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ABSTRACT

THE POTENTIAL ROLE OF INTEGRIN REGULATION BY PAR6 IN
TGF-BETA-INDUCED APOPTOSIS

Geordon James Avery-Cooper
University of Guelph, 2011

Advisor:
Dr. A.M. Viloria-Petit

The Par6-polarity pathway regulates breast cancer metastasis, and more recently has been
shown to regulate transforming growth factor β (TGFβ)-induced apoptosis. Integrins may
mediate the regulation of TGFβ-induced apoptosis by Par6, as they are key regulators of cell
polarity, survival and death. First, we confirmed that blocking Par6 activation significantly
inhibits TGFβ-induced apoptosis in both monolayer and three-dimensional NMuMG (Normal
Murine Mammary Gland) cell culture models. TGFβ altered the expression of β1 and β4
integrins in NMuMG monolayers. In addition, TGFβ significantly reduced the basal localization
of α6 and β4 integrins in NMuMG three-dimensional acini-like structures (p < 0.001), which was
dependent on both Par6 and TGFβ receptor I (TβRI)/SMAD activation. We went on to show that
the activities of integrin pro-survival signaling mediators, NF-κB and FAK, were altered in
response to TGFβ, and that blocking Par6 activation in the Par6/S345A mutant maintained
polarity and basal α6 and β4 integrin expression in the presence of TGFβ in NMuMG threedimensional structures, in addition to a significant increase in FAK activation. This suggests that
TGFβ alters the expression, localization and downstream signaling of integrins, which may
contribute to TGFβ-induced apoptosis
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INTRODUCTION

Breast cancer is the most common cancer diagnosed, and the second leading cause of
cancer related deaths in Canadian women (www.cancer.ca). In solid tumors, such as breast
cancer, metastasis is responsible for up to 90% of the cancer related deaths (Padua and Massagué
2009). Metastasis is the dissemination of cancer cells from the site of the primary tumor to
distant organs. This occurs through a multi-step process by which cancer cells invade the
underlying extracellular matrix of the primary tumor, enter into circulation, spread to distant
capillary beds, and exit the circulation by extravasation to form secondary tumors at distant sites
(Padua and Massagué 2009).
Transforming Growth Factor beta (TGFβ) regulates normal cellular processes including
cell growth, differentiation and migration (Bierie and Moses 2006). TGFβ plays an important
role during mammary gland morphogenesis by regulating tissue homeostasis, differentiation,
cellular senescence and apoptosis (Moses and Barcellos-Hoff 2011). TGFβ is known to play dual
roles in cancer progression, by acting as a tumor suppressor in normal or pre-malignant cells,
while promoting tumor progression in malignant cells (Massagué 2008). TGFβ is a known
inducer of epithelial-to-mesenchymal transition (EMT), a process that has been implicated in
breast cancer metastasis (Padua and Massagué 2009). Partitioning-defective 6 (Par6), a polarity
protein directly activated by TGFβ receptor (TβR), plays in integral role in regulating TGFβinduced EMT in mammary epithelial cells, thus aiding in metastasis (Ozdamar et al. 2005,
Viloria-Petit et al. 2009).
Conversely, Par6 also appears to play a role in regulating TGFβ-induced apoptosis, one
of TGFβs tumor suppressive effects (Viloria-Petit et al. 2009). The mechanism of TGFβ-induced
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apoptosis is not fully understood, although it appears to be primarily regulated by transcriptional
changes in pro-apoptotic proteins mediated by the TGFβ-SMAD pathway (Siegel and Massagué
2003). The amount of evidence suggesting that the Par6-Polarity pathway may regulate this
process is quite small. We know that Par6 regulates cell polarity in the context of maintaining
tight junction integrity, and that its activation is required for the dissolution of tight junctions and
subsequent loss of apical-basal polarity following TGFβ stimulation (Ozdamar et al. 2005).
There is growing evidence to suggest that cell polarity may regulate sensitivity to apoptosis. It
appears that integrins, cell adhesion molecules, which regulate adhesion to the extracellular
matrix, may in part regulate cell polarity to confer resistance to apoptosis (Weaver et al. 2002).
There is no published data linking Par6 signaling, or its regulation of cell polarity with that of
integrins. However, there is literature indicating a link between TGFβ signaling and integrin
expression and signaling. This review will explore that link, as well as summarize the relevant
literature discussing TGFβ signaling, TGFβ-induced apoptosis, the Par6-polarity pathway, as
well integrin signaling in the context of cell survival and apoptosis.
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LITERATURE REVIEW

Transforming Growth Factor β (TGFβ)
The TGFβ superfamily of polypeptides regulates numerous cellular processes, which are
involved in normal developmental and homeostatic processes as well as disease. Their function
will be discussed later in this review. The TGFβ family of secreted polypeptide ligands,
including; TGFβ (1, 2 and 3), Bone Morphogenic Proteins (BMPs), Growth and Differentiation
Factors (GDFs) as well as activin and nodal, are characterized by a conserved number of cysteine
residues in their amino acid sequence (Moustakas and Heldin 2009). These cysteine residues
form a cysteine knot via disulfide bonds, which aids in the ligands stability and dimerization
(Massagué et al. 1994).
TGFβ polypeptides are synthesized as precursors with long N-terminal pro-peptides, the
latency associated peptide (LAP), followed by the C-terminal mature polypeptide. The ligands
are secreted as dimers. During the secretory pathway, furin-like proteases cleave the LAP from
the mature peptide sequence, however the LAP is still in complex with the mature peptide as a
chaperone during exocytosis (Moustakas and Heldin 2009). The LAP also aids in the deposition
of TGFβ into the extracellular matrix (ECM) by facilitating its interaction with latent TGFβ
binding proteins (LTBPs) and with ECM proteins such as fibronectin (Saharinen et al. 1996).
Activation of the mature peptide requires further cleavage from the LAP performed by proteases
such as elastase and matrix metalloproteinases (MMPs). Integrins, such as α5β1 and α8β1, can
bind the LAPs of TGFβ1 and TGFβ3, which can aid in the dissociation from their respective
LAP complexes, although still requiring proteolytic cleavage (Margadant and Sonnenberg 2010).
In addition, integrins can act as a docking site for MMPs, potentially contributing to TGFβ
activation by facilitating proteolytic cleavage (Brooks et al. 1996). Furthermore, integrins appear
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to also mediate non-proteolytic activation of latent TGFβ, although this process is not well
understood.
There are three TGFβ isoforms in mammals, TGFβ1, β2, and β3. Different genes encode
all three isoforms, but they undergo similar mechanisms of activation (Jenkins 2008). The three
TGFβ isoforms activate the same set of TGFβ receptors, and thus activate similar downstream
signaling pathways (Moustakas and Heldin 2009). However, all three isoforms have both similar
and differing functions in mammals.

TGFβ Receptors
Upon activation, TGFβ binds to its two transmembrane receptors, the type I and type II
receptors, which then form a heterotetratmeric complex in the presence of ligand (Massagué et
al. 1994). There are seven type I receptors, also known as activin receptor-like kinases (ALKs),
and five type II receptors including TGFβ receptor II (TβRII), Activin receptors, and BMP
receptors. All of the TGFβ receptors have cytoplasmic kinase domains with strong
serine/threonine kinase activity (Massagué et al. 1994). In addition, the TGFβ receptors, such as
TβRII, also have weak tyrosine kinase activity, making them dual specificity kinases (Lawler et
al. 1997). Although TGFβ signaling is primarily mediated through its serine/threonine kinase
activity, activation of some downstream non-canonical pathways such as the Erk/MAP kinase
pathway, require the tyrosine kinase activity of the TGFβ receptors (Lee et al. 2007). There are
also TGFβ co-receptors, such as the type III TGFβ receptor (TβRIII), which also aid in TGFβ
signaling by capturing ligand and presenting it to the type I and type II receptors (Massagué and
Gomis 2006).
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TGFβ Signaling
Following ligand activation, TGFβ (TGFβ1, β2 and β3) binds a TβRII dimer, which then
recruits and phosphorylates a TGFβ receptor I (TβRI) dimer to form an active heterotetrameric
TGFβ receptor complex (Moustakas and Heldin 2009). The binding of TGFβ to the TβRII dimer
allows recruitment of the TβRI dimer to the complex (Wrana et al. 1994). The constitutively
active kinase domain of TβRII then phosphorylates TβRI at the juxtamembrane portion of its
cytoplasmic domain, termed the “GS region” just upstream of the kinase domain, activating its
kinase activity (Wrana et al. 1994). Along with activation of its kinase domain, phosphorylated
TβRI also acts as a docking site for its downstream targets, the SMAD (mothers against
decapentaplegic) family of transcription factors (Massagué and Gomis 2006).
Classical/SMAD-dependent TGFβ Signaling
There are eight members of the SMAD family of cytoplasmic proteins in the mammalian
genome, SMADs 1-8, of which, only five act as a substrate for the TGFβ family of receptors,
termed the receptor-activated (R-) SMADs (Massagué et al. 2005). R-SMADs 2 and 3 act as
effectors of TGFβ, activin and nodal signaling, while R-SMADs 1, 5, and 8 mediate primarily
BMP and GDF signaling pathways (Massagué et al. 2005). However, in certain cell types, such
as endothelial cells, TGFβ can also activate SMAD1 and SMAD5 via the BMP type I receptor
ALK1 (Goumans et al. 2003).
Following its activation via phosphorylation, and docking of R-SMADs, TβRI
phosphorylates R-SMADs in their C-terminal regions that contain the MH2 domain, which
facilitates SMAD binding to the TβRI as well as SMAD oligomerization (Massagué et al. 2005).
Phosphorylation of R-SMADs creates a docking site for oligomerization with a commonmediator (Co-) SMAD4 (Wu et al. 2001). The SMAD oligomer consists of two R-SMADs and
one SMAD4, which is then shuttled into the nucleus via direct interaction with nucleoporin
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proteins or nuclear import via importins (Varelas et al. 2008). Nuclear SMAD complexes can
then act as transcription factors to regulate target gene expression by directly interacting with
DNA via DNA-binding MH1 domains located in their N-terminal regions (Massagué et al.
2005). However, most SMAD complexes bind to DNA with low affinity, therefore they interact
with transcription factors that bind to DNA with higher affinity, which also increases the
selectivity of the resultant transcriptional events (Massagué and Wotton 2000). The SMADmediated transcriptional complexes can then recruit co-activators or co-repressors to activate or
repress target gene expression (Massagué and Wotton 2000).
SMAD-dependent regulation of target gene transcription mediates the majority of TGFβs
cellular effects. There is incredible specificity within this system because of the large number of
receptors, which activate different SMADs, which in turn can recruit different transcription
factors along with co-repressors or co-activators to ultimately regulate the transcription of a
multitude of target genes (Massagué et al. 2005). The cellular effects of SMAD-dependent
transcription are vast and include the regulation of cell proliferation and induction of cytostasis,
cell differentiation, apoptosis, and epithelial-to-mesenchymal transition (EMT) (Moustakas and
Heldin 2005). There are also numerous non-canonical TGFβ signaling pathways, which play a
role in the biological functions of TGFβ (Moustakas and Heldin 2005). They include the
Ras/MAPK/Erk pathway, the PI3K/Akt pathway, the JNK/SAPK pathway, the p38 MAPK
pathway, and the Par6-Polarity pathway, among others. Some of these pathways, as well as the
classical SMAD pathway will be discussed later in this review as they relate to TGFβ-induced
EMT and apoptosis.
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TGFβ-Induced EMT
Epithelial cells, which are found in either single or stratified layers, are characterized by
the presence of apical-basal polarity, cell-cell junctions and cell-matrix adhesion. The apicalbasal polarity of epithelial cells is formed and maintained by the presence of tight junctions
between adjacent epithelial cells, which inhibits the diffusion of proteins in the plane of the
membrane (Förster et al. 2008). During EMT, epithelial cells lose their epithelial characteristics,
cell-cell junctions, apical-basal polarity, and acquire a migratory phenotype with a mesenchymal
gene expression program (Xu et al. 2009). TGFβ is a known inducer of EMT, along with other
growth factors such as hepatocyte growth factor (HGF), and fibroblast growth factor (FGF),
among others (Yilmaz and Christofori 2009). The majority of research studying the effects of
TGFβ on EMT has been in cell culture models, however similar studies have shown the
importance of TGFβ signaling in EMT in vivo (Mercado-Pimentel et al. 2007).
One of the first key steps in EMT is the dissolution of the tight junctions, which regulate
apical-basal polarity. Localized at the tight junctions are a number of polarity complexes
including the Par-polarity complex, as well as the Scribble and Crumbs polarity complexes (Bose
and Wrana 2006). These three polarity complexes play a role in establishing apical-basal polarity
of epithelial cells, however the Par complex in particular plays a role in the loss of apical-basal
polarity during TGFβ-induced EMT. The Par complex, which consists of Par6, Par3, atypical
protein kinase C (aPKC) and Cdc42, is localized at the tight junctions in complex with TβRI
(Joberty et al. 2000). Following ligand binding and receptor complex formation, TβRII
phosphorylates Par6 leading to its activation (Ozdamar et al. 2005). Phosphorylation of Par6 by
TβRII on Serine residue 345 allows Par6 to recruit and activate its effector E3 ubiquitin ligase,
Smurf1, to the tight junctions (Ozdamar et al. 2005). This leads to the ubiquitination and
subsequent proteasomal degradation of RhoA, a small GTPase involved in the stabilization of
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actin at the tight junctions (Bose and Wrana 2006). The mechanism is not yet fully understood,
but the degradation of RhoA leads to disassembly of the tight junctions, possibly via
destabilization of actin, and subsequent loss of apical-basal polarity, a critical step in EMT.
Another fundamental step in EMT, along with the loss of cell-cell junctions, is the
repression of epithelial genes and the expression of mesenchymal genes that aid in the enhanced
motility and invasiveness of cells that undergo EMT. The SMAD signaling pathway is the main
regulator of transcriptional changes during TGFβ-induced EMT. The phospho-SMAD3/SMAD4
complex binds to the promoter region of the Snail family of transcription factors to activate gene
transcription, leading to an increase in Snail expression (Cho et al. 2007). Snail is a transcription
factor, which represses the expression of epithelial genes such as E-cadherin, occludins and
claudins (transmembrane portions of tight junctions) as well as cytokeratins (Xu et al. 2009).
Snail also induces the expression of mesenchymal genes such as N-cadherin, matrix
metalloproteinases (MMPs) as well as other EMT transcription factors ZEB 1, ZEB 2, and Twist,
which further contribute to the transcriptional changes occurring during TGFβ-induced EMT (Xu
et al. 2009). The loss of E-cadherin is a hallmark of EMT, and the repression of its transcription
by Snail, ZEB 1, ZEB 2 and Twist plays an essential role in this process. However, in addition to
its transcriptional repression, other mechanisms have been reported to contribute to E-cadherin
downregulation and its loss from the junctional site during EMT. Notoriously, the upregulation
of ECM proteins by SMAD-dependent mechanisms has been shown to induce integrin signaling
leading to focal adhesion kinase (FAK) activation, which results in delocalization and
degradation of E-cadherin (Cicchini et al. 2008). Thus, SMAD-dependent transcriptional events
obviously play an important role in mediating TGFβ-induced EMT, however, non-canonical
TGFβ signaling pathways are also important, such as the Par6 pathway regulating tight junction
dissolution and subsequent loss of polarity, or FAK regulating E-cadherin internalization and
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degradation. It is important to note that these are just two examples, but many of the other noncanonical signaling pathways such as the p38, JNK, and Erk/MAPK pathways also appear to be
important in TGFβ-induced EMT, and also TGFβ-induced apoptosis, which will be focused on in
the next section of this review.

