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ABSTRACT
During breast cancer progression, the mammary gland undergoes architectural
changes marked by a disruption of epithelial apical/basal polarity. In infiltrating lobular
carcinomas (ILC) this disruption is marked by a loss of adherens (AJ) and tight (TJ)
junctions. However, in the more prevalent infiltrating ductal carcinomas (IDC), A J often
remain while TJ are lost or disorganized. Thus, the loss of TJ polarity may be an
important component of invasive, cancer progression. Because TJs and the basement
membrane (BM) are critical components of apical and basal polarity, I chose to study the
importance of polarity changes during breast cancer progression. To identify the
molecular regulators of TJ dynamics in the normal breast I used a 3D hierarchical model
of mammary epithelial cell morphogenesis in vitro. In this hierarchy, functional A J were
initially formed and then the TJs were formed. These TJs were not polarized and the TJ
scaffolding protein ZO-1 co-localized with the A J protein [3-catenin at AJs.

Upon

addition of a soluble B M , ZO-1 was released from the A J complex and the TJ complex
migrated apically. This apical polarization of the TJ was mediated, at least in part, by
interactions of the a6p4 integrin with laminin in the B M .
The ETV6-NTRK3 (EN) fusion protein is expressed

in secretory breast

carcinomas (SBC) and two proteins, Podocalyxin and the Integrin-linked kinase (ILK),
are involved in modulating cell-cell junctions. Thus, I examined the effects of these three
genes on cell polarity. Forced expression of E N in normal epithelial cells induced cell
proliferation without affecting TJ polarity, further

explaining the

non-metastatic

phenotype of SBC. Podocalyxin was highly expressed in a subset of ductal tumors that
become metastatic. When podocalyxin was expressed in a well-differentiated breast
cancer cell line, TJs and polarity were perturbed, resulting a phenotype similar to IDC.
When I L K was expressed in normal epithelial cells, they completely lost both TJs and
AJs initiating an epithelial to mesenchymal transformation, hence an I L C phenotype.
These data suggest that the establishment of polarized TJs is critical for normal mammary
epithelial architecture, while changes to this architecture, at least in part, contribute to
invasive breast tumor progression.
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CHAPTER 1
Introduction
1.1 Breast Cancer Problem
Breast cancer is one of the most common female cancers in developed countries.
It has become a major health problem over the last 50 years, affecting as many as one in
eight women during their lifetime. The burden of breast cancer worldwide in both
developed and developing countries is. increasing, and evidence suggests that unless
action is taken it will continue to grow for the foreseeable future. It is estimated that each
year the disease is diagnosed in over one million women worldwide and is the cause of
death of over 400,000 women. Canadian cancer statistics estimate that in Canada alone,
in 2003, 30.7% of all the new cancer cases and 17% of all the cancer related deaths are
attributed to breast cancer (Canadian Cancer Statistics 2003, National Cancer Institute of
Canada). In the United States, for instance, the incidence rate for breast cancer has
increased steadily by about 1-2% per year since 1960 (Forbes, 1997a and 1997b). Similar
incidence rates for breast cancer to those in United States are found in the majority of
other western industrialized countries (Parkin et al., 1999).
The majority of breast cancer-related deaths occur due to aggressive secondary
tumor formation at distant sites via a process known as metastasis (Parker and Sukumar,
2003). Metastasis begins with alterations in cell-cell adhesions that allow cells to break
away from the primary tumor as it expands. In this introduction, I will address our current
understanding of how benign proliferative lesions in the breast undergo a progressive
disruption of the normal glandular architecture during the early stages of invasive premetastatic breast carcinoma progression.

1.2 Breast Cancer Progression
The

target cells for breast cancer formation are located in the epithelial

component of the exocrine mammary gland. The organizational structure of this
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epithelium resembles a cluster of grapes, where the lobular components (also known as
alveolar units) are analogous to the fruit and the connecting terminal ducts are analogous
to the attached stems. These alveolar units and continuous ducts are known as the
terminal duct lobular unit of the mammary gland (TDLU; Figure 1.1). Lobules and
terminal ducts are both composed of two epithelial cell layers (McManaman and Neville,
2003). The outer-layer of spindle-shaped myoepithelial cells is contractile in nature. The
elongated

cell processes

of these myoepithelial cells contact

the extracellular

glycoprotein-rich basement membrane (BM) and they wrap themselves around the cells
of the inner luminal layer (Figure 1.1). The luminal epithelial cells are polarized and
become secretory cells when they differentiate during developmental cycles of pregnancy
and lactation (McManaman and Neville, 2003). The basal surfaces of these luminal cells
interact with the B M via the spaces between myoepithelial cell processes while the apical
surfaces surround the central lumen of the lobules and ducts (Slade et al., 1999). At the
apical surface these luminal cells interact with each other via the apical junction complex,
which includes both adherens (AJ) and tight (TJ) junctions (Nguyen and Neville, 1998).
This junction complex is often disrupted in metastatic breast carcinoma progression
(Parker and Sukumar, 2003).
Newly developed techniques such as intravital microscopy, may soon allow direct
examination of breast cancer development in animal model systems. However, because
of the invasive nature of these procedures, it will be difficult to examine how breast
cancer develops from its presumed precursors, at least in humans. Thus it is likely that we
will continue to use molecular, cytological and histopathological changes of the breast
epithelial cells to further refine the existing hypothetical model of linear progression
(Lakhani 1999; Figure 1.2). This model is briefly outlined below and described in detail
in next sections.
For some time, benign epithelial lesions have come under suspicion as initiators
of breast cancer development. "Hyperplasia of usual type" (HUT) lesions are the mildest
form of benign lesion where an increase in the number of epithelial cells of the lobules
and ducts is observed. Long-term follow-up studies have confirmed that these lesions
double the cancer risk (Dupont and Page, 1985; Fitzgibbons et al., 1998). Thus, it has
been proposed that H U T lesions progress
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into clearly pre-malignant "atypical

hyperplasias" (AH) where the proliferating cells begin to lose some of the phenotypic
characteristics of the normal luminal epithelium (Going, 2003). Histopathology and
common molecular changes indicate that A H lesions can further develop into "carcinoma
in situ" (CIS), where cells with true malignant potential fill the lumen of the T D L U
(Going, 2003). In the next stage of progression, malignant cells break away from the CIS
and invade the surrounding stroma. This is known as "invasive carcinoma" (IC). Similar
genetic alterations and cytological features often co-exist in CIS and IC (Reis-Filho and
Lakhani, 2003). These observations further support the idea that invasive carcinoma does
evolve from presumed pre-malignant precursors. However, it is also important to
recognize that all the breast carcinomas may not always fit into this linear hypothetical
model. There is evidence showing the existence of less genetic alterations in more
advanced stages of the disease indicating that these lesions may not have derived in a
linear progression. For example Fujii et al (1996) found that 40% of cases with
synchronous DCIS and IDC contained heterogeneous patterns of allelic lost at one or
more loci in the DCIS components. In contrast to the linear progression model, the
parallel progression model indicate the formation of advanced disease from a
morphologically normal epithelium. This model is supported by findings of many small
invasive cancers that do not accompany atypical components (Deng et al., 1996). Some
molecular observations further indicate that breast cancer can potentially follow several
different tumorgeneic pathways resulting more complex and heterogeneous pathology.
In the following sections I will describe some of the known features of different
stages of breast cancer progression as outlined in the above linear model. Specifically, I
will focus on the molecular basis of architectural changes that contribute to primary
tumor formation and dissemination during malignant progression.

1.2.1 Hyperplasia of Usual Type
Hyperplasia of usual type (HUT; Figure 1.2) is an intraluminal proliferation that
leads to an increase in the number of cell layers within the ducts and lobules of the T D L U
(Page et al., 1995). Because of the cyclical regulation of the mammary gland, T D L U
confers vulnerability to processes contributing to the development of breast carcinoma.

3

Regular proliferative bursts require the maintenance of a population of cells with renewal
properties, and the gain of growth regulatory factor-independence within this cell
population provides a source for hyperplastic growth. Thus, increased rates of cell
division and proliferation are predisposed for developing hyperplastic lesions and the
further

progression into malignant breast carcinoma. There are

a number of

epidemiological studies consistently showing that high circulating levels of insulin like
growth factor-1 (IGF-1) are associated with increased risk of breast cancer development
(Peyrat et al., 1993; Enriori et al., 2003; Schairer et al., 2004). The IGF-1 in serum can
stimulate cell proliferation in an endocrine fashion while IGF-1 produced by stromal cells
adjacent to the T D L U can function in a paracrine fashion to induce cell proliferation
(Hankinson et al., 1998; Yee et al., 1989). During normal development, IGF-1 is required
for the morphogenesis of the T D L U (Ruan and Kleinberg, 1999). However, mammary
glands in transgenic mice that overexpress IGF-1 fail to undergo involution following
weaning and remain proliferative (Hadshell et al., 1996). Furthermore, these transgenic
mice exhibit both mammary epithelial hyperplasia and increased frequency of mammary
tumor formation (Tornell et al., 1992; Bates et al., 1995). In another study, mutation of a
growth hormone releasing hormone receptor (lit) results in reduction of IGF-1 to
approximately 10% of the normal circulating levels. This leads to a significant reduction
of the growth of human MCF-7 breast cancer cells transplanted into lit mutant
immunocompromised mice (Yang et al., 1996). A l l of these experimental results clearly
suggest that increased IGF-1 signaling may contribute to the transformation of mammary
epithelial cells.
The function of IGF-1 is mediated via its cell surface receptor, IGF-1R. Blocking
the interaction of IGF-1 with IGF-1R, eliminating IGF-1R from the cell membrane, or
interrupting the downstream signaling pathways of IGF-1 R, can all block the mitogenic
activity of IGF-1 (Khandwala et a l , 2000). Binding of the ligand to the IGF-1R leads to
the receptor's intrinsic tyrosine kinase activity, which triggers downstream signaling
pathways (Figure 1.3). Two distinct signaling pathways activated by IGF-1R have been
identified. One involves the ras/raf/mitogen-activated protein kinase (MAP-K) pathway,
while the other involves the phosphoinositol-3-kinase pathway (PI3-K; LeRoith and
Roberts Jr, 2003). Insulin receptor substrate 1 (IRS-1) is an intracellular substrate of IGF-
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1, which is also up regulated in hyperplastic lesions (Rocha et al., 1997). IRS-1 binds to
the activated IGF-1 receptor and activates the PI3-K pathway. The p85 regulatory subunit
of PI3-K can associate with the phosphotyrosine of IRS-1. Once activated, the catalytic
p i 10 subunit of PI3-K phosphorylates phosphoinositides to trigger the activation of
down-stream effectors such as Akt/PKB. The activation of this pathway plays an
important role in cell proliferation as seen in the dependency of PI3-K to induce the
proliferation of IGF-1-stimulated MCF-7 cells (Hamelers and Steenbergh, 2003).
Furthermore, IGF-1 dependent activation of the PI3-K pathway can also lead to
alterations in cell adhesion (Zhao et al., 2003; Guvakova et al., 2003). In one study,
stimulation of breast cancer cells with IGF-1 resulted in cell rounding and detachment
from the B M in a PI3-K dependent manner (Guvakova et al., 2003). In other cell culture
systems such as colorectal cells, abnormally high IGF-1 signaling is also able to
destabilize A J (Andre et al., 1999). Thus, the interplay between increased cell
proliferation and decreased cell adhesion in IGF-1 signaling may initiate alterations to the
architecture of the T D L U that may help to initiate tumor formation.
In addition to growth factor-stimulated proliferation, transcription factors also can
impinge upon the cell cycle to stimulate cell proliferation. Cyclin DI is a transcription
factor that stimulates cell cycle progression during the G l phase of the cell cycle. Several
studies show that 11-19% of HUT lesions exhibit increased levels of cyclin DI protein
and the frequency further increases with malignant progression (Alle et al., 1998; Zhu et
al., 1998; Heffelfinger et al., 2000; Ormandy et al., 2003). Another transcription factor
that impinges upon cell cycle regulation is c-myc. c-Myc binds to a specific D N A
sequence known as the E-box (CACGTG) to activate gene transcription (Steiner et al.,
1995; Amatet et al., 1998).

