiba et al.,
1994; Hossain and Bertram, 1994; Bex et al., 1995). cAMP has also been shown to
enhance GJIC (Mehta et al., 1992). Results concerning 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-g often exhibits opposing effects in dissimilar cells, generally
stimulating mesenchymal cell proliferation and inhibiting parenchymal cell proliferation
(Roberts and Sporn, 1990). We have demonstrated that all three growth inhibitors
- examined: cAMP, retinoic acid, and TGF-8 enhance total Cx43 protein expression in the
non-transformed MAC-T cell line. Though, only cAMP was able to substantially aiter
immunolocalization of Cx43, causing increased punctate cell surface Cx43 labelling and
decreased cytoplasmic and perinuclear Cx43.
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Despite elevated connexind3 expression following treatment with RA, cAMP or TGF-8,
none of these growth inhibitors significantly enhanced transfer of microinjected Lucifer
Yellow. 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 GJIC in well coupled cells.

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 uM in
MAC-T cells, though significant cell death does not occur until 100 M (Woodward et
al., In Press). At concentrations of 10 or 100 uM, RA decreased connexind3 expression,
disproportio..ately decreased phosphorylated Cx43 species, eliminated cell su;fgcc Cx43
and arrested dye transfer in MAC-T cells. Although many studies have shown toxins
inhibit gap junctional communication at lethal doses, others have shown, as reported
here, sub-lethal concentrations of cytotoxic agents to inhibit GJIC ('fateno et al., 1993;
Hu and Cotgreave, 1995). In fact, Cx43 expression was maximal in MAC-T cells
following RA treatment at 100 nM, while Cx43 quantities dropped at the non-cytotoxic
concentration of 1 pM.  TGF-§ was not cytotoxic at concentrations 100-fold higher
than those that arrest MAC-T cell growth (40 pM) (Woodward et al., 1995). Cx45

expression increased as TGF-81 concentrations were increased up until 10 pM TGF-81,
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with no significant change occurring at higher TGF-8 concentrations. Therefore, TGF-8

upregtilation of Cx43 nearly paralleled TGF-g 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 be particularly relevant in the adult mammary gland, as others have
demonstrated the necessity of GJIC in normal embryonic development (Warner et al.,
1984; McLachin and Kidder, 1986; Reaume et al., 1995). We have provided the first
evidence in bovine mammary epithelial and fibroblast cells of functional gap junction
proteins (Cx43), that can be acutely regulated by growth inhibitors. However, this
regulation by growth inhibitors does not always significantly effect function, i.e., GJIC.
We have also determined that immortalization of cells does not inhibit GJIC, whereas
oncogenic transformation may strongly inhibit connexin expression, maturation, and

function.
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Figure 1: Western blor analysis of Cx43 in bovine mammary cells: (A) primary
fibroblasts, (B) clonal fibroblasts (MFB-C), (C) primary epithelium, (D) clonal
epithelium (MEB-E) and (E) clonal SV-40 Large-T-antigen immortalized epithelial
cells (MAC-T). Note the presence of Cx43 species at 42, 44 and 46 kD in all cell

lysates. Lysates were adjusted to cell number,
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Figure 2: Immunolocalization of Cx43 in bovine mammary cells: (A) clonal non-
transfected MEB-E epithelial cells, (B) clonal immortalized MAC-T epithelial cells,
(C) clonal non-transfected MFB-C fibroblasts cells. Note intercellular punctate
labelling in all cell types, and increased perinuclear vesicular labelling in MAC-T

cells. Bars = 10 um.
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Figure 3: Dye coupling in (A) MEB-E epithelial cells, (B) MAC-T epithelial cells and
(C) MFB-C fibroblast cells. Cells were microinjected with Lucifer Yellow and dye
was allowed to spread for 10 min before fixation. Note that dye spread to at least 3rd

order cells in all cell 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 clonal non-transfected MFB-C fibroblasts (lane A) and SV-40 Large-T-antigen
transfected MFB-TC fibroblasts (lane C) displaying a transformed phenotype. Note
the Iarge reduction in the phosphorylated Cx43 species and the downregulation of

total Cx43 in transformed fibroblasts. Lysates were adjusted to cell number.
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Figure 5: Immunolocalization of Cx43 (A) and dye transfer (B ) in transformed
bovine mammary MFB-TC fibroblasts. Note the lack 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 {rom the microinjected
cell (asterisk) to any neighboring cells (B) as observed by phase contrast microscopy

