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ABSTRACT
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Advisor: Dr. A.M. Viloria-Petit

University of Guelph, 2018
A previous study demonstrated that TGFβ promotes apoptosis through
suppression of the PI3K/Akt signalling pathway in the bovine mammary epithelial cell
line BME-UV1. We compared TGFβ modulation of PI3K/Akt signalling and its
downstream role in apoptosis and proliferation in two normal bovine mammary epithelial
cell lines MAC-T (myoepithelial and luminal-like profile) and BME-UV1 (luminal-like
profile). TGFβ induced apoptosis in BME-UV1 cells, while TGFβ rescued MAC-T cells
from serum starvation-induced apoptosis. TGFβ reduced PI3K/Akt activity in MAC-T
cells suggesting PI3K/Akt modulation is not involved in the antiapoptotic effect of TGFβ
in these cells. In BME-UV1 cells, TGFβ had a biphasic effect on PI3K/Akt activity
including an initial rise at 3 hours in phosphorylation of Akt followed by a reduction
between 12-24 hours. This led us to investigate the effect of Akt inhibition in TGFβinduced apoptosis of BME-UV1 cells using the Akt inhibitor MK. Enhanced apoptosis of
the TGFβ + / MK + group compared to the TGFβ - /MK - control group suggests that
Akt inhibition in combination with TGFβ treatment promotes apoptosis of BME-UV1 cells.
TGFβ had contrasting effects on apoptosis but not growth arrest, as TGFβ treatment
reduced proliferation of both cell lines, and therefore the use of these cell lines as
models to study TGFβ signalling should be carefully tailored to the questions asked.
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INTRODUCTION

Bovine somatotropin (bST) is a hormone administered to dairy cows resulting in
an increase in milk yield by 10-15% (Etherton et al. 1993). While the use of this
hormone presents no health concerns to humans, it is costly to the health of dairy cows
(Dohoo et al. 2003). The use of bST has been banned in Canada, however this
hormone is commonly used on dairy cows in the United States (www.fda.gov.com
2017). bST increases milk production by increasing cell activity (metabolic effects) and
cell number (somatogenic effects; Etherton and Bauman 1998), both of which extend
the persistency of lactation (Bauman et al. 1996). Thus, an alternative to the use of bST
for the purposes of extending lactation and increasing milk production could yield
significant financial benefits to the Canadian dairy industry.
The persistency of lactation is defined as number of days during which the level
of constant yield is maintained (Grossman et al. 1999). Cows that produce the same
peak milk yield can differ in total milk yield because of differences in the persistency of
lactation. The typical dairy cow undergoes a lactation that is normally 305 days long
(this may vary depending on the persistency of lactation), followed by a non-lactating
period known as the dry period, which is typically 60 days long (Grossman

Figure 1: Effect of bST on milk yield. Cows
received a daily injection of exipient (dotted
line) or bST (27 mg/day; solid line) for 26
weeks (Adapted from Etherton and Bauman
1998).
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et al. 1999). The persistency of lactation can be illustrated using a lactation curve in
which milk yield is plotted against time (Figure 1). Persistency of lactation is a balance
between cell apoptosis and cell proliferation; when the balance is skewed toward the
latter, this results in greater persistency (Capuco et al. 2003). This may be achieved by
manipulating antiproliferative and apoptotic signalling in the bovine mammary gland; an
example of an apoptogenic and antiproliferative cytokine is transforming growth factor
Beta (TGFβ).
TGFβ1 mRNA expression is upregulated during the dry period (Plath et al. 1997),
and TGFβ1 has been found to induce apoptosis and arrest cell growth in bovine
mammary epithelial cells (Kolek et al. 2003). The pro-apoptotic effect of TGFβ1induced apoptosis in the bovine mammary epithelial cell line BME-UV1 was correlated
with a reduction of PI3K/Akt activity (Gajewska and Motyl 2004). MAC-T is another
commonly used bovine mammary epithelial cell line, however, it has never been
demonstrated that TGFb1 modulates PI3K/Akt activity, nor that TGFb1 induces
apoptosis in the MAC-T cells.
This study characterized the effect of TGFβ1 on apoptosis and growth arrest in
relation to PI3K/Akt activity, and examined the contribution of Akt to TGFβ1-induced
apoptosis in bovine mammary epithelial cell lines MAC-T and BME-UV1. This review
will summarize the literature surrounding lactation physiology in the bovine mammary
gland, TGFβ signalling, PI3K/Akt signalling, and the impact of these factors on
apoptosis and proliferation of bovine mammary epithelial cells.
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LITERATURE REVIEW

The Bovine Mammary Gland
Macrostructure
In the cow, the udder is composed of four mammary glands referred to as
quarters (Nickerson and Akers 2011). The general anatomy of the mammary gland is
illustrated in Figure 2A. The parenchyma is the functional tissue of the mammary gland
consisting of secretory epithelium and ducts while the stroma contains the connective
tissue including blood and nervous supply (Nickerson and Akers 2011). The secretory
units of the mammary gland are referred to as alveoli, which produce milk that is then
drained by a network of ductules. The initial ductules converge into larger ducts, which

Figure 2: Macrostructure and Microstructure of Bovine Mammary Gland. A:
Anatomy of the udder. B: Ultrastructure of individual alveolus. Adapted from Nickerson
and Akers 2011.
3

come together to form the lactiferous sinus (Nickerson and Akers 2011). The lactiferous
sinus can be divided into the cavity within the quarter (the gland cistern) and the cavity
within the teat (the teat cistern) (Nickerson and Akers 2011). The cisterns are large
cavities that serve to collect milk secreted from the alveoli prior to milk removal.

Microstructure
The functional part of the mammary gland is the branching alveoli. An alveolus is
the secretory unit of the mammary gland, and is approximately 50-250 µM in diameter
(Nickerson and Akers 2011). The lumen of the alveoli is surrounded by a single layer of
secretory epithelial cells connected to a basement membrane, which are themselves
surrounded by a layer of contractile myoepithelial cells (Figure 2B; Nickerson and Akers
2011). Oxytocin stimulation causes the contraction of myoepithelial cells allowing the
epithelium to secrete milk out of the lumen and into the ducts (Bruckmaier and Blum
1998). Oxytocin levels remain high throughout lactation in order to facilitate milk release
from the mammary gland (Neville et al. 2002). The alveolus is surrounded by a
connective tissue basement membrane, and there is a capillary system in between
alveoli. A cluster of alveoli surrounded by connective tissue is referred to as a lobule,
and there are 150-220 lobules within a lobe (Nickerson and Akers 2011). Ruminants
contain terminal ductal lobular units (TDLUs) which are responsible for branching and
elongation of the ducts (Capuco and Ellis 2005). A TDLU is the functional unit of the
parenchyma of the postpubertal mammary gland. Intralobular connective tissue
surrounds the epithelium of the TDLU, and the entire unit is surrounded by interlobular
connective tissue.
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Figure 3: The Bovine Lactation Cycle.

The Bovine Lactation Cycle
The dairy cow undergoes many lactations over its life. This can be described as
a cycle in which pregnancy stimulates mammary growth in preparation for lactation, and
mammary development will continue during lactation. Lactation begins after calving,
and lasts for a period of approximately 305 days. Once milk removal is ceased, the
mammary gland undergoes involution, and this is also the initiation of the dry period
(Grossman et al. 1999). This section will review the physiological events that
characterize mammogenesis, lactation and involution.

Mammogenesis
Mammary growth and differentiation begins in the foetus and continues
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throughout the life of a dairy cow. By the time of birth, the teat is well developed and
blood vessels, lymph vessels and the fat pad are present, however no development of
secretory or glandular structures occurs until pregnancy (Hurley and Loor 2011). For
the first 2-3 months following birth, the ruminant mammary gland develops isometrically
with the rest of the body. Beyond this time, the mammary gland undergoes positive
allometric growth compared to the rest of the body, and this continues until shortly
before puberty (around 9 months of age in bovine). The majority of mammary gland
growth that occurs during this time is expansion of the mammary fat pad (Hurley and
Loor 2011). Prepubertal mammary development is linked to gradual development of the
ovaries (Sejresen 1994). Mammary development is completely inhibited in calves that
are ovariectimized at birth (Wallace 1953), while it is approximately 90% inhibited in
calves that are ovariectimized 2 months after birth (Purup et al. 1993). Ovariectomies
performed in calves between 2.5 and 3 months of age reduces mammary development
but does not cause complete cessation (Berry et al. 2003). These studies suggest that
ovarian hormone secretions are required for the initiation but not the maintenance of
mammary growth (Velayudhan et al. 2011).
Isometric mammary growth returns at the onset of puberty (Sejresen 1994). Also
during puberty, the appearance of estradiol (E2) receptors in the mammary gland
coincides with the time in which the gland becomes exposed to cyclic blood
concentrations of E2 (Hurley and Loor 2011). Beginning at the age of puberty (9 months
of age), the mammary gland will continue development in response to cyclic ovarian
steroid hormone secretions (Hurley and Loor 2011). The ducts will elongate, and will
also branch to form TDLUs (Hurley and Loor 2011). During pregnancy, the TDLU will
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develop functional alveoli-structures and become the lobulo-alveolar unit (Capuco and
Ellis 2005). Mammary growth of the pregnant female exponentially increases with it
reaching its peak in later stages of gestation in parallel with maximal fetal growth. This
involves an increase in udder weight as well as an increase in secretory epithelial cells
(Swanson and Poffenbanger 1979).

Lactation
During lactation, mammary cell numbers continue to increase, however this only
occurs during the early postpartum period. In cows, mammary DNA increases by 65%
between 10 days prepartum and 10 days postpartum (Akers et al. 1981a). Increasing
secretory cell activity, and not the increase in mammary cell number during this time, is
thought to be the major contributor to the ascending phase of the lactation curve of milk
production.
The endocrine system is necessary for the initiation and maintenance of lactation
and pregnancy. During pregnancy, mammary growth is driven by hormones, which
leads to more extensive ductal branching as well as the formation of alveolar structures
required for milk production (Forsyth 1973; Kwong 1940). Progesterone (P4) and E2
work synergistically in the development of the mammary gland to form lobulo-alveolar
structures (Tucker 2000). P4 and E2 levels are high during pregnancy, and then decline
right before parturition in the dairy cow, while levels of Prolactin (PRL) and
glucocorticoids rise during this period (Sheffield 1988; Smith et al. 1973).
PRL secretion is induced by suckling, and is released at the time of milk removal
in ruminants and nonruminants (Tucker 2000). Studies on the role of PRL in bovine
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lactation have demonstrated it to be important for mammogenesis and lactogenesis but
having little effect on galactopoiesis in ruminants (Karg and Schams 1974). In cattle,
there is a surge in secretion of PRL several hours before parturition (Smith et al. 1973).
Akers et al (1981b) used bromocriptine to block this surge in PRL, which significantly
reduced milk yield but found that exogenous PRL treatment reversed this effect. This
study demonstrates the importance of PRL for both the initiation and the maintenance
of lactation (Akers et al. 1981b). However, exogenous PRL administration after peak
milk secretion had insignificant effect on milk yields (Plaut et al. 1987) suggesting that
exogenous PRL administration to dairy cows would provide no advantage to milk
production.
In ruminants, Growth Hormone (GH) is the predominant galactopoietic hormone
(Tucker 2000). GH administration to heifers increases mammary cell number and
mammary parenchymal mass (Radcliff et al. 1997, Sejrsen et al. 1986). GH signalling
is initiated by GH binding to its receptor, and the receptor leads to tha activation of
Janus Kinase (JAK) receptor tyrosine kinase activity (Zhou 2007). Activated Jak
phosphorylates Signal Transducer and Activator of Transcription 5 (STAT5; Zhou 2007).
STAT5 activates the expression of genes including insulin-like growth factor (IGF-I;
Argetsinger et al. 1993). Many of the galactopoietic effects of GH are mediated by IGF-I
(Zhou 2007). Binding of IGF-I to the IGF receptor initiates its intrinsic tyrosine kinase
activity, and leads to the activation of the Phosphatidylinositol-4,5-Biphosphate 3 kinase
(PI3K)/Akt and Mitogen Activated Protein Kinase (MAPK)/Extracellular-Signal
Regulated Kinase (Erk) signalling pathways (Argetsinger et al. 1993). The PI3K/Akt
pathway has many roles in various cellular processes such as metabolism and survival,
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and will be reviewed in greater detail in a later section, while the MAPK/Erk pathway is
mainly involved in proliferation and differentiation (O'Connor 2003).
Lactation is dependent on the continuous removal of milk, as the accumulation of
milk initiates involution (Quarrie et al. 1994; Wilde et al. 1997). Feedback Inhibitor of
Lactation (FIL) is produced by secretory mammary epithelial cells, and is released into
the lumen in parallel with milk secretion (Wilde et al. 1995). Upon cessation of milk
removal, FIL accumulates in the mammary alveoli cells, which leads to inhibition of milk
synthesis (Quarrie et al. 1994; Wilde et al. 1997). Thus, in addition to the endocrine
system, lactation is also under the control of a locally-derived negative feedback system.
The next section will provide greater detail of the process of mammary gland involution
following milk stasis.

Involution
Involution is the process in which the mammary glands transitions from a
lactating to a non-lactating state (Hurley 1989), and involution is also the initiation of the
dry period. The dry period is a common term used in the dairy industry and is defined
as the period between cessation of milk removal at dry-off and the initiation of milking at
the subsequent calving (Hurley and Loor 2011). In bovine mammary gland involution,
senescent secretory epithelial cells are removed by apoptosis in order to re-populate
the alveoli with functional secretory epithelium prior to the next lactation (Pai and
Horseman 2011a). Involution is also characterized by remodeling of the mammary
gland involving increased stromal proliferation and reduced epithelial proliferation (De
Vries 2011). In the bovine mammary gland, alveolar structures are maintained
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throughout involution and the dry period allowing lactation to be re-initiated by resuming
milk removal (Capuco and Akers 1999).
Milk stasis and accumulation is the first trigger for inducing involution by causing
accumulation of FIL in the alveoli of the mammary gland. The feedback mechanism
controlling lactation has long been a topic of speculation. Serotonin, also know as 5hydroxytryptamine (5-HT), is a key player in the negative feedback loop regulating milk
production and secretion in lactating mice (Matsuda et al. 2004). In the previous study,
Matsuda et al. found that 5-HT is secreted by mouse mammary epithelial cells and
inhibits milk secretion by increasing 5-HT bioavailability and blocking the serotonin
reuptake transporter (SERT; Matsuda et al. 2004). In addition, 5-HT2B, 5-HT4, and 5HT7 receptors are directly involved in inhibiting milk protein gene expression in 3D
collagen cultures of primary bovine mammary epithelial cells (Hernandez et al. 2009).
These studies lend support to the hypothesis that 5-HT may have a similar role in the
negative feedback system controlling milk secretion in bovines, however further studies
are necessary in order to elucidate the signalling mechanism of 5-HT within the bovine
mammary gland. It also remains to be investigated how 5-HT affects the expression of
apoptogenic peptides upregulated during involution such as Insulin-Like Growth Factor
Binding Proteins (IGFBPs), which sequester IGF-I from the IGF receptor, and
Transforming Growth Factor β (TGFβ).
TGFβ1 and its receptors are upregulated during involution of the bovine
mammary gland (Plath et al. 1997), and TGFβ1 has been documented to induce
apoptosis, autophagy and growth arrest in bovine mammary epithelial cells (Kolek et al.
2003; Gajewska et al. 2005; Zarzyńska et al. 2005). It is thought that elevated TGFβ1
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expression during involution is due to its increased secretion by epithelial and stromal
cells in response to the withdrawal of galactopoietic and lactogenic hormones and
growth factors. The latter was supported by a study that compared the effects of
hormones and growth factors on TGFβ1 expression in two commonly studied bovine
mammary epithelial cell lines, MAC-T and BME-UV1 (Zarzyńska et al. 2005). By
reducing FBS content in the media from 10% to 0.5%, they mimicked the withdrawal of
lactogenic hormones, growth factors, and nutrients that occurs at the end of lactation
and the beginning of involution. In FBS-deficient media, TGFβ1 protein and mRNA
expression was increased, and reached its maximum levels after 24 hours in BME-UV1
cells or 48 hours in MAC-T cells. This correlated with the apoptotic response of BMEUV1 and MAC-T cells to serum starvation, in which both TGFβ1 expression and
apoptosis reached its maximum levels after 24 hours in BME-UV1 cell, or after 48 hours
in MAC-T cells (Zarzyńska et al. 2005). TGFβ1 is thought to be a major contributor to
remodeling and apoptosis observed during involution, and the following section will
provide a thorough review of TGFβ1 signalling in order to better understand its context
in the mammary gland.