In one study Pechoux et al., (1994), examined 19 H U T

lesions and found 15 lesions with increased c-myc protein expression and 17 lesions with
c-myc gene amplification. These observations clearly show the role of transcription factor
up-regulation in proliferative lesions. In transgenic mice, targeted overexpression of both
cyclin DI and c-myc in the virgin mammary glands lead to increased proliferation and an
architectural expansion of the T D L U . These mice eventually develop mammary
carcinomas (D'Cruz et al., 2001; Rose-Hellekant and Sandgren, 2000; Wang et al., 1994;
Sinn etal., 1987).
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Altered hormone levels and hormone responses can affect cell number and tissue
architecture. A number of studies have identified women with early menarche and late
menopause (Russo and Russo, 1998) or increased long-term exposure to estrogen
(Thomas et al., 1997; Hankinson et al., 1998) to be at increased risk for tumor
development. The most active estrogen in breast tissue is 17p-estradiol (E2), which
originates mainly from the ovaries. The action of E2 in cells is mediated via estrogen
receptors (ER), which belong to a family of nuclear receptors (McDonnell and Norris,
2002). There are two types of ER, ERcc and ERP, which share high sequence homology,
specifically in the ligand and D N A binding domains. These two receptors are able to
form both homodimers and heterodimers suggesting that three possible complexes could
activate downstream signaling pathways (McDonnell and Norris, 2002). Upon ligand
binding, E R dimers translocate to the nucleus and then activate the genes containing
estrogen response elements (ERE). However, E R can also promote expression of genes
that do not have ERE by interacting with other transcription factors such as AP-1 and Spl
(Bjornstrom and Sjoberg, 2002; Poter et al., 1997). In the normal mammary epithelium,
ER positive cells account for 4-15% of the total and they are scattered among the ERnegative cells (Petersen et al., 1987). In contrast, Shoker et al (1996), found that the
percentage of E R positive cells in H U T increases up to 36%, which correlates with the
hyperproliferative activity of the lesion. When stimulated by E2, these ER positive cells
modulate proteins implicated in HUT lesion development. Specifically, IGF-1, Cyclin D l
and c-myc expression are all up regulated in an estrogen dependent manner (Dubik and
Shiu, 1992; Planas-Silva and Weinberg, 1997; Westley et al., 1998; Doisneau-Sixou et
al., 2003). Thus, estrogen signaling likely exerts a global cell proliferation effect by
affecting multiple targets. Furthermore, in vitro studies demonstrate that E2 treated
normal mammary epithelial cells on collagen gels form structures that are phenotypically
similar to hyperplastic lesions (Russo et al., 2003). Therefore an increase in the
percentage of ER positive cells in hyperplastic lesions represents an increase in cell
proliferation and initiation of architectural disruption of the T D L U .
In addition to proliferation, increased cell survival can also contribute to
hyperplasia. Developing tumors can increase survival by inhibiting programmed cell
death, a process also known as apoptosis. The tumor suppressor protein, p53, plays a
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major role in the control of cell cycle progression, D N A maintenance and repair, and the
induction of apoptosis (Lundberg and Weinberg, 1999). p53 is a phosphoprotein with an
N-terminal transactivation domain, a central D N A binding domain, and a C-terminal
negative regulatory domain. Damage to the genome that can occur during G l phase of
the cell cycle can lead to a rapid cell cycle arrest, which is mainly regulated by p53
(Ziyaie et al., 2000). One of the target genes of p53 is the p21 gene, the product of which
mediates the tumor-suppressing effects of p53 by inhibiting cycle-dependent kinase
(Cdk) activity to block G l to S phase transition in the cell cycle (Harper et al., 1993).
Once the cells with damaged D N A are growth arrested, p53 is further able to activate the
repair mechanisms. If there is a failure to repair DNA-damage, p53 induces apoptosis by
down regulating bcl-2, an inhibitor of the process, and this clears cells with damaged
D N A (Ziyaie et al., 2000; Miyashita and Reed, 1995; Miyashita et al., 1994). Therefore,
p53-dependent apoptosis prevents the further accumulation of mutations that can
contribute to the development of cancer. The wild-type p53 protein has a short half-life of
about 20min and is virtually impossible to detect in the normal cells. However, mutations
that increase the half-life of the p53 often generate a non-functional form of the protein.
There are examples of such inactivating p53 mutations in 26.7% of H U T lesions while
other studies show 5%-8% of HUT lesions with accumulating p53 protein (Kandel et al.,
2000; Thor et al., 1992; Schmitt et a l , 1995; Mommers et al, 1998). In addition to direct
defects in p53, there is a report showing anti-apoptotic bcl-2 down regulation in 16% of
the H U T they examined (Visscher et al., 1996). The histopathology of these lesions
shows an accumulation of cells that are not in contact with the B M suggesting that the
cells have lost anchorage-independent cell growth. The form of apoptosis triggered by the
loss of cell anchorage is known as anoikis and several studies have determined that loss
of p53 inhibits anoikis and enhances cell survival (Bachelder et al., 2001; Ilic et al., 1998;
Nikiforov et al., 1996). Therefore, an inhibition of anoikis facilitates the disruption of
T D L U architecture by initiating the movement of proliferative cells into the luminal
space.
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1.2.2 Atypical Hyperplasia
Histopathologically, atypical hyperplastic lesions are characterized by excessive
proliferation of uniform looking cells. These cells form streams, which protrude into the
lumen and connect to the other side of the luminal wall. These bridge-like protrusions of
cells give a fenestrated appearance to the lesion (Harris et al., 2000; Figure 1.2). In longterm outcome studies, Dupont et al., (1993), have shown that atypical hyperplastic lesions
are 5.3 times more likely to develop into invasive carcinomas than typical hyperplasias.
This increase in risk further supports the linear progression model. Depending on their
site of origin within the T D L U , these atypical lesions can be divided into "atypical ductal
hyperplasia" (ADH) and "atypical lobular hyperplasia" (ALH). These lesions are
believed to be the precursors of ductal carcinoma in situ and lobular carcinoma in situ
respectively (Lakhani, 2003).
Some of the cytogenetic abnormalities observed in A D H are also common to
those of H U T and invasive carcinoma, further validating the linear model of breast
carcinoma progression. Specifically, loss of heterozygosity (LOH) at 16q and 17p is
common to all of these lesions (Lakhani et al., 1995; Amari et al., 1999). Because tumor
suppressor genes are recessive, cells that contain one normal and one mutated gene leads
to heterozygosity. Thus the loss of the normal gene is known as L O H . In 15 polymorphic
loci examined, O'Connell's group found that 42% of the A D H cases have at least one
L O H event (O'Connell et al., 1998), which is an increase of 5% from HUT. In addition to
the 16q and 17p common sites, other L O H events observed include gain of 3p, 8q, 15q
and loss of 20q and 13q (Aubele et al., 2000). Although these genetic events are found at
high frequencies, one of the major problems with these studies is the small sample size,
making it difficult make to valid comparisons between HUT and A D H lesions.
As with the L O H events, most of changes in protein expression seen in HUT are
also seen in A D H , but at an increased frequency. Thus, the increases in proliferative
index observed in atypical lesions may occur because of increases in cell cycle regulator
proteins. For example, 43% of the A D H lesions overexpress Cyclin D l compared to the
11% in H U T lesions (Heffelfinger et al., 2000). In addition to increased proliferation,
protection from apoptosis is also further enhanced in A D H . Increased accumulation of
p53 was observed in a cohort of 4888 women who were diagnosed with benign lesions
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that later developed in to carcinoma in situ or invasive carcinoma. This led Rohn et al.,
(1998) to conclude that p53 mutations increase the risk that benign lesions will progress
into breast cancer.
The 14-3-3-epsilon protein is a recently identified substrate in the apoptosis
pathway. In normal cells 14-3-3 is in constant association with the cytoskeleton and with
another protein known as Bad. During apoptosis, Bad is released from 14-3-3, which
results in its translocation into the mitochondria where it interacts with Bcl-2 to induce
apoptosis (Figure 1.4; Won et al., 2003). Umbricht et al., (2001) examined a series of
breast lesions and found that 38% of the atypical hyperplasias have lost 14-3-3 by
methylation-mediated gene silencing. From this study they conclude that loss of 14-3-3 is
an early event in neoplastic transformation that occurs in atypical hyperplasia. Thus, the
loss of 14-3-3 may further help to inhibit apoptosis and increase cell accumulation in the
atypical hyperplastic lesions. As it also associates with the cytoskeleton, 14-3-3 may also
increase architectural disruption in atypical lesions.

1.2.3 Carcinoma in situ
With the introduction of mammographic screening, there has been an increase in
the identification of pre-malignant lesions, particularly carcinoma in situ (Ernster et al.,
1997). These lesions are primary tumors and are considered as precursors that progress
into invasive breast tumors (Fitzgibbone et al., 1998). At the histopathological level,
carcinoma in situ can be defined as an architectural disruption caused by a complete
obliteration of the central lumen of the T D L U (Harris et al., 2000; Figure 1.2). Thus, this
tumor phenotype can result from a continuation of atypical hyperplasia. There are two
types of carcinoma in situ: ductal carcinoma in situ (DCIS) and lobular carcinoma in situ
(LCIS). DCIS resembles epithelial ducts, while LCIS resembles lobules (Harris et al.,
2000). However, whether these lesions actually originate from ducts vs lobules
respectively still remains unknown.
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1.2.3.1 Ductal Carcinoma in situ
DCIS is the most important non-metastatic lesion, which accounts for up to 25%
of newly diagnosed breast cancer cases (Porter et al., 2003). Identification of this leasion
results in significantly better prognosis. The histopathology of DCIS represents a
heterogeneous group of cell proliferations, with cells often organizing into a cribriform
pattern. This pattern is made up of cells separated by oval-shaped, multiple spaces within
the lesion (Harris et al., 2000). These cells exhibit variations in shape and nuclear size, as
well as a marked increase in the nuclear/cytoplasmic ratio. Based on the cytonuclear
features and overall tissue-architectural features, DCIS lesions are classified into low,
intermediate

and high-grade

lesions (Holland et al., 1994). Even with these

classifications, DCIS lesions remain controversial because of the difficulties in
distinguishing them from A D H lesions. Specifically, the histopathological similarities in
low-grade DCIS and A D H lesions make it difficult to separate them with certainty.
However, recent advances in molecular genetic techniques have begun to shed light on
some of the differences between these lesions. In one study, microdissected lesions show
that 50% of L O H events found in DCIS were also commonly found in A D H (O'Connell
et al., 1994). This observation suggests not only that there are differences between A D H
and DCIS, but also that A D H lesions may accumulate additional genetic changes in order
to progress into DCIS. This latter idea is further supported by the L O H , comparative
genomic hybridization (CGH) and serial analysis of gene expression (SAGE). These
studies show a sharp increase in genetic alterations in DCIS lesions in addition to those
already observed in A D H (Adeyinka et al., 2002; Porter et al., 2003). Now one of the
major challenges is to accurately identify the genes that are localized at these affected
genetic loci, and to characterize the normal protein function of these genes. This could
further expand our understanding of the genes that are responsible for architectural
disruption of T D L U during breast carcinoma progression.
In DCIS lesions, though the normal tissue organization of the ductal epithelium is
disrupted during lumen obliteration, malignant cells often manage to maintain cell-cell
interactions and remain within the early lesion. For example, there is evidence that early
DCIS lesions maintain a modicum of A J and TJ-mediated interactions (Jacobs et al.,
2001; Maluf and Koerner, 2001; Asc et al., 2001; Kominsky et al., 2003). However, in
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the later stages of DCIS, TJs are frequently selectively down-regulated. This downregulation is clearly evident by loss of the TJ proteins claudin-7 and ZO-1 (Hoover et al.,
1997; Cleton-Jansen, 2002; Kominsky et al., 2003). These observations suggest that
across the spectrum of DCIS lesions, AJs are often maintained while TJs are
progressively lost.

1.2.3.2 Lobular Carcinoma in situ.
Lobular carcinomas are often diagnosed in women between the ages of 40 and 50
years, a decade earlier than the diagnosis of DCIS (Reis-Filho and Lakhani, 2003).
Because of the lack of clinical abnormalities and detectable lumps in mammography,
LCIS is often harder to detect (Sonnenfeld et al., 1991). Histologically, LCIS is often
composed of a monomorphic population of cells, which are usually small, round or
polygonal-shaped and contain a clear cytoplasmic rim around the nucleus. These loosely
cohesive, regularly-spaced cells fill and distend the lobules while maintaining the lobular
structure (Middleton et al., 2003; Harris et al., 2000). Unfortunately, cytogenetic analysis
on LCIS has been limited. Several studies examining these lesions report losses at loci
16p, 16q, 17p, 22q and gain of 6q in both LCIS and A L C (Lu et al., 1998; Nishizaki et
al., 1997; Lakhani et al., 1995). The intermediate or precursor nature of these tumors, in
the formation of invasive tumors, is evident in the finding that L O H events, common in
LCIS, are also seen in the invasive lobular tumors (Lakhani et al., 1995; Lakhani, 1999).
This observation further supports the linear progression model of breast cancer.
Contrary to the DCIS where TJs are often lost while AJs are maintained, in LCIS
both AJs and TJs are frequently lost (Sneige et al., 2002; Jacobs et al., 2001; Maluf and
Koerner, 2001).The A J protein E-cadherin is a presumed tumor-suppressor gene localized
on 16q22.1, a chromosomal region often affected in LCIS. Immunohistochemistry studies
show that E-cadherin staining is often absent in LCIS, while it is unaffected in DCIS
(Droufakou et a l , 2001; Roylance et al., 2003). Vos et al., (1997) examined LCIS and
invasive lobular carcinomas adjacent to each other and found the same E-cadherin
truncated mutations in both lesions. This study points out that the loss of functional Ecadherin is critical for LCIS progression, and that these lesions may be direct precursors
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for invasive carcinoma. It is likely that suppression of E-cadherin is a critical regulator of
epithelial-to-mesenchymal transformation (EMT; Hay, 1995). Thus, the loss of Ecadherin expression and/or function seen in LCIS may induce E M T and the subsequent
progression from in situ lesion to infiltrating carcinoma.

1.2.4 Infiltrating Carcinoma
Infiltrating breast cancers are defined by the ability of the cells to break away
from the primary tumor and move into the surrounding stroma. These lesions are invasive
and they are considered precursors of distant metastasis (Going, 2003). Cancer metastasis
is the primary causes of death by cancer, and for that reason I am interested in the tumor
phenotypes of the early-infiltrating breast carcinoma which leads to complete destruction
of the T D L U architecture. There are two main types of infiltrating breast carcinomas:
Infiltrating-ductal carcinoma (IDC) accounts for about 75% of the currently-detected
invasive breast carcinomas and they are believed to have originated from DCIS
(Tavassoli and Devilee, 2003). Secretory breast carcinoma (SBC) is a rare subtype of
IDC. A less prominent type, invasive lobular carcinoma (ILC) accounts for about 5-15%
of the invasive carcinomas and is believed to have originated from LCIS (Tavassoli and
Devilee, 2003). These carcinomas show the highest degree of architectural disruption of
the T D L U .

1.2.4.1 Infiltrating Ductal Carcinoma
In infiltrating-ductal carcinoma, cells break away from the primary tumor as
small, disorganized clusters. Architecturally, these tumor cells may be arranged into
cords, clusters or trabeculae

surrounded

by stroma. In some cases, glandular

differentiation may be seen with tubular structures that possess internal, luminal spaces
(Harris et al., 2000; Figure 1.2). There is neither basement membrane nor myoepithelial
cells that surrounds these structures (Barsky et al., 1983). The frequent finding of A D H
and DCIS, along with IDC further provides evidence to the linear progression model.
These primary tumor cells that invaded the stroma still manage to maintain some
of their cell-cell adhesions, however the role of E-cadherin in IDC is not clear. A number
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of imunohistochemical studies have reported some loss or down-regulation of E cadherin, although it has been shown to occur mainly in late-stage ductal carcinomas
(Gamallo et al., 1993; Berx et al., 1998). In contrast, tight junction proteins as well as
epithelial polarity are lost (Hoover et al., 1997; Maluf and Koerner, 2001; Kominsky et
al., 2003). I have determined

that the

anti-adhesive

molecule podocalyxin is

overexpressed in a subset of mammary tumors that become metastatic. Thus, in this
thesis I have attempted to determine whether podocalyxin is capable of perturbing
mammary epithelial cell junctions thereby inducing a phenotype similar to that of IDC.

1.2.4.l.a Secretory Breast Carcinoma
Secretory breast carcinoma (SBC; Figure 1.2) is characterized by an infiltrating
pattern of neoplastic epithelial cells, forming well-differentiated glandular structures.
Tumor cells of SBC are typically vacuolated with abundant extracellular and intracellular
material that stains strongly with PAS and mucicarmine stains (Siegel et al., 1999; Rosen
and Cranor, 1991; Oberman 1980). The tumor cells manage to maintain cell-cell
junctions and form multilayered clusters of cells that are surrounded by a basal lamina
(Suzuki et al., 1999). These disorganized cell clusters also contain well-developed
microvilli, that protrude into a lumen (Suzuki et al., 1999). Furthermore, these cells
maintain epithelial characteristics by maintaining keratin expression (Suzuki et al., 1999).
The recently identified fusion oncoprotein ETV6-NTRK3 (EN) is found in the majority
of SBC (Tognon et al., 2002). Due to the high frequency of fusion events, E N may be
functionally important in generating the SBC phenotype, which is characterized by
multilayering and simultaneous differentiation. This is an issue I have addressed in my
thesis.