TGFβ-Induced Apoptosis
In normal cells, TGFβ acts as a tumor suppressor by inducing cytostasis, promoting cell
differentiation, and apoptosis in some instances (Siegel and Massagué 2003). The mechanism by
which TGFβ induces apoptosis is not fully understood, however it appears to be very complex,
involving the classical SMAD signaling pathway as well as many of the non-canonical TGFβ
signaling pathways. In addition, it seems that TGFβ-induced apoptosis appears to occur through
the intrinsic apoptotic pathway mediated by mitochondrial outer membrane permeabilization
(MOMP), followed by cytochrome c release, apoptosome complex formation and caspase-9
activation leading to apoptosis. We will first review how TGFβ activates the intrinsic apoptotic
pathway, followed by the extrinsic pathway and the non-canonical signaling pathways that play a
role in TGFβ-induced apoptosis.
Thus far, TGFβ-induced apoptosis appears to be primarily dependent on SMADassociated transcriptional regulation. For instance, apoptosis in a human gastric epithelial cell
line, SNU16, following TGFβ stimulation can be completely inhibited by using a global inhibitor
of protein synthesis, such as cyclohexamide, indicating the requirement for de novo protein
synthesis in TGFβ-induced apoptosis (Ohgushi et al. 2005). Furthermore, over expression of
SMAD7, which negatively regulates the activation of receptor activated SMADs 2 and 3, inhibits
only TGFβ-induced apoptosis, and not other forms of induced apoptosis in B-lymphocytes (Patil
et al. 2000). In agreement with this, Patil et al. 2000 went on to confirm that TGFβ-induced
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apoptosis was dependent upon the activation of SMAD2 and 3, by expressing dominant negative
forms of these receptor activated SMADs which inhibited apoptosis. In addition, SMAD4, which
is a key component of the SMAD transcriptional complexes, was also found to be essential for
the induction of apoptosis by TGFβ in NMuMG cells and a normal hepatocyte epithelial cell line
(Ramjaun et al. 2007).
The intrinsic apoptotic cascade has been extensively implicated in TGFβ-induced
apoptosis. First, it was shown that TGFβ1 induces apoptosis in rat FaO hepatoma cells by
allowing the release of cytochrome c from the mitochondrial membrane, which leads to the
oligomerization of Apaf-1 into the apoptosome complex ultimately resulting in the activation of
the caspase cascade (Freathy et al. 2000). But how does TGFβ and downstream signaling lead to
MOMP (mitochondrial outer membrane permeabilization) and cytochrome c release? The
effectors of the intrinsic apoptotic pathway are Bax and Bak, which are pro-apoptotic members
of the Bcl-2 gene family. Bax and Bak promote MOMP by forming pores in the mitochondrial
outer membrane (Plati et al. 2011). However, TGFβ does not appear to regulate their expression
but rather increases their levels of activation (Ohgushi et al. 2005). In addition, TGFβ increases
the expression of pro-apoptotic members of the BH3-only family of Bcl-2 related proteins, such
as Bim and Bmf, in a SMAD-dependent manner in many cell types including B-lymphocytes,
hepatocytes and mammary epithelial cells (Ramjaun et al. 2007, Ohgushi et al. 2005).
Furthermore, the expression of anti-apoptotic Bcl-2 family member, Bcl-XL decreases following
TGFβ stimulation (Ramjaun et al. 2007). This effect is consistent across many different cell
types (Chipuk et al. 2001, Saltzman et al. 1998, Shima et al. 1999). Furthermore, overexpression
of Bcl-XL inhibits TGFβ-induced apoptosis in prostate epithelial cells, suggesting an important
role for Bcl-XL in TGFβ-induced apoptosis (Chipuk et al. 2001). TGFβ has also been shown to
induce the caspase-dependent cleavage of BAD, another pro-apoptotic Bcl-2 family member in
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rat FaO hepatoma cells (Kim et al. 2002). Thus, TGFβ alters the balance of pro- and antiapoptotic members of the Bcl-2 and BH3-only family of proteins, leading to the activation of
Bax, followed by MOMP, cytochrome c release and apoptosis.
It is apparent that the mechanism of TGFβ-induced apoptosis is cell dependent. However,
some anti- and pro-apoptotic members of the Bcl-2 family of proteins, including Bcl-XL and
Bim, seem to be regulated in a similar manner across many different cell types. The upregulation
of Bim expression induced by TGFβ has been confirmed in many cell types such as Blymphocytes, mammary epithelial cells, gastric epithelial cells, hepatocytes and osteoclasts
(Houde et al. 2009, Ohgushi et al. 2005, Ramesh et al. 2008, Ramjaun et al. 2007). Its increased
expression requires the upregulation of the transcription factor Runx1 by SMAD3, which in turn
binds to FOXO3 to mediate the induction of Bim following TGFβ treatment (Ramesh et al.
2009). In addition to its transcriptional regulation, Bim induction has been shown to require
TGFβ-induced p38 MAPK activation in AML12 hepatocytes (Ramjaun et al. 2007). TGFβ also
rapidly induces the expression of MKP2, a MAPK-phosphatase, which inactivates ERK1/2 in Blymphocytes and AML12 hepatocytes (Ramesh et al. 2008). ERK1/2 normally regulates the
expression of Bim at a post-transcriptional level by phosphorylation of Bim, leading to its
ubiquitination and proteasomal degradation (Ramesh et al. 2009). The induction of MKP2 then
leads to increased Bim levels by inhibiting ERK1/2 mediated phosphorylation of Bim and
subsequent degradation (Ramesh et al. 2008). It is obvious that SMAD dependent transcriptional
regulation is important in TGFβ-induced apoptosis as discussed, however it is evident that noncanonical TGFβ signaling also plays a role.
The role of the extrinsic or the death receptor apoptotic pathway in TGFβ-induced
apoptosis is ill defined. However, some studies have shown that TGFβ-induced apoptosis results
in the cleavage of caspase-8, which is indicative of the extrinsic apoptotic pathway (Freathy et al.
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2000, Kim et al. 2004, Thorburn 2004). In addition, TGFβ has been shown to increase the
expression of the Fas death receptor in a SMAD3-dependent manner, and also causes Fas
clustering or activation independent of Fas ligand in gastric carcinoma cells (Kim et al. 2004).
An adaptor protein, known as Daxx, binds directly to the Fas-associated death domain (FADD),
to enhance Fas-mediated apoptosis by activating the c-Jun N-terminal kinase (JNK) signaling
pathway in human embryonic kidney and HeLa cells (Yang et al. 1997). The JNK pathway
involves the sequential activation of upstream MAP kinase kinases MEKK1 and MKK4/MKK7
leading to JNK phosphorylation/activation and finally to the activation of the transcription factor
c-Jun (Liu and Lim 2005). Interestingly, Daxx has also been shown to directly interact with the
cytoplasmic domain of TβRII to facilitate JNK activation by TGFβ and induce apoptosis in
AML12 hepatocytes (Perlman et al. 2001). A homeodomain-interacting protein kinase, known as
HIPK2, co-localizes with Daxx to facilitate the activation of MKK4/MKK7 by TGFβ,
subsequent JNK activation, and apoptosis (Hofmann et al. 2003). Furthermore, knocking down
HIP2K levels in human hepatoma cells inhibits TGFβ-induced JNK activation and apoptosis
(Hofmann et al. 2003). JNK activation leads to apoptosis via activation of the c-Jun trancription
factor and phosphorylation of pro-apoptotic BH3-olny proteins Bim and Bmf (Liu and Lin
2005). Although the mechanism by which c-Jun activation leads to apoptosis is not clearly
defined, Bim and Bmf phosphorylation by JNK leads to their dissociation from dynein and
myosin V motor complexes, allowing them to inhibit the anti-apoptotic members of the BH3only and Bcl-2 families of proteins (Lei and Davis 2003). This links the activation of the JNK
pathway by TGFβ back to the intrinsic or mitochondrial apoptotic pathway.
In addition to directly activating the JNK pathway, TGFβ also promotes activation of this
pathway indirectly, by inhibiting Nuclear Factor-κB/RelA (NF-κB) activity, which normally
blocks JNK activation (Liu and Lin 2005). Inhibition of NF- κB activity has been shown to
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contribute to Tumor Necrosis Factor-α (TNF-α) induced apoptosis (Tang et al. 2002). This may
also be occurring during TGFβ-induced apoptosis. TGFβ activates the IKK-1 and IKK-2
complex which then can phosphorylate IκB-α, an inhibitor of NF-κB, leading to its rapid
ubiquitination and proteasomal degradation, causing transient activation of NF-κB (Arsura et al.
2003). However, TGFβ increases the expression of IκB-α over a more prolonged period in Blymphocytes, leading to decreased NF-κB activity and apoptosis (Arsura et al. 1997). TGFβ
actually increases the stability of IκB-α in hepatocytes by decreasing the expression of a protein
kinase, CK2, which normally phosphorylates IκB-α leading to its ubiquitination and proteasomal
degradation (Cavin et al. 2003). Furthermore, TGFβ induces the expression of tristetrapolin
(TTP) in human T-cells, which is involved in the negative regulation of TNF-α signaling (Ogawa
et al. 2003). TTP acts as a co-repressor to NF-κB induced transcription and also inhibits its
nuclear translocation (Liang et al. 2009, Schichl et al. 2009). By maintaining NF-κB activity,
TGFβ-induced apoptosis can be inhibited, indicating that inhibition of NF-κB activity may be
important during TGFβ-induced apoptosis (Arsura et al. 1997). In addition, NF-κB activation has
been shown to increase SMAD7 expression, inhibiting R-SMAD phophorylation (Bitzer et al.
2000). This may be another mechanism by which NF-κB activation can inhibit TGFβ-induced
apoptosis.
Finally, the p38 and ERK MAP kinase pathways have also been implicated in TGFβinduced apoptosis. The activation of p38 by TGFβ is dependent on TGFβ-activated kinase 1
(TAK1) and mitogen-activated protein kinase kinase 3 (MKK3), and is required for TGFβinduced apoptosis of PC-3U prostate cancer cells (Edlund et al. 2003). This group also showed
that SMAD7, a target gene induced by TGFβ that negatively regulates R-SMAD activation,
mediated the activation of TAK1, MKK3, and p38. In addition, an immediate early response
gene for TGFβ, GADD45b, is also required for p38 activation and apoptosis induced by TGFβ in
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AML12 hepatocytes (Yoo et al. 2003). Thus it seems that TGFβ activates the p38 pathway
indirectly, via induction of target genes, to induce apoptosis. Furthermore, it may be the balance
of activated MAP kinase pathways following TGFβ stimulation, which determines the cellular
fate to undergo apoptosis. For instance, TGFβ-induced apoptosis of FaO rat hepatoma cells is
enhanced when ERK activation is selectively inhibited (Park et al. 2002). However, the same is
not true for the p38 or JNK pathways, which we know promote the apoptotic cell fate induced by
TGFβ (Park et al. 2002, Kim and Choi 2010). Furthermore, the role of p38 in TGFβ-induced
apoptosis seems to be cell depdendent, as hepatocytes, but not mammary epithelial cells require
p38 activation during TGFβ-induced apoptosis (Ramjaun et al. 2007).
The role of ERK activation in TGFβ-induced apoptosis is complicated. As mentioned,
ERK inhibition has been shown to enhance TGFβ-induced apoptosis in hepatoma cells (Park et
al. 2002). In addition, inhibiting EGFR, which is a known activator of ERK, enhances the
response of rat hepatoma cells to TGFβ-induced apoptosis (Sancho et al. 2009). Moreover, in
some hepatocellular carcinoma cells, EGFR inhibition again enhanced TGFβ-induced apoptosis
(Caja et al. 2011). However, other recent evidence contradicts this, rather suggesting that ERK
activation may play a role in facilitating TGFβ-induced apoptosis. For instance, in hepatocytes,
treatment with a known ERK-inhibiting tyrosine kinase inhibitor, sorafenib, inhibits TGFβinduced EMT and apoptosis (Chai et al. 2010, Chen et al. 2011). Additionally, high levels of
ERK activation were required for TGFβ-induced apoptosis of V-400 colorectal cancer cells
(Rojas et al. 2009). Finally, the use of a histone deacetylase (HDAC) inhibitor, trichostatin A,
inhibited TGFβ-induced apoptosis by inhibiting ERK activation, suggesting that ERK activation
is required for TGFβ-induced apoptosis in renal proximal tubular epithelial cells (Yoshikawa et
al. 2010). However this study only examined ERK activation during shorter treatment durations
(up to 12 hours), where as TGFβ-induced apoptosis was assessed over longer periods (up to 84
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hours). The evidence discussed here suggests that the ERK signaling pathway may play an
important role in TGFβ-induced apoptosis, which is dependent on cell type.