Transforming Growth Factor β
TGFβ Signalling
TGFβ classically signals via a receptor serine/threonine kinase hetero-tetramer,
comprised of equal parts TGFβ receptors I (TβRI) and II (TβRII). TGFβ ligands have
high affinity for the type II but not type I TGFβ receptors (Massuague 1998). Upon
TGFβ binding, the constitutively active TβRII dimer binds and phosphorylates TβRI,
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Figure 4: Canonical TGFβ Signalling. (DNA helix retrieved from: www.bbc.co.uk
2017)
which becomes activated and phosphorylates receptor-associated transcription factors
Smad2 and Smad3. These R-Smads form a complex with the co-Smad, Smad4, which
translocates to the nucleus, where it associates with other transcriptional elements to
regulate gene transcription (Figure 4). Apart from the type of R-Smad activated, the
nature of the interacting transcriptional co-activators and co-repressors, and the site of
Smad2/3 phosphorylation, whether at the carboxy terminus or the central linker region,
determine signalling outcome (Gilbert et al. 2016).
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TGFβ Receptors
The TGFβ superfamily of receptors is made up of two subfamilies: type I
receptors and type II receptors (Massague 1992), which have molecular weights of 50
and 70 kDa, respectively (Derynk 1994). The TβRII receptor is characterized by a threefinger toxin fold in the 136-amino acid extracellular domain, and the structure of this
consists of three β-strand loops projecting from a hydrophobic central core containing
four disulfide bonds; this serves as the binding site for TGFβ ligand. The TβRII receptor
also contains a single transmembrane domain and intracellular domain with constitutive
serine/threonine kinase activity (Lin et al. 1992; Greenwald et al 1999; de Caestecker
2004). TGFβ signalling is initiated upon dimeric ligands binding to TβRII (Feng and
Derynck 2005; Schmierer 2007; Moustakas and Heldin 2009), which leads to the
assembly of a TβRII/TβRI complex through a cooperative mechanism in which ligand
binding to the type II high affinity receptor causes the recruitment and activation of the
type I receptor (Groppe et al. 2008). Assembly and activation of the ligand-receptor
complex leads to transphosphorylation of TβRI by TβRII in a region rich in Glycine and
Serine amino acid residues called the GS domain (Massague 1998). This leads to
autophosphorylation of TβRI, activation of its serine/threonine kinase activity, and the
subsequent TβRI-dependent phosphorylation of the receptor-associated Smads (RSmads). Smad phosphorylation and the subsequent cascade of signaling events is
known as the canonical TGFβ pathway.

TGFβ Ligands
Active TGFβ ligand is a 112-amino acid polypeptide, containing two pairs of anti-
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parallel β-strands and one α-helix (Lin et al. 2006). The TGFβ ligand is stabilized by
three intramolecular disulfide bonds between six conserved cysteine residues on the β
strands (ten Dijke and Arthur 2007). A seventh cysteine residue mediates dimerization
through a covalent disulfide bond to form the biologically active ligand (Lin et al. 2006).
The ligands of the TGFβ superfamily are initially synthesized as 390-amino acid
precursor proteins with a molecular weight of 75 kDa. The precursor TGFβ protein
contains a carboxy terminus including the active ligand, as well as a large amino prodomain that is required for proper protein folding (Harrison et al. 2011). The signal
peptide is removed from pre-pro TGFβ in the endoplasmic reticulum, and is processed
again in the trans-Golgi where pro-TGFβ is proteolytically cleaved at the Arg-Arg site
between amino acids 278 and 279 by the convertase family of endoproteases (Dubois
et al. 1995). This cleavage results in the carboxy terminus containing the active ligand,
and an N-terminus, known as the latency-associated peptide (LAP; Beck et al. 2002).
These two polypeptides are non-covalently bound in what is known as the small latent
complex (SLC; Annes 2003). The SLC next binds to a large glycoprotein known as the
latent TGFβ-binding protein (LTBP), and together form the large latent complex (LLC;
Kanzaki et al. 1990). The C-terminus of LTBP can bind to the N-terminus of fibrillins,
which are proteins that mediate elastin fiber formation, thus mediating storage of TGFβ
in the ECM (Isogai et al. 2002). In order to activate TGFβ, the LLC must be released
from the ECM. This can be mediated by proteases such as plasmin, thrombin and
mast-cell chymase (Annes 2003). The last step in order to reach full activation of TGFβ
involves removing the LAP. LAP can be separated from the mature TGFβ by a variety
of mechanisms including high temperature or extreme pH (Annes 2003). In addition,
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several proteases have been implicated in removal of the LAP, such as plasmin,
endogycosidase F, sialidase, neuraminidase, cathepsins B and D, calpain, as well as
thrombospondin-1 (Khalil et al. 1999). However, the mechanism of activation of latent
TGFβ that may be more relevant in physiologic conditions, involves the activity of
integrins. Integrins can activate latent TGFβ by acting as a docking site to bring
membrane type 1 matrix metalloproteinases (MT-1 MMPs) and TGFβ into close vicinity
where the MT-1 MMP can proteolytically cleave the LAP (Wipff and Hinz 2008).
Integrins can also activate latent TGFβ independent of proteolytic activity. Contractile
cell forces transmit via integrins to the LLC and the ECM can mechanically resist the
cellular traction forces that are exerted to the LLC. This results in a mechanicallyinduced change in conformation of the LLC and liberation of active TGFβ1 (Wipff and
Hinz 2008).

Smad Proteins
The Smad proteins were named based on their similarity to Caenorhabditis
elegans Sma (small) and Drosophila Mad (mothers against decapentaplegic) genes,
and the acronym Smad is a contraction of Sma and Mad (Malhotra and Kang 2013).
Smad proteins fall into three subfamilies; R-Smads (Smad1, Smad2, Smad3, Smad5
and Smad8) that are direct substrate of receptor kinase activity, the Co-Smad (Smad4)
which forms a complex with R-Smads, and the inhibitory Smads (Smad6 and Smad7)
that inhibit the signalling of the former two subfamilies of Smads (Massague 2012).
Smad1 and its homologues Smad5 and Smad8 are substrates of BMP TβRI (BMPRI),
while Smad2 and Smad3 are mediators of TGFβ and activin signaling (Massague 2012).
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The inhibitory Smad6 preferentially inhibits BMP signalling, while Smad7 inhibits both
TGFβ and BMP signalling (Massague 2012). Smad4 interacts with R-Smads to
participate in signalling. The L3 loop of the Smad proteins is a 17-amino acid region that
protrudes from the core of the Smad C-terminal domain (Lo et al. 1998), and the L45
loop is a 9-amino acid sequence in the kinase domain of TβRI; together, the L3 loop of
the Smad proteins and the L45 loop of TβRI determine whether the signal is propagated
through TGFβ-like or BMP-like Smads (Feng and Derynk 1997). Upon TGFβ ligand
binding, TβRII phosphorylates TβRI on Serine residues of its GS domain; negatively
charged phospho-Serine increases the binding affinity of the GS domain for the
positively-charged L3 loop of R-Smads. R-Smads dissociate from the TβRI once
phosphorylated due to competitive binding between the negatively-charged
phosphorylated Serines in the GS domain of TβRI and the negatively-charged
phosphorylated Serines in the C-terminal Serine-X-Serine motif of the R-Smads for the
positively charged L3-loop of partnering R-Smads (Wu et al. 2001). Phosphorylation of
these R-Smads targets the C-terminal Serine-X-Serine motif of the Mad homology 2
domain (MH2), and this will bind homologous MH2 domains. Smad4 is not a receptor
substrate, however it does form a complex with and is a signalling partner to the RSmads, Smad2 and Smad3. After phosphorylation by receptors, the Smad complex
translocates to the nucleus where it binds DNA with partnering transcription factors
(Derynck and Zhang 2003; Shi and Massuage 2003).
The Smad proteins contain highly conserved N and C terminal domains, also
referred to as the MH1 and MH2 domains, respectively, which are joined by a linker
region. The linker region can undergo post-translational phosphorylation and serves as

16

a site to regulate Smad function (Weiss and Attisano 2012). The MH1 domain contains
an 11 amino-acid β-hairpin loop that mediates DNA binding (Shi et al. 1998). The
inhibitory Smads lack this β-hairpin structure (Weiss and Attisano 2012). Smad4 is
unique in that it contains the Smad Activation Domain (SAD), which is required for
activation of DNA transcription (Weiss and Attisano 2012). Only Smad3 and Smad4
directly bind to DNA, as Smad2 contains a site that interferes with DNA binding due to
steric hindrance (Yagi et al. 1999). Smad3 and Smad4 directly bind to DNA in regions
containing an 8-bp palindromic sequence: GTCTAGAC (Zawel et al. 1998). The RSmads bind to half of this 8-bp sequence, either GTCT or AGAC through the β-hairpin
loop contained in their MH1 domain (Shi et al. 1998; Chai et al. 2003; BabuRajendran
et al. 2010). These 4-bp sequences that make up the 8-bp palindrome are more
commonly known as Smad Binding Element (SBE) or the CAGA box (Morikawa et al.
2012).
In their basal state, Smads constantly shuttle between the cytoplasm and the
nucleus via nucleoporins (Hill 2009). However, when receptor phosphorylation induces
the formation of the Smad complex, they require nuclear import and export factors (Hill
2009). Smads bind DNA with low affinity (Shi et al. 1998). As such, Smads are
dependent on DNA-binding partners to direct and transcribe the appropriate target gene
(Massagué and Wotton 2000). Some of these partners include the Forkhead Box H1
(FoxH1) protein (Chen et al. 1996), Forkhead class O (FoxO) transcription factors
(Seoane et al. 2004), and the Mixer transcription factor (Germain et al. 2000). This,
coupled with the activities of various co-activators or co-repressors, determines
transcriptional specificity (Massuague 2005). The MH2 domains of the Smads bind co-
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activators and co-repressors (Massuague 2005) in response to TGFβ stimulation
(Massague and Wooton 2000).

PI3K/Akt
This section will examine PI3K/Akt signalling and its downstream targets in order
to understand the outcome of TGFβ modulation of PI3K/Akt signalling in the bovine
mammary gland.

PI3K/Akt Signalling
Once active, Class IA PI3K phosphorylates Phosphatidylinositol-4,5-Biphosphate
(PIP2) to Phosphatidylinositol-3,4,5-Triphosphate (PIP3; Zhao and Vogt 2008). PIP3
acts as a docking site for both Phosphatidyl-Inositol Dependent Kinase 1 (PDK-1) and
Akt (both Serine/Threonine kinases), and recruits them to the plasma membrane, where
PDK-1 phosphorylates and activates Akt (Zhao and Vogt 2008). In turn, Akt activates a
number of targets to promote cellular proliferation, cellular survival, and migration (Zhao
and Vogt 2008). The Phosphatase and Tensin Homolog (PTEN) protein is a
phosphatase that negatively regulates the activity of PI3K and inhibits Akt activation
(Maehama and Dixon 1998).

Class I PI3Ks
The PI3K family is comprised of three classes of enzymes, including class I
PI3Ks (Knight et al. 2006). Class I PI3Ks catalyze the phosphorylation of the 3’ hydroxyl
group of phosphoinositides (Katso et al. 2001). The main substrate of class I PI3Ks is
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PIP2 which is converted to PIP3. Class I PI3Ks transmit signals from tyrosine-kinase
coupled receptors; they are dimeric enzymes that consist of a p110 catalytic subunit
and a p85, p50, or p55 regulatory subunit. (Zhao and Vogt 2008). The catalytic subunit
contains an N-terminal p85-binding domain, a Ras-binding domain, a C2 (Calciumdependent membrane targeting) domain, as well as a kinase domain (Katso et al. 2001).
All of the regulatory subunits have three Src homology 2 (SH2) binding domains; two
that specifically recognize phosphorylated tyrosine residues, and an inter-SH2 domain
that binds constitutively to the p85-binding domain of the p110 subunit (Katso et al.
2001). The regulatory subunit binds to phosphorylated tyrosine receptors at the plasma
membrane and recruits the catalytic domain in order to phosphorylate its lipid
substrates and carry out its signalling activity. The association of the p85 and the p110
domains enhance the catalytic activity of the p110 subunit when bound to a tyrosine
phosphorylated protein but otherwise inhibits it when unbound (Yu et al. 1998).

Akt
Akt is a 60 kDa protein that contains a central kinase domain, an N-terminal
Pleckstrin Homology domain, and a C-terminal Extension domain. The C-terminal
Extension domain also contains a regulatory hydrophobic motif (Hanada et al. 2004).
The pleckstrin homology domain binds to PIP3, and this recruits Akt to the plasma
membrane (James et al. 1996). Activation of PI3K signalling results on the
phosphorylation of Akt (Alessi et al. 1996). Akt is phosphorylated on Serine 473 of the
hydrophobic motif domain of the C-terminus by Mammalian Target of Rapamycin
Complex 2 (mTORC2), while Threonine 308 within the kinase domain is phosphorylated
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by PDK-1 (Alessi et al.1996). Phosphorylation of Threonine 308 is essential for the
catalytic activity of Akt (Yang et al. 2002a). In the absence of Threonine 308
phosphorylation, the central kinase comain of Akt is disordered, and this precludes its
interactions with downstream substrates (Yang et al. 2002a). Phosphorylation of Akt on
Serine 473 causes protein folding that maximally allows substrates to access the active
site, and is therefore a requirement for full activation of Akt (Yang et al. 2002a; 2002b).
One of the downstream effects of Akt is cell cycle progression (Franke 2007). The
following section will provide a general background on the cell cycle in order to provide
better context for manipulation of the cell cycle by PI3K/Akt signalling.

The Cell Cycle
The cell cycle involves a number of proteins that regulate cell cycle progression
eventually leading to mitosis and the formation of two identical cells (Schafer 1998).
Cyclin-Dependent Kinases (CDKs) and Cyclin proteins regulate cell cycle progression
through the G1, S, G2 and M phases (Sherr and Roberts 1995). The G1 and G2 phases
are also referred to as the first and second gap phases, respectively. In the G1 phase,
the cell is preparing to duplicate its DNA in the Synthesis (S)-phase. In the G2 phase,
the cell is preparing to undergo mitosis (Schafer 1998). Cells can also exit the cell cycle
by entering into the Resting (G0) phase. Cells in the G0 phase are capable of
undergoing division, but have exited the cell cycle and are not actively cycling; an
example of cells in the G0 phase are terminally-differentiated cells such as neurons
(Schafer 1998).
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CDKs are regulated by phosphorylation, and CDKs contain phosphorylation that
can be stimulatory or inhibitory (Borgne and Meijer 1996). CDKs are only functional
when in complex with Cyclin proteins hence their name. Cyclins contain nuclear
localization signals that function to target CDKs to the nucleus where they can regulate
the cell cycle (David-Pfeuty and Nouvian-Dooghe 1996). Cyclins are so named because
of the cyclic nature of their expression; they are only expressed at certain times during
the cell cycle, and bind specifically to certain CDKs (Darzynkiewicz et al. 1996). The cell
cycle is regulated by a variety of mechanisms. In order for the cell to progress beyond
the G1 phase, CDKs must phosphorylate the retinoblastoma protein (pRb).
Hypophosphorylated pRb binds to E2F transcription factors preventing its
transcriptional activity. When phosphorylated by CDKs, hyperphosphorylated pRb
releases E2F transcription factors freeing them to regulate transcriptional activity that
causes progression of the cell cycle beyond the G1 phase (Arroyo and Raychaudhuri
1992).
CDK inhibitors mediate negative regulation of the cell cycle. For example, the
p16 family (p15, p16, p18, and p19) inhibits CDKs of the G1 phase, CDK-4 and CDK-6
(Schafer 1998). The p21 family of inhibitors (p21, p27, and p57) are also important
negative regulators active during the G1 phase. The p53 protein induces the
transcription of p21, and this is one of the ways in which p53 causes cell growth arrest
(Waldman et al. 1995). Cells will exit the G1 phase and become quiescent (G0) if growth
factors are withdrawn (ie. during starvation of cultured cells). The point in the G1 phase
when cells are no longer susceptible to growth factor withdrawal is termed the
restriction point (Barth and Kinzel 1995). Once the restriction point has passed, cells will

21

still progress to S phase even if growth factors are withdrawn, and the cell is committed
to entering the cell cycle (Barth and Kinzel 1995).

Role of TGFβ in cell growth and proliferation
TGFβ reduces proliferation in various cell types such as epithelial cells,
hematopoietic cells, endothelial cells, and cells of the immune system (Derynck et al.
2001). In epithelial cells, TGFβ cooperates with FoxO transcription factors in order to
arrest cell growth (Gomis et al. 2006). FoxO transcription factors regulate transcription
of genes involved in apoptosis, the cell cycle, oxidative stress, cell differentiation,
glucose metabolism and other functions (Huang and Tindall, 2007; Greer and Brunet
2005). There are four mammalian FoxO transcription factors: FoxO1, FoxO3a, FoxO4,
and FoxO6 (Zhang 2011a). FoxO and Smad proteins cooperate in activating the
transcription of CDK inhibitors p21 and p15; this causes cell cycle arrest in the G1
phase (Gomis et al. 2006). Another way that TGFβ modulates cell growth is through
repressing the transcription of Avian myelocytomatosis virus oncogene cellular homolog
(c-Myc), and the Inhibitor of DNA binding (ID) family of genes. c-Myc encodes an
activator of transcription of various genes required for cell proliferation and growth,
while ID family of genes are involved in cell development and differentiation (Siegel et al.
2003). TGFβ can arrest cell growth in the cell cycle phases G1, S, or G2, but it primarily
causes cell growth arrest in the G1 phase (Laiho et al. 1990).