(C). Bars = 10 pm.
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Figure 6: Western blot (Fig. A) and PhosphorImager (Fig. B) analyses of total Cx43
in bovine mammary MAC-T epithelial cells treated with all-trans retinoic acid (RA).
Note an increase in all species of Cx43 up to 100 nM RA (lane C). However,

concentration above 100 nM RA result in a decrease in phosphorylated species,
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Figure 7: Dye transfer in MAC-T cells cultured in 1% FBS, untreated (A), or treated
with 100 pM TGF-8; (B), 200 M dibutyrl cAMP (C), 100 nM all trans RA (D) or
10 uM RA (E). Cells were microinjected with Lucifer Yellow and dye was allowed
to spread for 10 min before fixation. Note there is little 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 all trans RA (10 uM)
treated (B) MAC-T cells. Note intercellular punctate labelling in untreated MAC-T
cells (A) is completely eliminated in 10 xM RA treated cells (B). Also, there is
diffuse intracellular labelling throughout the cytoplasm of RA treated cells. Cells

were imaged under identical conditions. Bars = 10 um.
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Figure 9: Immunolocalization of Cx43 in untreated (A) and dibutyrl cAMP (B)
treated MAC-T cells. Note perinuclear Cx43 staining in untreated MAC-T cells (A)
is lost upon 12 h 200 uM cAMP treatment. Cells were imaged under identical

conditions. Bars = 10 um.
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Table 1. PhosphorImager analysis of Western blots (not shown) of all Cx43 species
in bovine mammary epithelial cells (MAC-T) treated with TGF-8, (A) or dibutyrl
cAMP (B). (A) TGF-g 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 pM to ImM. Lysates were adjusted to cell number.
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Transforming growth factor- 1

Concentration 8] TpM 10pM 100pM 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

B .

dibutyrl CAMP

Concentration 0 lypM  10pM  100pM T mM
44-46 kD 1.0 1.3 1.8 2.3 2.8
42-43 kD 1.0 1.4 1.6 1.6 1.5




SUMMARY 5

Gap junctional proteins, connexins, and gap junctional intercellular communication
(GJIC) were examined in chapter 5. All the fibroblast and epithelial cell lines were
positive for connexin43 protein as determined by Western blot and immunocytochemical
analyses. These bovine mammary cells included the MAC-T cell line and fibroblast and
epithelial cell lines and primary cell populations described in chapter 1. Western blot
analysis revealed that Cx43 expression was not significantly different between non-
transfected and SV-40 large-T-antigen transfected epithelial cells. Additionally, Cx43
expression was similar in primary cell populations when compared to cell lines. Also,
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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All other cell lines, MAC-T, MEB-E (FbE) and MFB-3 transferred Lucifer Yellow to
at least third order cells from the microinjected cell. Dye transfer in these non-
transformed epithelial and fibroblast cell lines 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 cells, we sought to
determine if these proteins had similar immunolocalization patterns. Staining with a
Cx43 primary antibody and immunofluorescent secondary antibodies and visualization
by immunofluorescent confocal microscopy revealed minimal differences in Cx43 protein
expression within a cell type (i.e. epithelial or fibroblast). Epithelial cells had well
defined Cx43 punctate staining at the cell surface (plaques). Most intracellular Cx43
staining in epithelial cells was perinuclear. Fibroblasts, had punctate staining at the cell
surface. However, fibroblasts also had intracellular punctate staining and cell 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 loss
of GJIC. These data prompted us to examine if growth inhibitors discussed in chapters

3 and 4 could regulate this abundant protein.

TGF-81 (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 preferential increase in the
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phosphorylated forms of Cx43. Cyclic AMP and TGF-§ were not toxic (chapter 3), but
RA caused cytotoxicity at 10 M or higher (chapter 4). Interestingly, at 10 or 100 uM
RA inhibited Cx43 expression and preferentially inhibited its phosphorylated forms.
Immunocytochemistry revealed no major Cx43 alterations by RA or TGF-8 treatment,
though cAMP treated MAC-T cells showed decreased perinuclear Cx43 staining and
increased cell surface Cx43 staining. Cytotoxic concentrations of RA eliminated cell
surface Cx43. No difference was observed in dye transfer between control, RA, TGF-8,
or cAMP treated cells whether cells were cultured in serum free media or 1% FBS
supplemented media. Retinoic acid (10 xM) eliminated Lucifer Yeilow dye transfer in

MAC-T cells.