Par6 and TGFβ-Induced Apoptosis
The role of Par6 in the regulation of cell polarity is fairly well established (Bose and
Wrana 2006). As mentioned previously, Par6 phosphorylation mediates the dissolution of tight
junctions, and subsequent loss of apical-basal polarity following TGFβ stimulation in mammary
epithelial cells (Ozdamar et al. 2005). Par6 also functions in the formation of apical-basal
polarity by promoting tight junction formation, as well as polarized cell migration by regulating
microtubule organizing centre (MTOC) polarization, and local RhoA degradation in cellular
protrusions, to facilitate directional cell migration (Mertens et al. 2005, Solecki et al. 2004,
Wang et al. 2003). However, the role of Par6 in apoptosis is not clearly defined. Recent evidence
indicates that blocking Par6 activation significantly reduces TGFβ-induced apoptosis mammary
epithelial cells (Viloria-Petit et al. 2009). Par6 activation was blocked by expressing a dominant
negative form of Par6, which has a point mutation at the phosphorylation site serine 345,
converted to an alanine, which cannot be phosphorylated by TβRII, thus inhibiting Par6
activation. Expressing this dominant negative form of Par6 in normal murine mammary gland
(NMuMG) cells inhibited Par6 activation, subsequent loss of cell polarity, and apoptosis in
response to TGFβ in a three-dimensional culture model on reconstituted basement membrane
(Viloria-Petit et al. 2009).

Polarity and Apoptosis
Cell polarity plays a fundamental role in regulating tissue and organ function. In the
mammary gland, for example, apical-basal polarity must be properly established for the
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production and secretion of milk, and loss of polarity is associated with progression from normal
to neoplastic tissue (Nelson and Bissell 2005). It is well documented that polarity proteins, which
regulate the formation and establishment of cell-cell junctions, cell polarity, and thus tissue
polarity, also regulate cellular processes such as apoptosis, proliferation, and EMT (Huang and
Muthuswamy 2010). There is increasing evidence implicating polarity proteins, in particular the
Par polarity complex, in regulating apoptosis.
The Par polarity complex consists of two members of the partitioning defective family,
Par3 and Par6, which are in complex with atypical protein kinase C ζ (aPKCζ) and a Rho
GTPase Cdc42 (Joberty et al. 2000). The interaction between Par6, Par3, and aPKC, as well as
their function is indispensable for the formation of tight junctions and apical-basal polarity
(Mertens et al. 2005, Horikoshi et al. 2009). In fact, disrupting the Par3-aPKC interaction in vivo
actually leads to increased proliferation and apoptosis in mammary gland end buds (McCaffrey
and Macara 2009). We also know that Par6 activation is required for TGFβ-induced loss of
polarity and appears to also regulate TGFβ-induced apoptosis (Ozdamar et al. 2005, Viloria-Petit
et al. 2009). In addition, the Par6-aPKC interaction is required for the loss of polarity and
apoptotic resistance induced by ErbB2 activation in epithelial cells (Aranda et al. 2006).
Disrupting the Par6-aPKC interaction by expressing a mutant form of Par6, leads to decreased
aPKC activity and apoptosis. Glycogen synthase kinase-3 β (GSK-3β), which is a substrate for
phosphorylation by aPKC, mediates this apoptotic response (Kim et al. 2007).
Atypical PKCζ also regulates the acitivation of NF-κB, which is a mediator of cell
survival. Atypical PKC activity is required for NF-κB activation following TNF-α stimulation by
activating IκB kinase, IKKβ (Lallena et al. 1999). IKKβ phosphorylates IκB, leading to its
degradation and indirect activation of NF-κB. In addition, aPKC can directly phosphorylate NFκB on Serine 311, leading to its transcriptional activation (Duran et al. 2003). Inhibiting aPKC
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causes decreased NF-κB activation, leading to enhanced JNK and p38 MAPK signaling and
apoptosis in embryonic fibroblasts (Garcia-Cao et al. 2003). Atypical PKC has also been shown
to interact with and phosphorylate TGFβ inducible early gene 1 (TIEG1) in its DNA-binding
domain (Alemu et al. 2011). TIEG1 is involved in TGFβ-induced apoptosis of Mv1Lu lung
epithelial cells, however its role is not well understood (Chalaux et al. 1999). Overexpression of
TIEG1 enhances TGFβ-induced apoptosis and also enhances SMAD2 phosphorylation, which
may explain the role of TIEG1 in promoting the apoptotic function of TGFβ, which we know is
regulated, in part, by the R-SMADs (Tachibana et al. 1997, Johnsen et al. 2002). Thus the Par
polarity complex may mediate apoptosis by regulating aPKC activity, which leads to alterations
in GSK-3β, NF-κB, JNK, p38 and TIEG1 activation.

Integrins
Integrins are a large family of cell surface receptors, which mediate cell adhesion to the
extracelluar matrix (ECM) or basement membrane (BM). Integrin receptors are heterodimeric
glycoproteins consisting of an α and a β subunit linked noncovalently (Hynes 1992). There are
24 known heterodimers made up of the 18 α and 8 β subunits (Desgrosellier and Cheresh 2010).
Each integrin receptor binds its own ECM ligand, such as laminin or fibronectin. Integrins
connect these ECM proteins with the actin cytoskeleton by recruiting adaptor proteins on their
cytoplasmic domains. Integrins also recruit intracellular kinases to signal back to the cell,
regulating a host of intracellular processes, including cell survival, apoptosis, migration, and
invasion (Desgrosellier and Cheresh 2010). Due to the complexity of integrin signaling, and the
nature of this review, we will focus primarily on integrin signaling in the context of cell polarity
and regulating cell survival and apoptosis.
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Integrins link cell polarity to cell survival
Integrin ligation to the ECM, as well as interactions with growth factor receptors can
stimulate intracellular signaling to regulate cell survival (Zahir and Weaver 2004). Specifically,
the ligation of integrins α6 and β4 to the basement membrane is required for the polarization of
mammary epithelial cells in three-dimensional (3D) culture (Weaver et al. 2002). The
polarization of these 3D mammary epithelial cell cultures is similar to the polarization of the
mammary acinus in vivo, and reflects the normal tissue polarity and architecture seen in vivo
(Nelson and Bissell 2005). The polarization of 3D mammary epithelial cell structures is
dependent upon integrin ligation to the basement membrane, which also conferred resistance to
apoptosis via activation of NF-κB (Weaver et al. 2002). α6β4 integrin ligation activated Rac, a
Rho GTPase, to facilitate anchorage-independent survival (Zahir et al. 2003). Rac activates NFκB, facilitating apoptotic resistance in 3D mammary epithelial cell cultures (Friedland et al.
2007). Thus integrins can mediate cell survival and apoptotic resistance in the context of cell and
tissue polarity by regulating NF-κB activation.
Integrins can also regulate NF-κB activation independently of cell polarity through the
action of an integrin-mediated intracellular tyrosine kinase known as Focal Adhesion Kinase
(FAK). FAK associates with integrin-associated adaptor proteins, such as paxillin, but is directly
activated by the cytoplasmic domains of β integrin subunits (Mitra and Schlaepfer 2006). Its
activation by integrins is mediated by autophosphorylation of two amino acid residues, tyrosine
397 (Y397) and lysine 454. These autophosphorylation sites are required for activation of FAK’s
kinase activity and regulation of cell survival (Frisch et al.1996). The phosphorylated Y397 site
creates a binding site for another family of cytoplasmic tyrosine kinases known as the Src family
of protein tyrosine kinases. Src binds this phospho-tyrosine residue with high affinity and
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subsequently phosphorylates FAK on four tyrosine residues, Y576, Y577, Y861, and Y925.
Importantly, FAK activation can inhibit anoikis, thereby regulating cell survival (Reddig and
Juliano 2005).
FAK also interacts with, and inhibits, a death domain kinase receptor-interacting protein
(RIP), which mediates cell death in response to TNF-α (Kurenova et al. 2004). RIP has also been
shown to regulate NF-κB activation in human embryonic kidney 293 cells (Hsu et al. 1996).
During adhesion-mediated cell survival, Src kinase activity is required for NF-κB activation
(Scatena et al. 1998, Courter et al. 2005). This indicates that FAK may facilitate the activation of
NF-κB in response to adhesion-mediated survival signals, and that its activation by Src is
required. Finally, FAK has also been shown to regulate adhesion-mediated survival by enhancing
Akt activation (Mitra and Schlaepfer 2006). Thus integrins can regulate cell survival via the
activation of NF-κB and FAK signaling.

Integrins and TGFβ
We know that integrins play an important role in regulating adhesion-mediated survival,
as well as apoptotic signals in response to loss of attachment to the ECM. We also know that
TGFβ functions to regulate cell and tissue homeostasis, in part by inducing apoptosis as
discussed previously. There is increasing evidence indicating that TGFβ regulates the expression
of integrins in different cell types, and that integrins can modulate TGFβ signaling and possibly
TGFβ-induced apoptosis.
In chondrocytes, TGFβ induces apoptosis, which correlated with a down-regulation of β4
integrin expression in apoptotic cells (Jin et al. 2007). A glycoproteomic analysis of mammary
epithelial cells undergoing EMT induced by TGFβ also showed a down-regulation of β4 integrin,
in addition to the modulation of the expression of many other integrins including α2, α5, β5, and
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α6 (Hill et al. 2009). It has been recently reported that the down-regulation of β4 integrin during
TGFβ-induced EMT in mammary epithelial cells occurs via reversible histone modifications
(Yang et al. 2009). Furthermore, the expression of α5β3 integrin is induced by TGFβ in
mammary epithelial cells, and β3 integrin was observed to interact with TβRII to enhance the
activation of Erk and p38 MAPKs (Galliher and Schiemann 2006). Similarly, β1 integrin
expression has also been shown to alter the activation of Erk, p38, and JNK MAPKs in response
to TGFβ, and also helped protect hepatoma cells from TGFβ-induced apoptosis (Zhang et al.
2004). Finally, in satellite cells and podocytes, TGFβ-induced down-regulation of β1 integrin
expression correlated with an increase in apoptosis (Li et al. 2009, Dessapt et al. 2009). In
summary, it is clear that TGFβ alters the expression of integrins in a cell-dependent manner, but
it is still uncertain whether or not changes in integrin expression and/or localization are directly
associated with disruption of apical-basal polarity and whether or not they play a role in TGFβinduced apoptosis.
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RATIONALE

Par6 modulates the establishment and maintenance of normal apical-basal polarity by
regulating tight junction formation and stability. However, Par6 has been implicated in cancer
progression, specifically breast cancer metastasis, because of its ability to promote TGFβinduced EMT. In contrast, Par6 activation has also been shown to regulate TGFβ-induced
apoptosis of mammary epithelial cells, one of TGFβ’s tumor suppressive effects. Despite being
widely studied, TGFβ-induced apoptosis is not fully understood. We know that integrins are key
modulators of cell survival/apoptosis as well as cell polarity. Although TGFβ has been shown to
regulate integrin expression as well as the activation of integrin signaling mediators, the
relationship between TGFβ, integrins, and apoptosis has not been explored. Thus, we
hypothesize that the TGFβ-Par6 polarity pathway targets integrin expression, localization, and
signaling to mediate its regulation of TGFβ-induced apoptosis. To investigate this hypothesis,
three objectives were achieved:

Objective 1:
Investigate the differential regulation of integrin expression and localization by the TGFβ-Par6
polarity pathway in mammary epithelial cells cultured in vitro, both as monolayers and as threedimensional acini-like structures.

Objective 2:
Investigate the regulation of integrin signaling molecules by the TGFβ-Par6 polarity pathway in
mammary epithelial cells cultured in vitro.
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Objective 3:
Correlate the apoptotic response of mammary epithelial cells in vitro to the observed changes in
integrin expression localization, and/or signaling.