Role of PI3K/Akt in cell growth and proliferation
Akt plays an essential role in glycogen synthesis through phosphorylation and
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inhibition of Glycogen Synthase Kinase-3β (GSK-3β; Hajduch et al. 2001; Cross et al.
1995), and promotes cell cycle progression through its modulation of GSK-3β. Cyclin
D1 is targeted for ubiquitination and subsequent degradation by phosphorylation of
Threonine 286 by GSK-3β (Diehl et al. 1997; Diehl et al. 1998), which inhibits cell cycle
progression. Akt phosphorylates and inactivates GSK-3β, thus ensuring Cyclin D1
availability to bind to its respective CDK and promote cell cycle progression.
Akt activates the Mammalian Target of Rapamycin Complex 1 (mTORC1), which
regulates protein synthesis and therefore cell growth and proliferation (Chen et al.
2010). mTORC1 activation increases mRNA translation via phosphorylation and
activation of S6 Protein Kinase 1 (S6K1) and phosphorylation and inactivation of
eukaryotic translation initiation factor 4E (eIF4E)-binding protein (4E-BP), which
represses mRNA translation (Chen et al. 2010). mTORC1 is inhibited by the Tuberous
Sclerosis Complex 1 and Complex 2 (TSC1/2) heterodimer, and Akt activates mTORC1
by phosphorylating TSC1/2 and inhibiting its activity (Inoki et al. 2002).
Akt inactivates two CDK inhibitors, p21 and p27, which causes inhibition of their
cytostatic effects and translocation from the nucleus to the cytoplasm (Franke 2007).
Akt affects p21 by direct phosphorylation, and indirectly by inhibition of GSK-3β activity
(Li et al. 2001). When phosphorylated by Akt, p21 binding to proliferating cell nuclear
antigen (PCNA) is inhibited, and PCNA is free to exert its growth promoting effects such
as the assembly of the cyclin D1:CDK4 complex (Zhou et al. 2001). Akt also
phosphorylates p27, freeing it from the Cyclin E:CDK2 complex and permitting cell
cycle progression (Shin et al. 2002).
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Akt regulates the activity of p53 indirectly through phosphorylation and activation
of the ubiquitin ligase Mouse Double Minute Homolog 2 (Mdm2) on Ser186 (Ogawara
et al. 2002). Mdm2 targets p53 for degradation when active, which negatively regulates
p53 function leading to cell cycle progression (Ogawara et al. 2002). In addition, PTEN
regulates p53 indirectly through its negative regulation of Akt kinase activity, but also
through direct binding to p53 itself, which enhances p53 transcriptional activity
(Freeman et al. 2003).
FoxOs are also substrates of Akt involved in cell cycle arrest. FoxOs induce the
transcription of members from the p21 family of CDK inhibitors such as p27 (Medema et
al. 2000) and p21 (Seoane et al. 2004). In addition, FoxOs also induce the transcription
of members of the p16 family of CDK inhibitors, p15 and p19 (Katayama et al. 2008).
FoxOs also suppress the activity of Cyclin D1 and Cyclin D2, thus inhibiting cell cycle
progression (Schmidt et al. 2002).
Cell cycle arrest can occur in response to DNA damage, exogenous cellular
stress signals, and in response to serum starvation (Pietenpol and Stewart 2002). If
these stimuli persist, this can result in the initiation of apoptosis (Pietenpol and Stewart
2002).

Apoptosis
Apoptosis occurs through two main pathways, the intrinsic mitochondrial
pathway, or the extrinsic pathway mediated through death receptor signalling (Figure 5).
Both pathways activate caspases, which are cysteine-aspartyl proteases that cleave
proteins at aspartic acid residues (Elmore 2007). The intrinsic pathway involves
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mitochondrial outer membrane permeabilization, which occurs by the formation of pores
in the membrane. This causes the release of cytochrome C, followed by the formation
of the apoptosome complex and initiator caspase 9 activation. Caspase 9 directly
processes executioner caspases, caspase 3 and caspase 7 (Van Raam and Salvesen
2013). Caspases are signlling proteases that cleave their substrate proteins at specific
sites resulting in either gain-of-function or loss-of-function modifications that ultimately
drive apoptosis (Zmasek et al. 2007). For example, one target of the executioner
caspases is the inhibitor of caspase-Activated DNAse, which leads to liberation of
Ligand
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Figure 5: Intrinsic and extrinsic pathways of apoptosis.
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caspase-activated DNAse and its associated genomic DNA fragmentation in multiples
of 180 base-pair fragments (Crawford and Wells 2011).
The extrinsic pathway is initiated by death receptor signalling. An example of this
is that Tumour Necrosis Factor (TNF) binds to the Tumour Necrosis Factor Receptor
(TNFR). This leads to the formation of the death inducing signalling complexes (DISCs),
which mediate activation of caspase 8 (Zhang et al. 2011b; Figure 2). Activated
caspase 8 propagates the apoptotic signal by activating other caspases (Hirata et al.
1998; Slee et al. 1999). In addition, caspase 8 can lead to activation of the
mitochondrial-induced cell death (Luo et al. 1998). The intrinsic and extrinsic pathways
share common morphological features of apoptosis such as chromatin condensation
(pyknosis; Hacker 2000), cell shrinkage (Kerr et al. 1972), and fragmentation of the
chromatin (Karryorrhexis; Bojarski et al. 2004), as well as membrane blebbing, which is
the formation of apoptotic bodies from cell fragments (Elmore 2007).
The B-cell Lymphoma 2 (Bcl-2) family of proteins are also important regulators of
cell death, and contain both pro- and anti-apoptotic proteins. One similarity among both
pro- and anti-apoptotic members of this family is the presence of a Bcl-2-homology (BH)
domain (Chipuk and Green 2008). Pro-apoptotic Bcl-2 family members such as Bcl-2Associated X Protein (Bax) and/or Bcl-2 homologous antagonist killer (Bak) oligomerize
and insert themselves into the outer mitochondrial membrane causing mitochondrial
outer membrane permabilization and release of cytochrome C into the cytoplasm
(Chipuk and Green 2008). Cytochrome C released from the mitochondria associates
with apoptotic protease activating factor 1 (Apaf1; Jiang and Wang 2004). Apaf-1
undergoes a conformational change that allows it to form the heptameric protein
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complex known as the apoptosome (Jiang and Wang 2004). The apoptosome then
recruits and activates caspase 9. The apoptosome containing activated caspase 9 can
then go onto activate other executioner caspases such as caspase 3 and caspase 7,
which eventually leads to apoptosis (Jiang and Wang 2004). Anti-apoptotic Bcl-2 family
members such as B-cell lymphoma extra-large (Bcl-xL) directly oppose this action
(Lomonosova and Chinnadurai 2008). The pro-apoptotic family members can form
complexes with the anti-apoptotic family members and neutralize their activity and vice
versa. One important pro-apoptotic member of this family is the protein Bcl-2 Interacting
Mediator of Cell Death (Bim). Bim is a particularly potent at inducing apoptosis because
it can bind all other anti-apoptotic Bcl-2 proteins, thereby freeing Bax and Bak to exert
their pro-apoptotic actions (Chen et al. 2005).
There are three isoforms of Bim, Bim EL (extra-long), Bim L (long) and Bim S
(short). Bim EL is the longest and most abundant isoform, while Bim S is the shortest,
least abundant and most potent in inducing apoptosis (Bouillet et al. 2001). Bim is
bound to dynein light chain of the microtubular motor complex in the cytoplasm. Under
pro-apoptotic conditions, Bim is released and translocates to the mitochondria
(Puthalakath et al. 1999). Bim is regulated by phosphorylation and ubiquitination, which
leads to its destruction by the proteasome (Ramesh et al. 2009). Pro-survival factors
such as interleukin-2, interleukin-3, nerve growth factor, and serum are reported to
induce phosphorylation and proteasome-mediated degradation of Bim EL (Ramesh et
al. 2009). In addition, Bim EL is phosphorylated by kinases such as c-Jun N-terminal
kinase (JNK; Lei and Davis 2003), Akt (Qi et al. 2005), and Erk (Ley et al. 2004).
TGFβ upregulates Bim expression in a variety of different cell types including
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osteoclasts, B-cells, mammary epithelial cells, gastric epithelial cells, and hepatocytes
(Houde et al. 2009, Ohgushi et al. 2005, Ramesh et al. 2008, Ramjaun et al. 2007).
TGFβ increases the transcription of the MAPK Phosphatase 2 (MKP2) in a Smad3dependent manner, which reduces Erk kinase activity and promotes the accumulation
of pro-apoptotic Bim protein (Ramesh et al. 2008). TGFβ can also cooperate with
FoxO3a to promote Bim expression. FoxO3a increases the transcription of Bim mRNA
(Gilley et al. 2003), and TGFβ induces Runt-related transcription factor 1 (RUNX1)
expression, which binds to FoxO3a and together they induce the expression of Bim
(Wildey and Howe 2009). Thus, TGFβ promotes Bim accumulation through direct and
indirect mechanisms, and this can lead to TGFβ-induced apoptosis.

TGFβ-induced apoptosis
Pro-apoptotic signals induced by TGFβ are mainly driven by the Smad pathway,
however it can also occur through non-canonical pathways such as MAPK/Erk, p38, cJun N-Terminal Kinase, PI3K/Akt and Par6 pathways (reviewed by Zhang 2009; AveryCooper et al. 2014). TGFβ-induced apoptosis is mainly dependent on gene transcription
and subsequent protein synthesis, and this has been demonstrated in T-cells (Weller et
al. 1994) and gastric epithelial cells (Ohgushi et al. 2005). Both cell lines normally
undergo apoptosis in response to TGFβ, however cycloheximide, an inhibitor of protein
synthesis, inhibited their apoptosis (Weller et al. 1994; Ohgushi et al. 2005). Supporting
this, other studies have demonstrated TGFβ-induced apoptosis is dependent on Smad
activated transcription of pro-apoptotic genes, including those encoding the SH2
domain-containing 5’-Inositol phosphatase (SHIP; Valderrama-Carvajal et al. 2002),
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death-associated protein kinase (DAPK; Jang et al. 2002), and TGFβ-inducible early
gene 1 (TIEG1; Moustakas and Heldin 2009).
Both the mitochondrial intrinsic and extrinsic apoptotic pathways mediate TGFβinduced apoptosis, although most occurs through the intrinsic pathway (Kim et al. 2004;
Ohgushi et al. 2005). The bovine mammary epithelial cell line BME-UV1 were reported
to undergo apoptosis in response to TGFβ1, and this occurred mainly through the
intrinsic pathway of apoptosis (Kolek et al. 2003). Evidence of this included activation
and translocation of Bax to the mitochondrial membrane, activation of m-calpain and
caspase 3, and degradation of poly (ADP-ribose) polymerase (Parp) in the nucleus
(Kolek et al. 2003). Gajewska et al. (2005) demonstrated the formation of a Smad-DNA
complex in the nucleus 2 hours after TGFβ1 treatment in BME-UV1 cells, which
indicated that Smads signal to the nucleus to regulate gene transcription (Gajewska et
al. 2005). These findings were supported by the nuclear localization of Smad
immunohistochemical staining in parallel with TGFβ1-induced apoptosis in primary
bovine mammary epithelial cells (Di et al. 2012).
In addition, the group of Di et al. (2012) demonstrated that TGFβ1-induced
apoptosis was dependent on increased intracellular calcium concentration in bovine
mammary epithelial cells (Di et al. 2012). Both intrinsic and extrinsic apoptosis depend
on calcium release from the endoplasmic reticulum leading to a rise in cytosolic calcium
levels (Walter and Hajnóczky 2005). Increased cytosolic levels of calcium lead to
increased uptake of calcium by the mitochondria, and this leads to opening of
permeability transition pores in the mitochondria and subsequent apoptosis (Walter and
Hajnóczky 2005). Di et al. found that levels of the death receptor ligand Fas ligand
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(FasL) were reduced, which supports the findings of Kolek et al. (2003) demonstrating
that TGFβ1-induced apoptosis in bovine mammary epithelial cells occurs through the
intrinsic mitochondrial pathway (Di et al. 2012). This same study also found that TβRI
kinase activity and resultant Smad2/3 activation was inhibited using SB-431542. This
blocked the rise in cytosolic calcium concentration and caspase-3 activation.
Additionally, this inhibited the apoptotic and antiproliferative effects of TGFβ1 in bovine
mammary epithelial cells (Di et al. 2012).
In 1995, Woodward et al. directly studied the influence of TGFβ1 on apoptosis
and growth arrest in MAC-T cells using Trypan Blue staining (Woodward et al. 1995).
This study found that maximal reduction in proliferation was obtained at 40 pM of
TGFβ1, and that this reduction in cell number was not a result of necrosis, as TGFβ1
concentrations of 40 nM (10-fold greater than 40 pM) did not increase levels of cell
death measured by Trypan Blue staining (Woodward et al. 1995). This presents a
contrasting finding between two different bovine mammary epithelial cell lines MAC-T
and BME-UV1, and the potential reasons for this will be explored in greater detail in a
later section.

Inhibition of Apoptosis by PI3K/Akt Signalling
Akt has an important role in regulating cell survival through a variety of
mechanisms. One of the targets of Akt signalling is the Bcl-2-Associated Death
Promoter (Bad; Del Peso et al. 1997). Bad promotes cell death by binding to the prosurvival Bcl-2 family members, Bcl-xL and Bcl-2; this causes subsequent translocation
of Bax to the mitochondrial membranes and initiation of the intrinsic apoptotic cascade
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(Yang et al. 1995). Phosphorylation of Bad by Akt leads to sequestration of Bad by the
chaperone protein 14-3-3 (Scheid and Duronio 1998). Akt also prevents mitochondrialmediated apoptosis through phosphorylation of pro-caspase 9. Phosphorylated procaspase 9 cannot undergo proteolytic processing by cytochrome C, and therefore
prevents initiation of the caspase cascade (Cardone et al. 1998).
Another target of Akt kinase activity are the FoxO transcription factors (Huang
and Tindall 2007). Akt phosphorylates FoxO1 on Threonine 24 and Ser256; FoxO3a on
Threonine 32, Serine 253, and Serine 315; and FoxO4 on Threonine 28 (Tzivion et al.
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Figure 6: TGFβ Modulation of the PI3K/Akt signalling axis (DNA helix retrieved from:
www.bbc.co.uk 2017).
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2011). Phosphorylation of FoxOs promotes their binding to the 14-3-3 chaperone
protein, and sequestration within the cytoplasm (Tzivion et al. 2011). This leads to
polyubiquination of FoxOs by E3 Ubiquitin ligases and subsequent proteasomal
degradation (Huang and Tindall 2011). FoxO proteins induce apoptosis through both
the intrinsic and extrinsic apoptotic pathways. FoxOs induce the transcription of FasL
and Tumor Necrosis Factor-Related Apoptosis-Inducing Ligand (TRAIL), which are
death receptor ligands that mediate induction of apoptosis via the extrinsic apoptotic
pathway (Zhang 2011b). FoxOs also induce increased expression of Bim, which plays a
role in mediating apoptosis via the intrinsic apoptotic pathway (Ramesh et al. 2009).
PI3K/Akt activity inhibits TGFβ-induced apoptosis through various mechanisms
including sequestration of unphosphorylated Smad3 in the cytoplasm, which prevents
Smad3-mediated apoptosis (Conery et al. 2004), and through phosphorylation and
inhibiton of FoxO transcriptional activity (Figure 6; Huang and Tindall 2007). TGFβ can
activate or inhibit PI3K/Akt signaling depending on cell type and context. Akt is
phosphorylated in response to TGFβ in mouse mammary epithelial cells (Baki et al.
2000; Shin et al. 2001), in human keratinocytes (Lamouille and Derynck 2007), in
mouse capillary endothelial cells (Vinals and Pouyssegur 2001), and in fibroblasts
(Wilkes et al. 2005). TβRII constitutively associates with the p85 subunit of PI3K, while
association of TβRI depends on TGFβ ligand binding (Yi et al. 2005). Exogenous TGFβ
treatment was found to activate PI3K through a mechanism in which TβRI indirectly
activates PI3K (Yi et al. 2005). Furthermore, TβRI kinase activity is required for PI3K
activation. This was exemplified by experiments using chemical inhibitors of TβRI
kinase activity, which blocked TGFβ activation of PI3K/Akt (Bakin et al. 2000; Lamouille
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et al. 2007). Other studies have demonstrated that TGFβ can inhibit PI3K/Akt signalling.
As mentioned earlier, TGFβ causes Smad-dependent expression of the lipid
phosphatase SHIP, and this resulted in apoptosis in hematopoietic cells (ValderramaCarvajal et al. 2002). SHIP was found to dephosphorylate PIP3 to PIP2 thus inhibiting
Akt activity and inducing cell death in murine B cells (Aman et al. 1998). It was further
demonstrated that SHIP inhibits Akt activity through preventing its membrane
localization and subsequent activation (Carver et al. 2000). By preventing Akt
phosphorylation, TGFβ-induced expression of SHIP inhibits Akt-mediated cell survival.
In addition, Gajewska and Motyl found that suppression of PI3K/Akt activity and
MAPK/Erk activity was involved in the apoptotic response to TGFβ1 in BME-UV1 cells
(Gajewska and Motyl 2004). TGFβ1 was found to increase the expression of IGFBP-3
and IGFBP-4, which led to the sequestration of IGF-I from the IGF-I receptor, reduction
of PI3K/Akt signalling, and increased expression of the pro-apoptotic protein Bad
(Gajewska and Motyl 2004). In agreement with the results of this study, Di et al.
demonstrated increased levels of Bad involved in the apoptotic response to TGFβ1 in
primary bovine mammary epithelial cells (Di et al. 2012). Bad is a pro-apoptotic protein
inactivated by Akt phosphorylation, and increased Bad activity in response to TGFβ1
supports the finding that reduced PI3K/Akt activity enhances TGFβ1-induced apoptosis.
Zarzyńska and Motyl evaluated the mechanism by which IGF-I suppressed
TGFβ1 expression and TGFβ1-induced apoptosis in BME-UV1 cells (Zarzyńska and
Motyl 2005). IGF-I mediates survival through PI3K/Akt and MAPK/Erk (Argetsinger et al.
1993). These investigators evaluated the contribution of PI3K/Akt and MAPK/Erk
pathways on IGF-I suppression of TGFβ1 expression and TGFβ1-induced apoptosis by
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using the inhibitors of PI3K (LY294002) and MEK (PD 098059). Inhibition of PI3K
reverted the suppression of IGF-I on TGFβ1 expression and TGFβ1-induced apoptosis.
Inhibition of MEK enhanced IGF-I suppression of TGFβ1 expression, but partially
reduced suppression of TGFβ1-induced apoptosis by IGF-I (Zarzyńska and Motyl 2005).
These results demonstrate that IGF-I mediated survival and suppression of TGFβ1
expression and TGFβ1-induced apoptosis is dependent on PI3K/Akt activity in BMEUV1 cells.