1.2.4.2 Infiltrating Lobular Carcinoma
ILC is characterized by single cells breaking away from the primary tumor and
invading through the basement membrane into surrounding connective tissue stroma in a
single-file pattern. As with IDC, ILC often associates with a LCIS component. The great
majority of these infiltrating cells have completely lost their cell-cell adhesion and many
of their epithelial characteristics. This loss of cell-cell adhesion is a continuation of a
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process began in LCIS. Thus, it is ILC that appears to undergo EMT, and this is further
supported by the loss of E-cadherin that often occurs in ILC (Moll et al., 1993; Berx et
al., 1996;Cleton-Jansen, 2002; Becker et al., 2002). The mechanisms that are responsible
for the loss of E-cadherin expression are now becoming clear. The gene-encoding E cadherin protein is known as CDH1, and the loss of this protein can occur through
mutation (Berx et al., 1998; Droufakou et al., 2001), somatic L O H and epigenetic downregulation of protein expression (Sarrio et al., 2003; Cleton-Jansen, 2002; Becker et al.,
2002). The mechanisms of epigenetic down-regulation may involve the CHD1 promoter
hypermethylation (Hajra and Fearon, 2002; Cheng et al., 2001) and/or transcription
repressors binding to the promoter region. The CHD1 promoter has three E-box elements
that may be involved in silencing gene transcription during cancer progression. Three
transcriptional repressors that are known to bind to the E-box of CHD1 include: the zinc
finger protein Snail (Blanco et al., 2002; Cano et al., 2000), Slug (Hajra et al., 2002) and
SIP1 (Comijn et al., 2001). It has been shown that up-regulation of these transcription
factors and loss of E-cadherin is closely associated with invasive breast carcinoma
progression (Blanco et al., 2002). The recently-found metastasis-associated gene (MTA)
family of transcription factors (Kumar et al., 2003) are also linked to CHD1 gene
regulation. In a recent study, Fujita et al., (2003) demonstrated that CHD1 gene
expression is regulated in an estrogen-dependent manner via M T A 3 and Snail
transcription factors. In the model proposed by Fujita's group, E R activation induces the
expression of M T A 3 , which in turn participates in a transcription-repression complex to
inhibit Snail expression. In the absence of Snail, E-cadherin expression is maintained.
The data presented in this study, however, failed to show direct activation of M T A 3 by
ER. Therefore, the relationship between ER and M T A 3 still remains to be identified.
Regardless, they were able to show a positive correlation between ER, M T A 3 and E cadherin protein levels in primary breast cancer specimens. This data can further explain
the more aggressive and invasive phenotype seen in ER-negative breast carcinomas.
Integrin-linked kinase (ILK) is another molecule that is linked indirectly to suppressing
E-cadherin expression. Tan et al., (2001) have shown that overexpression of I L K is able
to up-regulate

Snail expression in colon carcinoma cells. In the breast, I L K

overexpression has been shown to generate invasive mesenchyme-like spindle cell
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tumors in transgenic mice in vivo (White et al., 2001). Therefore, in this thesis I set out to
determine whether I L K is capable of initiating an E M T in mammary epithelial cells.

As breast cancer develops and progresses the linear progression model predicts
that there is a gradual increase in the disruption of epithelial cell adhesion leading to an
architectural disruption of T D L U . The regulation of epithelial cell adhesion in the normal
mammary gland has been shown to be relatively dynamic, and it is tightly regulated
during the development of the gland. Therefore, I was further interested in exploring the
epithelial architecture that is regulated in this developmental context.

1.3 Normal Mammary Gland Development
The mammary gland is a highly specialized and modified apocrine sweat gland.
At birth, the parenchyma of the gland consists of branching cords of ectodermally derived
epithelial cells connected to the nipple through a single primary duct (Sakakura, 1987).
Prior to puberty, these epithelial cords cavitate to form ducts with a central lumen.
Throughout their length, a sleeve of fibroelastic stroma, except at their terminal ends,
surrounds these ducts. The terminal ends are known as end buds and they are in direct
contact with the gland's highly-adipocytic stroma. Interactions between the epithelium
and the mesenchymally-derived stroma are major determinants of the tissue-specific
mammary gland morphogenesis. For example, when the mouse mammary epithelium is
combined with the salivary gland mesenchyme, it develops salivary gland ductal patterns
(Kratochwil, 1969). Co-cultures of mammary epithelial cells and stromal fibroblasts
cause extracellular matrix (ECM) deposition (Reichman et al., 1986). Therefore, it is
possible that the E C M deposition induced by the stroma may regulate epithelial cell fate.
Prior to puberty, the rate of mammary gland growth parallels the growth of the
rest of the body. During puberty however, end buds and connective tissue increase their
growth rates under the influence of estrogen produced by the ovaries (Daniel and
Silberstein, 1987). Increased cell proliferation at the end buds leads to the elongation of
the ductal system. At the onset of pregnancy, as levels of estrogen and progesterone
increase, the end buds experience massive cell proliferation, which leads to the
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displacement of surrounding adipocytic stroma to the gland margins (Topper and
Freeman, 1980; Conneely et al., 2003). When the estrogen receptor in mice is deleted,
only a rudimentary gland is present at birth and it fails to further develop (Bocchinfuso et
al., 2000). Likewise, progesterone injection into the gland induces lateral branching
(Atwood et al., 2000), further confirming that ovarian hormones are regulating the
development of the gland.
Lateral branching of the end buds is responsible for the tree-like pattern of the
parenchyma of the

adult mammary gland. Dominant-negative mutants of the

transforming growth factor-beta (TGF-P; Joseph et al., 1999) or TGF-P receptor (Gorska
et al., 1998) in transgenic mice leads to increased lateral branching and hyperplasia of the
end buds in the virgin mammary ductal system. Thus, TGF-P functions as a localized
epithelial-growth inhibitor to prevent chronic lateral budding and to maintain the normal
pattern of branching during ductal morphogenesis. TGF-P expression is regulated at the
transcriptional level, by the specialized basement membrane extracellular matrix (ECM)
that surrounds the mammary epithelium (Streuli et al., 1993). In transgenic mice in which
the expression of an autoactivated form of the ECM-degrading metalloproteinase
stromelysin-1 is targeted to the mammary epithelium, the basement membrane is
constantly remodeled and end bud-hyperbranching occurs (Sympson et al., 1994;
Sternlicht et al., 1999). Therefore, an intact basement membrane is a critical regulator of
early mammary-specific morphogenetic events.
Early in the pregnancy, the proliferating cells of the end buds undergo a
secondary spatially-restricted branching that is regulated by hepatocyte growth factor
(HGF; Nermann et al., 1998; Kamalati et al., 1999). HGF is another locally-acting growth
factor produced by mammary mesenchymal cells, that is sequestered in the E C M and acts
by binding to the c-met receptor tyrosine kinase on the surface of the epithelial cells. In
organ cultures, antisense-oligonucleotide-suppression of HGF completely abolishes the
branching morphology (Yang et al., 1995). Conversely, overexpression of HGF and or
the c-Met receptor in transgenic animals leads to enhanced end bud size and number,
inducing hyperplastic-branching morphology (Yant et al., 1998).
The cell-cell adhesion in these proliferating mammary epithelial cells is shown to
be dynamic during the early stages of development. Immunofluoresence and electron
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microscopy studies of the mammary bud have shown that cell-cell adhesion complexes
are hardly detected in the early proliferative stages (Nanba et al., 2001). Furthermore,
"spot-weld" like cell-cell adhesion junctions, desmosomes, are down-regulated in the
early stages (Nanba et al., 2001). This lack of adhesion is conceivably necessary for
cellular reorganization during morphogenesis. As the cell masses grow to elongate and
form lumen, junction proteins are re-expressed. For example, TJ protein occludin is
expressed at the same time that the lumen forms (Nanba et al., 2001).
Later in pregnancy, the end buds expand to form alveoli, a process which is under
the control of the neu differentiation factor (NDF; Neimann et al., 1998). NDF, another
morphogen produced by the mammary mesenchyme, is sequestered in the E C M and acts
on epithelial receptors, in this case, the erbB family of tyrosine kinases receptors. In
mammary organ cultures derived from pregnant mice, NDF-antisense-oligonucleotides
inhibit alveolar morphogenesis, a phenotype that can be rescued by the addition of
recombinant-NDF. Moreover, transgenic virgin mice overexpressing mammary-targeted
N D F undergo premature end bud expansion and alveolar morphogenesis (Krane and
Leder, 1996). Importantly, in all cases, when alveolar morphogenesis is affected,
epithelial differentiation is similarly affected. Thus, when NDF-mediated morphogenesis
is blocked, differentiation does not occur.
A n extensive branching and terminal differentiation of the mammary epithelial
cells finally occurs during the full-term pregnancy. Mammary epithelial differentiation is
marked by the induction of milk protein gene expression, which is regulated by N D F ,
lactogenic hormones and the basement membrane (Simpson et al., 1998; Howlett and
Bissell, 1993; Teng et al., 1989; Lee et al., 1998). The major mouse milk proteins are:
firstly, the iron-binding proteins, including lactoferrin, that are expressed in early to mid
pregnancy; secondly, the caseins, including P-casein, that are first expressed in mid to
late pregnancy; and thirdly, the whey proteins, including whey acidic protein (WAP)
which is first expressed in late pregnancy.
In a less dramatic manner, similar changes occur during the adult estrus cycle.
Because of this cyclic nature in the remodeling of the mammary epithelium, there is a
greater probability of alterations that can occur to these normal remodeling mechanisms.
Hormones, extracellular matrix molecules, cytokines and growth factors play a major role
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in each of these remodeling stages and changes to any of these pathways can lead to
malignancy. Thus, the mammary gland is specifically vulnerable for initiation of cancer
progression.

1.3.1 Structure of the Terminal Duct Lobular Unit
The branching terminal ducts and terminal alveolar units of a mammary gland are
known as the terminal duct lobular unit (TDLU; Figure 1.1). They consist of two
epithelial cell layers: the inner luminal epithelial layer and outer myoepithelial layer.
Secretory and lactational changes take place primarily in the cuboidal to columnar shaped
luminal epithelial cells. Myoepithelial cells do not contact with the luminal surface,
instead they interact with the B M and wrap around the luminal cells. These myoepithelial
cells are not well developed in the ductal areas compared with the lobules. The function
of myoepithelial cells is well recognized, as assisting milk ejection during suckling, in
response to oxytocin (Lakhani and O'Hare, 2000). In addition to this function,
myoepithelial cells are also known to assist in growth and differentiation of the T D L U .
Activin, a member of TGF-P family of growth factors, is known to be exclusively
expressed by myoepithelial cells and assists in ductal formation in vivo and further, it
inhibits growth of the MCF-7 mammary tumor line (Liu et al, 1996). More recently Jones
et al., (2003) demonstrated that human primary myoepithelial cells are able to inhibit
breast cancer cell invasion. These observations demonstrate that myoepithelial cells are
involved in maintaining the normal-polarized epithelial structure of the T D L U .

1.4 Apical-Basal Polarity in Epithelial Cells.

1.4.1 What is apical-basal polarity?
Cell polarity is defined as asymmetry in a cell or in a tissue and the most
fundamental type of tissue organization is the formation of a polarized epithelium. A
polarized epithelium participates in two major functions; 1) It delineates separate
compartments, and 2) maintains homeostasis by regulating the exchange of molecules
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and ions between the two compartments. In order to generate these special compartments,
polarized epithelial cells must have a distinctive cell shape, organization of membrane
proteins, oriented alignment of the cytoskeleton and uneven distribution of organelles.
Most of these compartments organize into ducts, acini or sheets of cells facing a free
apical surface that is continuous with the environment and a basal surface in contact with
a B M . Thus, these cells are apically/basally polarized. This polarization is achieved by
generating three different types of plasma membrane surfaces; 1) a free, apical surface
that faces the lumen or out side, 2) a lateral surface where cells interact with each other,
and 3) a basal surface where cells interact with the B M (Figure 1.1; O'Brien et al., 2002).
There are two main control points that regulate the formation of these membrane
domains. First the apical junction complex, which is conserved throughout evolution and
is responsible for initiating and maintaining cell-cell contacts as well as regulating the
composition of different membrane domains. These cell-cell adhesions are essential in
restricting the movement of membrane proteins and initiating an asymmetry in the
distribution of membrane proteins. Second, cell-BM interactions where the integrin
superfamily of cell surface adhesion receptors interact with the B M glycoproteins to
define the basal membrane.

Cell adhesion to the B M is particularly important in

organizing the apical to basal axis of polarity. This axis also defines the orientation of the
apical and basolateral surface and provides the direction for secretions and solute
transport.

1.4.2 Apical Junction Complex
The assembly of the apical junction complex is one of the early events in
generating a polarized epithelium. The main components of the apical junction complex
consist of AJs and TJs (Figure 1.5), which are localized at the boundary of the apical and
lateral membrane domains. Both of these specialized junctions have a common
organization with transmembrane proteins linking to the actin cytoskeleton via modules
of cytoplasmic scaffolding protein complexes. These scaffolding complexes consist of
proteins that contain multiple protein-protein interacting domains, which will be
discussed later.

•J
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1.4.2.1 Adherens Junctions
Initial epithelial cell-cell interactions lead to the formation of A J . At the
ultrastructural level, AJs are seen as closely apposed plasma membrane domains with
electron dense cytoplasmic plaques where actin filaments are attached to the membrane.
At

the

molecular

level,

E-cadherin mediates A J formation.

E-cadherin is

a

transmembrane glycoprotein that mediates calcium dependent, homophilic binding at A J
(Takeichi, 1988). The essential role of E-cadherin in the formation of epithelium was first
identified in the chicken liver, and was named liver-cell adhesion molecule ( L - C A M ;
Gallin et al., 1987). E-cadherin is a 120 kDa protein with a large extracellular domain, a
single transmembrane domain and a short cytoplasmic domain. The extracellular domain
consists of five tandem repeats of 100 amino acid motifs with CSL^ binding pockets
localized between the repeats. Cell-cell adhesions are formed by homotypic interactions
of these extracellular domains in an interdigitating manner to give a zipper-like
appearance. The cytoplasmic domain of E-cadherin is linked to the actin cytoskeleton via
a catenin protein complex to strengthen the cell-cell adhesion. This multiprotein complex
is thought to provide the stable framework for AJs. E-cadherin expression plays a major
role in epithelial differentiation and polarization during development. When the Ecadherin gene is deleted in mouse embryonic stem cells, heterozygous mutant animals
grow normally while homozygous mutants fail to maintain polarized compacted preimplantation embryos (Rietmacher et al., 1995).
(3-Catenin was discovered as a co-precipitating partner of E-cadherin, and has
recently gained more attention as a critical member of the Wnt signaling pathway
(Gumbiner, 1996; Cox et al., 1999). In this signaling pathway, cytoplasmic P-catenin is
translocated to the nucleus where it functions as a co-transcriptional regulator. In
epithelial cells, at the A J , P-catenin binds directly to the cytoplasmic tail of E-cadherin.
a-Catenin is able to link the actin cytoskeleton to P-catenin (Imamura et al., 1999). PI 20catenin binds to a membrane proximal cytoplasmic domain of E-cadherin and is believed
to be involved in E-cadherin clustering at the adherens junction (Yap et al., 1998). The
fully functional adhesive properties of A J depend on the integrity of E-cadherin-cateninactin complexes, and loss of this integrity can lead to loss of cell polarity and an increase
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in motility and invasive properties of the cells. Analysis of many rumors derived from
epithelia suggests that the loss of E-cadherin correlates with the tumor cell invasion
(Rasbridge et al., 1993; Sommers et al., 1991) and ectopic expression of E-cadherin in
invasive cells is sufficient to reverse this phenotype (Chen et al., 1997). Thus, loss of Ecadherin could be a major event in enhancing tumor cell invasiveness.
In addition to E-cadherin mediated A J formation, there is a newly discovered
adhesion system mediated by the immunoglobulin-like molecule, nectin. In contrast to Ecadherin, nectin is a Ca** independent transmembrane receptor. Currently there are four
known members (1-4) in the nectin family. The molecular structure consists of three
extracellular IgG domains, a single transmembrane domain and a cytoplasmic domain
(Takai and Nakanishi, 2003). The extracellular domains form cis-dimers and then transdimmers to form a zipper like interaction as seen with E-cadherin (Miyahara et al., 2000;
Satoh-Horikawa et al., 2000). Unlike E-cadherin, nectin is capable of forming
heterodimmers

with other family members

(Satoh-Horikawa et al., 2000). The

cytoplasmic domain of nectin interacts with the f-actin binding protein afadin providing a
link to the actin cytoskeleton (Takahashi et al., 1999). This nectin-afadin interaction is
mediated through the PDZ domain (see below) of afadin (Takahashi et al., 1999;
Reymond et al., 2001). Nectin overexpression in M D C K cells leads to the recruitment of
E-cadherin to the nectin-based interactions (Honda et al., 2003). This suggests a close
relationship between E-cadherin and nectin mediated adhesions.