Because TGFβ has such a complicated role in cancer, it is important to first understand its
function in normal cells. Fully understanding complex signaling pathways is essential for the
effective design of new cancer therapies. This work will further our understanding of the role
played by the Par6 polarity pathway in TGFβ-induced apoptosis, and will possibly unveil
unknown targets of this pathway to further understand the complex signaling networks behind
TGFβ’s multiple functions.
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MATERIALS AND METHODS

A list of recipes for solutions prepared and suppliers for chemicals are found in Appendices I,
and II, respectively.

Cell lines and culture conditions
Normal murine mammary gland (NMuMG) cells were originally derived from mouse
mammary epithelium (Owens et al. 1974). Four NMuMG cell lines were used; a parental
NMuMG cell line (ATCC), NMuMG expressing an empty vector, or Pmep5, NMuMG
expressing the wild type form of Par6, Par6/wt, and NMuMG expressing a dominant negative
form of Par6, Par6/S345A (all kindly provided by Dr. J. Wrana, SLRI, Toronto, ON). This
mutant form of Par6 contains an alanine at amino acid residue 345, which is normally a serine.
This form of Par6 cannot be phosphorylated by TβRII, inhibiting its activation (Ozdamar et al.
2005). Expressing the mutant Par6/S345A results in a dominant negative effect, whereby TGFβ
cannot induce tight junction dissolution (Ozdamar et al. 2005). By using NMuMG expressing the
wild type form of Par6, the S345A mutant, or the empty vector and parental as controls, we
studied the effect of differential activation of Par6.
All monolayer cultures were maintained in Dulbecco’s Modified Eagle Medium
(DMEM; Thermoscientifc) supplemented with 10% fetal bovine serum (FBS; Invitrogen), and
10 µg/ml insulin (Sigma-Aldrich) at 37°C in 5% CO2 and 95% atmospheric air. NMuMG
Pmep5, Par6/wt, and Par6/S345A were cultured in the presence of 500 µg/ml Geneticin
(Invitrogen), in addition to the aforementioned culture media, to maintain expression of their
Par6 construct. Medium was changed every 2 days. Once cells reached confluence, they were
washed with sterile PBS, trypsinized in a solution of 0.05% Trypsin/0.53 mM EDTA
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(Invitrogen), and centrifuged at 350 rcf for 4 min. The media supernatant was aspirated and cells
were re-suspended in fresh culture medium and plated at a split ratio of 1:5 to a max of 1:10 in
new 100 X 20 mm sterile tissue culture plates (Sarstedt), or 6-well tissue culture dishes (used for
treatments). For experiments, NMuMG were grown to confluence in DMEM as indicated above,
then washed once with sterile PBS, and serum starved for 2 hours in DMEM supplemented with
2% FBS prior to treatment.

NMuMG three-dimensional cell culture
Prior to trypsinization, sterile 4-well chamber slides (BD Biosciences) (for IF staining) or
6-well tissue culture plates (Sarstedt) (for protein extraction) were cooled down to 4°C and then
coated with a thin layer of Matrigel (BD Biosciences) thawed at 4°C overnight. The Matrigel
was allowed to solidify for a minimum of 30 min in the incubator under normal culture
conditions.
NMuMG were grown until confluence, rinsed with sterile PBS, and then trypsinized for
5-15 min in the incubator under standard culture conditions. To properly dislodge adherent cells,
plates were vigorously tapped on the sides every few minutes. Once all cells were non-adherent
and in small clumps, 3 ml of culture media was added to the plate and the cell suspension was
then passed through a 18 gauge needle (Tyco) using a 20 ml syringe (Tyco) ~10 times to create a
single cell suspension. This suspension was then transferred to a 15 ml conical tube in a final
volume of 6 ml and then centrifuged at 350 rcf for 4 min, after which the media was aspirated
and the cell pellet resuspended in 8-10 mL of regular culture media. An aliquot of cell
suspension was then diluted in 1% Trypan blue (Gibco) and cell number and viability determined
under phase-contrast microscopy using a hemocytometer (La Fontaine). Cells were resuspended
in Supplemented Mammary Epithelial Cell Medium (PromoCell) containing 2% Matrigel and
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plated at a density of 10,000-12,000 cells per well (in 4-well chamber slides), or 100,000 cells
per well (in 6-well cell culture plate) on top of the Matrigel coating previously prepared. Threedimensional acini-like structures were allowed to form over 12 days, changing the Supplemented
Mammary Epithelial Cell Media containing 2% Matrigel every 2-3 days.

TGFβ1 and TβRI inhibitor treatments
NMuMG were treated with DMSO (Fisher) as vehicle control, 5 ng/ml recombinant
human (rh) TGFβ1 (Invitrogen), 10 µM of the TβRI/SMAD inhibitor SB431542 (InvivoGen), or
rhTGFβ1 (5 ng/ml) in combination with SB431542 (10 µM) for 48 hours and 6 days. Dimethyl
sulfoxide (DMSO) was used as the vehicle for SB431542, and was added to control and TGFβ
treated wells. Treatment media was DMEM supplemented with 2% FBS for monolayers, or
Supplemented Mammary Epithelial Growth Media (PromoCell) for three-dimensional structures.

Western Blotting
Following treatments, monolayer culture dishes were placed on ice and culture media
was collected and centrifuged at 700 rcf to separate the dead cell pellet from cell culture
supernatant. Cell pellets were lysed, for 30 min on ice in 50 uL protein lysis buffer (20 mM TrisHCl, 150 mM NaCl, 1 mM Na2EDTA, 1mM EGTA, 1% Triton, 2.5 mM sodium pyrophosphate,
1 mM β-glycerophosphate, 1 mM Na3VO4, 1 µg/ml leupeptin) (Cell Signaling) supplemented
with 1 mM PMSF, 2 µg/ml aprotinin (Sigma-Aldrich), 1 mM Na3VO4 (New England Biolabs),
and 1 % phosphatase inhibitor cocktail 2 (Sigma-Aldrich). 200 µl/well of lysis buffer was added
to the remaining adharent cells on the 6-well tissue culture plates. Lysates were collected after 5
min using cell scrapers (Sarstedt), homogenized using a P1000 pipetteman, and transferred into
	
  

25	
  

microcentrifuge tubes which were maintained on ice for 30 min, mixing every 10 min. Lysates
were centrifuged at 16,000 rcf for 15 min at 4°C, and supernatant was collected and stored at 80°C.
For protein extraction from NMuMG three-dimensional structures we used a
methodology previously established by the laboratory of Dr. Mina Bissell (Lee et al. 2007).
Briefly, 3D cultures were washed twice with ice-cold PBS and 6 ml of ice-cold PBS/EDTA
solution (5 mM EDTA, 1 mM Na3VO4, 1.5 mM NaF in PBS) was added to each well of the 6well tissue culture plates. Matrigel was detached from the plates with a cell scraper, and then
allowed to shake gently for 20 min on ice. The final resuspension containing partially liquefied
Matrigel and the 3D structures was transferred to a 15 ml conical tube, and the culture dish was
rinsed once with 1 ml of the PBS/EDTA solution. This rinse was also transferred to the conical
tube, and the solution was allowed to shake on ice for 15-30 min. Once the Matrigel was fully
dissolved, the structures were pelleted by centrifugation at 115 g for 5 min. The resultant
supernatant was aspirated, and the cell pellet lysed with 200 µl of lysis buffer as described for
monolayer cultures.
Protein concentration was determined with the Bradford assay (Bio-Rad), using known
concentrations of BSA to generate a standard curve, as per manufacturer instructions. On ice, 30
µg of protein was combined with water and 8X loading buffer. Samples were vortexed and
heated at 95°C for 5 min, and quickly centrifuged to get rid of condensation. Samples were
resolved on 7.5%, 10%, or 12% polyacrylamide (Bio-Rad) gels. Protein was transferred to a
PVDF membrane (Roche), washed twice with TBS-T and then blocked for one hour with either
5% milk in TBS-T or 5% BSA in TBS-T. Membranes were incubated with primary antibody
diluted in blocking solution overnight. The concentration of primary antibodies and respective
blocking solution used were: 1:10,000 (milk) mouse monoclonal anti-β1 integrin, 1:500 (milk)
	
  
26	
  

rat monoclonal anti-β4 integrin (both BD Biosciences), 1:1,000 (milk) rabbit polyclonal antiCaspase-3, 1:2,000 (milk) mouse monoclonal anti-Smad2, 1:500 (milk) rabbit monoclonal anti
phospho-Smad2, 1:1,000 (BSA) rabbit monoclonal anti-FAK, 1:1,000 (BSA) rabbit monoclonal
anti-phospho-FAK (Y925), 1:1,000 (BSA) rabbit monoclonal anti-NF-κB p65, 1:1,000 (BSA)
rabbit monoclonal anti-NF-κB p65 (S536), 1:1,000 (milk) rabbit monoclonal anti-E-cadherin (all
Cell Signaling), 1:1,000 (BSA) rabbit monoclonal anti-NF-κB p65 (S311) (Abcam), 1:500,000
(milk) mouse monoclonal anti-α-tubulin (Sigma-Aldrich), and 1:10,000 rabbit monoclonal antiβ-actin (Cell Signaling).
Next day, membranes were washed 3 times per 10 min with TBS-T, and then incubated
with either 1:10,000 goat anti-mouse HRP, 1:10,000 mouse anti-rabbit HRP (Both SigmaAldrich), or 1:1,000 goat anti-rat HRP (Millipore) diluted in 5% milk in TBS-T for 1 hour at
room temperature. Membranes were again washed 3-6 times per 10 min in TBS-T following
secondary antibody incubation. Immunoglobulin-antigen complexes were incubated with a
chemiluminescence detection system (Roche) for 1 min and subsequently exposed to X-ray film
(Kodak). Protein bands were quantified using a FluorChem 9900 imaging system (Alpha
Immunotech). Protein loading was normalized using bands for α-tubulin or β-actin. Relative
phosphorylation levels were normalized to native protein bands.

Immunofluorescence staining of NMuMG three-dimensional structures
3D cultures on 4-well glass chamber slides (BD Biosciences) were washed twice with 1
ml of ice-cold PBS per chamber, after which cultures were fixed using 400 µl of 4%
Paraformaldehyde (PFA; EMS) per chamber, for 25 min at room temperature. The fixed cultures
were then washed 4 times for 10 min with PBS and then permeabilized with 0.5% Triton-X (BioRad) in PBS for 10 min at 4°C, followed by 3 times 15 min washes with 100 mM Glycine
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(Fisher) in PBS at room temperature. Permeabilized cultures were blocked for one hour with10%
goat serum in immunofluorescence (IF) buffer at room temperature, and then incubated with
primary antibody diluted in blocking solution overnight. The concentrations of primary antibody
used were: 1:1,000 mouse monoclonal anti-β1 integrin, 1:200 rat monoclonal anti-α6 integrin,
1:200 rat monoclonal anti-β4 integrin (all BD Biosciences), 1:50 rabbit monoclonal anti-NF-κB
p65 (Cell Signaling), 1:50 rabbit monoclonal anti-NF-κB p65 (S536) (Cell Signaling), 1:400 rat
monoclonal anti-ZO-1 (Santa Cruz), and 1:50 rabbit monoclonal anti-cleaved caspase-9 (Cell
Signaling).
Next day, 3D structures were washed 3 times for 15 min in IF buffer and then incubated
with 1:200 Alexa Fluor goat anti-rat 633, or 1:200 Alexa Fluor donkey anti-mouse 546, or 1:200
Alexa Fluor donkey anti-rabbit 488 (depending on the primary antibodies used) for 1 hour at
room temperature. Following the addition of fluorescent secondary antibodies, all procedures
were performed in the dark. Following incubation with secondary antibody, cultures were
washed 3 times per 20 min in IF buffer at room temperature, followed by a short incubation with
0.3 µM 4', 6’-diamidino-2-phenylindole (DAPI) (Sigma) in PBS, and finally two 10 min washes
in PBS. The chambers were then removed, and slides were mounted with coverslips using
Prolong Gold® to preserve the fluorescence and clear nail polish to seal the coverslip. A
negative control which excluded primary antibody incubation was included for each IF
experiment. Mounted slides were allowed to dry overnight, at room temperature. Images were
taken using an Olympus FV500 Confocal Microscope and Fluoview (Version 5.0) software.
Quantification of basal expression of α6 and β4 integrins, and apoptosis/cleaved caspase 9
expression was done by acquiring 10 random field images per cell line and treatment, and
counting the number of structures and the number of those structures that express α6 and β4
basally, or cleaved caspase 9 respectively.
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Statistical Analysis
Means were calculated and plotted along with standard error bars. All statistical analyses
were done using GraphPad Prism software (Version 3.1). Data were first analyzed by two-way
ANOVA. Significant differences between means were subsequently determined using the
Bonferroni post-tests and were considered statistically significant when the p value was less than
0.05.
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RESULTS