Bovine Mammary Stem Cells
As described earlier, MAC-T and BME-UV1 had differing responses to TGFβ1, in
which TGFβ1 induced apoptosis in BME-UV1 cells, however there was no detectable
apoptosis in response to TGFβ1 treatment in MAC-T cells (Kolek et al. 2003;
Woodward et al. 2005). In order to be able to compare these two cell lines of
phenotypical differences, it is important to revisit the origin of mammary epithelial cells
from their original stem cell. The mammary gland contains a stem cell population, which
is necessary for repopulating the mammary gland prior to lactation and following
involution (Smith 1996). The fate of the mammary stem cell into a luminal or
myoepithelial phenotype is determined by autocrine and paracrine signalling from
lactogenic hormones (Woodward et al. 2005).
Cell phenotypes at different stages of mammary development can be
distinguished using flow cytometry (Borena et al. 2013). Integrin β1 representing
surface marker cluster of differentiation 49f (CD49f) is present on the surface of bovine
mammary cells, and cells with a higher expression of CD49f are identified as basal cells
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(cells that line the basement membrane and have a ductal or myopepithelial phenotype;
Rauner and Barash 2012). Mouse mammary stem cells can be identified by the Cluster
of Differentiation 24 (CD24) and Cluster of Differentiation 10 (CD10) cell surface
markers (Sleeman et al. 2006; Maguer-Satta et al. 2011), as well as by having a higher
Aldehyde Dehydrogenase (ALDH) activity (Shehata et al. 2012). It is important to note
that higher ALDH activity is also expressed in mouse progenitor cells, and therefore
ALDH activity must be used in combination with other cell surface markers to identify
mammary stem cells (Stingl 2009). The expression of these markers differs between
species (Borena et al. 2013), and therefore, further studies are required in bovine in
order to identify useful markers of stem cells (Arévalo Turrubiarte et al. 2015).
Two key studies have examined bovine mammary epithelium differentiation and
the markers of cells at each step. The first, by Rauner and Barash (2012), isolated
bovine mammary cells and classified these cells into four subtypes: putative stem cells
(CD24med/CD49fpos), putative progenitor cells (CD24high/CD49fneg), basal cells
(CD24neg/CD49fpos), and luminal cells (CD24med/CD49fneg ; Rauner and Barash 2012).
They characterized these populations based on their expression of epithelial lineage
markers, their mammosphere forming capacities, and ALDH activity. In order to study
the multipotency, they cultured mammary stem cells at low density and performed clone
analysis based on the expression of Cytokeratin 14 (CK14) and Cytokeratin 18 (CK18),
markers of myoepithelial and luminal cells, respectively (Borena et al. 2013). Both the
basal (CD24neg/CD49fpos) and putative stem cell (CD24med/CD49fpos) populations
generated basal (CK14+/CK18-) and luminal (CK14-/CK18+) clones. In contrast,
putative progenitors (CD24high/CD49fneg) and luminal cells (CD24med/CD49fneg) gave rise
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exclusively to luminal clones (CK14-/CK18+). Based on these findings, Rauner and
Barash (2012) developed a hierarchical model of bovine mammary epithelial cells
(Figure 7), proposing the existence of both bi-potent progenitors (cells that give rise to
either basal or luminal cells) and uni-potent progenitors (cells that give rise exclusively
to luminal cells) in the bovine mammary gland (Rauner and Barash 2012).
Rauner and Barah (2012) evaluated the propagation rate of each of the four
bovine mammary populations as a way to identify their hierarchy of differentiaion
(Rauner and Barash 2012). This is based on the idea that undifferentiated stem cells
will have a greater proliferative capacity than differentiated (post-mitotic) cells (Rauner
and Barash 2012). They found that putative stem cells (CD24med/CD49fpos), and basal
cells (CD24neg/CD49fpos) had a significantly higher growth rate than the putative
progenitor (CD24high/CD49fneg) or luminal cells (CD24med/CD49fneg). Luminal cells
(CD24med/CD49fneg) had a negative growth rate, in which cell number was reduced over
time, and this was rationalized by the authors as being due to their more mature and
differentiated phenotype (Rauner and Barash 2012).
Gene analysis was conducted to examine differences in gene expression
between the four populations (Rauner and Barash 2012). STAT5 is reported to control
development of alveolar epithelial and luminal cells in the mouse mammary gland
(Miyoshi et al. 2001). STAT5 was highly expressed in putative progenitor cells
(CD24high/CD49fneg). Downstream of STAT5 is Connexin 32, a protein involved in gap
junctions (Miyoshi et al. 2001), and was highly enriched in luminal cells
(CD24med/CD49fneg; Rauner and Barash 2012). The GATA3 transcription factor
regulates mammary luminal cell differentiation (Asselin-Labat et al. 2007), and the
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expression of its gene was significantly greater in the luminal cells (CD24med/CD49fneg)
compared to the other three cell populations (Rauner and Barash 2012). Luminal cells
(CD24med/CD49fneg) also had significantly higher gene expression of estrogen receptor
α and progesterone receptor compared to the other cell types, and also had higher
mRNA levels of ALDH (Rauner and Barash 2012).
The progenitor capacity for stem cells can be identified experimentally by their
capacity to form non-adherent spheres known as mammospheres (Dontu et al. 2003).
This is based on the fact that normal epithelial cells do not undergo anchorageindependent growth; instead, they undergo a form of apoptosis known as anoikis
(Gilmore 2005). On the other hand, mammary stem cells can grow independently of
attachment to an exogenous substratum, and form multi-cellular spheroids (Dontu et al.
2003). The mammosphere assay is employed to evaluate self-renewal capabilities of
stem cells. Mammosphere-forming capabilities were evaluated in each of the four
populations. These cells were stained with CD24 and CD49f in order to sort the cells,
however the antibody staining hindered the ability of spherical mammospheres to form.
Instead, non-spherical floating colonies (NSFCs) formed but did not retain the
roundness of mammospheres. NSFCs originating from luminal cells (CD24med/CD49fneg)
grew more slowly, and did not reach as high of a surface area as the NSFCs derived
from putative stem cells (CD24med/CD49fpos), putative progenitor cells
(CD24high/CD49fneg) or basal cells (CD24neg/CD49fpos). Rauner and Barash rationalized
that this lower NSFC-forming capacity of the luminal cells (CD24med/CD49fneg) was due
to its more differentiated phenotype compared to the other populations (Rauner and
Barash 2012).
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Figure 7: Proposed Hierarchy of Bovine Mammary Epithelial Cells. Based on the
model proposed by Rauner and Barash (2012).

Mammary stem cells have been reported to generate all epithelial subtypes
required for a functional mammary gland in vivo (Shackleton et al. 2006). Rauner and
Barash attempted this in vitro by growing the four populations of bovine mammary cells
separately for seven days. They attempted to sort the cells once again by CD24 and
CD49f staining, however CD24 expression was significantly reduced in all cell
populations. This suggests that CD24 may not be a good marker to sort phenotypes of
bovine mammary epithelial cells (Rauner and Barash 2012). Arévalo Turrubiarte et al.
(2015) suggested that CD24 expression (as well as other markers of putative stem cells)
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may be lost during the immortalization process, as neither MAC-T nor BME-UV1 cells
had detectectable levels of CD24 (Arévalo Turrubiarte et al. 2015).
The second, most recent study was conducted by phenotyping cells obtained
from mammary biopsies taken from primiparous cows at 30, 90, 150 and 250 days of
lactation using flow cytometry to identify the cell surface markers CD24, CD10, CD49f
and epithelial cell adhesion molecule (EpCAM; Perruchot et al. 2016). EpCAM is a cell
surface marker expressed mammary epithelial cells, and in the lactating goat, it is more
highly expressed in lactating luminal cells (Prpar et al. 2012). EpCAM is therefore
considered an important marker of lactating cells. This group characterized a stem cell
population (CD24+/CD49f+) and four progenitor populations including bipotent luminal
progenitors (CD24−/CD49f+), lumino-alveolar progenitors (CD24−/EpCAM+),
myoepithelial progenitors (CD24+/CD10−), and lumino-ductal progenitors
(CD49f−/EpCAM+). Interestingly, bi-potent luminal progenitors (CD24−/CD49f+) were
decreased significantly during lactation (Perruchot 2016). While the two aforementioned
groups proposed slightly different models of the hierarchy of bovine mammary epithelial
cells, one important finding in common between the two studies are the presence of
both uni-potent and bi-potent epithelial progenitors (Rauner and Barash 2012;
Perruchot et al. 2016).

Phenotypic Differences Between MAC-T and BME-UV1 Cells
The phenotypic differences of MAC-T and BME-UV1 cell lines have been
previously assessed using flow cytometry to identify cell surface markers (Arévalo
Turrubiarte et al. 2015) and are summarized in Table 1. Arévalo Turrubiarte et al. found
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that BME-UV1 cells have a luminal-like profile by identification of the cell surface
markers CD10, CD49f and EpCAM. The BME-UV1 cells also had higher ALDH activity
and higher Cytokeratin 19 (CK19; a marker of luminal cells; Borena et al. 2013)
expression compared to the MAC-T cells. Previous studies have demonstrated that
bovine mammary stem cells with higher ALDH activity were shown to have a luminal
profile, while cells with a lower ALDH activity were shown to have myoepithelial profile
(Martignani et al. 2010). Arévalo Turrubiarte et al. (2015) concluded that BME-UV1 cells
had a luminal phenotype based on the expression of the CD10, CD49f, and EpCAM cell
surface markers, the constitutive STAT5 expression, CK19 expression, and the higher
ALDH activity. Based on the model proposed by Rauner and Barash (2012), it seems
likely that the BME-UV1 cell line contains uni-potent luminal progenitors due to the
absence of CK14 expression (Rauner and Barash 2012).

Table 1: Comparison of MAC-T and BME-UV1 cell phenotypes
MAC-T

BME-UV1

CD10 Expression

✕

✔

CD49f Expression

✔

✔

EpCAM Expression

✕

✔

CK14 Expression

✔

✕

CK19 Expression

✕

✔

ALDH Activity

Lower ALDH activity

Higher ALDH activity
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MAC-T cells were found to have a higher CD49f expression and lower ALDH
activity compared to the BME-UV1 cells. In addition, MAC-T cells expressed CK14, a
marker of myoepithelial cells, while the BME-UV1 cells did not (Arévalo Turrubiarte et al.
2015). The higher expression of CD49f in MAC-T cells compared to BME-UV1 cells, the
lower ALDH activity, and the expression of CK14 suggests that MAC-T cells do contain
a myoepithelial cell population (Arévalo Turrubiarte et al. 2015). However, the MAC-T
cell line is capable of α- and β-casein synthesis (Huynh et al. 1991), which is indicative
that there are luminal cells present in the MAC-T cell line. One possibility is that the
MAC-T cells contain a population of what Rauner and Barash identified as basal cells
(CD24neg/CD49fpos ; Rauner and Barash 2012). In this study, basal cells
(CD24neg/CD49fpos) were bi-potent progenitor cells that gave rise (directly or indirectly)
to both myoepithelial and luminal cells (Rauner and Barash 2012). This would be
supporting previous studies on the MAC-T cells, which demonstrated that the cell line
was composed of heterogeneous populations (Zavizion et al. 1995). In fact, Zavizion et
al. generated three clonal cell lines derived from the MAC-T cell line: CU-1, CU-2 and
CU-3 (Zavizion et al. 1995). Cytogenetic analysis of MAC-T, CU-1, CU-2, and CU-3
suggested a common genetic origin of the clonal cell lines. A high frequency of
chromosomal rearrangements was detected in these cell lines, and the authors of the
study deemed the MAC-T cell line phenotypically unstable (Zavizion et al. 1995). In
contrast, the BME-UV1 cells displayed a near normal chromosomal profile, close to the
expected 60 chromosomes of normal diploid bovine cells (Zavizion 1996).
Both MAC-T and BME-UV1 cells form mammospheres when grown in 3D
matrigel systems, however BME-UV1 cells formed mammospheres with significantly
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greater surface area than the MAC-T cells (Arévalo Turrubiarte et al. 2015). This
capacity of MAC-T and BME-UV1 cells suggests that both of these cell lines are
comprised of a population of mammary stem cells.
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RATIONALE

The cytokine TGFβ1 is reported to induce apoptosis and arrest cell growth in the
bovine mammary epithelial cell line BME-UV1 (Kolek et al. 2003). In addition, TGFβ1induced apoptosis involves suppression of PI3K/Akt signalling in BME-UV1 cells
(Gajewska and Motyl 2004). MAC-T is the most popular immortalized bovine mammary
epithelial cell line, and has been used extensively in the study of mammalian lactation
(Jedrzejczak and Szatkowska 2014). However, it has never been demonstrated that
TGFb1 induces apoptosis in MAC-T cells. The literature demonstrates that MAC-T cells
have a profile indicative of both myoepithelial and luminal populations; conversely,
BME-UV1 cells exclusively contain a luminal-like profile (Arévalo Turrubiarte et al. 2015;
Rauner and Barash 2012). This project aimed to compare the apoptotic and growth
response to TGFb1 in relation to PI3K/Akt activity in two bovine mammary epithelial cell
types with differing phenotypes. We hypothesized that TGFb-induced changes in
PI3K/Akt and downstream signalling mediators associate with cell death and growth
arrest in both MAC-T and BME-UV1 cell lines. In order to investigate this hypothesis,
the following objectives were proposed:
1. Verify the appropriateness of MAC-T and BME-UV1 cells as model systems for
the study of TGFb and PI3K/Akt signalling crosstalk in the bovine mammary
gland.
2. Assess the associations between TGFb induced changes in PI3K/Akt signaling
mediators and cellular responses, including apoptosis and cell proliferation, in
MAC-T and BME-UV1 cells
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MATERIALS AND METHODS

Cell Lines and Culture Conditions
MAC-T is an immortalized epithelial cell line derived from the bovine mammary
gland by Huynh et al. (1991), and was kindly gifted to us by Dr. Bonnie Mallard
(Department of Pathobiology, University of Guelph, Guelph, ON). MAC-T cells were
grown as a monolayer in HyCloneTM DMEM/High Glucose media (Sigma Aldrich,
Oakville, ON, Canada) supplemented with 10% Fetal Bovine Serum (FBS; VWR,
Mississauga, ON, Canada) at 37 ̊C in 5% CO2 and 95% atmospheric air in a humid
environment. The media contained the antibiotics Gentamicin (Fisher Scientific, Ottawa,
ON, Canada) and Penicillin-Streptomycin (HycloneTM, Sigma Aldrich, Oakville, ON,
Canada) at concentrations of 0.1% and 1%, respectively.
An additional mammary epithelial cell line known as BME-UV1, originally
generated by Zavizion et al. (1995), was used to compare the findings obtained with the
MAC-T cells. The BME-UV1 cell line was purchased from Instituto di Alimentazione
Animale, Facoltà di Medicina Veterinaria (Milan, Italy). The optimal growth conditions
for these cells were determined by Zavizion et al. (1995), and included a media
composed of 40% HyClone™ Ham's Nutrient Mixture F12 Media (Fisher Scientific,
Ottawa, ON), 30% HyClone™ RPMI 1640 media (Fisher Scientific, Ottawa, ON), and
20% NCTC 135 media (Sigma Aldrich, Oakville, ON). The medium was supplemented
with 10% FBS, 0.1% Lactose (Sigma Aldrich, Oakville, ON, Canada), 0.1% Lactalbumin
Hydrolysate (Sigma Aldrich, Oakville, ON), 1.2 mM Glutathione (Sigma Aldrich, Oakville,
ON), 10 µg/ml L-Ascorbic Acid (Sigma Aldrich, Oakville, ON), 1 µg/ml Hydrocortisone
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(Sigma Aldrich, Oakville, ON), and 1 µg/ml Insulin (Sigma Aldrich, Oakville, ON). In
addition, medium was supplemented with 1% HycloneTM Penicillin-Streptomycin, 1%
Amphotericin B (Fisher Scientific, Ottawa, ON, Canada), and 0.1% Gentamicin. Culture
conditions were the same as stated above for MAC-T cells.
Cells were passaged, or plated for an experiment, when 80% confluence was
reached. For these purposes, cells were first washed with 5 mL of Phosphate-Buffered
Saline (PBS; Fisher Scientific, Ottawa, ON). Following this, 1 mL of 1x Trypsin-EDTA
(Sigma Aldrich, Oakville, ON) was used to detach cells from the plate. To neutralize the
activity of Trypsin, 4 mL of normal growth media were added to the plates, and then the
cells were either pipetted up and down several times or, in addition to pipetting, filtered
through a syringe to remove cell clumps and obtain a single cell suspension. Cells
were split at 1:10 ratio. If the cells were to be used for an experiment, cells were
counted and plated at specific densities in order to ensure consistency between
experiments. To perform this cell count, 10 µL of cells and 10 µL of Trypan Blue
(Invitrogen, Burlington, ON) were mixed together, and 10 µL of this mixture were
pipetted onto a Countess Slide (Invitrogen, Burlington, ON), and read with a
CountessTM automated cell counter (Fisher Scientific, Ottawa, ON, Canada).