1.4.2.2 Tight Junctions
Tight junctions (TJ) are generally the most apical structures of the apical junction
complex. TJs form a continuous belt at the boundary between the apical and basolateral
membrane domains of neighboring epithelial cells which link to the actin cytoskeleton.
At the ultrastructure level, they are characterized by the fusion of the exoplasmic leaflets
of the plasma membrane to form a seal between cells (Farquhar and Palade, 1963). TJs
regulate the passage of small molecules and ions across the paracellular boundaries by
functioning as a barrier and they maintain different compositions of the apical and
basolateral membranes by functioning as a fence (Gumbiner, 1987, 1993; RodriguezBoulan and Nelson, 1989).
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At the molecular level TJs are composed of at least three transmembrane proteins:
occludin, claudin and junctional adhesion molecule (JAM). Occludin and the family of
claudin proteins contain four transmembrane domains and have both amino and carboxy
terminal ends oriented towards the cytoplasm. Unlike other transmembrane TJ proteins,
the last 150 amino acids of the carboxy terminus of occludin directly interacts with the Factin cytoskeleton (Wittchen et al., 1999). Occludin contains possible phosphorylation
sites on serine, threonine and tyrosine groups, which results in a molecular weight range
of 62-82 kDa (Sakakibara et al., 1997; wong, 1997; Wong and Gumbiner, 1997; Chen at
al., 2002). In cultured epithelial cells, highly phosphorylated occludin localizes at the TJ
while less or unphosphorylated protein is observed in the cytoplasm, which could be
associated with vesicles (Andreeva et al., 2001; Tsukamoto and Nigam, 1999; Sakakibara
et al., 1997). In contrast, in the Xenopus embryos, dephosphorylation of occludin
correlates with the TJ assembly (Cordenonsi et al., 1997). These opposing effects may be
due to different roles for occludin in TJ assembly as well as the difference in
phosphorylated groups. Interestingly, occludin knockout mice display well-developed TJs
indicating a possible redundancy of the transmembrane TJ proteins (Saitou et al., 2000).
The second group of transmembrane proteins, claudins, consists of 24-family
members (Tsukita et al., 2001). When claudins are expressed in fibroblasts (L-cells),
which lack TJs, the cells then form TJs which display a freeze-fracture replica pattern
that is similar to normal TJs (Furuse et al., 1998; Morita et al., 1999). Furthermore,
expression of different claudins leads to different freeze-fracture patterns indicating
possible tissue specificity. Hoevel et al., (2002) have demonstrated that re-expression of
claudin-1 is sufficient to restore the TJs in human mammary tumor cell lines. Claudin-1
knockout mice lose the skin epithelial cell (keratinocyte) TJs and thereby lose cell
polarity (Furuse at al., 2002). These gain-of-function and loss-of-function studies further
confirm the integral role of claudins in TJ formation.
A third transmembrane protein, junctional adhesion molecule (JAM) is a 43 kDa
glycosylated protein with two extracellular immunoglobulin domains, a transmembrane
domain and a short cytoplasmic domain (Martin-Padura et al., 1998). When exogenously
expressed in C H O cells, J A M localizes to the newly formed TJs (Martin-Padura et al.,
1998; Aurrand-Lions et al., 2001). Furthermore, blocking antibodies against J A M block

22

TJ formation while failing to effect fully formed TJs (Liu et al., 2000). This suggests that
J A M may play a major role in junction assembly but not specifically in maintaining the
junction. The cytoplasmic domains of occludin, claudin and JAMs form interactions with
the underlying scaffolding protein complexes (Figure 1.5).
In addition above described transmembrane proteins, number of TJ-associated
cytoplasmic proteins also have been identified. The 225 kDa phosphoprotein ZO-1, was
the first TJ protein to be identified (Stevenson et al., 1986). cDNA sequence analysis of
ZO-1 indicates homology to lethal discs-large (dig) tumor suppressor gene of Drosophila
(Itoh et al., 1993) and postsynaptic density protein PSD-95/SAP-90 from rat brain
(Willott et al., 1993). Hence, they were named as PDZ domain proteins (see section
1.4.2d; See Figure 1.6 for PDZ domain containing TJ proteins). Since the initial
identification, two other Z O proteins ZO-2 (Jesaitis and Goodenough, 1994) and ZO-3
(Haskins et al., 1998) have been identified as members of membrane associated
guanylated kinase ( M A G U K ) family of proteins that contain structurally conserved PDZ,
SH3 and G K domains (See section 1.4.2d). ZO-1 directly interacts with the carboxy
terminal of occludin through its G K domain (Fanning et al., 1998; Schmidt et al., 2001),
with claudin through its PDZ1 domain (Itoh et al., 1999) and with J A M through its
PDZ1/PDZ2 domains (Ebnet et al., 2000). Furthermore, the cytoplasmic tail of ZO-1
interacts with the actin cytoskeleton as well as the actin binding protein, 4.1. In the light
of these interactions with three transmembrane TJ proteins and its ability to link with the
cytoskeleton, it is reasonable to consider ZO-1 as a tumor suppressor protein that
maintains a normal polarized epithelium. This model further supported by the observation
that the loss of ZO-1 is coupled to breast cancer progression (Hoover et al., 1998) and
that IGF-1R induced cell-cell adhesion in breast carcinoma cell line MCF-7 depends on
ZO-1 expression (Mauro et al., 2001).
ZO-2 is a 160 kDa protein and was first identified as a ZO-1 binding protein
(Gumbiner et al., 1991). It is now known that ZO-2 can interact with claudin by its PDZ1
domain (Itoh et al., 1999) and with occludin and another TJ protein, Cingulin, by its G K
domain (Itoh et al., 1999; D'Atri et al., 2002). The proline-rich carboxy terminus interacts
with the actin cytoskeleton (Wittchen et al., 1999) and actin binding protein, 4.1
(Mattagajasingh et al., 2000). Furthermore, ZO-2 can also interact with the A J protein, a-
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catenin (Itoh et al., 1999). Several groups have suggested a possible role of ZO-2 as a
tumor suppressor protein. This suggestion is supported by ZO-2's ability to inhibit the.
neoplastic growth induced by polyomavirus middle T protein and adenovirus type 9
oncogenic determinent E4 (Glaunsinger et al., 2001). Furthermore, there is significant
reduction of ZO-2 levels in breast cancer cell lines as well as adenocarcinomas (Chlenski
et al., 2000).
ZO-3 is a 130kD protein initially identified as a ZO-1 /ZO-2 binding protein
(Balda et al., 1993). This M A G U K protein interacts with claudin via the first P D Z
domain (Itoh et al., 1999) and with occludin via both its amino and carboxy termini
(Haskins et al., 1998). Unlike ZO-1 or ZO-2, the amino terminal of ZO-3 interacts with
the actin cytoskeleton (Wittchen et al., 2000). When the amino terminal half of the
protein is transfected into cells, the TJ assembly is delayed, indicating its crucial role in
junction assembly (Wittchen et al., 2000).
Another member of the M A G U K family that associates with TJ is Palsl. This
protein was originally identified as a PDZ-domain-containing molecule that interacts with
Lin-7. Lin-7 is a C. elegans

growth-factor-receptor-basolateral-membrane-targeting

molecule that localizes at the TJ (Kamberov et al., 2000; Kaech et al., 1998; Roh et al.,
2002). Pals is targeted to the TJ by binding to PATJ and MUPPI, two recently identified
mult-PDZ domain containing scaffolding proteins. PATJ contains 10 PDZ domains and is
found to be concentrated at TJs. When overexpressed in M D C K cells, PATJ leads to
mislocalization of ZO-1 and ZO-3 indicating a possible role in TJ integrity. The
Drosophila homolog of PATJ interacts with Crumbs to regulate cell polarity. Like PATJ,
M U P P I is a multi-PDZ domain protein, which has 13 PDZ domains. This large number
of PDZ domains makes M U P P I a very likely candidate to function as a scaffolding
protein. Its exclusive localization to the TJ and interaction through its PDZ domain 10
with claudin and the PDZ domain 9 with J A M (Hamazaki et al., 2002) suggests a
possible role in cross-linking claudin and J A M based junction strands. Overexpression of
M U P P I in M D C K cells increases the transepithelial resistance suggesting that it may
increase the strength and stability of the TJ (Jeansonne et al., 2003). The newly identified
protein-protein interaction domain of M U P P I , M A G U K recruitment domain (MRE) is
involved in its interaction with Pals (Roh et al., 2002). At the TJ, Pals forms a complex
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with PATJ, MUPP1 and human Crumbs homologue CRB3 which mediate their
interaction. In Drosophila, Crumbs and Disk lost (Dit) play a major role in apical polarity
determinants (Roh et al., 2002). The interaction of ZO-3 and PATJ is necessary to
localize PATJ to the TJ. Thus, ZO-3 could serve to recruit CRB3/Pals/PATJ complex to
the TJ. Alternatively CRB3/Pals could be recruited to the TJ via MUPP1 interaction with
J A M and claudin. This further emphasizes the role of the PDZ-domain scaffolding
proteins in assembling the junction as well as organizing other cell polarity determinants
at the junction.

1.4.2.3 Cell polarity proteins
Partitioning-defective proteins (PAR) are required for the proper establishment of
embryonic cell polarity in C. elegans. In epithelial cells, PAR-3 is a three PDZ-domaincontaining protein that is localized to the TJs and interacts with the carboxy terminus of
J A M (Itoh et al., 2001). Furthermore, PAR-3 also interacts with the other P A R family
protein PAR-6, which contains a single PDZ domain (Johansson et al., 2000) and with
atypical protein kinase C (aPKC; Izumi et al., 1998). When a dominant negative aPKC is
expressed in M D C K cells, PAR3 mislocalizes and disrupts cell polarity, indicating the
significance of this polarity protein complex (Suzuki et al., 2001). Yamanaka et al., 2001,
demonstrate that the complex formation between PAR3-aPKC and PAR6 is required for
initiation of TJ formation in epithelial cells. Furthermore, they demonstrate that a PDZdomain mutant form of PAR-6-expressing M D C K cells are unable to form cell-cell
contacts and thereby induce TJ formation or development of TER. Contradictory to these
observations Gao et al., 2002 find that PAR-6 overexpression blocks the reassembly of
TJs without affecting A J assembly after the junctions are disrupted by Cdt* depletion.
These observations suggest further studies are required to determine the significance of
these protein interactions. Interestingly, studies in Drosophila tell us that the localization
of three proteins at the junctions is co-dependent on each other (Tabuse et al., 1998).
PAR-6 is also a binding partner for Rho GTPases Cdc42 and Racl, which are major
players in organization of the actin cytoskeleton (Johansson et al., 2000). Activated
Cdc42 and Rac directly bind to the Cdc42/Rac interactive binding domain (CRIB) of
PAR-6 (Lin et al., 2000). This observation suggests that PAR-6 is the major adaptor

25

linking Cdc42, Racl and aPKC to PAR-3 thereby localizing the complex at the TJ.
Cdc42 interaction with PAR3-aPKC-PAR6 leads to increased activity of aPKC
(Yamanaka et al., 2001), which supports the observation that activated Cdc42, is able to
disrupt TJs (Gao et al., 2002).

1.4.2.4 M A G U K Proteins
The Membrane-associated-guanylate-kinase family of scaffolding proteins is an
important regulator of epithelial cell polarity. This family of proteins is distinguished
based on the presence of three conserved protein-protein interaction domains PDZ, SH3
and G K .
PDZ domains
PDZ-domains are one of the most abundant protein-protein interaction domains in
the eukaryotic genome. Initially these domains were identified as 80-90 amino acid
residues in three proteins; the postsynaptic density protein PSD-95, Drosophila septate
junction protein disc-large, and zona occludins protein ZO-1 (PDZ). Although PDZdomain containing proteins do not have transmembrane domains, the majority of them
are associated with other cell membrane proteins to organize and localize scaffolding
protein complexes for cell adhesion and signal transduction. Class I P D Z domains
recognize proteins with carboxyl terminal motifs that contain the S/TXIV amino acid
sequence while class II PDZ domain recognize carboxyl domains with hydrophobic
amino acids at the - 2 position (Gonzalez-Mariscal et al., 2000). Furthermore, PDZdomains are also able to form dimers increasing the scaffolding potential of PDZproteins.
SH3 domain
SH3 domains, also known as Src-homology-3 domains, consist of noncatalytic ,
50-70 amino acid segments that facilitate protein-protein interactions. Originally, they
were found in the tyrosine kinase oncoprotein V-Src (Dalgarno et al., 1997). SH3
domains specifically interact with G K modules or with four amino acid regions that have
P X X P ( proline rich) sequences.
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The Guanvlate kinase (GK) domain
The G K modules are homologues of the enzyme that is responsible for catalyzing
the ATP dependent G M P to GDP conversion reaction. However, in the M A G U K proteins
there is no detected catalytic activity nor predicated G M P or ATP binding sites. Instead
the GK-domain functions as a protein-protein interaction domain to provide a scaffolding
function.

The ability of these domains of M A G U K proteins to interact with each other as
well as with proteins containing binding partners provides great flexibility in assembling
the TJ. These domains not only provide structural functions, they also are able to recruit
and facilitate the interaction of signaling molecules at the TJ.

1.4.3. Interactions with the Basement Membrane
Generation of the appropriate apical junction complexes, distinctive membrane
domains, and cell polarity must also be coupled to the overall polarized organization of
the resulting tissue. In this context, epithelial cells must also orient themselves with the
apical membrane at tissue lumens and the basal membrane towards the B M . Thus, the
cell-BM contacts play a critical role in establishing apical/basal polarity in epithelial
cells. There are several studies demonstrating the significance of B M proteins and cell
surface integrin receptors in normal epithelial morphogenesis (Wang et al., 1990; Weaver
etal., 1997, Schuger, 1997).