Apoptosis of NMuMG treated with TGFβ1
To study the effect of Par6 activation on TGFβ-induced apoptosis, NMuMG cell lines
expressing either an empty vector (Pmep5), the wild type form of Par6 (Par6/wt), or a dominant
negative form of Par6 which cannot be activated (Par6/S345A), as well as a parental NMuMG
cell line were treated with TGFβ1 at a concentration of 5 ng/ml for 48 hours and 6 days. To study
the relationship between the Par6 (activated by TβRII) and pathways directly activated by TβRI,
such as the canonical SMAD pathway, a TβRI inhibitor, SB431542, was also used alone or in
combination with TGFβ1, at a concentration of 10 µM. Relative caspase-3 cleavage (cleaved
caspase-3 expression / caspase-3 expression) was used to assess apoptosis via western blotting.
Following 48 hours of TGFβ1 treatment, caspase-3 cleavage was increased in the parental
NMuMG, Pmep5, and Par6/wt cell lines (Figure 1A). However, this effect was only found to be
significant (p < 0.05) in the Par6/wt (Figure 1B). In addition, SB431542 inhibited the caspase-3
cleavage. There was no detectable increase in caspase-3 cleavage in the Par6/S345A expressing
NMuMG cell line. Furthermore, following TGFβ1 treatment for 6 days, there was little to no
detectable caspase-3 cleavage in the parental, Pmep5, or Par6/S345A cells. While in the Par6/wt
cells, there was a significant increase in caspase-3 cleavage after 6-day treatment (Figure 2A and
2B). Of note, Par6/wt cells showed reduced basal cleaved/activated caspase-3 as compared to
the other three cell lines at the 48-hour time point (Figure 1A). Taken together, these results
show that Par6/wt cells are more sensitive to TGFβ-induced apoptosis following long term TGFβ
stimulation, and have significantly higher levels of caspase-3 cleavage than the other 3 cell lines
at both the 48 hour and the 6 day time points.
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Effect of TGFβ1 on apoptosis and ZO-1 expression in NMuMG three-dimensional
structures
To confirm the effect of Par6 activation on TGFβ-induced apoptosis in the context of
proper cell polarity, we assessed the expression of cleaved/activated caspase-9 (a marker of
apoptosis) and zona occludens-1 (ZO-1; a structural component of tight junctions and a marker
of cell polarity) via IF staining in NMuMG three-dimensional acini-like structures following
treatment with TGFβ1 (5 ng/ml), SB431542 (10 µM), or both in combination for 48 hours.
Originally, we attempted to assess the expression of cleaved caspase-3 via IF staining of
NMuMG three-dimensional structures, as it is an effecter caspase and thus a better indicator of
apoptosis, however we could not optimize the cleaved caspase-3 antibody effectively.
Following TGFβ treatment of 48 hours, parental NMuMG structures lost polarity,
(indicated by the presence of a hollow lumen and junctional ZO-1 staining), and expressed large
amounts of cleaved caspase-9 as well as apoptotic nuclei (Figure 3). The Par6/wt structures do
not form hollow lumens, nor do they express junctional ZO-1 (Figure 4A and 4B). Furthermore,
TGFβ1 induces an increase in cleaved caspase-9 expression (Figure 4C). SB431542 treatment
inhibited the increase in cleaved caspase-9 expression in both parental and Par6/wt structures
(Figure 3D and 4D). Finally, the Par6/S345A cells form highly polarized structures as indicated
by the large hollow lumens, and very distinct junctional ZO-1 staining (Figure 5). These
structures do not lose polarity in response to TGFβ1 treatment of 48 hours, nor do they undergo a
significant amount of apoptosis (Figure 5 C and 6). There was a significant increase (p < 0.001)
in the number of parental and Par6/wt, but not Par6/S345A structures undergoing apoptosis in
response to TGFβ1 treatment for 48 hours when quantified by counting the number of apoptotic
structures compared to the total number of structures (Figure 6). This effect was abrogated with
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SB431542 treatment (Figure 6), indicating the requirement of TβRI/SMAD and Par6 activation
for the loss of polarity and induction of apoptosis induced by TGFβ.

SMAD2 phosphorylation and E-cadherin expression in NMuMG following TGFβ1
treatment
To establish the association between the apoptotic response to TGFβ and the degree of
SMAD versus Par6 activation, we evaluated the expression of activated/phosphorylated SMAD2,
native SMAD2 and a marker of cell polarity and structural component of adherens junctions, Ecadherin, a downstream target of SMAD2/3 normally down-regulated during TGFβ-induced
EMT (Xu et al. 2009).
There were detectable levels of phospho-SMAD2 following 48 hour TGFβ1 treatment in
all four NMuMG cell lines (Figure 7). There was a consistent substantial increase in phosphoSMAD2 levels in Pmep5 cells following TGFβ1 treatment, compared to the others, while the
levels of native SMAD2 were consistent. Interestingly, there were very low levels of phosphoSMAD2 in the Par6/wt cells following 6-day TGFβ1 treatment when compared to the other cell
lines. An equally consistent reduced basal expression of E-cadherin was observed in Pmep5 cells
as compared to the other three lines. A slight decrease in E-cadherin expression following 48
hours TGFβ1 treatment was observed in parental, and Par6/wt, but not in Par6/S345A cells.
Conversely, there was a pronounced decrease in E-cadherin expression in the Pmep5 cells
following 48 hours and 6 days of TGFβ1 treatment. The decrease in E-cadherin expression in
response to TGFβ1 treatment was more apparent in parental and Par6/wt cells following 6 days
treatment (Figure 8), while again, there was no effect on E-cadherin expression in Par6/S345A
cells. The decrease in E-cadherin expression following TGFβ1 treatment for 48 hours or 6 days
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was abrogated upon inhibition of TβRI/SMAD activity by SB431542 treatment, as expected
(Figures 7 and 8). However, because the expression of E-cadherin was only assessed in one set
of western blots, the observations mentioned above are preliminary.

Changes in integrin expression in NMuMG following TGFβ1 treatment
To investigate whether changes in the expression of pro-survival integrins correlate with
TGFβ-induced apoptosis and whether or not these changes could be modulated by the Par6 or
SMAD pathway, we evaluated the expression of integrins α3, α6, β1 and β4 in our different
NMuMG-derived cell lines.
Following treatment for 48 hour or 6 days with TGFβ1 (5 ng/ml), SB431542 (10 µM), or
both in combination, integrin expression was assessed using western blotting. The expression of
α3 integrin was not altered following TGFβ1 treatment at 48 hours or 6 days (data not shown),
and we were unsuccessful in detecting α6 integrin expression with the antibody tested, which is
known to detect α6 expression in cells of murine origin. Our primary antibody for β1 integrin
recognized a doublet, in which the expression of the upper band did not change in response to
TGFβ1 treatment. However, the expression of one β1 integrin band was induced following
TGFβ1 treatment at both 48 hours and 6 days as seen in the lower band, which correlates with
130 kDa (known molecular weight of β1 integrin) (Figure 9A and 10A). This induction occurs
similarly across all four NMuMG cell lines and was inhibited by SB431542 treatment. Different
from TGFβ’s effect on β1 integrin, TGFβ1 treatment down-regulated the expression of β4
integrin in the parental and Par6/wt cells following 48-hour treatment, although neither
difference was found to be statistically significant according to a two-way ANOVA (p > 0.05)
(Figure 9A and 9B). This down-regulation was inhibited with SB431542 treatment and was not
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observed in the Par6/S345A cells after the 48-hour time point. Interestingly, the Pmep5 cells
(empty vector) did not express detectable levels of β4 integrin (Figure 9A and 10A). Following
long-term (6 days) TGFβ1 stimulation, β4 integrin expression was significantly decreased only
in the parental cells (p < 0.001), while the decrease was negligible/non-significant in both
Par6/wt and Par6/S345A cells (Figure 10B). Similarly to the 48-hour time point, SB431542
treatment restored β4 integrin levels back to the basal levels seen in the absence of treatment
(Figure 10).

Effect of TGFβ1 on integrin localization in NMuMG three-dimensional structures
Basal integrin expression is a hallmark of proper apical-basal polarity and is strictly
necessary for integrin-mediated survival signaling upon integrin ligation of basement membrane
components, such as laminins (Krishnamurthy et al. 2008). To investigate whether the Par6
pathway could negatively impact survival signaling by promoting de-localization of integrins
away from the basal site, we examined the expression of integrins α6 and β4 (previously shown
to mediate survival of polarized acini-like structures (Weaver et al. 2002)) in 3D structures of
parental NMuMG, Par6/wt and Par6/S345A cells, using immunofluorescence staining.
Both α6 and β4 integrin localize basally in mature, 12-day old parental NMuMG,
Par6/wt, and Par6/S345A three-dimensional acini-like structures (Figures 11-16 A). TGFβ1
treatment for 48 hours induces a loss of α6 integrin expression from the basal site in parental and
Par6/wt structures (Figure 11C and 12C versus 11A and 12A, respectively). This effect was
inhibited with SB431542 treatment (Figure 11D and 12D). In contrast, Par6/S345A structures
maintained basal expression of α6 integrin following TGFβ1 treatment for the same time period
(Figure 13C).
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In parental structures, TGFβ1 treatment induces a decrease in basal expression of β4
integrin (Figure 14C versus 14A), which was inhibited with SB431542 treatment (Figure 14D).
However, SB431542 treatment on Par6/wt structures caused an increase in basal β4 integrin
expression (Figure 15B versus 15A). Par6/S345A structures maintained basal expression of β4
integrin in response to TGFβ1 treatment (Figure 16C). It is important to note the presence of
background staining in the integrin IF images presented (Figures 11-16), which is due to primary
antibody binding ECM proteins present in the Matrigel (negative controls showed no
fluorescence; not shown).
When quantified by counting, TGFβ1 treatment significantly decreases (p < 0.001) the
number of parental and Par6/wt structures expressing basal α6 integrin (Figure 17), and the
number of parental structures expressing basal β4 integrin (Figure 18). ). The decrease in basal
expression of both α6 and β4 integrin observed in the parental structures, and of α6 integrin in
the Par6/wt structures was abrogated by SB431542 treatment. The basal localization of β4
integrin increases significantly (p < 0.001) in Par6/wt structures following a 48-hour treatment
with the TβRI/SMAD inhibitor SB431542 (Figure18). In contrast, Par6/S345A structures
maintained basal expression of both α6 and β4 integrin after TGFβ1 treatment (Figure 17 and
18).

FAK phosphorylation following TGFβ1 treatment in NMuMG
Focal adhesion kinase (FAK) is one of the effectors of integrin signaling (Desgrosellier
and Cheresh 2010) and TGFβ has been reported to modulate FAK activity in epithelial cells
(Cicchini et al. 2008). To investigate the potential role of FAK in the pro-apoptotic response to
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TGFβ downstream of Par6 signaling, we evaluated the expression of activated FAK (Y925) in
NMuMG cells cultured as monolayers by western blotting.
There was an increase in FAK phosphorylation at tyrosine residue 925 (Y925) following
TGFβ1 treatment of 48 hours in the parental, Pmep5, and Par6/S345A cells (Figure 19A).
However, this increase in phosphorylation was not found to be significant (p > 0.05) (Figure
19B). In addition, the increase was inhibited with SB431542 treatment. Furthermore, there was
no detectable increase in FAK phosphorylation in the Par6/wt after 48 hours of treatment (Figure
19). After 6 days of TGFβ1 treatment, there was a significant increase in FAK phosphorylation
in the Par6/S345A cells (p < 0.001), while only a small detectable increase in the Pmep5 cells
(Figure 20). Again the increase in FAK phosphorylation was inhibited with SB431542 treatment,
and there was no effect seen in the parental or Par6/wt cells (Figure 20).

NF-κB p65 phosphorylation following TGFβ1 treatment in NMuMG
NF-κB signaling has been shown to promote cell survival in response to α6β4 integrin
ligation in polarized acini-like structures of mammary epithelial cells (Weaver 2002). To
evaluate whether changes in NF-κB activation could potentially mediate the pro-apoptotic
effects of TGFβ, downstream of the Par6 pathway, we examined the phosphorylation status of
NF-κB at two tyrosine residues (S536 and S311) that have been reported to be important for NFκB transcriptional activity (Sakurai et al. 1999, Duran et al. 2003).
Phosphorylation at serine residue 536 (S536) was decreased following TGFβ1 treatment
for 48 hours in the parental and Par6/wt cells (Figure 21A). This effect was not significant (p >
0.05), but did match a similar decrease seen at serine 311 (S311) (Figure 21B and 21A
respectively). In contrast, there was an increase in NF-κB phosphorylation following TGFβ1
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treatment in the Par6/S345A cells after both 48 hours and 6 days treatment, although neither
reached significance (p > 0.05) (Figure 21 and 22). The effects of decreased phosphorylation in
the parental and Par6/wt cells, and the increase in phosphorylation in the Par6/S345A cells after
48 hours were all blocked with SB431542 treatment (Figure 21). Interestingly, following 6 days
of TGFβ1 treatment there was a decrease in S536 phosphorylation in the parental, Pmep5, and
Par6/wt cells, which only reached significance in the Par6/wt (p < 0.01) (Figure 22). This effect
was inhibited with SB431542 treatment, but only in the parental and Pmep5 cells. The decrease
in S536 phosphorylation was still significant in the Par6/wt cells following TGFβ1 and
SB431542 treatment in combination for 6 days (p < 0.05) (Figure 22). Again, the
phosphorylation pattern observed at S536 was mimicked by the phosphorylation pattern of the
upper band at S311 for all NMuMG cell lines at 6 days (Figure 22). However, the NF-κB S311
western blots were only performed for one biological replicate of these experiments.