Antibodies, Inhibitors and Growth Factors
Primary and secondary antibodies used, as well as their specific clone, dilution
and catalog number are specified by company in tables 2-5.
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Table 2: Primary antibodies from Cell Signalling Technologies (Danvers, MA)

Antibody

Species

Clone

Dilution

Catalogue #

Akt (pan)

rabbit mAb

C67E7

1:10,000

4691

β-actin

rabbit pAb

N/A*

Bim

rabbit mAb

C34C5

1:1000

2933

Cleaved
Caspase 3

rabbit pAb

N/A*

1:1000

9661

Cleaved Parp

rabbit mAb

D64E10

1:1000

5625

FoxO1

rabbit mAb

C29H4

1:1000

2880

pAkt (Serine
473; pan)

rabbit mAb

D9E

1:4000

4060

1:5000

4967

Table 3: Primary antibodies from Abcam (Cambridge, MA)

Antibody

Species

Clone

Dilution

Catalogue #

pHistone H3
(Serine 10)

rabbit pAb

N/A*

1:10,000 (BMEUV1) and 1:1000
(MAC-T)

ab5176

pSmad3 (Serine
423/425)

rabbit mAb

EP823Y

1:2000

ab52903

Smad3

rabbit pAb

N/A*

1:2000

ab28379

*N/A: non-applicable. Polyclonal antibodies, as the name indicates, derive from more
than one clonal population of antibody-producing B cells.
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Table 4: Secondary antibodies from Sigma Aldrich (Oakville, ON)
Antibody

Dilution

Catalogue #

goat anti-rabbit

1:10,000

A0545

Table 5: Secondary antibodies from Life Technologies (Burlington, ON)
Antibody

Dilution

Catalogue #

Alexa Fluor donkey anti-rabbit 488

1:500

A-21206

In all experiments, recombinant human TGFβ1 protein (R & D systems,
Minneapolis, MN) was used to treat cells at a concentration of 5 ng/mL. The TGFβRI
inhibitor, LY2157299, was obtained from Cayman Chemical (Ann Arbor, MI), and was
used at a concentration of 20 μM. Pan-Akt was inhibited by using the Akt-specific
inhibitor MK-2206 (Selleckchem, Houston, TX) at a concentration of 0.625 μM.

Protein Preparation and Quantification
10x Lysis Buffer (Cell Signaling, Danvers, MA) composed of 20 mM Tris
Hydrochloride (pH 7.5), 150 mM Sodium Chloride, 1 mM EDTA disodium salt, 1 mM
Egtazic Acid, 1% Triton, 2.5 mM Sodium Pyrophosphate, 1 mM β-Glycerophosphate, 1
mM Sodium Orthovanadate, and 1 μg/ml Leupeptin was diluted 1:10 to create 1x Lysis
Buffer. 10x Lysis Buffer was diluted in the following components: 1 mM PMSF
(Phenylmethylsulfonyl Fluoride; Sigma Aldrich, Oakville, ON), 2 μg/mL Aprotinin (Sigma
Aldrich, Oakville, ON), 1% Phosphatase Inhibitor Cocktail (Sigma Aldrich, Oakville, ON),
1 mM Sodium Orthovanadate (New England BioLabs, Whitby, ON), and milliQ water.
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Prior to adding 1x Lysis Buffer to the adherent cells, the plates were placed on ice, and
the media from each dish were collected and placed in a labeled 15 mL conical tube
(Sarstedt, Nümbrecht, Germany), also placed on ice. The cells were then washed with
1.5 or 2 mL of ice cold PBS (for 60 mm or 100 mm plates, respectively). The PBS was
then collected from the dish and added to its corresponding tube. These tubes were
next centrifuged for 20 minutes at 800 g and 4 ̊C using a Sorvall™ Legend™ XT/XF
Centrifuge (Fisher Scientific, Ottawa, ON).
While the 15-mL tubes holding the media and PBS were being centrifuged, 1x
Lysis Buffer was added to each plate. In order to collect total cellular protein, 50 μL or
100 μL of 1x Lysis Buffer was added to 60 mm plates or 100 mm plates, respectively.
Following a 5-minute incubation with 1x Lysis Buffer, cell scrapers (Sarstedt,
Nümbrecht, Germany) were used to collect total cellular lysate, which was then
transferred to a 1.5-mL microcentrifuge tube (Fisher, Ottawa, ON) and kept on ice.
Once the centrifuge step was complete, the 15-mL tubes containing media and PBS
were aspirated so that only a cell pellet was left. At this point, the cell pellet was
resuspended in 20 μL of 1x Lysis Buffer, and this was subsequently transferred to the
corresponding 1.5-mL microcentrifuge tube for each sample. Cells were left on ice to
continue lysing for an additional 30 minutes, mixing by inversion every 5 minutes.
Lysates were then centrifuged for 20 minutes at 15,000 rpm and 4 ̊C using a Sorvall™
Legend™ XT/XF Centrifuge (Fisher Scientific, Ottawa, ON). Supernatant containing
total cellular protein was transferred to a new microcentrifuge tube and stored at -80 ̊C
until use. Protein concentration was measured using the Bradford assay (Bradford
1976). All necessary reagents to perform this assay were supplied in the Bio-rad protein
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assay kit (Bio-Rad, Mississauga, ON, Canada). This technique uses serial dilutions of
Bovine Serum Albumin (BSA; VWR, Burlington, ON) in order to create a standard curve,
which is used to determine protein lysate concentrations following absorbance readings.

Immunoblotting Analysis
Total cellular lysate was combined with milliQ water and 8x Loading Buffer. The
amount of lysate loaded into the gel varied depending on the protein being evaluated.
For low expression proteins involved in apoptosis, such as cleaved caspase 3, 50 μg of
protein was loaded for each sample. Alternatively, for ubiquitous signalling molecules
such as Akt and Smad3 (as well as their phosphorylated forms) 30 μg of protein was
loaded for each sample. These protein samples were then denatured by heating for 5
minutes at 95 ̊C followed by pulse centrifugation prior to their loading into 7.5, 10, or 15 %
SDS-polyacrylamide (Bio-Rad, Mississauga, ON) gels. Protein was resolved via
electrophoresis (120V) under denaturing conditions in a Mini-PROTEAN® Tetra Cell
using a PowerPac™ HC Power Supply (both from Bio-Rad, Mississauga, ON).
Following resolution, protein was electrophoretically transferred to a
Polyvinylidene Difluoride (PVDF) membrane (Roche, Laval, QC). The transfer was
completed under wet conditions using Mini Trans-Blot® Module (Bio-Rad, Mississauga,
ON), or semi-dry conditions using Trans-Blot® SD Semi-Dry Electrophoretic Transfer
Cell (Bio-Rad, Mississauga, ON), depending on the molecular weight of the protein that
was being examined. For proteins below 45 kDa, which are best resolved on a 15% gel,
the transfer was completed under semi-dry conditions (30 minutes at 17 V). For
proteins of molecular weights of 45 kDa and greater, wet transfer was performed (2
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hours at 100 V).
Following transfer, PVDF membranes were briefly rinsed with Tris Buffer Saline
(TBS) containing 0.1% Tween (TBST; Fisher, Ottawa, ON) prior to blocking for 1 hour in
5% non-fat milk or 5% BSA diluted in TBST. Membranes were then incubated overnight
with primary antibody diluted in the appropriate blocking solution, rocking at 4 ̊C.
Following overnight incubation with primary antibody membranes were washed 3 times
for 10 minutes each with TBST, followed by the addition of secondary antibody, which
was diluted in 5% milk (for primaries diluted in 5% milk) or 5% milk and 1% BSA (for
primaries diluted in 5% BSA). Membranes were incubated in secondary antibody at
room temperature for one hour. Following this, membranes were washed 3 times for 10
minutes each with TBST. The secondary antibody was conjugated with horseradish
peroxidase (HRP), which allowed for the chemiluminescent detection of protein bands
following their incubation with the chemiluminsescent substrate, Luminata Forte
(Millipore, Etobicoke, ON), for 2 minutes. Light emitted during this reaction was
detected with the use of a ChemiDoc (Bio-Rad, Mississauga, ON). Protein bands were
quantified using Image Lab software (Bio-Rad, Mississauga, ON). Relative
phosphorylation levels were then generated by normalizing with corresponding native
protein levels. Native protein levels were normalized with the loading control (β-actin).
Relative phosphorylation levels were compared between treatment and the
corresponding control for each time point.

Annexin V/PI Apoptosis Assay
MAC-T and BME-UV1 cells were trypsinized, counted, re-suspended in their
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normal growth media and plated into 60 mm plates at a density of 500,000, and
850,000 cells, respectively, per dish. Cells were allowed to grow for one day and then
were starved overnight (~16 hours) in DMEM containing 0.2% FBS, at approximately 80%
confluency. Starve media was then aspirated and the cells were treated with or without
5 ng/mL of TGFβ1 for 48 hours. Treatment groups included a TGFβ-treated and
-untreated control dish which were stained with Annexin V and Propidium Iodide (PI).
Four additional dishes included Fluorescence Minus One (FMO) controls (stained only
with Annexin V or stained only with PI), an unstained control, and a positive control for
cell death treated with etoposide at a concentration of 50 μM (Sigma Aldrich, Oakville,
ON). Following 48-hour treatment under standard incubation conditions, both adherent
and floating cells were collected. For this purpose, the media was collected from each
treatment group and placed in a 15-mL tube. The cells were washed with 1.5 mL PBS,
and this was placed in its corresponding 15-mL tube. Adherent cells were detached via
trypsinization and were also added to the corresponding 15 mL-tube, which was then
spun down at 400 RCF for 20 minutes at 4°C. The resulting cell pellet was resuspended by adding in the 1 mL of PBS containing the previously collected floating
and adherent cells. The cell suspension was spun down at 1500 RPM for 5 minutes at
4°C. After this point, all work was performed in the dark. The Annexin V-FITC Apoptosis
Detection kit (Biotool, Burlington, ON) provided all necessary reagents to stain the cells
and prepare them for analysis via flow cytometry, as follows. The supernatant resulting
from centrifugation of the pooled cells was discarded, and the pellet re-suspended in
100 μL 1x Binding Buffer. Afterwards, 5 μL Annexin V-FITC and 5 μL PI staining
solution was added to each tube and allowed to incubate for 15 minutes at room
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temperature. An additional 400 μL of 1x Binding Buffer was added and mixed gently on
ice. Samples were then filtered through a 100 μm cell strainer (VWR, Missisauga, ON)
prior to analysis, which was carried out in a BD Accuri C6 flow cytometer (BD
Biosciences, Missisauga, ON), set for analysis of 50,000 cells at slow speed.
To analyze Annexin V/PI results, it is necessary to perform compensation. A
fluorochrome absorbs a photon of a lower wavelength within a certain range of
wavelengths (absorption spectra) and becomes excited to a higher energy state
(Roderer 2001). The excited fluorochrome then releases photons within a certain range
of wavelengths (emission spectra). If two fluorochromes release photons with emission
spectra that overlap, fluorescence can be detected for two different fluorochromes.
Compensation is the process that corrects the spillover from one channel into a
secondary channel (Roderer 2001). Compensation was performed as follows:
1. The unstained population was gated in order to create four quadrants: Annexin V
- /PI - (lower left quadrant), Annexin V + /PI - (lower right quadrant), Annexin V /PI + (upper left quadrant), and Annexin V + /PI + (upper right quadrant).
2. The quadrants created in step 1 was then used to detect any fluorescent
spillover in the FMO controls. At this stage compensation was performed so that
the median of the positive and negative FITC populations are equal in the PI
channel for the Annexin V FMO control. Compensation was also performed so
that the medians of the positive and negative PI populations in the FITC channel
were equal for the PI FMO control.
3. These compensation parameters were then applied to all samples evaluated (the
TGFb-treated, the untreated control dish, as well as the etoposide-treated dish).
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The percentage of cells in the Annexin - /PI - quadrant were considered viable,
the percentage of cells in the Annexin V + /PI - quadrant were considered early
apoptotic, and the percentage of cells in the Annexin V + /PI + were considered
dead (not necessarily via apoptosis). The Annexin V - /PI + quadrant was not
evaluated as the significance of this quadrant is unclear.

Cell Cycle Analysis
MAC-T and BME-UV1 cells were seeded at a density of 500,000 and 850,000
cells, respectively, in 60-mm plates and were allowed to grow for a day before being
starved in 0.2% FBS for 16 hours overnight. Following starvation, cells were treated
with 5 ng/mL of TGFβ1 for a period of 48 hours. At this point, cells were trypsinized, and
were filtered through a syringe to obtain a single cell suspension. Adherent cells were
centrifuged for 5 minutes at 200 g and 4°C using a Sorvall™ Legend™ XT/XF
Centrifuge (Fisher Scientific, Ottawa, ON, Canada) to create a cell pellet, and were then
washed with 1 mL PBS. The centrifugation step was then repeated and cells were resuspended in 1 mL PBS. At this point, cells were fixed by using a transfer pipette and
adding cells dropwise into 9 mL of 70% Ethanol. Fixed cells were stored at 4°C until use
(at least 48 hours).
After the fixation step, cells were centrifuged for 5 minutes at 200 g and 4°C to
remove the fixative. The supernatant was removed and cells were then washed in 1 mL
PBS, and the centrifugation step was repeated. Cells were re-suspended in 0.5 mL of
FxCycle™ PI/RNase Staining Solution (Fisher Scientific, Ottawa, ON, Canada). RNAse
is included in this because it removes all double stranded RNA therefore avoiding this
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being incorrectly recognized as DNA. Cells were allowed to incubate in the PI staining
solution for 30 minutes at room temperature and then were taken for analysis by flow
cytometry.
The BD Accuri C6 flow cytometer (BD Biosciences, Missisauga, ON, Canada)
software was used in order to analyze the effect TGFβ1 on cell cycle. The fluorescent
intensity of the DNA-binding dye PI correlates with the amount of DNA for individual
cells. Gating was performed by plotting FSC-A versus FSC-H, and data was visualized
using a dot plot, for which each dot represents a particle analyzed. This allows for
doublet discrimination by detecting distortions between cell size and cell signal.
Singlets (single particles recorded as individual events) form a diagonal line (45°,
originating at the X-Y intercept) on a FSC-A versus FSC-H dot plot. Doublets (cell
clumps recorded as a single event) can be discriminated because they do not fall on
this diagonal line. This is because cell aggregates take longer to pass through the laser
intercept and this will affect the area of the signal. In order to minimize the occurrence
of cell clumps, cells were filtered through a syringe during trypsinization, and through a
100 μm cell strainer prior to analysis.
The gated population was plotted as a frequency histogram with PI on the X-axis.
DNA content measurements of individual cells provided information about their ploidy,
or the number of sets of chromosomes contained in an individual cell (i.e. haploid,
diploid, or tetraploid), and this was used to categorize cells in cell cycle phases (G0/G1,
S/ and G2/M), as follows. The first peak represents the cells in the G0/G1 phase, which
have two sets of chromosomes. The second peak represents cells in the G2/M phase.
These cells have a two-fold increase in DNA and are tetraploid. In between the G0/G1
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and G2/M phase is the S-phase in which DNA replication is occurring. These cells
therefore have between one and two sets of chromosomes. Fewer cells are expected in
this phase in comparison to G0/G1 and G2/M.