1.4.3.1 Basement Membrane
The majority of normal epithelial cells are in continuous contact with the B M .
The B M is a specialized extracellular matrix (ECM) that forms between epithelial cells
and the surrounding stroma. The B M also provides a major barrier for cell invasion into
surrounding stroma. Major components of the B M include laminin, collagen IV,
perlecan, nidogen and entactin (Engbring and Kleinman, 2003). Over a decade ago,
Wang et al., (1990) demonstrated that culturing M D C K cells in collagen gels induce the
endogenous secretion of E C M proteins at the same time they form the central lumen and
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localize TJ proteins at the apical membrane domains. Furthermore, it is known that
M D C K cultures deposit laminin just prior to localizing TJs at the apical membrane
(O'Brien et al., 2002). In addition, laminin is a major ligand that binds to integrins and
has been demonstrated to be crucial for normal mammary epithelial morphogenesis
(Roskelley et al., 1995; Streuli et al., 1995; Stahl et al., 1997). These observations suggest
that laminin may be a major player in the formation of a polarized epithelium.
Laminin is a 200-400 kDa glycoprotein. It was discovered over 20 years ago to be
localized in the matrix of a murine sarcoma (Mouse EHS sarcoma). This molecule is
composed of three disulphide linked chains a,p and y organized into a cross shape. There
are five a, three P and three y chains forming 12 distinct isoforms of laminin (Colognato
and Yurchenco, 2000). These contain common globular domains that allow chain
polymerization, epidermal growth factor-like repeats with nidogen-binding sites and
carboxy terminal a chains that allow binding to cell surface integrin receptors. The
interaction with nidogen facilitates the cross linking of laminin to the type IV collagen
network (Engbring and Kleinman, 2003). Laminin isotypes are expressed in a wide range
of tissues in a tissue-specific manner. It is important to point out that laminin is expressed
in virtually all types of epithelial cells and the primary role of laminin is cell attachment
to the B M (Aumailley and Smyth, 1998).

1.4.3.2 Integrins and Dystroglycan
Integrins are a family of heterodimeric transmembrane receptors that have
overlapping and competing affinities for extracellular matrix proteins (Hynes, 2002).
Combinations of 16a and 8P chains allow for the formation of at least 24 different
heterodimeric isoforms of the receptor. Integrins generally contain large extracellular
domains formed by a (~ 1000 amino acids) and P (~750 amino acid residues) subunits
and these contain relatively short cytoplasmic domains with the exception of P4 integrin
with has a cytoplasmic domain that contains > 1000 amino acid residues (Hogervorst et
al., 1990; Suzuki and Naitoh, 1990; Tamura et a l , 1990). a 2 p i , a 3 p i , a 6 p l and a6p4
are laminin-binding integrin heterodimers that are all expressed in the normal breast
tubule (Gui et al., 1997). In response to ligand binding, p i integrins cluster and form a
multiunit plaque of signaling molecules and specialized cytoskeletal
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components

accumulate at the cytoplasmic tail of the integrin (Zamir and Geiger, 2001; Gimond et al.,
1999). Formation of this structure is known as "outside-in" signaling as it is dependent on
the binding ligand to the extracellular domain of integrin. The signaling molecules in the
adhesion plaque are involved in transducing subsequent post-receptor signals to the cell
as well as rearrangements of the cytoskeleton. These signaling events include activation
of focal adhesion kinase, src family kinases, M A P kinases, PI3-K and integrin-linked
kinase, all of which are involved in ECM-dependent processes such as cell migration, cell
proliferation, suppression of apoptosis and morphogenesis. Integrins are also involved in
"inside-out" signaling, where changes in the cytoskeleton influence integrin-ligand
binding and thereby regulating integrin function. Integrin engagement reinforces the factin cytoskeleton to further strengthen the adhesion (Calderwood et al., 2000). When
blocking antibodies against P1 and ct6 integrin receptors are applied to the colon cancer
line, Caco-2, a disruption of AJs and polarized actin organization are observed (Schreider
et al., 2002). During breast tumor progression it is believed that loss or alteration of
signals mediated by a6p4-integrin lead to tissue disorganization and increased
invasiveness (Weaver et al., 1997; Shaw et al., 1997). Almost all the integrins engage the
actin cytoskeleton, with the exception of P4. Interestingly, ct6p4 integrin initiates the
formation of hemidesmosomal junctions that link laminin to the intermediate filament
cytoskeleton. In the normal mammary gland, hemidesmosomes anchor epithelial cells to
the B M , prevent cell migration and induce differentiation (Muschler et al., 1999). When a
cytoplasmic tail truncated form of p4 integrin is expressed in mammary epithelial cells
they fail to undergo normal morphogenesis and polarization (Weaver et al., 2002). Since
these cells do not express ct6pi integrin, it possible that a6p4 is playing an essential role
in epithelial polarization. However, the downstream events following a6p4 integrin
engagement still need to be elucidated.

These results further confirm the role of B M -

integrin interaction in generating the apical/basal polarity of epithelial cells.
A second cell-BM attachment process is mediated through the cell surface
glycoprotein, dystroglycan (DG). Like a6p4 integrin, this transmembrane receptor also
binds to the B M through its interaction with laminin. D G links the B M to the actin
cytoskeleton via an interaction with the actin binding protein dystrophin. Until recently,
the role of D G was not well understood. R N A i studies show that D G is required for the
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establishment of apical/basal polarity in the Drosophila epithelium (Deng et al., 2003). In
addition, D G expression is down regulated in breast and prostate tumors. Furthermore,
D G negative mammary tumor cells that fail to undergo polarization in 3D cultures, regain
the capability to undergo polarization when D G is reintroduced (Muschler et al., 2002).
Interestingly, these cells have significantly less potential to form tumors when injected
into nude mice. Thus, these observations suggest that D G is an inducer of epithelial
polarity in response to interactions with the B M . As with integrins, the down stream
mechanisms leading D G to induce polarity need to be identified.

1.4.4 Assembly of the Apical Junction complex and Cell Polarization.
With a basic understanding of how cell junctional and polarity proteins function,
we can begin to build a hypothetical model of the events that lead to TJ formation and
cell polarization. The assembly of the apical junction complex is generally triggered by
cell-cell interactions that are mediated by nectin and E-cadherin. This initial interaction
leads to the recruitment of other A J and TJ components to "primordial junctions". This
recruitment can be mediated by numerous protein-protein interactions that are not just
limited to each specific junction. At the initial stages, the TJ protein, ZO-1, is able to
interact with the A J protein, a-catenin, as well as nectin (Yokoyama et al., 2001). ZO-1
acts as a major scaffolding protein that is capable of recruiting other ZO-1 proteins to
these interaction sites. Specifically, occludin, claudin and J A M can localize to the cell
membrane via their association with ZO-1. Furthermore, nectin is also involved in
recruiting JAMs to these contact sites (Fukuhara et al., 2002). With the maturation of
these junctions, occludin, ZO-1, ZO-2 and ZO-3 gradually accumulate at spot-like
r
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junctions which then separate out from E-cadherin based adherens junction to form two
independent

junction complexes, AJs and TJs (Ando-Akatsuka et

al., 1999).

Interestingly, CRB3 is only observed in the cytoplasmic regions during the primordial
junction formation (Rho et al., 2003). As the junctions mature, Pals/PATJ become
localized to the junction (Rho et al., 2003). The interaction between J A M s and PAR3
facilitates the localization of PAR3-aPKC-PAR6 complexes at the junction. This
assembly of the PAR3-aPKC-PAR6 complex at the junction and interaction with J A M
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(Ebnet et al., 2001) is required for the formation of a polarized TJ. When J A M is
ectopically expressed in C H O cells they recruit PAR3 to the cell-cell contacts while
dominant-negative J A M results in redistribution of PAR3 away from the membrane. In
M D C K cells Cdc42 plays an essential role for generating a polarized epithelium
(Kroschewski et al., 1999). The activity of Cdc42 allows A J stabilization by actin
cytoskeleton organization as well as activation of aPKC (Joberty et al., 2000). In wound
healing assays, however, aPKC activity is not required for the primordial junction
formation, but is necessary for the maturation of the apical junction complex in
separating AJs and TJs (Suzuki et al., 2001). Thus, the activation of aPKC-PAR3-PAR6
complex via Cdc42 activation of aPCK may well be the promoter of TJ polarization.
Finally, CRB3 is localized to the apical region and interacts with the PATJ/Pals complex
to generate the fully formed and stabilized TJ complex in the polarized epithelium.
Finally, integrin-laminin interactions are essential for generating a fully polarized TJ
(Weaver et al, 2002), although it is unclear at what point of polarization these interactions
are essential. In such a model, E-cadherin together with nectin-based primordial contacts
might represent positional cues, leading to the appropriate subcellular localization of the
TJs and further, functioning as a scaffold to localize and subsequently activate the cell
polarity associated proteins to polarize the TJ.

1.5 Thesis Problem
During metastatic tumor progression, cell-cell adhesion is often disrupted and cell
polarity is lost. In lobular breast tumors, E-cadherin expression is often suppressed
allowing single cells to break away and invade into surrounding stroma. Interestingly,
ductal carcinomas display a different scenario, where E-cadherin may or may not be
present during loss of cell polarity. Thus I hypothesized that loss of cell polarity, not cellcell adhesion per se, is a common, unifying, feature of malignant breast tumor
progression. Therefore, the goals of this thesis were: 1) Tto use a 3-dimensional culture
model system (Roskelley et al., 1994) that closely mimics alveolus-like hierarchical and
developmentally regulated morphogenesis of the mammary epithelium to gain a better
understanding of how polarized TJs are formed in this tissue. 2. To use use this model to
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identify possible candidate architectural genes that can disrupt cell adhesion and or TJ
polarity and thereby contribute to metastatic breast cancer progression.
In this culture system, when functional mouse mammary epithelial cells (Scp2)
are placed on a tissue culture substratum they form an epithelial monolayer with A J but
lacking TJs. When these cells are placed on a reconstituted-BM gel (Matrigel), they form
small aggregates and pull the matrix around them. Over time these aggregates cavitate
and become apically/basally polarized with TJ that surround and cage the central lumen.
The result is a fully functional morphogenetic unit, which closely resembles the lactating
alveolus in vivo. Similarly, when M D C K cells are placed on a collagen gel or on
Matrigel, they form polarized spheroids with apically localized TJs. However, unlike the
M D C K model where cells are also able to synthesis their own laminin, Scp2 mammary
epithelial cells do not deposit endogenous E C M proteins (Desprez et al., 1993). Instead,
they are completely dependent on exogenously added E C M for morphogenesis. This has
allowed me to further dissect this model to examine TJ formation independent of TJ
polarization.
As I have described previously, architectural disruption of the epithelium is
increased with the progression of breast cancer. It's also known that ETV6-NTRK3
fusion protein (fusion between ETS transcription factor ETV6 and protein tyrosine kinase
domain of the neurotrophin-3 receptor) is expressed in SBC, while Podocalyxin and
Integrin-linked kinase are involved in modulating cell-cell junctions. Thus, I studied the
effects of these three proteins on epithelial polarity.
ETV6-NTRK3 (EN) is a fusion protein that is highly expressed in the majority of
highly differentiated secretory breast carcinomas (SBC; Tognon et al., 2002), which are
also rarely metastatic. When the E N gene is expressed in the non-tumorgeneic mouse
mammary epithelial cell line EpH4, cells gain the capability to induce tumor formation in
nude mice. These tumors are histopathologically quite similar to that of SBC (Tognon et
al., 2002). Based on this observation I hypothesized that E N is functionally important in
generating the SBC phenotype and these tumors are non-metastatic because their cell
polarity is unaffected. To test this hypothesis, I have used the 3D culture system to
examine the effects of E N expression in the normal mammary epithelial cell polarity.
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Podocalyxin is a highly sialyated and sulfated cell surface glycoprotein
(Kerjaschki et al., 1984). This CD34-related protein acts as an anti-adhesion molecule in
normal development. Furthermore, a loss-of-function study has indicated that in normal
kidney development, Podocalyxin is important in breaking down cell-cell junctions
(Doyonnas et al., 2001). I hypothesize that Podocalyxin is involved in the disruption of
epithelial junction polarity, inducing a phenotype similar to invasive ductal carcinoma.
To test this hypothesis I have used a patient outcome-linked invasive breast tumor tissue
array to examine whether Podocalyxin is indeed overexpressed in invasive breast tumors.
In addition, I ectopically overexpressed podocalyxin in a well-behaved MCF-7 breast
carcinoma cell line and examined the effects on cell-cell junctions and polarity.
The interaction of cells within the extracellular matrix regulates cell shape, and
motility through integrin-mediated signal transduction. ILK is known to interact with the
p i integrin cytoplasmic domain (Hannigan et al., 1996). Initial studies show that
overexpression of ILK can suppress E-cadherin, can generate invasive mesenchymal like
spindle cell breast tumors, and can induce anchorage-independent cell growth (Attwell et
al., 2000; White et al., 2001). Based on these observations I hypothesize that I L K
overexpression in mammary epithelial cells would lead to a complete disruption of
epithelial polarity and cell-cell interactions, inducing an epithelial to mesenchymal
transformation. This would generate a phenotype that is similar to ILC. To test this, I
have overexpressed I L K in mammary epithelial cells and examined the effects on cellcell junctions and morphogenesis.
In summary, the work presented in this thesis examines how mammary epithelial
TJs are formed and polarized during normal development. Furthermore, examines the
role of three candidate proteins on their effects on cell adhesion and polarity, which plays
a mojor role during breast cancer progression.
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Figure 1.1 Epithelial Organization. Schematic representation of the

mammary

epithelial organization; The mammary epithelium is organized into two main types of
epithelial compartments, ducts and acini/lobules. These two types of compartments in
combination form the "terminal duct lobular units" of the mammary gland. Both, ducts
and acini, posses a polarized architecture, where, two layers of epithelial cells surround a
central lumen. These two layers of cells are the inner layer of luminal epithelial cells and
the outer layer of myoepithelial cells. The basal surface of these epithelial cells interacts
with the basement membrane while the apical surface faces the central lumen. The apical
junction complex is localized at the apical membrane where cell-cell interactions are
taking place. This apical junction complex consists of both adherens junctions and tight
junctions.
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Figure 1.2 Hypothetical linear model of breast cancer progression. Schematic
representation of the hypothetical linear model of breast cancer progression; the normal
epithelial architecture of the T D L U consists of two layers of polarized epithelial cells
surrounding a central lumen (Figure 1.1). This normal architecture is gradually altered
during breast cancer progression. In the initial benign, "hyperplastic" stage, reperents an
increase in cell proliferation, which can lead to an increase in the number of cells in the
ducts or lobules. This increase in cell proliferation and cell accumulation leads to a
morphological disruption of T D L U architecture, which is reffered to as "Atypical
hyperplasia". These hyperplasias are of both lobule and ductal origian and depend on
their origin they can progress into lobular or ductal type carcinomas respectively. In the
"lobular carcinoma in situ" stage, lumens are filled with a solid mass of cells, which
subsequently progress into "Invasive lobular carcinoma" where the cells break away as
single cells and invade into the surrounding stroma. "Ductal carcinoma in situ" is marked
by an increase in ductal architectural disruption leading to multiple oval shaped spaces
within the lesion. These lesions can further progress into "Invasive ductal carcinoma"
where cells break away as groups of cells and invade into the surrounding stroma. A
subtype of this infiltrating ductal carcinoma is "secretory breast carcinoma", where cells
are organized into multilayered ductal looking structures.
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Figure 1.3 IGF-1 signaling pathways. This simplified schematic depicts two downstream signalling pathways, the PI3-K pathway and the M A P - K pathway, that are
activated upon binding of IGF-1 to IGF-1R. Activation of these pathways leads to the
regulation of a number of cellular effects including cell proliferation, cell adhesion,
differentiation and apoptosis. IRS-1 have no intrinsic enzymatic activity, but are thought
to act as linkers between the activated receptor and down stream signaling molecules. In
the PI3-K pathway, the p85 regulatory subunit can associate with IRS-1. Once activated,
the p i 10

catalytic subunit phosphorylates phosphoinositides, which triggers the

phosphorylation of PKB/Akt. The Grb-2/SOS complex binding to IRS-1 initiates the
M A P - K pathway, and this is followed by the activation of down stream Ras, Raf and
M A P kinases.
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Figure 1.4 Role of