Changes in β4 integrin expression and phosphorylation of signaling intermediates in
NMuMG three-dimensional structures following TGFβ1 treatment
Appropriate apical-basal polarity is essential for mammary epithelium function and has
been shown to promote survival in 3D cultures of mammary epithelial cells, the only type of in
vitro cultures that mimic the epithelium-ECM interactions of the actual mammary tissue (Nelson
and Bissell 2005). NMuMG cells display some hallmarks of apical-basal polarity when cultured
as monolayers (Ozdamar et al. 2005). To investigate whether the changes in integrin expression
and integrin signaling molecules we observed in monolayer cultures also occurred under more
tissue-like culture conditions, we performed western blotting analysis on proteins extracted from
acini-like structures of NMuMG Par6/wt and Par6/S345A cells cultured on reconstituted ECM
(MatrigelTM) and exposed to TGFβ1, SB431542, or combination treatment for 48 hours.
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β4 integrin expression was slightly increased following SB431542 treatment in the
Par6/wt structures, while a slight increase in β4 expression was observed in Par6/S345A cells
following TGFβ1 treatment. A similar slight increase in FAK phosphorylation (Y925), which
paralleled the changes in β4 integrin expression, was seen in the Par6/S345A following TGFβ1
treatment (Figure 23). In contrast to the results obtained with NMuMG monolayers, there were
no detectable changes in NF-κB p65 phosphoylation at S536 (Figure 23). The levels of Smad2
activation were comparable between the two cell types. These observations are based on the
results of one biological replicate, and are thus not conclusive.
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Figure 1. Activation (cleavage) of caspase-3 following 48-hour TGFβ1 treatment in NMuMG
cells. Cells were grown as monolayers and treated with 5 ng/ml TGFβ1 (TGFβ), 10 µM
SB431542 (SB) or a combination of the two (TGFβ+SB) for 48 hours. A. Representative western
blot of NMuMG protein lysates for caspase-3. B. Relative Caspase-3 cleavage (n=3). Two-way
ANOVA for all cell lines and treatments was significant (p < 0.001). Bonferroni post-test
compared differences between treatments and control for each cell line, *p < 0.001.
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Figure 2. Activation (cleavage) of caspase-3 following 6-day TGFβ treatment in NMuMG cells.
Cells were grown as monolayer cultures and treated with 5 ng/ml TGFβ1 (TGFβ) or 10 µM
SB431542 (SB), or a combination of the two (TGFβ+SB) for 6 days. A. Representative western
blot of NMuMG protein lysates for caspase-3. B. Relative Caspase-3 cleavage (n=3). Two-way
ANOVA for all cell lines and treatments was significant (p < 0.001). Bonferroni post-test
compared differences between treatments and control for each cell line, *p < 0.001.
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Figure 3. IF images of parental NMuMG three-dimensional acini-like structures stained for
Zona Occludens 1 (ZO-1) (green), cleaved caspase-9 (red) and nuclei (DAPI; blue). Merged
images are in the right panels. Structures were treated with A.Vehicle (DMSO), B. SB431542
(10 µM), C. TGFβ (5 ng/ml), or D. TGFβ and SB431542 for 48 hours. Scale bar 20 µm. Arrow =
apoptotic nuclei.
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Figure 4. IF images of NMuMG Par6/wt three-dimensional acini-like structures stained for
Zona Occludens 1 (ZO-1) (green), cleaved caspase-9 (red) and nuclei (DAPI; blue). Merged
images are in the right panels. Structures were treated with A.Vehicle (DMSO), B. SB431542
(10 µM), C. TGFβ (5 ng/ml), or D. TGFβ and SB431542 for 48 hours. Scale bar 20 µm. Arrow =
apoptotic nuclei.
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Figure 5. IF images of NMuMG Par6/S345A three-dimensional acini-like structures stained for
Zona Occludens 1 (ZO-1) (green), cleaved caspase-9 (red) and nuclei (DAPI; blue). Merged
images are in the right panels. Structures were treated with A.Vehicle (DMSO), B. SB431542
(10 µM), C. TGFβ (5 ng/ml), or D. TGFβ and SB431542 for 48 hours. Scale bar 20 µm.
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Figure 6. Quantification of apoptosis in NMuMG three-dimensional acini-like structures stained
for cleaved caspase-9. Structures were treated with 5 ng/ml TGFβ1 or 10 µM SB431542 as
indicated for 48 hours. Two-way ANOVA between all cell lines and treatments (p < 0.001).
Bonferroni post-test between treatments and control for each cell line, *p < 0.001.
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Figure 7. E-cadherin expression and Smad2 phosphorylation following 48-hour TGFβ treatment
in NMuMG cells. Cells were grown as monolayer cultures and treated with 5 ng/ml TGFβ1 or 10
µM SB431542 (SB) as indicated for 48 hours. Representative western blot of NMuMG protein
lysates for E-cadherin (n=1), pSmad2 (n=3) and Smad2 (n=3). α-tubulin served as loading
control.
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Figure 8. E-cadherin expression and Smad2 phosphorylation following 6-day TGFβ treatment in
NMuMG cells. Cells were grown as monolayer cultures and treated with 5 ng/ml TGFβ1 or 10
µM SB431542 (SB) as indicated for 6 days. Representative western blots of NMuMG protein
lysates for E-cadherin, pSmad2 and Smad2. α-tubulin served as loading control.	
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Figure 9. Changes in β1 and β4 integrin protein expression following 48-hour TGFβ treatment in
NMuMG cells. Cells were grown as monolayer cultures and treated with 5 ng/ml TGFβ1 or 10
µM SB431542 (SB) as indicated for 48 hours. A. Representative western blot of NMuMG
protein lysates for β1 and β4 integrin. B. Relative β4 integrin protein levels (n=3). Two-way
ANOVA for all cell lines and treatment groups was not significant (p >0.05).
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Figure 10. Changes in β1 and β4 integrin protein expression following 6-day TGFβ treatment in
NMuMG cells. Cells were grown as monolayer cultures and treated with 5 ng/ml TGFβ1 or 10
µM SB431542 as indicated for 6 days. A. Representative western blot of NMuMG protein
lysates for β1 and β4 integrin. B. Relative β4 integrin protein levels (n=3). Two-way ANOVA
for all cell lines and treatments was significant (p < 0.05). Bonferroni post-test between
treatments and control for each cell line was significant for TGFb treatment in parental cells *p <
0.001.
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Figure 11. IF images of parental NMuMG three-dimensional acini-like structures stained for α6
integrin (green) and nuclei (DAPI; blue). Structures were treated with A. Vehicle (DMSO), B.
SB431542 (10 µM), C. TGFβ1 (5 ng/ml), or D. TGFβ1 and SB431542 for 48 hours. Scale bar 20
µm. Arrow = apoptotic nuclei.
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Figure 12. IF images of NMuMG Par6/wt three-dimensional acini-like structures stained for α6
integrin (green) and nuclei (DAPI; blue). Merged images are in the right panels. Structures were
treated with A. Vehicle (DMSO), B. SB431542 (10 µM), C. TGFβ (5 ng/ml), or D. TGFβ and
SB431542 for 48 hours. Scale bar 20 µm. Arrow = apoptotic nuclei.
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Figure 13. IF images of NMuMG Par6/S345A three-dimensional acini-like structures stained
for α6 integrin (green) and nuclei (DAPI; blue). Merged images are in the right panels. Structures
were treated with A. Vehicle (DMSO), B. SB431542 (10 µM), C. TGFβ (5 ng/ml), or D. TGFβ
and SB431542 for 48 hours. Scale bar 20 µm.

	
  

51	
  

Figure 14. IF images of parental NMuMG three-dimensional acini-like structures stained for β4
integrin (green) and nuclei (DAPI; blue). Merged images are in the right panels. Structures were
treated with A.Vehicle (DMSO), B. SB431542 (10 µM), C. TGFβ1 (5 ng/ml), or D. TGFβ1 and
SB431542 for 48 hours. Scale bar 20 µm. Arrow = apoptotic nuclei.
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Figure 15. IF images of NMuMG Par6/wt three-dimensional acini-like structures stained for β4
integrin (green) and nuclei (DAPI; blue). Merged images are in the right panels. Structures were
treated with A.Vehicle (DMSO), B. SB431542 (10 µM), C. TGFβ1 (5 ng/ml), or D. TGFβ1 and
SB431542 for 48 hours. Scale bar 20 µm. Arrow = apoptotic nuclei.
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Figure 16. IF images of NMuMG Par6/S345A three-dimensional acini-like structures stained
for β4 integrin (green) and nuclei (DAPI; blue). Merged images are in the right panels. Structures
were treated with A. Vehicle (DMSO), B. SB431542 (10 µM), C. TGFβ1 (5 ng/ml), or D.
TGFβ1 and SB431542 for 48 hours. Scale bar 20 µm.

	
  

54	
  

Figure 17. Quantification of basal α6 integrin localization in NMuMG three-dimensional acinilike structures stained for α6 integrin. Structures were treated with 5 ng/ml TGFβ1 (TGF), 10
µM SB431542 (SB) or both (TGF+SB) for 48 hours. Two-way ANOVA for all cell lines and
treatments was significant (p < 0.01). Bonferroni post-test between treatments and control for
each cell line was significant for Parental and Par6/wt cells, *p < 0.05, **p < 0.001.
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Figure 18. Quantification of basal β4 integrin localization in NMuMG three-dimensional acinilike structures stained for β4 integrin. Structures were treated with 5 ng/ml TGFβ1 (TGF), 10
µM SB431542 (SB), or both (TGF+SB) for 48 hours. Two-way ANOVA for all cell lines and
treatments was significant (p < 0.001). Bonferroni post-test between treatments and control for
each cell line was significant for Parental and Par6/wt cells, *p < 0.001.
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Figure 19. Changes in FAK phosphorylation following 48-hour TGFβ treatment in NMuMG
cells. Cells were grown as monolayer cultures and treated with 5 ng/ml TGFβ1, 10 µM
SB431542 (SB) or both for 48 hours. A. Representative western blot of NMuMG protein lysates
for pFAK (Y925) and FAK. B. Relative FAK phosphorylation (Y925) (n=3). Two-way ANOVA
for all cell lines and treatments was not significant (p > 0.05).
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Figure 20. Changes in FAK phosphorylation following 6-day TGFβ treatment in NMuMG cells.
Cells were grown as monolayer cultures and treated with 5 ng/ml TGFβ1 or 10 µM SB431542
(SB) or both for 6 days. A. Representative western blot of NMuMG protein lysates for pFAK
(Y925) and FAK. B. Relative FAK phosphorylation (n=3). Two-way ANOVA for all cell lines
and treatments was significant (p < 0.05). Bonferroni post-test between treatments and control
for each cell line was significant for TGFβ-treated Par6/S345A, *p < 0.001.
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Figure 21. Changes in NF-κB phosphorylation following 48-hour TGFβ treatment in NMuMG
cells. Cells were grown as monolayer cultures and treated with 5 ng/ml TGFβ1, 10 µM
SB431542 (SB) or both for 48 hours. A. Representative western blot of NMuMG protein lysates
for pNF-κB (S536), pNF-κB (S311) and NF-κB. B. Relative NF-κB phosphorylation (S536)
(n=3). Two-way ANOVA for all cell lines and treatments was not significant (p > 0.05).
	
  
59	
  

Figure 22. Changes in NF-κB phosphorylation following 6-day TGFβ treatment in NMuMG
cells. Cells were grown as monolayer cultures and treated with 5 ng/ml TGFβ1 or 10 µM
SB431542 (SB) or both for 6 days. A. Representative western blot of NMuMG protein lysates
for pNF-κB (S536), pNF-κB (S311) and NF-κB. B. Relative NF-κB phosphorylation (S536)
(n=3). Two-way ANOVA for all cell lines and treatments was significant (p < 0.01). Bonferroni
post-test between treatments and control for each cell line was significant for TGFβ-treated
Par6/wt cells in both the absence or presence of SB inhibitor, *p < 0.05, **p < 0.001.
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Figure 23. Changes in β4 integrin expression and Smad2, FAK, and NF-κB phosphorylation
following 48-hour TGFβ treatment of NMuMG three-dimensional acini-like structures.
Structures were treated with 5 ng/ml TGFβ1, 10 µM SB431542 (SB) or both for 48 hours (n=1).
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Discussion