Phospho-Histone H3 Immunofluoresence
MAC-T and BME-UV1 cells were plated at a density of 30,000 cells/well and
50,000 cells/well, respectively, in 8-well chamber slides (VWR, Mississauga, ON). Cells
were allowed to grow for one day and then were starved for 16 hours (overnight) in
media containing 0.2% FBS. At this time, cells were treated with and without 5 ng/mL of
TGFβ1 for a period of 48 hours. After this, cells were washed with PBS and then fixed
using 4% Paraformaldehyde (EMS, Hatfield, PA) in PBS for 20 minutes at room
temperature. Next, cells were washed four times with PBS and the fourth wash was left
on the cells for storage at 4°C until the immunofluorescence staining procedure was
carried out. Prior to immunofluorescent staining, PBS was removed from the cells, and
they were permeabilized with 0.5% Triton-X 100 (Fisher, Ottawa, ON) in PBS for 10
minutes at 4°C. Cells were washed 3 times for 2 minutes each time with PBS, and nonspecific binding was then blocked with PBS containing 5% Normal Donkey Serum (NDS;
Sigma Aldrich, Oakville, ON, Canada) for one hour at room temperature. Cells were
next incubated with primary antibody for Phospho-Histone H3 (pH3; Abcam, Cambridge,
MA) diluted in PBS containing 5% NDS for 16 hours overnight at 4°C. Cells were
washed 3 times for 2 minutes each time with PBS, and the Alexa Fluor Donkey AntiRabbit 488 (Life technologies, Burlington, ON) was then added to the cells at a dilution
of 1:500 in PBS containing 5% NDS for 1 hour at room temperature. Three PBS
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washes followed this as described above. To visualize cell nuclei, cells were incubated
with 0.3 μM DAPI (Sigma Aldrich, Oakville, ON, Canada) diluted in PBS for 5 minutes at
room temperature. This was followed by a washing step. Following aspiration of the last
wash, the wells from the chamber slides were removed using the manufacturer’s tools.
The slides were then gently wiped around to absorb the excess of liquid, and finally
coverslipped using Dako fluorescence mouting media (Dako, Burlington, ON, Canada)
and cover glass slips (Fisher, Ottawa, ON). Slides were allowed to dry overnight in the
dark.
Slides were examined using a Leika DM LM light Microscope (Leica
Microsystems, Wetzlar, Germany) and were subsequently imaged using a QICAM
(QImagine, Surrey, Canada) digital camera. A total of five images were taken at 20x
magnification for each well, and percentage of cells staining positively for pH3 was
calculated for each image. The average of these five images was then taken. Positivelystained nuclei for pH3 were counted manually using the Multi-point tool on ImageJ,
while nuclei stained with DAPI was calculated using the ImageJ plugin Nucleus Counter
in order to acquire the total number of cells (www.imageJ.net 2017).
Nucleus Counter performs an automated count of total number of nuclei in an
image. Automatic particle analysis requires a binary image, so it is necessary to
convert it into a black and white image. The following step was taken to do this: Image >
Type > 8-bit. The Nucleus Counter plugin automates a number of steps that would
normally be performed manually including thresholding, watershed separation, as well
as specifying the range in size of the particles to be included in the analysis.
Thresholding is performed to differentiate positively stained cells from the
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background. This can be performed manually on ImageJ, but the use of an automated
thresholding program such as the Nucleus Counter Plugin reduces the possibility of
introducing user bias (Sezgin and Sankur 2004). Watershed separation is used to
separate particles that are overlapping, so that individual particles can be accurately
counted. This can be performed manually by taking the following step: Process >
Binary > Watershed, or it can be performed automatically by using the Nucleus Counter
plugin.
After selecting Plugins > Nucleus Counter on Image J, a window opens that
allows the user to enter the specifications (Figure 8). For the analysis performed on

Figure 8: Nucleus Counter Plugin on Image J. To analyze an image using
Nucleus Counter, this window opens that allows one to enter the specifications of
analysis.

counting DAPI-stained nuclei, the particle range I selected was from 50 pixels to 5000
pixels. I used the “Current Threshold” method, and further details for this method can be
found on the Image J website (www.imageJ.net 2017). A smooth filter is used to
remove noise; this involved blurring the image by replacing each pixel with the average
of its 3x3 selection. Lastly, the four boxes (Subtract Background, Watershed filter, Add
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Particles to Region of Interest (ROI) manager, and Show summary) were all selected.
The first two boxes were selected for the reasons stated above. The ROI manager is a
tool on Image J that enables one to work with different selections of an image, different
slices of a stack, or different images. In this case, the ROI manager was used to work
with different images. The summary output provides details of the image analysis
including the particle count, total particle area, average particle size, area fraction and
the mean pixel length of individual particles. After manually counting the number of
positively-stained cells, and performing the automated cell count of the total number of
cells stained with DAPI, the percentage of positively staining cells in each 20x fieldview
was calculated. At least five 20x fieldviews were quantified for each well analyzed. The
percentage of positively staining cells was calculated using the average of each of the
five fieldviews.

Akt inhibition
BME-UV1 cells were seeded at a density of 4,000,000 cells in four 100-mm
plates containing a control group, a TGFβ1-treated group, a TGFβ1 plus MK-2206
(MK)-treated group, and a group treated with only MK. The concentration of MK
employed was chosen after testing a range of concentrations for their capacity to inhibit
Akt but not Smad3 activation. Cells were allowed to grow for a day before being starved
in 0.2% FBS for 16 hours overnight. Following starvation, cells were pre-treated with
0.625 μM of MK for 2 hours in the TGFβ1 plus MK-treated group and in MK-only treated
group. The control group and TGFβ1-treated group were pre-treated for 2 hours with
starvation media supplemented with DMSO (the vehicle for MK; Fisher Scientific,
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Oakville, On, Canada) at the same volume that was used to treat cells with MK. After
two hours pre-treatment with MK or DMSO, cells were treated with 5 ng/mL of TGFβ1.
After 48 hours, cells were lysed as described under the section “protein preparation and
quantification”.

TβRI kinase inhibition
In order to inhibit TβRI kinase activity, we used the TβRI kinase inhibitor
LY2157299 (LY). The concentration of LY employed was chosen after testing inhibition
of Smad3 at 5 μM and 20 μM of LY. Phosphorylation of Smad3 was not completely
inhibited by 5 μM Ly and therefore a concentration of 20 μM LY was selected.
MAC-T cells were seeded at a density of 500,000 cells in five 60-mm plates containing
a control group, a TGFβ1-treated group (5 ng/mL), a TGFβ1 plus LY-treated group, and
a group treated with only LY. Cells were allowed to grow for a day before being starved
in 0.2% FBS for 16 hours overnight. Following starvation, cells were pre-treated with 20
μM of LY for 2 hours in the TGFβ1 plus LY-treated group and in LY-only treated group.
The control group and TGFβ1-treated group were pre-treated for 2 hours with starvation
media supplemented with DMSO (the vehicle for LY; Fisher Scientific, Oakville, On,
Canada) at the same volume that was used to treat cells with LY. After two hours pretreatment with LY or DMSO, cells were treated with 5 ng/mL of TGFβ1. After 48 hours,
cells were lysed as described under the section “protein preparation and quantification”.

Statistical Analysis
Statistics were performed using Graphpad PRISM 6.0 (GraphPad Software,
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California, USA). For all statistical tests, normality was assumed. Unpaired t-tests were
used for all experiments including two treatments (control and TGFβ1) evaluated at 48
hours. For experiments including more than one timepoint (the timecourse), or more
than one treatment group (the Akt inhibitor experiment), a one-way ANOVA test was
first used to analyze data. A post-hoc Tukey’s test was then used to determine
significant difference between means. For cell cycle analysis and Annexin V/PI
experiments, a two-way ANOVA was used to analyze data. Significant differences
between means were subsequently determined using the Sidak post-hoc test.
Differences between means were considered statistically significant when the p value
was less than 0.05.
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RESULTS

Characterization of PI3K/Akt and Smad3 Modulation by TGFβ1
Effect of TGFβ1 on Akt and Smad3 at 48 hours
In order to verify canonical Smad activation, phosphorylation of Smad3 was
evaluated after 48 hours of TGFβ1 treatment in MAC-T and BME-UV1 cells (Figure 9).
The 48 hour timepoint was chosen because we observed significant apoptotic effects
mediated by TGFβ1 in both cell lines at this time. The expression of signalling
molecules and mediators of apoptosis were then evaluated at 48 hours in both MAC-T
and BME-UV1 cells in order to keep timepoints consistent between cell lines and
assays. Additionally, a timecourse was also performed in order to examine how protein
levels changed over time in response to TGFβ1 treatment. Smad3 phosphorylation was
significantly increased after 48 hours of TGFβ1 treatment in both MAC-T and BME-UV1
cell lines (p < 0.001 and p < 0.01, respectively; Figure 9A, 9B and 9D). Native levels of
Smad3 were significantly reduced (p < 0.05) at 48 hours in MAC-T cells, while Smad3
levels did not significantly change at 48 hours in BME-UV1 cells (Figure 9A, 9C and 9E).
These results confirm Smad signaling activation in response to 48 hours of TGFb1
treatment in both cell lines.
The first step in determining the role of the PI3K/Akt pathway in the apoptotic
response to TGFβ involved characterizing phosphorylation of Akt in response to TGFβ
treatment via immunoblotting (Figure 10). Phosphorylation of Akt (Serine 473) was
evaluated after 48 hours of TGFβ1 treatment in MAC-T and BME-UV1 cells. In MAC-T
cells, Akt phosphorylation was significantly reduced (p < 0.05) while native levels of Akt
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were unchanged in response to TGFβ1 treatment (Figure 10A, 10B and 10C). In BMEUV1 cells, Akt phosphorylation was significantly increased (p < 0.05) in response to
TGFβ1 at 48 hours, while native levels of Akt were not significantly changed (Figures
10A, 10D and 10E). These results provide evidence that TGFβ has different effects on
PI3K/Akt activity in two bovine mammary epithelial cell lines.

Effect of TGFβ1 on Akt and Smad3 at 0, 3, 6, 12, 24, and 48 hours
Levels of phospho-Smad3 and native Smad3 were not significantly changed in
either cell line in response to TGFβ1 treatment over the 48-hour period (Figure 11A,
11B and 11C). However, it is important to report any trends that are observed. In both
cell lines, Smad3 phosphorylation was apparent at 3 hours compared to the control at 0
hours, and this was sustained over a 48-hour period. While native levels of Smad3 did
not change substantially in MAC-T cells, levels of Smad3 were progressively reduced in
response to TGFβ1 treatment in BME-UV1 cells (Figure 11A and 11E). In addition,
there was substantial variation at the 24 and 48 hours timepoints between the two
replicates for both pSmad3 and Smad3 in the BME-UV1 cells, accounting for large error
bars as well as the discrepancy between representative western blots and quantification
data (Figure 11A, 11D and 11E). These results illustrate that TGFβ causes a steady
increase in Smad3 phosphorylation over a 48-hour period in both MAC-T and BME-UV1
cells. Also observed in the blots and the graphs is the relatively higher level of Smad3
activation in BME-UV1 as compared to MAC-T cells: ~20 fold vs. ~10 fold, as indicated
by the different scales in the Y-axis for Fig. 11D and Fig. 11B, respectively.
To study the changes in PI3K/Akt activity over time, pAkt levels were also
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measured after 0, 3, 6, 12, 24, and 48 hours of TGFβ1 treatment (Figure 12). In MAC-T
cells, TGFβ1 significantly reduced (p < 0.001) PI3K/Akt activity at 3, 6, 12, 24, and 48
hours of treatment compared to the control at 0 hours (Figure 12A and 12B). Levels of
native Akt were not significantly changed over a 48-hour period in response to TGFβ1
in MAC-T cells (Figure 12A and 12C). In the BME-UV1 cells, Akt phosphorylation was
significantly increased at 3 hours of TGFβ1 treatment compared to 0 hours (p < 0.01;
Figure 12A and 12D). At 12 hours and 24 hours of TGFβ1 treatment, pAkt was
significantly reduced (p < 0.01) compared to the 3-hour timepoint (Figure 12A and 12D).
Native levels of Akt did not significantly change in response to TGFβ1 treatment over a
48-hour period in BME-UV1 cells (Figure 12A and 12E).
TGFβ1 treatment results in a biphasic pattern of PI3K/Akt activity in BME-UV1
cells, in which there was a rise at 3 hours, followed by a reduction a reduction between
12 and 24 hours. These results further illustrate the different response in PI3K/Akt
activity to TGFβ treatment in MAC-T and BME-UV1 cells.

Characterization of the apoptotic response to TGFβ1
Apoptosis detected by Cleaved Caspase 3
Cleaved Caspase-3 (CC3) is a mediator of both the intrinsic and extrinsic
apoptotic pathways, both of which can be activated by TGFβ. CC3 was therefore
chosen as a marker to evaluate TGFβ-induced apoptosis in MAC-T and BME-UV1 cells
via immunoblotting (Figure 13). In MAC-T cells, CC3 was significantly reduced in
response to TGFβ1 at 48 hours in comparison to the control group (Figure 13A and 13B;
p < 0.05;). In BME-UV1 cells, CC3 was significantly increased (Figure 13A and 13C; p <
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0.01) in response to TGFβ1 at 48 hours in comparison to the control group. This
provides evidence that TGFβ1 has different effects on apoptosis in MAC-T and BMEUV1 cells, with TGFβ1 inducing apoptosis in BME-UV1 cells and suppressing apoptosis
in MAC-T cells.

Apoptosis detected by Annexin V/PI
The annexin V/PI assay was used to provide further evidence of the apoptotic
response to TGFβ1 in MAC-T and BME-UV1 cells. One of the early occurrences during
apoptosis is externalization of membrane phosphatidylserine (PS) from the inner side of
the plasma membrane to the surface (Shiratsuchi et al. 1998). Externalization precedes
later stages of cell death, resulting from either apoptotic or necrotic processes, in which
there is a loss of membrane integrity (Shiratsuchi et al. 1998). Annexin V is a Ca2+dependent phospholipid-binding protein that has a high affinity for PS (Vermes et al.
1995). Annexin V was used in combination with PI in order to distinguish early and late
apoptotic cells (Vermes et al. 1995). In MAC-T cells, there was no statistically
significant changes in early apoptosis (Annexin V + /PI -) at 48 hours, or in changes in
levels of late cell death (Annexin V + / PI +; Figure 14A and 14B). In BME-UV1 cells,
late cell death was significantly greater (p < 0.05) in the TGFβ1-treated group compared
to the control group at 48 hours (Figure 14A and 14C), indicating that BME-UV1 cells
are dying, either from apoptosis or necrosis, in response to TGFβ1 at 48 hours. In the
MAC-T cells, this assay shows no evidence of apoptosis or suppression of apoptosis in
response to TGFβ1.
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Effect of TβRI kinase activity on CC3 expression in MAC-T cells
The reduction in CC3 activity in response to TGFβ1 in MAC-T cells was
unexpected, as TGFβ1 has been documented to induce apoptosis in the bovine
mammary epithelial cell line BME-UV1 (Kolek et al. 2003). In order to evaluate whether
this cellular response was dependent on TβRI kinase activity, the TβRI kinase inhibitor
LY 2157299 (LY), was utilized. The concentration of LY employed was chosen after
testing inhibition of pSmad3 at 5 μM and 20 μM of LY. Phosphorylation of Smad3 was
not completely inhibited by 5 μM LY and therefore a concentration of 20 μM LY was
selected. CC3 expression was reduced in the TGFβ + /LY - group at 48 hours
compared to the TGFβ - /LY - group, while CC3 expression was increased in the TGFβ
+ /LY + group compared to the TGFβ - /LY - group at 48 hours (Figure 15A and 15B),
suggesting that TGFβ1 modulation of CC3 activity is dependent on TβRI kinase activity,
however further replicates would be needed to demonstrate this with confidence.
In addition, CC3 expression was reduced in the TGFβ - /LY + group compared
to the TGFβ - /LY - group (Figure 15A and 15B), suggesting that inhibiting TβRI kinase
activity alone reduces CC3 expression. pAkt expression was reduced in response to
TGFβ, and was further reduced by TGFβ + /LY + treatment, and by TGFβ - /LY +
treatment (Figure 15A and 15C). Native Akt levels followed an opposite pattern of
expression: Akt was increased by the TGFβ + /LY - treatment and was further
increased by the TGFβ + /LY + and by the TGFβ - /LY + treatment (Figure 15A and
15D). As expected from LY capacity to block TβRI activation, the phosphorylation of
Smad3, a downstream target of TβRI, was blocked in the presence of LY (Figure 15E).
This served as a proof of LY activity. However, the levels of native Smad3 appeared to
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be reduced by the TGFβ - /LY + treatment, compared to the TGFβ - /LY - control. The
effects of LY on pAkt and Akt levels, as well as pSmad3 and Smad3 levels, suggests
that LY may have nonspecific effects on Smad3 and Akt levels and/or activity in
addition to TβRI kinase activity (Figure 15A and 15F). Further replicates of this
experiment will be required to verify these findings, including re-optimization of LY
treatment in order to ensure specificity of TβRI inhibition.

Effect of Akt inhibition on TGFβ1-induced apoptosis in BME-UV1 cells
In BME-UV1 cells, phosphorylation of Akt increased in response to TGFβ1
compared to the control group at 48 hours, as discussed in earlier sections (Figure 10A
and 10D). This was an unexpected result, as activated Akt usually promotes cell
survival, and therefore did not correlate with the apoptotic response in BME-UV1 cells.
In addition, TGFβ1 is reported to reduce Akt phosphorylation in BME-UV1 cells by
inducing the expression of IGFBPs, which are known to sequester the IGF-I (Gajewska
and Motyl 2004). To examine the effect of Akt phosphorylation on the apoptotic
response to TGFβ1 in BME-UV1 cells, the Akt inhibitor MK was used to inhibit
phosphorylation of Akt at Thr308 and Ser473. The apoptotic mediator C-Parp was
significantly (p < 0.05) increased in the TGFβ + / MK + group compared to the TGFβ - /
MK - control demonstrating that Akt inhibition in combination with TGFβ1 treatment
enhances apoptosis of BME-UV1 cells (Figure 16A and 16C). The apoptotic mediator
CC3 was not significantly changed in any of the treatment groups (Figure 16A, 16B,
and 16C). However, there appears to be a common trend toward increased CC3 and CParp a response to TGFβ + / MK - treatment compared to the TGFβ - / MK - control
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(Figure 16A, 16B, and 16C). In addition, there is a trend toward a further increase in
CC3 by the TGFβ + / MK + treatment compared to the TGFβ - / MK - control and the
TGFβ1 + / MK - treatment groups (Figure 16A, 16B, and 16C). Again, these results
were not statistically significant, but it is important to report any observed trends in data
as the lack of statistical significance could be due to technical errors. Phosphorylation of
Akt was blocked (p < 0.05) in the presence of MK (TGFβ + / MK + and TGFβ - / MK +
groups) compared to the TGFβ - / MK - group (Figure 16A and 16D), while native levels
of Akt did not significantly change in response to TGFβ or MK treatment (Figure 16A
and 16E). Phosphorylation of Smad3 and native levels of Smad3 were not significantly
changed in any of the treatment groups (Figure 16A, 16F and 16G).