Therefore, both stromal and epithelial mammary cells express Cx43 protein.
Transformation of cells or cellular cytotoxicity causes downregulation of Cx43 and
decreased GIJIC. Additionally, growth inhibitors increase Cx43 protein, especially
phosphorylated species. MAC-T cells, however, are well coupled without growth
inhibitor treatment, even in serum-free conditions. Thus, these increases in Cx43
expression did not lead to increased GJIC as measured by transfer of Lucifer Yellow dye.
Therefore, growth inhibitors may not increase GJIC in previously well coupled (by gap
junctions) MAC-T cells, but may effect GJIC in virgin or involuting mammary giands,

when connexin expression (in mice) is reportedly very low or nonexistant.
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CONCLUSION

Several conclusions can be drawn from this thesis. Mammary cells, whether primary
populations, clonal lines, or clonal immortalized (by the SV-40 Large-T-antigen) cell
lines respond similarly to mitogens, growth inhibitors and have similar gap junctional
protein expression and GJIC. However, when these cells exhibit a transformed
phenotype, cellular proliferation, morphology, connexin protein expression and GJIC are
all effected. Interestingly, fibroblasts were preferentially transformed by SV-40 Large-T-

an.igen transfection when compared to epituelial cells.

Bovine mammary epithelial cells proliferate in response to insulin and IGFs, and
undefined components in serum and serum albumin. However, many mammogens that
are well characterized in vivo or in other species do not affect isolated bovine mammary
epithelial cell proliferation. Most notably is the lack of responsiveness to EGf‘. This
was especially intriguing since EGF is a major mitogen to mouse and human mammary

epithelium and has often been considered a potent mammogen 1in all species.

After a comprehensive investigation of bovine epithelial mitogens, we sought to
determine what factors inhibit proliferation of these cells. Autoregulated TGF-8
- receptors were identified in both epithelial and fibroblast cells, making them a likely
candidate. TGF-81 and TGF-52 both 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-8
were noted between SV-40 Large-T-antigen transfected fibroblasts and non-transfected
fibroblasts. TGF-8s effects were not cytotoxic and were reversible. Thus, TGF-8 is the
first physiological growth inhibitor identified that completely and reversibly arrests

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 10-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-8 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-£ inhibited cellular proliferation independent of IGFBP
expression. Moreover, RA induced growth inhibition did not persist for more than 4 d,
whereas TGF-8 arrest of cellular proliferation did not decrease even by 7 d. Therefore,
TGF-8 and retinoic acid inhibited cellular proliferation of bovine mammary epitheliat

cells, but function through different pathways.

Finally, I sought to determine if growth 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 trials in addition to TGF-8 and retinoic acid. First, Cx43 expression was
demonstrated in bovine mammary epithelial 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 transfected but not transformed by
the SV-40 Large-T-antigen transfection) had similar Cx43 protein quantities and GJIC

as non-transfected cells.

All growth inhibitors stimulated total Cx43 protein expression. Cyclic AMP increased
phosphorylated species of Cx43 more than unphosphorylated species. Cyclic AMP also
caused a shift in cellular localization of Cx43 from a perinuclear pool to the cell surface.
No noticeable changes in immunolocalization of Cx43 were observed following RA or
TGF-8 treatment. RA at cytotoxic concentrations inhibited Cx43 total protein,
preferentially inhibited phosphorylated Cx43 species, eliminated cell surface localization
of Cx43, and abolished transfer of Lucifer Yellow dye. RA at non-toxic concentrations,

TGF-B 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

GIJIC are inhibited. Also, 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
GIIC. Thus, a correlation exists between growth inhibitors and connexin expression in
the mammary gland. This thesis provides compelling in vitro evidence to these emerging
fields of research. Previous to the research presented in this thesis, studies concerning
1) GJIC or 2) the effects of RA, TGF-8, or mitogens on bovine mammary epitheliai cells
and fibroblast cells were absent. However, there is now an emergence of interest in
bovine mammary cell culture and the action of retinoids and TGF-8 on bovine mammary

epithelial cells.
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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 clonal 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 epithelial cells.

Chapter 2

This is the only existing report of the identification of direct acting mitogens on a clonal
bovine mammary epithelial 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 epithelial cell proliferation. Furthermore, it is
demonstrated that mEGF or hEGF is ineffective in altering proliferation of ¢lonal or

primary bovine mammary epithelial cells.

Chapter 3
The potent growth inhibitory effects of TGF-81 and TGF-82 on bovine mammary cell

proliferation were demonstrated. There are no previous reports describing any aspect
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of TGF-B action in the bovine mammary gland and its cellular constituents in vivo or in

vitro. This report also identifies TGF-8 receptors in the bovine mammary gland for the

first time.

Chapter 4

Retinoic acid was demonstrated to transiently inhibit bovine mammary epithelial cell
proliferation in this study. No reports have examined how retinoids affect mammary cell
proliferation in any species previously. Additionally, this study has established the
involvement of a novel IGFBP pathway in retinoic acid induced mammary epithelial cell

growth inhibition.

Chapter 5

Connexin43 expression was identified in bovine mammary epithelial cells 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 cells. Connexind43 protein was increased by all
growth inhibitors, 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 to correlate growth inhibition (induced by several

independently acting growth inhibitors) and connexin expression.
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