14-3-3

in apoptosis. 14-3-3 is in constant association with B A D

protein. In the presence of apoptotic signals B A D is released from 14-3-3 allowing it to
associate with Bcl-2. The newly formed BAD-Bcl-2 complex can now activate
downstream apoptotic pathways.
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Anti-Apoptotic
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Figure 1.5 Apical Junction Complex. The apical junction complex consists of tight
junctions (TJs) and adherens junctions (AJs). The most apically localized TJ is composed
of the transmembrane proteins claudin, occludin and J A M . At the cytoplasmic domains,
these transmembrane proteins interact with other cytoplasmic TJ proteins ZO-1, ZO-2,
ZO-3, cingulin, PATJ and MUPP1. The cell polarity protein complex PAR3-aPKC-PAR6
interacts with J A M at the junction. The TJ is linked to the actin cytoskeleton via the
cytoplasmic TJ protein interactions with the actin cytoskeleton. AJs are localized just
basal to the TJs. The transmembrane proteins at the A J are nectin and E-cadherin. The
cytoplasmic domain of nectin binds to afadin and links the junction to the actin
cytoskeleton. E-cadherin binds to P-catenin and pi20 by its cytoplasmic tail. Further, Pcatenin links E-cadherin to the actin cytoskeleton via binding to ct-catenin.
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Figure 1.6 PDZ Domain Containing Proteins of Tight Junctions
PDZ domains are represented by the ovals while the boxes represent other common
domains. Intermolecular interactions and cytoskeletal associations are indicated below
each domain.
PDZ

- Psd95, Dig, ZO-1 homology domain

SH3

- Src homology domain 3

GK

- Guanylate kinase

PR

- Proline rich domain

Ul

- Unknown domain 1

L27

- Two Lin-7 binding domains

MRE

- M A G U K recruitment domain

CR

- Conserved region

CRIB - Cdc42/Racl interactive binding domain
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CHAPTER 2:
Cell Shape and Basement Membrane-Dependent Tight
Junction Formation and Polarization of Mammary
Epithelial Cells

2.1 Summary
Although cell-cell and cell-basement membrane interactions are known to
contribute to epithelial cell polarity, the specific roles they play are less well defined. In
the work presented here, I used a 3-dimensional culture system that closely mimics the
formation of alveoli in the normal mammary gland to examine the assembly of TJs and
polarization during morphogenesis. The ability to dissect the culture model into three
levels of hierarchy allowed me to examine TJ formation and polarization independent of
each other. At the first level of hierarchy, cells were maintained as monolayers where
they formed AJs. In these monolayers, TJ proteins were present, but did not associate
with the actin cytoskeleton. At the second level of hierarchy, changes in the cell shape
and clustering allowed for the initial recruitment of TJ proteins to the membranes where
they interacted with the actin cytoskeleton. Furthermore, TJ proteins co-localized with Ecadherin and P-catenin. Observed co-localization of ZO-1 with p-catenin supports the
idea that pre-formed A J function as scaffolds for the TJ formation. At the third level of
hierarchy, the presence of a B M caused TJ proteins to separate from AJs and localize
exclusively to the apical domains where a lumen was formed. This induction of polarity
was partially disrupted by ct6 integrin blocking antibodies, which indicated that TJ apical
polarization depended, at least in part, on a6 integrin interaction with the B M . Thus, it
appears that the formation and polarization of TJs can be separated functionally, on the
basis of cell shape and integrin-dependency.
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2.2 Introduction
The epithelium of the mammary gland is composed of individual acinar units and
their connecting ducts, both of which consist of hollow lumens surrounded by polarized
epithelial cells (McManaman and Neville, 2003). The development and maintenance of
this polarized epithelium is essential for the form and the function of the gland.
Furthermore, this polarized organization has to be continuously maintained in the
differentiated gland, while accommodating cell proliferation and cell death. During breast
cancer development, the mammary gland undergoes architectural changes that are
marked by a disruption of cell polarity (Bissell and Radisky, 2001). Specifically, in
infiltrating lobular carcinomas this disruption is marked by a loss of AJs and TJs. In
contrast, in the much more prevalent infiltrating ductal carcinomas, AJs often remain
while TJs are lost. Therefore, the loss of TJs may be an early and important event in
ductal cancer progression. Little is known about how the TJs are formed and polarized in
the glandular epithelium during development of the mammary gland, nor it is understood
how TJs are disrupted during carcinoma progression. Clarification of this process may
lead to the elucidation of new therapeutic targets as well as diagnostic markers.
The use of 3D culture models gives us the opportunity to study the epithelial
polarized architecture in vitro. Unlike the M D C K monolayer cultures that are commonly
used to study epithelial polarity (Pollack et al., 2004), mammary epithelial cells grown on
matrices, as 3D-spheroids, recapitulate features of the luminal epithelium of T D L U in
vivo. These spheroids are polarized with central hollow lumens and are composed of nonproliferative cells surrounded by a B M (Petersen et al., 1992). They also commonly
induce the deposition of B M components at the basal surface (Streuli and Bissell, 1990).
In the presence of lactogenic hormones these spheroids induce the production of milk
proteins. Therefore, these spheroids not only undergo glandular morphogenesis, but also
are also functionally differentiated. Due to the ability to carry out biochemical and cell
biological manipulations, while maintaining a similar 3D microenvironment to that of the
in vivo T D L U , we are able to study genes that may help maintain or disrupt the polarized
architecture. Thus, 3D-mammary epithelial cultures provide a unique opportunity to
study the fundamental aspects of glandular morphogenesis such as cell-cell junction
formation, cell-BM junction formation and lumen formation. These cultures also provide
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an opportunity to study the architectural changes that take place during breast cancer
progression.
Several recent studies suggest that disruption or loss of TJ components may be
linked to cancer progression (Kominsky et al., 2003; Hoevel et al., 2002; Swisshelm et
al., 1999; Hoover et al., 1998), however, the molecular mechanisms that are responsible
for modulation of the TJs are not determined. This prompted me to investigate how TJs
form and polarize during morphogenesis. For this, I used a 3D culture model of mouse
mammary epithelial morphogenesis (Figure 2.1; Roskelley et al., 1994; Somasiri and
Roskelley, 1999; Somasiri et al., 2000), which allowed me to examine TJ formation and
polarization in a hierarchical manner. In the first level of this hierarchical model, when
functional mouse mammary epithelial cells (Scp2) are cultured on tissue culture plastic
they do not undergo differentiation or morphogenesis, instead they grow as flat
monolayers. In the second level, when the cells are placed on a non-adhesive substratum,
cells round up and form small solid clusters to which I refer to as 'naked' clusters. In
contrast to cell rounding, in the third level, when the naked clusters are mixed with a
reconstituted B M gel, these rounded cell clusters undergo full morphogenesis to form
polarized spheroids with hollow lumens (Figure 2.1). Furthermore, at the electron
microscopic level, TJs are localized at the apical domains where cell-cell interactions are
taking place (data not shown). The result is a fully-functional morphogenic unit, which
closely resembles the lactating alveolus in vivo, and is able to differentiate and express
milk proteins in the presence of lactogenic hormones. This culture model allowed me to
examine the precise localization of TJ proteins ZO-1 and occludin during morphogenesis.
The results from this study indicated that TJ proteins were not localized to the cell-cell
interaction sites of the monolayer. During the morphogenic process, however, TJ proteins
were gradually localized to the cell membranes where they formed the rudimentary TJs.
At this stage, TJ proteins may use AJs as scaffolds to position themselves to the cellmembrane. Finally, in the presence of a B M , TJs separated from A J sites and were
localized at the apical domains of the cells caging a central lumen. This polarized
localization of TJs was partially disrupted by treatment with a ct6 integrin-blocking
antibody. Based on these observations, it appears that the process of TJ formation and of
TJ polarization can be separated on the basis of integrin-dependency.

80

2.3 Materials and Methods
2.3.1 Antibodies
The E-cadherin and P-catenin mouse monoclonal antibodies were obtained from
Transduction Laboratories (250 pg/ml; Lexington, K Y ) . Rat polyclonal ZO-1 antibody
was purchased from Chemicon International (1000 pg/ml; Temecula, C A ) while both
mouse monoclonal occludin and rabbit polyclonal ZO-1 antibodies were purchased from
Zymed Laboratories (500 pg/ml; 250 p/ml; South San Francisco, CA). Mouse, rat and
rabbit IgGs were purchased from Jackson Immunoresearch Laboratories (West Grove
PA) and were used as controls in all the studies. The function-blocking antibody against
the a6 integrin subunit was purchased as an endotoxin- and azide-free form from B D
Pharmingen (1 mg/ml; San Diego, CA). The monoclonal anti-mouse P-casein antibody
was a gift from Dr. Kaetzel (University of Kentucky, Lexington, K Y ; Kaetzel and Ray,
1984). A l l the secondary antibodies were obtained from Jackson ImmunoResearch
Laboratories.

2.3.2 Cell Culture
The functional mammary epithelial cell strain C O M M A - I D is a cell strain that
was initially derived from the mammary-alveolar epithelium of a mid pregnant mouse
(Danielson et al., 1984). In the presence of exogenously added extracellular matrix some
of the C O M M A - D 1 heterogenous cells respond to lactogenic hormones and are induced
to express the milk protein P-casein. CID-9 is a population of cells that originated from
the P-casein expressing cells of C O M M A - I D strain (Schmidhauser et al., 1990). The
Scp2 line consists of a homogeneous, functional population of cells that was isolated by
limited dilution cloning of the heterogeneous CID-9 line. Scp2 cells are composed of
small cuboidal epithelial cells that grow as flat monolayers on tissue culture plastic and
absolutely require exogenously-added E C M to undergo morphogenesis and induce Pcasein expression (Disprez et al., 1993).
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For routine monolayer culture, the cells were maintained in DMEM/F12 medium
(1:1 v/v; Sigma, St Louis, MO) supplemented with 5% Fetal bovine serum (FBS;
Hyclone, Logan, UT) and insulin (5 pg/ml; Sigma). To generate 'naked' clusters, cells
were plated on poly (2-Hydroxyethyl Methacrylate) (polyHEMA; 1-4 mg/ml; Sigma, St
Louis, M O ) coated dishes or glass cover slips in serum-free DMEM/F12 medium
supplemented with a full complement of lactogenic hormones (5 pg/ml insulin, 1 pg/ml
hydrocortisone, 3 pg/ml prolactin). PolyHEMA is used as a surface coating agent to
reduce or eliminate the adhesion of cells to the growth surfaces allowing floating cluster
formation. For 3D B M culture, dishes were coated with Matrigel (Collaborative
Research, Bedford M A ) and were allowed to gel for one hour in a 37°C incubator. Then
the cells were plated on top of the gel. For overlay cultures cells were pre-clustered by
plating on polyHEMA coated dishes for 8 hrs. These clusters were then collected and
cooled down on ice for 15min. Clusters were allowed to settle to the bottom of the
centrifuge tube or were spundown at 1 OOOrpm on a bench top clinical centrifuge. Then
the clusters were mixed in cold serum-free DMEM/F12 medium supplement with
lactogenic hormones as well as 1% Matrigel. Then these Matrigel coated clusters were
plated on pre-cooled dishes or glass cover slips. Media changed every other day.

MATRIGEL® Basement Membrane Matrix
M A T R I G E L Basement Membrane is a solubilized basement membrane extracted
from the Engelbreth-Holm-Swarm (EHS) mouse sarcoma, a tumor rich in extracellular
matrix proteins. The major component is laminin, followed by collagen IV, heparan
sulfate proteoglycans, entactin and nidogen. It also contains TGF-(3, fibroblast growth
factor, tissue plasminogen activator and other naturally occurring growth factors of EHS
tumor.

2.3.3 Immunofluoresence microscopy
Monolayer, naked and 3D B M cultures were maintained on glass cover slips,
fixed with -20°C MeOH for 15min, rinsed three times in phosphate buffered saline

82

(PBS). The cells were blocked (10 % normal goat serum (NGS)/ 1% bovine serum
albumin (BSA) in PBS) for 20 min to reduce non-specific antibody binding, and
incubated with antibodies against E-cadherin (1:500), P-catenin (1:100), claudin (1:250),
occludin (1:250), and ZO-1 (1:250) at room temperature (60 min for monolayers;
overnight for naked and 3D cultures). Cells were washed 3 times with PBS to remove
unbound antibodies. Primary antibody binding was detected using FITC- or Texas redconjugated

secondary

antibodies

(1:100; Jackson ImmunoResearch).

Cells

were

incubated with the secondary antibodies for 1 hr at room temperature. Then they were
washed 3 times with PBS and were mounted on glass slides using 1% D A B C O in 95%
glycerol. Coverslips were sealed using nail polish. Antibody concentrations were
optimized by limited dilution series and IgG's were used as controls in the place of
primary antibodies. The slides were stored at 4°C till imaged. To examine the
cytoskeletal/junction-associated fractions of ZO-1, P-catenin and E-cadherin, live cell
cultures were treated with the cross-linking agent dithiobis-succinimidylpropionate (200
mg/ml in PBS or DMEM/F12) for 10 min at room temperature. Then these cells were
extracted with 0.25% TritonX-100 in PBS for 10 min at room temp. Extracted cells were
rinsed 4 times with culture media and then once with PBS before fixation for 20min in
ice cold MeOH. They were then antibody labeled and detected by immunofluoresence as
described above. Images were collected using a BioRad Radience plus a confocal unit
connected to a Zeiss Axiophot microscope. Unless specified, 63 X oil lens was used for
imaging. When dual stained images were collected, the pinhole size of the confocal was
maintained to be same in both channels and images were collected sequentially to avoid
any bleed through. The images were analyzed using N I H image (v 1.62) software
(http://rsb.info.nih.gov/nih-image/Default.html), and the plates were generated using
Photoshop 6 imaging software.