TGFβ1 Modulation of Bim at 48 hours
Bim is a BH3-only protein involved in the intrinsic apoptotic cascade and a
mediator of TGFβ1-induced cell death (Ramesh et al. 2008). In addition, FoxO3a
increases Bim mRNA transcription, and Bim is therefore a target of the PI3K/Akt-FoxO
signalling axis (Gilley et al. 2003). Immunoblotting was used to evaluate whether
changes in Bim expression are potentially responsible for the apoptotic response to
TGFβ1. In MAC-T cells, Bim EL and Bim L expression was significantly reduced (p <
0.05 and p < 0.01, respectively) at 48 hours in response to TGFβ1 (Figure 17A, 17B
and 17C). Bim S is the least abundant isoform of Bim and was not detected by
immunoblotting in the MAC-T cells. Bim S is only transiently expressed during
apoptosis (Lei and Davis 2003), and therefore may have been detectable in MAC-T
cells if alternate timepoints were evaluated. In BME-UV1 cells, Bim L and Bim S
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expression were significantly increased (p < 0.05 and p < 0.01, respectively) in
response to TGFβ1 treatment, while levels of Bim EL were not significantly changed
(Figure 17A, 17D, 17E, and 17F). These results suggest that TGFβ1 modulates Bim
expression in a manner consistent with its capacity to reduce or promote apoptosis in
MAC-T and BME-UV1 cells, respectively. They also suggest the involvement of Bim,
and therefore the intrinsic apoptotic pathway, in the apoptotic response to TGFβ1 in
bovine mammary epithelial cells.

TGFβ1 Modulation of FoxO1 at 48 hours
Knowing that Bim is a downstream target of FoxO3a, we first intended to assess
the effects of TGFβ1 on the expression of this transcription factor. However, none of the
antibodies tested were reliable for use on the bovine cells under study. Another
downstream target of PI3K/Akt signalling is FoxO1, which plays important roles in cell
cycle arrest and apoptosis (Huang and Tindall 2007). Therefore, immunoblotting was
used to assess FoxO1 expression at 48 hours in response to TGFβ1 treatment. At this
timepoint, there was no change in FoxO1 expression in MAC-T cells, while there was
significantly increased (p < 0.01) expression of the native FoxO1 transcription factor in
the BME-UV1 cells (Figures 18B and 18C, respectively). This correlates with the
apoptotic response observed at 48 hours in BME-UV1 cells, and suggests the
involvement of FoxO1 transcription factors in TGFβ1-induced apoptosis in BME-UV1
cells.
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Characterization of Growth Arrest induced by TGFβ1
Effect of TGFβ1 on cell cycle
Aside from apoptosis, the PI3K/Akt pathway has many downstream targets
involved in cell proliferation and cell cycle progression. To evaluate the effect of TGFβ1
on cell cycling in the bovine mammary epithelium, we used the DNA-binding dye PI and
analyzed this with flow cytometry. The fluorescent intensity correlates with the amount
of DNA for individual cells; this is then plotted as a frequency histogram to provide the
percentage of cells in each of the major cell cycle phases (G0/G1, S, and G2/M; Figure
20A). In MAC-T cells, TGFβ1 significantly increased (p < 0.05) the percentage of cells
in the G0/G1 phase compared to the control group (Figure 19B), while TGFβ1 treatment
did not significantly change the percentage of cells in the S or G2/M phases compared
to the control group (Figure 19B). In BME-UV1 cells, TGFβ1 did not significantly change
the percentage of cells in G0/G1, S and G2/M phases. It is important to not that in BMEUV1 cells, there was a non-significant increase in the percentage of cells in the G0/G1
phase in response to TGFβ1 treatment, and there was also a non-significant reduction
of cells in S and G2/M phases in response to TGFβ1 treatment. These results
demonstrate that TGFβ1 is inducing G0/G1 cell cycle arrest in MAC-T cells.

Effect of TGFβ1 on Proliferation
While PI staining demonstrated the percentage of cells in each of the major cell
cycle phases, it is not informative in terms of cell cycle kinetics (the rate at which the
cells progress through the cell cycle). Another assay to determine the effect of TGFβ1
on cell proliferation was needed, which is why immunofluorescence was performed to
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assess pH3 expression in response to 48-hour TGFβ1 treatment (Figure 20), as pH3 is
a marker of mitosis (Hans and Dimitrov 2001). TGFβ1 significantly reduced (p < 0.01
and p < 0.001, respectively) the percentage of cells that stained positively for pH3 in
both MAC-T and BME-UV1 cells (Figure 20A, 20B and 20C).
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DISCUSSION

The role of TGFβ1 in apoptosis and growth arrest is context dependent; a
conspicuous example being that TGFβ1 induces apoptosis and growth arrest in most
normal epithelial cell types, but in cancer cells TGFβ1 can act as a tumour promoter
and transformed cells escape the apoptogenic and antiproliferative effects of TGFβ1
(Massague 2012). In the bovine mammary epithelial cell line BME-UV1, TGFβ1 was
documented to induce apoptosis (Kolek et al. 2003). The results provided in this thesis
reproduce these findings in the BME-UV1 cells, but also provide the first evidence of
TGFβ1 having a role in suppressing apoptosis in MAC-T cells. This different behavior of
MAC-T and BME-UV1 cells may be a function of their different phenotypes.

Effect of TGFβ1 on Apoptosis and Growth Arrest
In 1995, Woodward et al. directly studied the influence of TGFβ1 on apoptosis
and growth arrest in MAC-T cells using Trypan Blue staining, and found that TGFβ1 did
not increase levels of cell death measured by Trypan Blue staining (Woodward et al.
1995). Trypan Blue is a marker of cell membrane integrity; viable cells exclude the dye
while dead cells uptake the die (Tran et al. 2011). Although Trypan blue may not be the
best indicator of apoptosis, as apoptosis occurs with an intact plasma membrane
(Samali et al. 1999), the results of Woodward et al. agree with our findings in that there
was no evidence of TGFβ-induced cell death in MAC-T cells. TGFβ1 protein expression
and levels of apoptosis are both maximal at 48 hours in serum starved MAC-T cells
(Zarzyńska et al. 2005). However, a direct causative effect of TGFβ1 on apoptosis in
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MAC-T cells has never been demonstrated.
Our results with MAC-T cells showed that TGFβ1 reduced CC3 compared to the
control group at 48 hours, providing the first evidence that TGFβ1 may also have a role
in suppressing apoptosis in the bovine mammary epithelium. Additionally, reduction of
CC3 by TGFβ1 was blocked by inhibition of TβRI although this would need to be
confirmed in replicate experiments. One of the problems encountered in this study was
that the Annexin V/PI assay did not reflect the findings of CC3 immunoblotting showing
TGFβ1 suppressing apoptosis in the MAC-T cells. The Annexin V/PI assay
demonstrated a slight increase in early apoptotic cells in the TGFβ1-treated group
compared to the control group. This did not translate into an increase in late apoptotic
cells in response to TGFβ1. This would indicate that PS externalization occurs without
loss of cell membrane integrity. It is unclear why the antiapoptotic effect of TGFβ1 is not
demonstrated by the Annexin V/PI assay but one possibility is that PS externalization
occurred without induction of apoptosis. One example of a non-apoptotic role for PS
externalization occurred during IgE stimulation of mast cells leading to PS
externalization in the absence of other features of apoptosis (Martin et al. 2000).
Further studies would be required to investigate the reasons for PS externalization in
MAC-T cells, but these results do not necessarily imply an increase in apoptosis.
Apoptosis occurs without loss of membrane integrity (Elmore 2007), however in
its later stages apoptosis either leads to efferocytosis or secondary necrosis (Silva
2010). Efferocytosis is the process where apoptotic cells are phagocytosed and
degraded by scavenger cells (Silva 2010). Secondary necrosis leading to loss of
membrane integrity occurs when no intervening scavenger cells are present to
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efferocytose the apoptotic cell (Silva 2010). The MAC-T cells are a heterogeneous
population, and one of the cell types identified was described as a large multinucleate
cell (Zavizion et al. 1995). The large multinucleate cell has a similar cell morphology to
that described of the multinucleate giant cell (MGC; Nickerson and Sordillo 1985). It is
thought that MGCs form from the fusion of macrophages, or from the division of
macrophage nuclei without cytokinesis (Nickerson and Sordillo 1985). Amyloid, a
fibrillar protein, is progressively deposited in the mammary gland from early to later
stages of lactation (Nickerson et al. 1984). MGCs and macrophages were shown to
have a role in phagocytosis of amyloid bodies in the bovine mammary gland (Nickerson
and Sordillo 1985). One possibility is that secondary necrosis did not occur in MAC-T
cells because a scavenger cell population performed efferocytosis. However, this does
not explain why PS externalization would be higher in the TGFβ1-treated group of the
early apoptotic fraction (Annexin V + /PI -; lower right quadrant). It does, however,
provide an explanation for why the control and the TGFβ1-treated group of the late
apoptotic fraction (Annexin V + /PI +; upper right quadrant) did not reflect the antiapoptotic effect of TGFβ1 in MAC-T cells demonstrated by CC3 immunoblotting. The
BME-UV1 cells seem to contain a purer population of cells (possibly uni-potent luminal
progenitors), and therefore it is reasonable that secondary necrosis would occur when
efferocytosis was not possible leading to loss of membrane integrity.
Unlike the MAC-T cells, the apoptotic effect of TGFβ1 in BME-UV1 cells was
demonstrated here using CC3 immunoblotting, supporting the findings of Kolek et al. in
2003 and Di et al. in 2012. Further evidence of the involvement of the intrinsic pathway
of apoptosis was shown by the upregulation of Bim in response to TGFβ1 treatment in
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BME-UV1 cells in parallel with increased apoptosis. The opposite result was found in
MAC-T cells, in which Bim expression was reduced by TGFβ1 suggesting that TGFβ1
is suppressing the intrinsic pathway of apoptosis. Bim is a target of both Erk and
PI3k/Akt-FoxO3a signalling (Ramesh et al. 2009). Due to a problem with the FoxO3a
antibody, characterization of TGFβ1 modulation of FoxO3a was not possible in the
MAC-T or BME-UV1 cells. Characterization of FoxO3a expression in response to
TGFβ1 treatment would be the next step in determining the mechanism of Bim
modulation by TGFβ1. If FoxO3a expression is elevated in BME-UV1 cells, this would
suggest that TGFβ1 is upregulating Bim expression through FoxO3a. To demonstrate
this, inhibition of FoxO3a using silencing RNA (siRNA) would determine whether
FoxO3a is regulating Bim expression in response to TGFβ1 in BME-UV1 cells. In MACT cells, it seems unlikely that TGFβ1 is modulating Bim expression through the
PI3K/Akt signaling axis since TGFβ1 downregulates Akt activity in this cell line, which
would presumably increase the expression of the downstream target of Akt, FoxO3a,
thus the expected cellular response would be increased levels of Bim (Gilley et al.
2003), which is not the case in MAC-T cells.
We also obtained evidence to suggest that FoxO1 might be involved in TGFbinduced responses in bovine mammary epithelium. In BME-UV1 cells, FoxO1 levels
were increased after 48 hours of TGFβ1 treatment, while in MAC-T cells no changes
were observed. This suggests that FoxO1 transcriptional activity may be involved in the
antiproliferative and/or apoptogenic activities of TGFβ1 in BME-UV1 cells. In order to
evaluate this, FoxO1 expression could be inhibited by siRNA and the downstream
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effects on apoptosis and proliferation could be evaluated in response to TGFβ1 in BMEUV1 cells.
TGFβ1-induced apoptosis was correlated with a reduction in pAkt and pErk in
response to TGFβ1 treatment at 0, 3, 6, 12, 24, and 48 hours in BME-UV1 cells
(Gajewska and Motyl 2004). Interestingly, these results do not reflect the biphasic
response of Akt phosphorylation in response to TGFβ1 treatment that is reported here
(Figure 12D). One possible explanation is that different antibody manufacturers were
used for pAkt. We used a monoclonal antibody from Cell Signalling (Danvers, MA),
while the antibody employed by Gajewska and Motyl is from Santa Cruz Biotechnology
(Missassauga, ON). In addition, the blot for pAkt that was presented in this study
suggest two bands being recognized by the antibody (Gajewska and Motyl 2004). It is
possible that the band that was quantified was not actually recognizing pAkt.
The involvement of Akt in BME-UV1 apoptosis was further examined here
through inhibition of Akt with MK-2206 (MK) in BME-UV1 cells. C-Parp was significantly
increased in the TGFβ + /MK + compared to the TGFβ - /MK - group, which suggests
that Akt inhibition in combination with TGFβ treatment enhances apoptosis of BME-UV1
cells. The non-statistically significant differences in C-Parp and CC3 expression
between the TGFβ + /MK - and TGFβ + /MK + suggest that Akt inhibition does not
enhance apoptosis induced by TGFβ. However, it is important to note that there was a
trend toward increased levels of CC3 and C-Parp in the TGFβ + /MK + group versus the
TGFβ + /MK - group. When CC3 was evaluated at 48 hours in response to TGFβ
treatment only, there was a statistically significant increase in CC3 expression BMEUV1 cells (Figure 13A and 13C). This was not observed in the Akt inhibitor experiments.
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The lack of statistical significance in the Akt inhibitor experiment could be due to
technical error rather than a lack of apoptosis occurring in these cells. However, further
experiments would be needed to demonstrate this with confidence. Zarzyńska and
Motyl performed a related experiment in which they evaluated the contribution of
PI3K/Akt activity in IGF-I mediated cell survival in BME-UV1 cells. They found that IGF-I
inhibits apoptosis and TGFβ1 expression in BME-UV1 cells, and that this effect was
completely reversed with the use of a PI3K inhibitor (Zarzyńska and Motyl 2005). One
limitation of this study is that elevated TGFβ1 expression occurred as a result of serum
starvation, and they did not inhibit TβRI kinase activity to prove that apoptosis occurred
as a result of TGFβ1 treatment. These investigators did not treat cells with exogenous
TGFβ1, which limits the ability to model the effect of TGFβ1 secreted from bovine
mammary stromal cells. It would therefore be useful to examine the contributions of
PI3K/Akt and MAPK/Erk pathways in the direct effects of TGFβ1 on apoptosis and
proliferation in both MAC-T and BME-UV1 cell lines. Individual and combinations
treatments of exogenous TGFβ1 and TβRI kinase inhibitor LY (LY 2157299) in
combination with the Akt (MK-2206) and MEK (PD 098059) inhibitors could be used to
evaluate the contribution of the PI3K/Akt and MAPK/Erk pathways in the
antiproliferative and apoptogenic effect of TGFβ1, similar to the study performed by
Zarzyńska and Motyl in 2005.
Of note, one of the few similarities of MAC-T and BME-UV1 is that both cell lines
undergo growth arrest in response to TGFβ1. This was demonstrated by flow cytometry
in the form of G0/G1 cell cycle arrest in MAC-T cels, as well as significantly reduced pH3
expression in response to a 48-hour TGFβ1 treatment in both cell lines. If the
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antiproliferative effects of TGFβ1 are dependent on its modulation of PI3K/Akt signalling,
further experiments could be performed in order to evaluate the downstream targets of
Akt involved in cellular proliferation and cell cycle regulation such as GSK-3β (Cross et
al. 1995), p21, p27, p53 (Franke et al. 1007), mTORC1 (Chen et al. 2010) and the
FoxOs (Huang 2007).

The Antiapoptotic Effect of TGFβ1 in MAC-T cells
Zarzyńska et al. demonstrated that MAC-T cells undergo apoptosis in response
to serum starvation (Zarzyńska et al. 2005), which is in agreement with the results
presented in this thesis. The evidence presented in this thesis indicates that TGFβ1
treatment rescues MAC-T cells from serum deprivation-induced apoptosis. The first
step for unconvering the mechanism by which TGFβ1 suppresses apoptosis is to
understand how serum starvation is causing MAC-T cells to undergo apoptosis. This
study demonstrated that TGFβ1 induced Smad activation in MAC-T cells, and that this
was dependent on TβRI kinase activity. However, it is also essential to examine pSmad
localization. If pSmad is not entering the nucleus, it is possible that TGFβ1 is exerting
its anti-apoptotic effects by preventing Smad-mediated apoptosis.
After examining canonical Smad signalling, another promising pathway to
evaluate is the PI3K/Akt pathway. Suppression of PI3K/Akt activity was observed in
MAC-T cells in response to TGFβ in conjunction with suppression of apoptosis at 48
hours compared to the control group. This demonstrates that TGFβ is not preventing a
reduction in PI3K/Akt activity and associated apoptosis. There are several pathways
that are have been reported to mediate the antiapoptotic effects of TGFβ including
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MAPK/Erk, JNK and p38. TGFβ has been reported to suppress apoptotsis induced by
serum withdrawal in macrophages through activation of the MAPK/Erk pathway
(Chin et al. 1999). TGFβ can suppress serum starvation induced apoptosis by inhibiting
the p38-mediated apoptosis in fibroblast cells (Chen et al. 2003), or by inhibiting of the
JNK-mediated apoptosis in human carcinoma cells (Huang et al. 2000) and normal
murine hepatocytes (Kaur et al. 2005). These pathways would therefore be promising to
study in MAC-T cells in order to better understand how TGFβ1 is preventing serum
starvation induced apoptosis.
Discovering the mechanism by which TGFβ1 is suppressing apoptosis in MAC-T
cells is important because the MAC-T cell line is the most popular immortalized bovine
mammary epithelial cell line (Jedrzejczak and Szatkowska 2014), and researchers
wishing to study TGFβ1 signalling and/or cell survival in the bovine mammary gland
may find that the MAC-T cell line is not the best model. This is because MAC-T cells do
not undergo apoptosis in response to TGFβ1 contrary to other bovine mammary
epithelial cell lines (Kolek et al. 2003; Di et al. 2012).