TGFβ plays a very important role in cancer, that of a tumor suppressor in normal cells,
and of a promoter of tumor progression in malignant cells. Although this dual role is well
defined, it is still not well understood. More specifically, TGFβ-induced apoptosis is very
complex in its mechanism and in its cellular dependency, thus making it difficult to fully explain
or understand. A significant number of studies suggest TGFβ-induced apoptosis to be largely
dependent on activation of the SMAD pathway and subsequent transcriptional complex
formation and regulation (Heger et al. 2003, Kim et al. 2002, Ohgushi et al. 2005, Patil et al.
2000, Ramjaun et al. 2007). This includes the upregulation of pro-apoptotic proteins Bim and
Bmf, as well as downregulaion of anti-apoptotic protein Bcl-XL (Chipuk et al. 2001, Houde et al.
2009, Ohgushi et al 2005, Ramesh et al. 2008, Ramjaun et al. 2007, Saltzman et al. 1998, Shima
et al. 1999). It is understood that the balance of pro- and anti-apoptotic proteins regulates MOMP
and ultimately caspase activation and apoptosis; thus, this mechanism may be a significant
contributor to TGFβ-induced apoptosis (Willis et al. 2003).
In this study, we first looked at caspase-3 cleavage to assess apoptosis of NMuMG cells
in response to TGFβ. There was quite a high level of basal apoptosis in the parental cells, and
very high basal apoptosis in the vector control (Pmep5) cells. This high level of basal apoptosis
is likely the result of serum starving the cells in 2% FBS, without insulin, as it has been
previously observed that NMuMG cells require 10 % FBS and 10 µg/ml insulin for optimal
growth and survival in culture (Ozdamar and Viloria-Petit, unpublished observations). Even with
the high basal levels of apoptosis, there was an increase in caspase-3 cleavage following 48
hours of TGFβ stimulation in the parental and Pmep5 cell lines, although these increases did not
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reach significance. However, in the Par6/wt cell line, there was a significant increase in caspase3 cleavage, indicating that overexpression of wild type Par6 has made these NMuMG cells more
sensitive to TGFβ-induced apoptosis. Interestingly, the increased apoptosis in the parental,
Pmep5, and Par6/wt cell lines were dependent upon SMAD activation, as SB431542, the
TβRI/SMAD inhibitor repressed the effect. This effect corroborates what the literature has
described, as TGFβ-induced apoptosis has been previously shown to be SMAD-dependent
(Heger et al. 2003, Kim et al. 2002, Ohgushi et al. 2005, Patil et al. 2000, Ramjaun et al. 2007).
It would be important to study what effects, if any, blocking Par6 activation has on SMADmediated transcriptional changes of the pro- and anti-apoptotic proteins, such as BIM and BclXL, which have been implicated in TGFβ-induced apoptosis (Ramjaun et al. 2007).
It has more recently come to light, in the last half a decade or so, that cell polarity plays a
role in regulating cell death (Huang and Muthuswamy 2010). In fact, Par6, a known regulator of
tight junction integrity and cell polarity, appears to regulate TGFβ-induced apoptosis (ViloriaPetit et al. 2009). Thus we also assessed apoptosis of NMuMG three-dimensional structures in
the context of cell polarity by IF staining for cleaved caspase-9 and ZO-1 (a structural
component of tight junctions and a marker of cell polarity). The results from our threedimensional model replicated the results following 48-hour treatment in monolayer. Both
parental and Par6/wt structures lost polarity and had significant increases in apoptosis following
TGFβ treatment. This effect was again TβRI/SMAD-dependent. Importantly, our study
confirmed that blocking Par6 activation by expressing the S345A mutant, inhibited TGFβinduced apoptosis, in monolayer and three-dimensional cell culture models, as there was no
increase in caspase-3 cleavage, or cleaved caspase-9 expression in the Par6/S345A cells and
three-dimensional structures following TGFβ stimulation. The Par6/S345A structures also
maintained a hollow lumen and junctional ZO-1 staining, indicating that cell polarity was
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maintained even in the presence of TGFβ. Thus it appears that maintaining polarity by blocking
Par 6 activation protects NMuMG cells from TGFβ-induced apoptosis.
We also wanted to investigate the effect of long term TGFβ stimulation on apoptosis, as
the majority of studies focus on one or two day treatment lengths, and it is known that maximum
loss of polarity and EMT responses are observed after prolonged TGFβ exposure in NMuMG
cells (Viloria-Petit et al. 2009). Interestingly we found that the apoptotic response was virtually
inexistent in all cell lines after 6 days of treatment, except for Par6/wt cells, which were
significantly more sensitive to TGFβ-induced apoptosis. This effect was inhibited by
TβRI/SMAD signaling inhibition with SB431542, suggesting that the sensitization to apoptosis
following long-term TGFβ stimulation in cells with an overactive Par6 pathway (i.e., Par6/wt
cells) is dependent on TβRI kinase activity. Thus, the Par6 pathway may require cooperation
with other TβRI-activated pathways, such as the SMAD pathway, to bring about the apoptotic
response. This seems likely, as both SMAD and non-canonical TGFβ signaling pathways have
previously been shown to be required for TGFβ-induced apoptosis (Hofmann et al. 2003,
Ohgushi et al. 2005, Park et al. 2002, Ramjaun et al. 2007, Rojas et al. 2009 Viloria-Petit et al.
2009, Yoo et al. 2003) Alternatively, SB431542 treatment may somehow interfere with
activation of Par6. Although this seems unlikely as SB431542 is a very selective ATP binding
site kinase inhibitor of TβRI (Par6 is phosphorylated by TβRII), and has no effect on the
activation of non-canonical TGFβ signaling pathways (Inman et al. 2002).
The absence of apoptosis following 6-day treatment in most cell lines may be due to the
negative regulation of SMAD signaling. SMAD7, one of the inhibitory SMADs (I-SMADs), is a
direct target of SMAD3/4, and negatively regulates TGFβ signaling by inhibiting R-SMAD
mediated transcriptional changes in the nucleus (Zhang et al. 2007). In addition, I-SMADs can
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function to induce TβRI internalization and degradation, further inhibiting TGFβ signaling
(Moustakas and Heldin 2009). It would be interesting to see what the levels of SMAD7 are
following 6-day TGFβ treatment, and if in fact this does explain the repression of apoptosis seen,
because there is detectable phospho-SMAD2 present, although not in the Par6/wt. Future studies
including a kinase deficient mutant of TβRI and a kinase proficient but SMAD2/3 activationdeficient mutant of TβRI will help elucidate the cooperative role of Par6 and SMAD2/3 in
TGFβ-induced apoptosis. In addition, experimental error may have played a part in the
observations that parental NMuMG and Pmep5 cells were resistant to TGFβ-induced apoptosis
following 6 day treatment. We did not collect the cell pellet for the first two changes of culture
media during the treatment length, thus dead cells for 4 out of the 6 days were not collected. This
may have had a drastic effect on the data collected, and future experiments should take into
account this observation.
To verify loss of polarity in our monolayer cell culture, we assessed E-cadherin
expression. The loss of E-cadherin expression is a fundamental process during EMT, as it is a
structural component of the epithelial adherens junctions (Xu et al. 2009). We found that TGFβ
downregulates the expression of E-cadherin in a similar manner to what has been previously
shown in mammary epithelial cells (Lindley and Briegel 2010). That being, a slight
downregulation following 48 hours and a more pronounced downregulation following 6 days of
TGFβ stimulation. Although blocking Par6 activation has not been shown to alter SMADdependent transcriptional events, we report here that E-cadherin expression is maintained in the
Par6/S345A cell line following TGFβ treatment. However, we do not know at what level this
maintenance of expression is regulated. Finally, these results must be corroborated with more
biological replicates to confirm what we have observed.
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Known repressors of E-cadherin expression, such as Snail, are major contributors to the
EMT phenotype, and have also been shown to contribute to enhanced proliferation and cell
survival (Wu and Zhou 2010). Again the strongest downregulation of E-cadherin occurs at 6
days in the parental, Pmep5, and Par6/wt cells. Interestingly, at this time the parental and Pmep5
cells do not show an apoptotic response to TGFβ. Although we have not examined the
expression of EMT transcription factors, a question that should be explored is whether or not the
expression of Snail and/or other EMT transcription factors in response to TGFβ is altered when
the Par6 pathway is overactive or blocked, whether or not these transcription factors are
functional, i.e., induce repression/expression of specific target genes; and whether the observed
changes correlate with apoptotic response. In fact, Snail expression has been shown to inhibit
TGFβ-induced apoptosis in hepatocytes (Franco et al. 2010). As mentioned previously, the
maximal EMT response of mammary epithelial cells to TGFβ, including Snail induction, occurs
at later time points and may explain the lack of apoptosis seen following long term TGFβ
stimulation (Lindley and Briegel 2010, Viloria-Petit et al. 2009). Thus it would be important to
explore this possibility in our NMuMG cells.
The main focus of this study was to assess changes in integrin expression, localization,
and signaling, and to correlate these changes with differential Par6 activation and TGFβ-induced
apoptosis. This is based on many studies which, taken together, suggest a link between TGFβ,
polarity, integrins, and apoptosis. For example, β4 integrin function is required for the
polarization of three-dimensional mammary epithelial cell structures, and in addition confers
resistance to apoptosis (Weaver et al. 2002).
In the present study, we found that TGFβ did not alter the expression of α3 integrin, but
did cause a large induction of β1 integrin expression, which is dependent upon SMAD
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activation. However, there was no differential regulation of β1 integrin expression when
parental, vector control/Pmep5, Par6/wt, or Par6/S345A cell lines were compared. Conversely,
we found that TGFβ induces a downregulation of β4 integrin expression in the parental and
Par6/wt cell lines following 48-hour treatment. Although not significant after 48 hours, this
downregulation appears to be dependent upon activation of both TβRI (and possibly SMAD) and
the Par6 pathway, as SB inhibited the downregulation and there was no evident downregulation
in the Par6/S345A cells. The downregulation of β4 integrin in the parental NMuMG cells after
48 hours appears to be significant, however the two-way ANOVA did not find a significant
difference, likely due to the amount of variance present between biological replicates in other
treatment groups, of which the two-way ANOVA accounts for. The Pmep5 cell line did not
express any detectable levels of β4 integrin.
As mentioned previously, the Pmep5 cell line had a very high level of basal apoptosis.
This could be one explanation as to why, since β4 integrin has been shown to mediate cell
survival of mammary epithelial cells via activation of NF-κB (Zahir et al. 2003). However, the
Pmep5 cell line also responded to TGFβ more effectively than the other cell lines, consistently
producing more phospho-SMAD2. Furthermore, Pmep5 cells had a reduced basal expression of
E-cadherin when compared with the other cell lines. It is interesting to note that the Pmep5 cells
express no detectable β4 integrin, and express less E-cadherin, suggesting they may have a more
mesenchymal phenotype compared to the other cell lines. Transformed mammary epithelial cells
with an invasive and migratory phenotype rely less on the function of α6β4 integrin, and this
could explain the lack of β4 expression in the Pmep5 (Maschler et al. 2005). Furthermore, a
decrease in E-cadherin expression is a known effect during EMT and a lack of expression is
associated with cells with a mesenchymal phenotype (Xu et al. 2009). Moreover, we have
	
  