2.3.4 Cell fractionation and Western blotting and immunoprecipitation
The cytoskeletal and membrane associated fraction of ZO-1 and P-catenin was
determined by serial fractionation (Nusrat et al., 2000; Piepenhagen and Nelson, 1998).
Monolayer, naked cluster and 3-D cultures were lysed on ice in 0.25% TritonX-100
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buffer (0.25% TritonX-100 in PBS and protease inhibitors; 2 pg/ml aprotinin, 10 m M
PMSF, 1 pg/ml leupeptine, 1 pg/ml pepstatin A ) and the lysates were gently rocked at
4°C for 15 min and centrifuged at 10,500 rpm for 10 min in a microfuge. The supernatant
was transferred to a new tube and the pellet was re-extracted with 1% TritonX-100 buffer
(1% TritonX-100 in PBS and protease inhibitors). The lysates was gently rocked at 4°C
for 15 min and centrifuged at 15,000 rpm on a microfuge for 30min. The remaining pellet
was re-extracted with RIPA/SDS (1:3 v/v; 150 m M Nacl, 50 m M Tris pH 7.4, 5 m M
E D T A , 5% NP-40, 1% DOC and 0.1% SDS; 1% SDS in PBS) buffer supplemented with
1 m M sodium vanadate, 2 m M leupeptin, 1 m M PMSF, 10 m M NaF and 2 m M pepstatin
A . This extract was then, sonicated and re-centrifuged for 30 min in a microfuge. To
examine the total protein levels, cells were directly lysed in RIPA/SDS buffer and
centrifuged for 30 min at 15,000 rpm on a microfuge. For ZO-1, 20 ug of total protein
was separated on 7% SDS-PAGE gels and transferred to P V D F membranes (BioRad,
Hercules, CA). For P-catenin, 5 ug of the lysates were separated on a 10% SDS-PAGE
gel. The membranes were then blocked (4% BSA, 5% FBS and 0.5% NGS in TBS with
0.1% Tween-20) for minimum of 8 hours at 4°C. Blots were then rinsed once and probed
with a rat anti ZO-1 antibody or mouse monoclonal anti P-catenin antibody over night at
4°. They were rinsed 3 times 5 min each at room temperature and antibody binding was
visualized

using

HRP-labelled,

species-specific

IgG

followed

by

enhanced

chemiluminescence substrate (Amersham, Arlington Heights, IL). The secondary
antibody binding was at room temperature for 1 hour. Quantification of protein bands
was done by densitometry with the use of NIH image software. For this quantification the
blots were scanned and the area under of each band was measured.
For milk protein analysis, cells were released from Matrigel by treating with
Dispase for 30min at 37°C incubater. Cells were collected and washed 3 times with base
media (DMEM/F12) to remove the proreases and the Matrigel. Cells were maintained on
ice during the washing steps. Cells were then lysed on ice in RIPA buffer containing
protease inhibitors and 20 ug of total protein were separated on a 13% SDS-PAGE gel
and was subjected to immunoblotting using a mouse monoclonal antibody against Pcasein as described above.

84

For co-immunoprecipitation studies, 800 ug of protein from each fraction was
diluted to 1 ml final volume with lysis buffer. Each lysates was cleared for 1 hr on a
rocker with 25 pi of Protein A agarose beads (Sigma, St Louis M O ) and 5 pg of rabbit
IgG. Lysates were spundown at 6000 rpm the beads were discarded. Rabbit anti ZO-1
was added to each supernatent and placed on the rocker for 4 hours. After 4 hrs of
incubation 25 pi of Protein A sepharose beads added to each and incubated over night.
Beads were spundown and washed with lysis buffer 4 times at 4°C. A l l the samples were
maintained at 4 °G. Finally, the beads were boiled for 10 min with gel loading buffer,
spundown at 14,000 rpm on a microfuge and supernatants were separated on 10% SDSP A G E gels. Western blotting was performed for P-catenin and ZO-1 as described above.
In the protein cross-linking experiments, cells were treated with 2 pg/ml 3,3-Dithio-bis(sulfosuccinimidyl)propionate (DSP; Jethmalani and Henle, 1998; Calbiochem, La Jolla,
CA) for 20 min at room temperature, and then rinsed with media prior to lysing the cells.

2.3.5 Integrin blocking
Scp2 cells were cultured on 4 mg/ml polyHEMA coated dishes for 8 hrs and were
allowed to form naked clusters. Then, these clusters were incubated with the rat IgG-antict6 integrin blocking antibody GoFD (5 pg/ml) or with normal rat IgG for 30 min at 37°C
before they were cooled on ice for 5 min. The cells were initially plated on polyHEMA
with half the final volume. The clusters were mixed with equal volume of cold serumfree media containing lactogenic hormones and 1% Matrigel and were then plated on 35
mm dishes for immunoblotting or on glass cover slips for immunofluoresence. The final
concentration of antibody and IgG was 5pg/ml. The clusters were allowed to undergo
differentiation for 3 days as described previously. Cells were collected by treating with
Dispace for 30 min at 37°C, washed 3 times with culture media and were lysed in RIPA
buffer for P-casein western blotting. To examine the cell polarity disruption, 3D-speroids
were counted based on apical or basal localization of ZO-1. In each experiment, all the
spheroids with apically localized ZO-1 were counted as polarized and spheroids with
basally localized ZO-1 were counted as polarity disrupted.
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2.4 Results

2.4.1 Basement Membrane Gel Culture Induces Tight Junction
Formation and Polarization in Mammary Epithelial Spheroids.
Scp2 mammary epithelial cells absolutely require an exogenously added B M
(extracellular matrix; E C M ) for functional differentiation (ie. milk protein gene
expression; Roskelley et al., 1994). Thus, when cultured as flat monolayers, these cells
did not express P-casein milk protein, even in the presence of lactogenic hormones
(Figure 2.2A). In contrast, when scp2 cells were maintained on a reconstituted B M gel
they formed functionally differentiated spheroids that mimicked the alveolar structures of
the lactating mammary glands and express P-casein (Figure 2.2A).
AJs were present in both the scp2 cell monolayers and in the spheroids.
Specifically, E-cadherin and p-catenin localized continuously at points of cell-cell
contact, even after Triton extraction (Figure 2.2B). This indicated that E-cadherin and Pcatenin both associated with the cytoskeleton in forming functional junctions. Confocal
analysis indicated that the A J proteins were evenly distributed along the z-axis (i.e.
basolateral localization) between the cells in the monolayers and localized at all points of
cell contact in the spheroids (see Figure 2.4 below).
Contrary to AJs, there is a significant difference in cytoskeletal-associated TJ
protein distribution between monolayers and spheroids on Matrigel. In the monolayers,
ZO-1 and occludin were only occasionally localized at sites of cell-cell contact after
Triton extraction and often this localization was discontinuous (Fig 2.2C). This indicates
that flat, undifferentiated scp2 monolayers are unable to form continuous functional TJs,
which agrees with previously published findings where TER, a measure of TJ function, is
much reduced under these conditions (Woo et al., 2000). However, the inability of
monolayers to form functional TJs in my experiments was not due to a deficit in the
plasmamembrane-associated f-actin as f-actin mimicked the staining pattern of Triton
extracted A J proteins (Figure 2.2B).
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In contrast to what was seen in the monolayers, in fully differentiated spheroids,
ZO-1 and occludin invariably localized to sites of cell-cell interaction after Triton
extraction (Figure 2.2C). Unlike the A J proteins, these cytoskeleton-associated TJ
proteins were unevenly distributed in the spheroids. Specifically, ZO-1 and occludin were
localized to the apical domains that lined the central lumina of the spheroids (Figure 2.2C
and Fig 2.3C). Under these conditions the majority of the f-actin was in these apical
regions of cell-cell contact. Furthermore, at the electron microscopic level, TJs are
localized at the apical domains where cell-cell interactions are taking place. Taken
together, these, observations indicate that the TJs both form and polarize in Matrigelinduced spheroids. This is different from other commonly used mammalian culture
models shuch as M D C K , where cells form polarized TJs in monolayers and it is difficult
to separate TJ formation from TJ polarization. Therefore, I further characterized the B M
dependent TJ formation and polarization.

2.4.2 Differential Regulation of Tight junction Formation and
Polarization
The BM-dependent differentiation of scp2 cells is regulated in two sequential
steps (Roskelley et al., 1994). First, cell rounding initiates a pre-lactation state, which is
reflected by the transcriptional regulated induction of lactofferrin expression (Close et al.,
1997). Secondly, laminin-dependent integrin signalling initiates lactational, terminal
differentiation of these rounded cells. This is reflected by the induction of transcription of
the P-casein gene and expression of the milk protein (Muschler et al., 1999).
The cell rounding state can be reached in the absence of exogenously added B M
by pre-clustering the cells in suspension, followed by attachment to tissue culture plastic
in the absence of serum, which prevents cells from spreading ('naked' clusters; Somasiri
and Roskelley, 2000). When assayed for milk protein expression, these 'naked' clusters
did not functionally differentiate to express P-casein (Figure 2.3A). Furthermore, these
clusters did not contain apically localized actin, which strongly suggests they were not
polarized. When these naked clusters were subsequently overlaid with a soluble B M
matrix, the majority of the actin cytoskeleton were reorganized, localizing at the apical
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domain surrounding the newly formed central lumen. A J , were formed in both naked
clusters and overlay clusters, localizing both E-cadherin and P-catenin at cell-cell
interaction sites. This was observed throughout the clusters.
Cell rounding by culturing them on polyHEMA led to the localization of TJ
proteins to the outer membranes of the naked clusters. Thus, changes in the cell shape
and clustering were sufficient to localize TJ proteins ZO-1 and occludin to the cell
membrane. Terminal differentiation can be achieved by overlaying these naked clusters
with a soluble B M matrix (Somasiri and Roskelley, 2000). These 'overlaid' clusters
express P-casein (Figure 2.3A). Cells within these overlaid structures form AJs and TJs
similar to the naked clusters, however, under these conditions, the B M overlay clearly
induced polarizing signals since TJ proteins and f-actin became apically targeted (Figure
2.3B and Figure 2.3C). These data suggest that cell rounding and clustering induce TJ
formation, while the signals from the cell-BM initiate TJ polarization.
The data presented in Figures 2.2 and 2.3 suggests that the morphogenic
manipulation of scp2 cells can be used to study TJ dynamics in regulatable, sequential
fashion. This is potentially important as other culture models rely on kinetics alone to
examine

TJ

dynamics.

To

ensure

that

this

tentative

conclusion, based

on

immunofluoresence staining, was indeed correct, I compared the relative amounts of A J
and TJ proteins in whole cell lysates as well as in Triton-soluble and Triton insoluble
fractions using Western blotting techniques. Clearly, morphogenic manipulation of scp2
cells had little or no effect on the steady state levels of E-cadherin and P-catenin as the
steady state levels of these A J proteins were the same in whole cell lysates of
monolayers, naked clusters and overlaid clusters (Figure 2.4A). The steady state levels of
the TJ protein ZO-1, however, were possibly affected by the morphologic manipulation;
relative to the monolayers, naked. clusters showed possible increased levels of ZO-1
r
while overlaid clusters showed possible decreased levels. The steady state levels of
occludin showed a possible increase from monolayers to overlaid clusters. This
observation was further supported by immunofluoresence data, where monolayers had
little or no TJ protein staining upon Triton extraction (Figure 2.2). Thus, to examine the
distribution of junction proteins during hierarchy of morphogenesis I isolated different
Triton soluble and insoluble protein fractions from these cells. The morphogenic
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manipulation had little or no effect on the association of A J proteins; in monolayers, in
naked clusters and in overlaid clusters, significant proportions of both E-cadherin and Pcatenin were present in the 1% Triton insoluble pool (Figure 2.4B) and the ratio of
soluble to insoluble pools did not change under each of these morphological conditions
(Figure 2.5A). In contrast, morphological manipulation affected the association of TJ
proteins with the cytoskeleton. There was an increase in the soluble ZO-1 in monolayers
compared to naked and overlaid clusters (Figure 2.4B). Specifically the 0.25% Triton
soluble fraction of ZO-1 was significantly higher in monolayers. This was further
reflected by an increase in the ratio of Triton insoluble to soluble fractions in naked
clusters (Figure 2.5B). I should further point out that in monolayers, 0.25% Triton soluble
fractions of E-cadherin and P-catenin pools were very small relative to the ZO-1 pool
(Figure 2.4B). This suggests that in monolayers, the majority of A J proteins are already
associated with the membranes forming AJs.

2.4.3 Adherens and Tight Junction Proteins Interact in Naked Cell
Clusters
AJs and TJs associate with the actin cytoskeleton, at least in part, via direct
interactions with ot-catenin/p-catenin complex and ZO-1 respectively. Thus, I tested
whether the cytoskeletal-associated pools of these proteins co-localized under various
morphological conditions. As shown in Figure 2.6, a Z-series analysis of dual P-Cat/ZO1 immunofluoresence staining indicated that there was no colocalization in flat
monolayers. This was expected, given the reduced level of ZO-1 association with the
cytoskeleton under these conditions. In naked clusters, cytoskeletal P-catenin was found
at all points of cell-cell interaction; cytoskeletal ZO-1 was more restricted as the majority
of the protein was at sites of cell-cell contact at the periphery of the spheres. Regardless,
there was a considerable co-localization of the two proteins in naked clusters (ie. yellow;
Figure 2.6). In overlaid clusters, cytoskeletal P-catenin was still found at the point of cellcell interactions, while cytoskeletal ZO-1 was more tightly restricted to the central, apical
domains of cell-cell interactions. Under these conditions there was little co-localization of
the two proteins. Instead, it appeared that ZO-1 was restricted to the apical domain. With
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the use of the confocal microscope I was able to complete image the spheroids
eliminating the need of physically sectioning each spheroid and imaging individual
sections.
These observations suggest that the AJs, which functionally associate with the
cytoskeleton, regardless of morphology, might act as a scaffold for TJ formation in
unpolarized cells. Subsequently, when the clusters are overlaid with B M , the two
junctional domains physically separate as apical/basal polarity is generated.

2.4.4 ZO-1 and p-Catenin Physically Interacts During Tight Junction
Formation.
In M D C K cells, ZO-1 has been shown to interact with the adherens junction
complex (Rajasekeran et al., 1996). Therefore, I determined i f such an interaction occurs
in any of the morphological conditions in our model. This was done by coimmunoprecipitations of ZO-1 and B-catenin in the Triton soluble and insoluble fractions
(Figure 2.7). As was expected, there was no interaction between the two proteins in flat
monolayers. In contrast, in the naked clusters there was considerable interaction between
ZO-1 and 13-catenin, which agrees with the immunofluoresence co-localization data
described above (see Figure 2.6). The strength of this interaction was evident from the
fact that protein cross-linking was not necessary to maintain the interaction during the
cell lysis.