Significance of TGFβ signalling research to the dairy industry
The balance of cell death and cell proliferation determines the persistency of
lactation. The ability to manipulate apoptosis and proliferation in order to extend the
persistency of lactation is anticipated to yield significant financial advantage to the dairy
industry (Capuco and Akers 1999). The results presented in this thesis characterized
TGFβ1-modulation of these two cellular responses in two different bovine mammary
epithelial cell lines: MAC-T and BME-UV1. These findings could potentially be used to
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target TGFβ1 signalling in the bovine mammary gland for the purposes of manipulating
apoptosis and proliferation.
We hypothesize that TGFβ1 may play a role in preserving bi-potent progenitor
cells that give rise to cells of myoepithelial or luminal phenotype. This is based on the
phenotypic resemblance between these bi-potent progenitors (CD24neg/CD49fpos), that
were identified by Rauner and Barash, and the MAC-T cells (Rauner and Barash 2012;
Arévalo Turrubiarte). The results shown here suggest that uni-potent luminal
progenitors (CD24med/CD49fneg), which are similar to the phenotype of the BME-UV1
cells, would be a more useful target for preserving secretory epithelial cells and
extending the lactation period (Rauner and Barash 2012). In order to address the
hypothesis that MAC-T and BME-UV1 cells are uni-potent and bi-potent progenitors,
respectively, a clonal assay could determine the multipotency of these cell lines. A
similar approach to that of Rauner and Barash (2012) could be employed in which cells
are plated at a low density, and clones are evaluated by their expression of CK14 and
CK18 (Rauner and Barash 2012).
The research presented here could also be of use to other researchers wishing
to generate a primary bovine mammary epithelial cell line. Depending on the cell
phenotype intended for study, isolation of uni-potent progenitor cells would be the most
useful clonal cell line to generate in order to ensure purity and homogeneity of the
population. This would allow researchers to establish more reliable conclusions about
luminal epithelial cells. Bovine mammary stem cells may have an application in dairy
science by increasing persistency of lactation, increasing milk yield, and could be
utilized in tissue repair (Martignani et al. 2014). Bovine mammary stem cells have
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different functions based on phenotype (Rauner and Barash 2012) and thus, the
selection of basal (CD24neg/CD49fpos) or luminal (CD24med/CD49fneg) mammary
progenitors will have different functional outcomes for generated clones (Rauner and
Barash 2012).
Why would we be interested in a new approach to increasing milk yield? Based
on assessments of current practices, they may not be without harmful side effects. One
example is bovine somatotropin (bST), which is administered to dairy cows in order to
maximize milk production. In the United States, the use of bST on dairy cows was
approved in 1993 (https://www.fda.gov 2017). However, in Canada the use or sale of
bST has never been approved even though it has been reported to increased milk
yields by 10-15 % (McLeod et al. 1999; Etherton et al. 1993). In 1999, a meta-analysis
was conducted by the Canadian Veterinary Medical Association concerning the impact
of bST on animal health. The report stated that administration of bST to dairy cows
causes increased risk of clinical mastitis by up to 25%, of infertility by 40%, and of
lameness by up to 55% in dairy cows (Dohoo et al. 2003). A separate meta-analysis
was conducted by the Royal College of Physicians and Surgeons of Canada in 1999.
The report found that there was no plausible reason that bST would constitute a risk to
human health (McLeod et al. 1999). An alternative method of increasing milk production,
without harming animals, would therefore be of great economic benefit to the Canadian
dairy industry.
The effects of bST can be divided into two general categories: somatogenic and
metabolic, which result in an increase in cell number and cell activity, respectively
(Etherton and Bauman 1998). bST affects tissue metabolism by altering nutrient
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partitioning of lipids, carbohydrates, proteins and minerals, and this affects growth
performance and milk yield (Etherton and Bauman 1998). These effects are thought to
be mediated indirectly by IGF-I (Bauman 1999) and IGF-I somatogenic effects have
been shown to be caused, at least in part, by inhibition of TGFβ1 signalling (Zaynska
and Motyl 2005), however it has not been demonstrated whether these metabolic
effects of IGF-I are mediated by inhibition of TGFβ1 signalling. Therefore, it will be
informative to examine the effects of IGF-I administration versus inhibition of TGFβ1
signalling for the purposes of increasing milk production in the bovine mammary gland.
It is important to note that inhibition of TGFβ1 signalling can result in undesired side
effects such as delayed wound healing and chronic inflammation (Herbertz et al. 2015).
These effects may be reduced by using a lower dose of the pharmalogical agent (for
example: monoclonal antibodies, small molecule inhibitors or anti-sense
oligonucleotides) that inhibits TGFβ1 signalling (Herbertz et al. 2015). Another concern
to note is that if treatment is not specifically targeted to uni-potent luminal progenitors
(resembling the phenotype of the BME-UV1 cells), TGFβ1 inhIbition could reduce
preservation of bi-potent progenitors (resembling the phenotype of MAC-T cells) that
give rise to ductal and myoepithelial cells. Preservation of the glandular structures
between lactations is important in bovine in order to be able to resume lactation as soon
as possible once suckling is reinitiated (Pai and Horseman 2011a), and this would
therefore be an undesired side effect. One solution to this problem would be to develop
a treatment that targets exclusively uni-potent luminal progenitors. The challenge
associated with this is finding a specific cell surface marker only expressed by the unipotent luminal progenitors and differentiated alveolar cells. Further studies would be
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required in order to discover cell surface markers specifically expressed by alveolar and
luminal progenitor cells before this could be tested in vivo.
Other studies have examined the influence of IGF-I on milk production. These
compared the effects of administering systemic infusions IGF-I or GH to lactating goats.
They found that goats receiving GH had a milk yield increased by an average of 24%,
while goats receiving IGF-I had no significant increase in milk yield (Davis et al. 1989).
In agreement with these results, intramammary infusions of Insulin and IGF-I had no
significant effect on milk protein expression or milk yield in dairy cows (Mackle et al.
2000). Conversely, infusion of IGF-I via an external pudic arterial catheter resulted in
milk yield significantly increased by 9% 2 hours post-infusion compared and this was
associated wtth significantly increased mammary blood flow by 50-80% in lactating
goats (Prosser et al. 1994). Following up on the idea of testing IGF-I versus TGFβ1
inhibition in dairy cows and based on the results above, it may be worthwhile to explore
this with intra-arterial infusion, as this may represent a new method of increasing milk
yield in the dairy industry without the negative side effects that are observed with
subcutaneous injections of bST (Dohoo et al. 2003).

Limitations of this study
Cells were grown in monolayer culture, and this methodology does not take into
account the influence of the ECM. The lack of an appropriate ECM in monolayer
cultures prevents polarization, which in turn may affect the response to growth factors
and survival (Vidi et al. 2013; Weaver et al. 2002). In addition, the absence of
appropriate lactogenic hormones in monolayer culture interferes with cellular
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differentiation (Woodward et al. 2005). The MAC-T cell line is not composed of a
homogenous cell population (Zavision et al. 1995), which makes it difficult to interpret
findings.
The use of an in vitro model of bovine mammary cells often involves the use of
immortalized cell lines, due to the difficulty of obtaining primary cultures. Immortalized
cell lines have reduced dependency for hormones and growth factors, compared to
normal cells (Todaro and Delarco 1978). This limits the ability to extrapolate the
evidence provided in this thesis to what is happening in vivo.
Finally, in this study mammary epithelial cells were cultured in isolation of any
other cell types that may regulate mammary development and differentiation in vivo.
For instance, fibroblast growth factor secreted by fibroblasts influences mammary
epithelial cell proliferation and morphogenesis in vivo (Powers et al. 2000), and may
also have a role in secretion of the ECM, including components of the basement
membrane (Hovey et al. 1999).
Taking into account that incorporating all the missing elements to properly mimic
the in vivo environment is challenging and costly, future studies aimed to test the ideas
proposed here will benefit from the use of additional cell lines of similar phenotypes
grown in 3D culture on basement membrane-like ECM and in a mammary-like
environment.
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SUMMARY AND CONCLUSION

It is well documented that TGFβ induces apoptosis in bovine mammary epithelial
cells (Kolek et al. 2003; Di et al. 2012). TGFβ exerts its pro-apoptotic effects in BMEUV1 cells through canonical Smad signalling and through modulation of PI3K/Akt
activity (Kolek et al. 2003; Gajewska and Motyl 2004). Although the pro-apoptotic effect
of TGFβ is well established in bovine mammary epithelial cells, this has never been
demonstrated in MAC-T cells.
In agreement with the results of Kolek et al. in 2003, we demonstrated using
CC3 immunoblotting that BME-UV1 cells undergo apoptosis in response to TGFβ
treatment, while TGFβ treatment rescued MAC-T cells from serum starvation-induced
apoptosis. Preliminary results sugest that the suppression of CC3 in response to TGFβ
treatment in MAC-T cells is dependent on TβRI kinase activity, as the presence of a
TβRI inhibitor completely abrogated the antiapoptotic effect of TGFβ in the one
repetition performed of the experiment. In addition, we provided evidence that TGFβ
induces cell cycle arrest in MAC-T cells and reduces proliferation in both cell lines.
Although it was previously published that TGFβ mediates apoptosis in BME-UV1
cells through suppression of PI3K/Akt signalling (Gajewska and Motyl 2004), we found
that TGFβ increased Akt phosphorylation at 48 hours compared to the control group at
48 hours in BME-UV1 cells. This led us to investigate the effect of Akt inhibition in
TGFβ-induced apoptosis of BME-UV1 cells using the Akt inhibitor MK-2206. Inhibition
of Akt resulted in significantly increased levels of C-Parp in the TGFβ + /MK + group
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compared to the TGFβ - /MK - control, which suggests that Akt inhibition in combination
with TGFβ1 treatment enhances apoptosis of BME-UV1 cells.
We also evaluated changes in PI3K/Akt signalling in response to 0, 3, 6, 12, 24,
and 48 hours of TGFβ treatment to evaluate whether a reduction of PI3K/Akt activity
occurred prior to the 48-hour timepoint first examined. Interestingly, we found that TGFβ
had a biphasic effect of Akt phosphorylation in BME-UV1 cells. TGFβ treatment resulted
in a significant increase in Akt phosphorylation at 3 hours, followed by a significant
reduction in Akt phosphorylation from 12-24 hours.TGFβ significantly reduced Akt
phosphorylation in MAC-T cells at 3, 6, 12, 24, and 48 hours compared to the control at
0 hours. In addition, we confirmed Smad3 activation in response to TGFβ in both MACT and BME-UV1 cells demonstrating the activation of canonical TGFβ signalling.
The MAC-T cell line contains populations expressing both myoepithelial and
luminal-like profiles, while the BME-UV1 cells exclusively express a luminal-like profile
(Arévalo Turrubiarte et al. 2015). The results presented in this thesis suggest that TGFβ
has differential effects on apoptosis in the bovine mammary epithelium that may be
dependent on cell phenotype. Thus, future studies using these and other cell lines as
models to study TGFb function in the bovine mammary gland should be carefully
tailored to the specific questions they intend to address. For those studying lactation
and involution, MAC-T cells may not be the best choice of cell line because they do not
undergo apoptosis in response to TGFβ, and therefore do not reflect the physiological
responses of milk-producing luminal mammary epithelial cells undergoing involution in
vivo.
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APPENDICES

Appendix I: Preparation of Materials

Western Blotting
7.5% Acrylamide SDS-PAGE (2 x 1.5 mm Gels)
Resolving Gel
3.72 mL 40% acrylamide-bis solution
5 ml Tris HCl buffer (1.5 M HCl, pH 8.8)
200 μl 10% SDS
11 mL milliQ water
10 μl TEMED
240 μl 10% (w/v) APS
15% Acrylamide SDS-PAGE (2 x 1.5 mm Gels)
Resolving Gel
7.5 ml 40% acrylamide-bis solution
5 ml Tris HCl buffer (1.5 M, pH 8.8)
200 μl 10% SDS
7.2 mL milliQ water
10 μl TEMED
240 μl 10% (w/v) APS
Stacking Gel
500μL 40% acrylamide-bis solution
1.26mL Tris (0.5M HCl, pH = 6.8)
50μL 10%SDS
3.2mL MiliQ Water
5μL TEMED
50μL 10% (w/v) APS
10x Electrophoresis Buffer (2L)
60.4 g Tris Base
288.0 g Glycine
100mL 20% SDS
Dissolved in MiliQ water and adjusted to pH = 8.3.
To make 1x solution, 100mL of 10x electrophoresis buffer was dissolved in 900mL
MiliQ water
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10x TBS (1L)
48.4g Tris Base
160g NaCl
Dissolved in MiliQ water and adjusted to pH = 7.6.
To make 1x solution TBST solution, 100 mL of 10x TBS was dissolved in 900 mL MiliQ
water, and 1mL of Tween was added.
1x Wet Transfer Buffer (1L)
200mL Methanol
100mL Towbin
2.5mL 10% SDS
697.5mL MilliQ Water.
Wet transfer buffer was always prepared fresh, and stored at -20°C until required.
10x Semi-Dry Transfer Buffer (1L)
58.2 g Tris Base
29.3 g Glycine
18.75 mL 20% SDS
Diluted in milliQ water
1x Semi-Dry Transfer Buffer (1L)
100 mL 10x semi-dry transfer buffer
200 mL methanol
700 mL milliQ water
Semi-dry transfer buffer was always prepared fresh, and stored at -20°C until required.
Towbin (2L)
6.50g Tris Base
248.2 g Glycine
Dissolved in MiliQ water.
8x Protein Loading Buffer
400 mM Tris-HCl (pH 6.8)
16% SDS
0.8% Bromophenol blue
40% Glycerol
0.4 M DTT
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Appendix II – Chemical List and Suppliers

Chemical

Supplier

Acrylamide/Bis solution (40%)
Alexa Fluor donkey anti-rabbit 488 IgG
Akt (pan)
Annexin V/PI Apoptosis Detection Kit
Aprotinin
Ammonium Persulfate (APS)
β-actin rabbit pAb
Bim rabbit mAb
Bromophenol blue
Bovine Serum Albumin (BSA)
Cleaved Parp mAb
Cleaved Caspase 3 mAb
Dulbecco’s modified eagle’s medium (DMEM)
DMSO
DTT
Donkey Serum
Dulbecco’s modified eagle’s medium (DMEM)
EDTA
Ethanol
Etoposide
Isopropanol
Fetal bovine serum
FoxO1 mAb
Fungizone (Amphotericine B)
Gentamycin
Glycerol
Glycine
Goat anti-rabbit HRP
Glutathione
Insulin from Bovine Pancreas
Hydrocortisone
Lactose Monohydrate
Lactalbumin Hydrolysate
L-ascorbic acid
LY2157299
Methanol
MKK-2206 2HCl
NaCl

BioRad, Mississauga, ON
Life Technologies, Burlington, ON
Cell Signaling, Danvers, MA
Biotool, Burlington, ON
Sigma-Aldrich, Oakville, ON
Sigma-Aldrich, Oakville, ON
Cell Signaling, Danvers, MA
Cell Signaling, Danvers, MA
Sigma-Aldrich, Oakville, ON
VWR, Mississauga, ON
Cell Signaling, Danvers, MA
Cell Signaling, Danvers, MA
Fisher Scientific, Ottawa, ON
Fisher Scientific, Ottawa, ON
Fisher Scientific, Ottawa, ON
Sigma-Aldrich, Oakville, ON
Sigma-Aldrich, Oakville, ON
Fisher Scientific, Ottawa, ON
GreenField, Brampton, ON
Sigma-Aldrich, Oakville, ON
Fisher Scientific, Ottawa, ON
VWR, Mississauga, ON
Cell Signaling, Danvers, MA
Fisher Scientific, Ottawa, ON
Fisher Scientific, Ottawa, ON
Fisher Scientific, Ottawa, ON
Fisher Scientific, Ottawa, ON
Sigma-Aldrich, Oakville, ON
Sigma-Aldrich, Oakville, ON
Sigma-Aldrich, Oakville, ON
Sigma-Aldrich, Oakville, ON
Sigma-Aldrich, Oakville, ON
Sigma-Aldrich, Oakville, ON
Sigma-Aldrich, Oakville, ON
Cayman Chemical, Ann Harbor, MI
VWR, Missisauga, ON
SelleckChem, Houston, Tx
Fisher Scientific, Ottawa, ON
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Na3VO4
Luminata forte western HRP substrate
Paraformaldehyde (16%)
PBS
Penicillin-Streptomycin
Phosphatase Inhibitor Cocktail 2
pAkt S473 mAb
pHistone H3 S10 pAb
pSmad3 S423/425 pAb
PI/RNase Staining Solution
PMSF
PVDF membrane
Recombinant Human TGFβ1
RPMI
SDS
Smad3 pAb
TEMED
Tris base
Tris buffer (1.5 M)
Tris buffer (0.5 M)
Triton X-100
Tween-20

New England BioLabs, Whitby, ON
Millipore, Etobicoke, ON
EMS, Hatfield, Pa
Fisher Scientific, Ottawa, ON
Sigma Aldrich, Oakville, ON
Sigma Aldrich, Oakville, ON
Cell Signaling, Danvers, MA
Abcam, Cambridge, MA
Abcam, Cambridge, MA
Fisher Scientific, Ottawa, ON
Sigma Aldrich, Oakville, ON
Roche, Laval, QC
R & D systems, Minneapolis, MN
Fisher Scientific, Ottawa, ON
Fisher Scientific, Ottawa, ON
Abcam, Cambridge, MA
Sigma-Aldrich, Oakville, ON
Fisher Scientific, Ottawa, ON
BioRad, Mississauga, ON
BioRad, Mississauga, ON
BioRad, Mississauga, ON
Fisher Scientific, Ottawa, ON
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