67	
  

observed that these cells fail to form polarized three-dimensional structures in Matrigel,
potentially due to the lack of epithelial characteristics and β4 integrin expression; β4 integrin
ligation to the ECM mediates polarization of three-dimensional mammary epithelial structures
(observations not shown; Weaver et al. 2002).
Interestingly, the downregulation of β4 integrin became significant in the parental cell
line following 6-day TGFβ treatment, most likely due to enhanced downregulation in
combination with less variance between biological replicates in the the other treatment groups.
However, the downregulation of β4 integrin was not maintained in the Par6/wt, and in addition,
there was a slight downregulation in the Par6/S345A. The fact that the Par6/wt cells regain their
expression of β4 integrin could be explained by the lack of phospho-SMAD2 after long term
TGFβ stimulation in these cells, since after 48 hours the downregulation was SMAD-dependent.
However an explanation as to why the maintenance of β4 expression after 48 hours treatment
with TGFβ in the Par6/S345A is overcome following long term TGFβ stimulation is less
obvious. The downregulation of β4 integrin by TGFβ in mammary epithelial cells has been
shown to be epigetically regulated via histone deacetylation and histone methylation (Yang
2009). Furthermore, the activity of histone deacetylases (HDACs) are required for TGFβinduced EMT in certain cell types (Lei et al. 2010). Moreover, trichostatin A, an HDAC
inhibitor, prevents TGFβ-induced apoptosis of renal proximal tubular epithelial cells, suggesting
a role of epigenetic modifications during TGFβ-induced apoptosis (Yoshikawa et al. 2010). How
epigenetic modifiers, such as HDACs, are regulated by TGFβ in a time dependent manner as
well as in the context of cell polarity is not known, but it may explain the differential regulation
of β4 integrin expression at different time points. Finally, it does not appear that the
downregulation of β4 integrin coincides with TGFβ-induced apoptosis, as the Par6/wt cells
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regain β4 integrin expression after 6-day TGFβ treatment, but undergo maximal apoptosis at this
time. In addition, parental NMuMG cells have maximal β4 integrin downregulation after 6-day
TGFβ treatment, but are insensitive to TGFβ-induced apoptosis. Thus it seems that changes in
β4 integrin expression levels may not affect NMuMG cells senstitivity to TGFβ-induced
apoptosis.
Integrin ligation to the extracellular matrix is required for the induction of adhesionmediated cell survival pathways (Krishnamurthy et al. 2008). Thus, we also assessed the basal
localization of integrins in NMuMG three-dimensional structures. In parental three-dimensional
structures, TGFβ treatment for 48 hours significantly reduced the amount of structures
expressing basal α6 and β4 integrin. This effect was dependent upon both TβRI activation and
Par6 activation, as it was inhibited by SB431542 and was not seen in Par6/S345A cells.
Interestingly, only in the Par6/wt structures, there was a significant increase in basal localization
of both α6 and β4 following SB treatment, while a significant decrease was only seen for α6
integrin, following TGFβ treatment in these structures. The effect of SB431542 on β4 integrin
immunostaining in Par6/wt structures parallels the expression of β4 integrin seen in the western
blot analysis, as we also observed an increase in β4 integrin expression with SB431542 treatment
in three-dimensional structures. However, these observations were made from one western blot.
TGFβ has been previously shown to alter the localization of α6 integrin in Ha-Rastransformed EpH4 cells, where it was also shown that the enhanced migratory capability of these
cells as a result of EMT requires the function of the fibronectin receptor α5β1 integrin more so
than it does the laminin receptor α6β4 (Maschler et al. 2005). In our NMuMG model, it appears
that the loss of cell polarity induced by TGFβ, which is regulated by Par6 activation, coincides
with a loss of basal α6 and β4 expression. In addition, the loss of polarity in NMuMG three	
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dimensional structures coincided with a significant increase in apoptosis, as discussed
previously. Whether or not the function of α6 or β4 integrin modulates TGFβ-induced apoptosis
could be determined by using a function-blocking antibody similar to that employed by Weaver
et al. (Weaver et al. 2002), or by an siRNA approach resulting in abrogation of integrin
expression. Under either condition, it will be feasible to investigate whether NMuMG cells
and/or acini-like structures of these cells become more sensitive to TGFβ-induced apoptosis in
the absence of α6 and/or β4 integrin function.
To assess whether or not changes in integrin signaling correlated with the apoptotic
response in our NMuMG cell lines, we investigated the activation of two key integrin signaling
effectors which are known to regulate cell survival, namely FAK and NF-κB (Reddig and
Juliano 2005, Courter et al. 2005). We found that TGFβ induced a significant increase in FAK
phosphorylation at tyrosine residue 925 following 6-day treatment in the Par6/S345A cells, but
not any others. This is very interesting, as FAK activation has been shown to mediate cell
survival as well as anoikis resistance (Fanucchi and Veale 2011, Reddig and Juliano 2005). In
fact, culturing hepatocytes on a collagen matrix causes an increase in FAK activation, which
activates Akt downstream to mediate cell survival and decreased sensitivity to TGFβ-induced
apoptosis (Godoy et al. 2009). Again, FAK is known to act upstream of key cell survival
pathways, such as PI3K and Akt, to regulate integrin dependent survival (Xia et al. 2004). It
seems as though blocking the loss of polarity following TGFβ treatment in the Par6/S345A cells
significantly increased the level of phosphorylated FAK, which may contribute to the enhanced
cell survival and lack of apoptosis in response to TGFβ seen. However, this effect is only
significant following 6-day treatment, and in fact there is a slight increase in FAK
phosphorylation in the parental and Pmep5 cells lines in addition to the Par6/S345A, after 48hour treatment. In protein extracted from NMuMG three-dimensional structures, we found that
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only in the Par6/S345A was there an increase in FAK phosphorylation following TGFβ
treatment for 48 hours. It would be interesting to block FAK activation using a pharmacological
inhibitor or by the expression of a dominant negative FAK mutant, to investigate whether FAK
activation does in fact mediate the enhanced cell survival of NMuMG cells with a blocked Par6
pathway. In addition, examining the downstream activation of PI3K and Akt by FAK would
further our understanding of the potential mechanism behind this possibility.
The phosphorylation of NF-κB at serine 536 has been shown to be important for its
transcriptional activity (Sakurai et al. 1999) and possibly pro-survival function. We observed a
decrease in NF-κB phosphorylation at this residue with TGFβ treatment in the parental, Pmep5,
and Par6/wt cells. The TβRI inhibitor SB431542 blocks this effect, indicating that it is dependent
on TβRI activity and possibly SMAD signaling. Interestingly, this does not appear to be the case
for the Par6/wt cells after 6 days treatment with TGFβ, where a decrease in NF-κB Ser 536
phosphorylation was significant and maintained in the presence of the TβRI inhibitor. The
significant decrease in NF-κB phosphorylation after 6 days may contribute to the enhanced
sensitivity to TGFβ-induced apoptosis seen in the Par6/wt cells. Conversely, there is an increase
in NF-κB phosphorylation in the Par6/S345A following TGFβ treatment, although this did not
reach significance. In addition, the phosphorylation patterns at serine 536, was matched by the
phosphorylation pattern at serine 311, both of which have been shown to be important for the
transcriptional activation of NF-κB (Sakurai et al. 1999, Duran et al. 2003). It would be
interesting to investigate whether these changes in NF-κB phosphorylation translate into changes
in transcription of NF-κB target genes. Some important NF-κB target genes include pro-survival
Bcl-2 homologues, Bfl 1, Bcl-XL, and Nr13, as well as inhibitors of apoptosis proteins (IAPs)
(Pahl 1999). Another important mechanism of regulation of NF-κB transcriptional activity is at
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the level of cellular localization, as nuclear translocation is required for transcriptional activity
(Schichl et al. 2009). So far, we have not performed immunofluorescence (IF) studies of NF-κB
on monolayer cultures of NMuMG, and our IF studies in 3D structures did not show nuclear
localization of NF-κB, whether in the absence or presence of TGFβ for 48 hours (data not
shown). In addition to this, we did not observe significant changes in NF-κB phosphorylation in
the Par6/wt versus Par6/S345A 3D structures after 48 hours stimulation with TGFβ, suggesting
that NF-κB most likely does not mediate TGFβ-induced apoptosis of NMuMG three-dimensional
structures after 48 hours stimulation. Further studies examining changes in NF-κB localization
and target gene expression in NMuMG cells in response to TGFβ are necessary to definitely
establish the role of NF-κB in TGFβ-induced apoptosis.
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SUMMARY AND CONCLUSIONS

TGFβ is recognized as a major player in development and progression of cancer, both as
a tumor suppressor and a promoter of tumor progression in later stages. One of its tumor
suppressive effects is to induce apoptosis. Although it is widely studied, this mechanism is very
complex and not fully understood. New evidence suggests that polarity signaling via the TGFβPar6 pathway may regulate TGFβ-induced apoptosis in normal mammary epithelial cells
(Viloria-Petit et al. 2009). Integrins have been reported to mediate survival of polarized acinilike structures of mammary cells (Weaver et al. 2002, Zahir et al. 2003). Furthermore, there has
been increasing evidence linking TGFβ as a regulator of integrin expression and signaling. This
led us to explore the relationship between the TGFβ-Par6 polarity pathway, and its regulation of
integrin expression, localization, and signaling in the context of TGFβ-induced apoptosis.
In this study, we have confirmed that blocking Par6 activation in NMuMG cells inhibited
TGFβ-induced apoptosis. In addition, TGFβ induced β1 integrin expression in a TβRI/SMADdependent manner in NMuMG cells. Conversely, TGFβ reduced β4 integrin expression also in a
TβRI/SMAD-dependent manner. Blocking Par6 activation seemed to alter this downregulation
of β4 integrin. However, in NMuMG three-dimensional structures TGFβ did not cause a drastic
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effect in β4 integrin protein levels after a 48 hours exposure time, but TGFβ did alter the basal
localization of α6 and β4 integrin in these structures.
In addition to altering integrin expression and localization, we found that TGFβ altered
the activation status of integrin signaling molecules that regulate cell survival. The
phosphorylation of NF-κB was reduced in NMuMG monolayers following TGFβ treatment
however blocking Par6 activation inhibited this effect. These effects were not replicated in our
three-dimensional model, suggesting that there is another mechanism at play. On the other hand,
TGFβ significantly increased the phosphorylation of FAK when the Par6 pathway was blocked,
and this was replicated in three-dimensional structures. This may be an interesting avenue to
pursue as FAK has been shown to regulate cell survival. In order to investigate whether or not
FAK phosphorylation, and or loss of basal integrin expression play a role in TGFβ-induced
apoptosis, future experiments must block FAK activation and integrin function. This would
clarify a causal relationship between these potential mechanisms and TGFβ-induced apoptosis.
In conclusion, we have found that TGFβ alters the expression of β1 and β4 integrins in
mammary epithelial cells cultured as monolayers in vitro and significantly reduces the basal
localization of α6 and β4 integrins in three-dimensional mammary epithelial acini-like structures
In addition, this decrease in basal integrin localization was dependent on Par6 activation and
subsequent loss of polarity. Furthermore, FAK phosphorylation was significantly increased when
Par6 activation was blocked. However, whether or not changes in integrin localization and FAK
phosphorylation play a role in TGFβ-induced apoptosis of NMuMG cells cannot be determined
from this study, although a correlative relationship exists.
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Appendix I – Preparation of Materials

7.5% Acrylamide SDS-PAGE 2 X 1.5 mm Gels
Resolving Gel:
11 ml Distilled water
3.72 ml 40% acrylamide-bis solution
5 ml Tris buffer (1.5 M, pH 8.8)
200 µl 10% SDS
10 µl TEMED
240 µl 10% APS (10 g APS dissolved in 100 ml distilled water)
10% Acrylamide SDS-PAGE 2 X 1.5 mm Gels
Resolving Gel:
9.7 ml Distilled water
5 ml 40% acrylamide-bis solution
5 ml Tris buffer (1.5 M, pH 8.8)
200 µl 10% SDS
10 µl TEMED
240 µl 10% APS
12% Acrylamide SDS-PAGE 2 X 1.5 mm Gels
Resolving Gel:
8.7 ml Distilled water
6 ml 40% acrylamide-bis solution
5 ml Tris buffer (1.5 M, pH 8.8)
200 µl 10% SDS
10 µl TEMED
240 µl 10% APS
Once resolving gel is polymerized, add the stacking gel:
3.2 ml distilled water
500 µl 40% acrylamide-bis solution
1.26 ml Tris buffer (0.5 M, pH 6.8)
50 µl 10% SDS
5 µl TEMED
50 µl 10% APS
Electrophoresis Buffer
30.25 g Tris-base
144.1 g Glycine
100 ml 10% SDS
Dissolve in water to a volume of ~800 ml. Adjust pH to 8.3. Adjust final volume to 1 L. Store at
room temperature
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IF Buffer
0.1% BSA
0.2% Triton-X
0.05% Tween-20
Dissolved in PBS. Store at 4°C.
8X Protein Loading Buffer
400 mM Tris-HCl (pH 6.8)
16% SDS
0.8% Bromophenol blue
40% Glycerol
0.4 M DTT
TBS (10X)
24.2 g Tris-base
80 g NaCl
Dissolve in water to a volume of ~800 ml. Adjust pH to 7.6. Adjust final volume to 1L. Store at
room temperature.
Towbin Solution
30.25 g Tris-base
144.1 g Glycine
Dissolve in water to a final volume of 1L. Store at 4°C.
Transfer Buffer
100 ml Towbin solution
200 ml Methanol
2.5 ml 10% SDS
Adjust volume to 1L with water. Chill at 4°C and use immediately.
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Appendix II – Chemical List and Suppliers
Chemical

Supplier

Acrylamide/Bis solution (40%)
Alexa Fluor donkey anti-mouse 546 IgG
Alexa Fluor donkey anti-rabbit 488 IgG
Alexa Fluor goat anti-rat 633 IgG
α-Tubulin mouse mAb
Aprotinin
APS
β-actin rabbit pAb
BM Chemiluminescene Kit
Bromophenol blue
BSA
Caspase-3 rabbit pAb
CD104 (β4 integrin) rat mAb
CD29 (β1 integrin) mouse mAb
CD49f (α6 integrin) rat mAb
Cleaved Caspase-9 (Asp353) rabbit pAb
DMEM
DMSO
DTT
E-Cadherin rabbit pAb
FAK rabbit pAb
FBS
Geneticin
Glycerol
Glycine
Goat anti-mouse HRP
Goat anti-rabbit HRP
Goat anti-rat HRP
Growth Factor Reduced Matrigel
Insulin from Bovine Pancreas
Na3VO4
NF-κB p65 rabbit mAb
PBS
PFA
Phosphatase Inhibitor Cocktail 2
Phospho-FAK (Tyr925) rabbit pAb
Phospho-NF-κB p65 (S311) rabbit pAb
Phospho-NF-κB p65 (S536) rabbit mAb
Phospho-Smad2 rabbit pAb
PMSF
Prolong Gold
Recombinant Human TGFβ1

Bio-Rad, Hercules, CA
Invitrogen, Camarillo, CA
Invitrogen, Camarillo, CA
Invitrogen, Camarillo, CA
Sigma-Aldrich, St. Louis, MO
Sigma-Aldrich, St. Louis, MO
Bio-Rad, Hercules, CA
Cell Signaling, Danvers, MA
Roche Diagnostics, Indianapolis, IN
Sigma-Aldrich, St. Louis, MO
Santa Cruz Biotechnology, Santa Cruz, CA
Cell Signaling, Danvers, MA
BD Biosciences, Bedford, MA
BD Biosciences, Bedford, MA
BD Biosciences, Bedford, MA
Cell Signaling, Danvers, MA
Thermo Scientific, Rockford, IL
Fisher Scientific, Nepean, ON
Fisher Scientific, Nepean, ON
Cell Signaling, Danvers, MA
Cell Signaling, Danvers, MA
Invitrogen, Camarillo, CA
Invitrogen, Camarillo, CA
Fisher Scientific, Nepean, ON
Fisher Scientific, Nepean, ON
Sigma-Aldrich, St. Louis, MO
Sigma-Aldrich, St. Louis, MO
Millipore, Billerica, MA
BD Biosciences, Bedford, MA
Sigma-Aldrich, St. Louis, MO
New England Biolabs, Ipswich, MA
Cell Signaling, Danvers, MA
Lonza, Walkersville, MD
Electron Microscopy Sciences, Hatfield, PA
Sigma-Aldrich, St. Louis, MO
Cell Signaling, Danvers, MA
Abcam, Cambridge, MA
Cell Signaling, Danvers, MA
Cell Signaling, Danvers, MA
Sigma-Aldrich, St. Louis, MO
Invitrogen, Camarillo, CA
Invitrogen, Camarillo, CA
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Smad2 mouse mAb
Supplemented Mammary Epithelial
Cell Growth Medium
SB431542
SDS
TEMED
Tris-base
Tris buffer (1.5 M)
Tris buffer (0.5 M)
Triton-X
Tween-20
ZO-1 rat mAb
	
  
	
  
	
  

Cell Signaling, Danvers, MA
PromoCell, Heidelberg, Germany
InvivoGen, San Diego, CA
Fisher Scientific, Nepean, ON
Sigma-Aldrich, St. Louis, MO
Fisher Scientific, Nepean, ON
Bio-Rad, Hercules, CA
Bio-Rad, Hercules, CA
Bio-Rad, Hercules, CA
Fisher Scientific, Nepean, ON
Santa Cruz Biotechnology, Santa Cruz, CA
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