Furthermore, the fact that that there was little interaction between the two

proteins in the basement membrane clusters also agrees with the immunofluoresence
data. However, because of the high SDS concentrations needed to extract the Triton
insoluble fractions the complex dynamics might have changed and the ZO-l/p-catenin
interaction disrupted. Furthermore, the SDS treatment could have also led to the
disruption or masking the epitope leading to a negative antibody binding in this fraction.
Taken together immunofluoresence data and triton soluble fraction interactions suggest
that the adherens junctions, which are functionally associated with the cytoskeleton
regardless morphology, may act as a scaffold for tight junction formation in unpolarized
cells. Subsequently, when B M driven apical/basal polarization occurs the two junctional
domains become physically separated (Figure 2.6 above).
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2.4.5 Integrin Signaling Initiates Tight Junction Polarization in
Basement Membrane Overlaid Clusters
cc6 Integrin signaling is required for lactogenic differentiation in B M overlaid
clusters of scp2 cells (Muschler et al., 1999). ct6 signaling is also implicated in mammary
epithelial cell apical/basal polarization. Therefore, I investigated whether this signaling
was involved in TJ polarization. As seen in Figure 2.8A, the ct6 function blocking
antibody, G0H3, appiered to partially inhibit lactogenic P-casein expression in overlaid
clusters. However, the inhibition of P-casein was not as significant as previously
observed (Muschler et al., 1999) Therefore, in my experiments the GoH3 antibody may
not have been efficient in blocking ct6 integrin. While the GoH3 treatment had no effect
on p-catenin localization, it partially disrupted ZO-1 apical localization (Figure 2.8B).
Thus, GoH3 treatment re-elicited ZO-1 co-localization with P-catenin at the periphery of
the overlaid clusters as is normally seen in naked clusters (Z-plane; Figure 2.8B). The
number of clusters that weren't completely polarized increased dramatically from IgG
control to GoH3 treated clusters (Fig 2.8C). These data are representative of four
independent blocking experiments. Therefore, blocking BM-dependent a6 integrin
signaling partially disrupts TJ polarization.

2.5 Discussion
Although cell-cell interactions and cell-BM interactions are known to contribute
to the epithelial cell polarity, the specific roles they play have been less well defined. In
the work presented here, I used a 3D culture system (Roskelley et al., 1994) that closely
resembles alveoli (lobular units) of the normal mammary gland to examine epithelial TJ
formation and polarization during morphogenesis. First, I examined how TJs are formed
in highly ordered 3D epithelial spheroids and subsequently the role of cell-BM
interactions in the polarization and differentiation of these spheroids. The unique ability
to dissect this culture model into three levels of hierarchy allowed me to examine TJ
formation and polarization independently of each other.
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Previous work by Gumbiner et al., (1988) and Rajasekaran et al., (1996)
demonstrates that when M D C K

cell monolayers are kept in micromolar C a

2+

concentrations, there is very little to no surface localization of E-cadherin and ZO-1.
When Ca

is added back to culture media, both E-cadherin and ZO-1 localize to the

membrane. Furthermore, with the use of C a

2+

switch experiments on M D C K cells,

Gumbiner and Simons, (1986) demonstrate that TJ formation is blocked and
transepithelial resistance decreases when the cells are treated with an E-cadherin blocking
Ab prior reintroducing C a . These observations indicate a close relationship between
2+

AJs and TJs during the formation of TJs. In the first level of hierarchy, when scp2 normal
mammary epithelial cells are placed on tissue culture plastic, they form epithelial
monolayers (Somasiri and Roskelley, 2000; Roskelley et al., 1994) with AJs forming at
cell-cell interaction sites. Normally, at these interaction sites, underlying actin is
concomitantly arranged with AJs to reinforce and strengthen the adhesion. These
monolayers showed only minimal localization of the TJ proteins to the cell-cell
interaction sites. The proteins that localized to the membranes were weakly associated
with the actin cytoskeleton and were easily extracted by treatment with low levels of
detergent while E-cadherin and (3-catenin were unaffected by this treatment. Even though
there was very little to no staining of ZO-1 in these monolayers, Western blot analysis
indicated

a

substantial

steady

state level

of ZO-1. However, this

lack of

immunofluoresence staining may be due to the diffuse distribution of ZO-1 throughout
the cytoplasm. This was evident by the increase in ZO-1 levels even at the low triton
soluble pool. These observations agree with Woo et al., (2000) where they demonstrate
that when cultured on filter membranes as monolayers, Scp2 cells do not form proper
functional TJs.
In the second level of hierarchy, naked clusters formed AJs as observed in the
monolayers. Interestingly, at this stage, TJ proteins, ZO-1 and occludin, were also
localized to the membrane where cell-cell interactions take place. This observation
further confirms that TJ formation depends on prior A J formation. The naked clusters did
not contain a lumen and TJs did not polarize. The changes in the cell shape and cell
clustering were sufficient to localize ZO-1, occludin and claudin-1 to the cells membrane
where much of the actin cytoskeleton was localized. This observation further supports the
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fact that cell shape changes can initiate morphogenic signals. In different culture systems
such as keratinocytes (Watt, 1987), retinal pigment epithelial cells (Opas, 1989),
steroidogenic cells (Roskelley and Auersperg, 1993) and hepatocytes (Mooney et al.,
1992) cellular differentiation initiates by cell rounding alone. Thus, changes in the
mechanical properties alone allows the formation of TJs, although they are not at the
proper polarized locations and there is no end point differentiation with milk protein
induction.
One of the major advantages in our hierarchical culture system is that it allows me
to examine TJ formation and polarization independent of each other, which is difficult in
M D C K models where cells only form fully polarized monolayers that can not be
regulated actively (Pollack et al., 2004). These M D C K monolayers form both AJs and
TJs making it difficult to examine the formation these junctions independent from each
other. Furthermore, in 3D cultures M D C K cells are able to deposit it's own laminin
making it further difficult to examine the role of the B M in TJ polarization. However, in
the third level of hierarchy, introducing a B M matrix onto the naked mammary epithelial
clusters further modifies the 3D architecture. This induced TJ localization at an apical
position surrounding the newly formed central lumen. Interestingly, at this stage the
majority of the actin also was relocalized to the apical domain caging the lumen. This
association of the actin cytoskeleton agrees with the evidence implicating its role in
regulating paracellular permeability. In M D C K cells, expression of dominant-negative
mutants or constitutively active mutants of actin organizing small G proteins RhoA, Rac
and Cdc42 dramatically affects both barrier and fence functions of TJs and affects the
establishment of cell polarity (Rojas et al., 2001; Jou et al., 1998). Arf6 is another distant
member of the family of small G proteins known to be involved in organizing the actin
cytoskeleton in the apical domains of polarized M D C K cells (Altschuler et al., 1999).
Overexpression of a constitutively active Arf6 mutant in M D C K cells leads to the
formation of membrane ruffles, actin rearrangement and an increase in the turnover of
AJs (Palacios et al., 2002; Palacios et al., 2001). These observations imply that actin
organization is important in stabilizing the TJ at its polarized location. Furthermore, the
actin-binding domain of ZO-1 (Fanning et al., 2002) may also facilitate the recruitment of
actin to the junction complex.
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The ratio of Triton insoluble and soluble fractions steadily increased from
monolayers to naked clusters to overlaid clusters. This increase in the ratio further
confirmed ZO-1 association with the cytoskeleton and membrane localization leading to
junction formation. I also observed an increase in the level of ZO-1 expression upon cell
rounding, which might suggest the necessity of an increase in the expression levels of TJ
components during morphogensis. The co-localization of P-catenin and ZO-1 in the
naked clusters suggests an interaction between the two molecules, however the functional
significance of this interaction is still remains to be tested. To closely examine the
relative distribution of ZO-1 and P-catenin, I created 3D reconstructions of confocal
images of flat, naked and overlaid clusters. Analysis of these data sets from different
angles clearly indicated a co-localization of ZO-1 and P-catenin in the naked clusters.
Furthermore, since each of these confocal images were collected at 0.4 p-thickness z-step
size, I was able to precisely examine the co-localization of ZO-1 and P-catenin at
immunofluoresence level. Thus, I propose that P-catenin may be involved in shuttling
ZO-1 to the membrane and that AJs function as scaffolds to assemble TJs. Similar
localizations have been shown between ZO-1 and cc-catenin in other systems (Itoh et al.,
1997), although I failed to detect it in our system.
I have shown that TJs are able to undergo polarization only in the presence of an
exogenously added B M . In the normal gland, ct6p4 integrin initiates the formation of
hemidesmosomes, which anchor epithelial cells to the B M , preventing cell migration and
inducing differentiation (Muschler et al., 1999). Previously it was shown that blocking a6
integrin lead to disruption of functional differentiation i.e. induction of P-casein in
mammary epithelial spheroids (Muschler et al., 1999). Moreover, during breast tumor
progression it is believed that loss or alteration of signals mediated by a6p4-integrin
leads to tissue disorganization and increased invasive properties (Weaver et al., 1997).
M y results on a6 integrin blocking studies further corroborate with these previous studies
and suggest that integrin-BM interaction is a major contributor to TJ polarity. However,
the signaling mechanisms that may regulate this event are still to be elucidated.
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A Model for Tight Junction Formation and Polarization.
Initial cell-cell interaction mediated by E-cadherin, establishes an intracellular
signaling cascade that mobilizes TJ proteins to the plasma membrane. This is followed by
accumulation of ZO-1 and P-catenin at the plasma membrane. Thus, AJs function as a
scaffold to bring TJ proteins to the membrane and subsequent TJ assembly. Initially,
these junctions are not functionally polarized and reside on the outer surface (future basal
surface) of the epithelial cells. Upon cell-BM interactions, a6 integrin engages and TJs
now translocate to the apical membrane domains, which surround the central lumen. The
maturation and functional polarization of the TJ depend on integrin engagement, which
leads to the dissociation of ZO-1 from P-catenin and formation of an independent
junction complex, localizing apical to the A J complex.
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Figure 2.1 Mammary Epithelial Morphogenesis Model
First level
Flat; When mammary epithelial cells are placed on tissue culture plastic they form 2D
monolayers.
Second level
Naked; When cells are placed on polyHEMA coated dishes, cells aggregate to form
clusters of cells with no central lumen.
Third level
Overlay; When naked clusters are mixed with soluble B M , cell clusters cavitate and
become apically/basally polarized. Stars represent the soluble B M .
On Gel; When cells are placed on a reconstituted B M gel, cells aggregate and pull the gel
around them to form polarized spheroids with a central lumen.
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Flat

On Gel

Figure

2.2 Basement Membrane

Gel Culture

Induces the

Differentiated and Polarized Mammary Epithelial Spheroids.
were cultured on reconstituted basement membrane

Formation

of

(A) When Scp2 cells

(Matrigel) gel culture they

differentiated to express P-casein milk protein (F = flat monolayers, G = B M gel culture).
(B) In flat monolayer culture, f-actin and A J proteins E-cadherin and P-catenin were
localized at cell-cell interaction sites. When these cells were placed on a reconstituted
basement membrane gel, A J proteins remained localized at cell-cell interaction sites
while the majority f-actin was localized in the apical region surrounding the central
lumen. (C) Flat monolayers did not efficiently localize the TJ proteins ZO-1 and occludin
to the membrane. However, in basement membrane gel culture, ZO-1 and occludin were
localized to the apical region of the spheroid caging the central lumen.
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Figure 2.3 Differential Regulation of Tight Junction Formation and Polarization.
(A) When the scp2 cells were forced to form round clusters ('naked' clusters) by placing
them on polyHEMA-coated dishes, they did not induce P-casein. However, when these
naked clusters were overlaid with a matrigel, they induced P-casein (N = naked clusters,
O = B M overlay). (B) Immunofluoresence staining and confocal microscopy showed that
A J proteins were localized at cell-cell interaction sites of these naked clusters and
overlaid clusters. (C) However, TJ proteins occludin, ZO-1 and claudin-1 were localized
to the outer surface of naked clusters and when a basement membrane was overlaid on
these naked clusters, TJs were driven to the apical membrane region of the spheroid
where they caged the lumen. Thus the overlay induced TJ polarization. Thus, the
combined observations from Figure 2.2 and 2.3 show the hierarchy of morphogenesis;
flat monolayer, naked cluster and overlaid clusters. Bar =10 um.
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Figure 2.4 Sequential and Relative Distribution of Adherens and Tight Junction
Proteins During Spheroid Formation. (A) Monolayer, naked cluster and overlaid
spheroid whole cell lysates were assayed for both A J and TJ total proteins levels. There
was no effect on the total E-cadherin and B-catenin levels by morphogenic manipulation.
However, there was a slight increase in ZO-1 and occludin total protein levels during the
process of naked cluster formation. (B) Cells were subjected to sequential Triton-XlOO
extraction to collect triton soluble and insoluble proteins. Morphogenic manipulation had
no effect on E-cadherin and (3-catenin levels (B) and this was further evident by the
unchanged ratio of triton soluble to insoluble protein levels (Figure 2.5). In contrast,
morphogenic manipulation did affect the soluble fractions of tight junction proteins.
There was less ZO-1 or occludin associated in the insoluble fractions of monolayers
compared to naked clusters (B). This was further evident by the increased ratio in the
naked clusters (Figure 2.5). (F= flat monolayer; N= Naked cluster; 0= Overlaied
spheroid). This data is a representation of four independent trials.
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Figure 2.5 The Ratios of Soluble vs Insoluble Junction proteins During Spheroid
Formation. The relative amount of proteins in each fractions were calculated by using
NIH image softwear to scan the area under each band of the Western blot in Figure 2.4B.
Then the ratios between Triton soluble and insoluble fractions were calculated. (A)
Morphogenic manipulation had no effect on A J proteins while (B) TJ proteins were
increasingly localized to the Triton insoluble fraction.
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Figure 2.6 Adherens and Tight Junction Proteins Colocalized in Naked Clusters and
Separate During Spheroid Formation. Monolayers, naked clusters and overlaid
spheroids were fixed and were dual immunostained for p-catenin (green) and ZO-1 (red).
Confocal stacks of each image were collected with the same pinhole size on both
channels. 0 .4p Sections of top, middle and bottom plains of each channel were merged
to examine the colocalization. There was no colocalization in the flat monolayer. In the
naked cluster, ZO-1 was localized to the outer membrane where it colocalized with Pcatenin (yellow). Note, there was no lumen or apically localized ZO-1. In the overlaid
spheroid, ZO-1 was only localized to the apical domain as seen in the mid plane. There
was little or no colocalization of ZO-1 and P-catenin. Optical sectioning through the Zplane further demonstrates the colocalization and separation. The Z-plane image was
generated by digitally sectioning the confocal stack in a vertical plane.
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Figure 2.7 ZO-1 and P-Catenin Physically Interacts in Naked Clusters
Monolayers, naked clusters and overlaid clusters were sequentially extracted with Triton
buffer and immunoprecipitated with anti-ZO-1 antibody and blotted against anti-Pcatenin antibody. There was a strong interaction between ZO-1 and P-catenin in the
naked clusters, which agreed with immunofluoresence co-localization data (Figure 2.7).
(A) There was very little interaction observed in overlaid clusters. (B) Protein crosslinking prior to lysis had no increased advantage during the immunoprecipitation, which
indicated that this was relatively a strong interaction.
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Figure 2.8 a 6 Integrin Blocking Antibody Disrupts Tight Junction Polarization.
Naked clusters were mixed with a a6 integrin blocking antibody just prior to overlaying
with a basement membrane. IgG was used as the control condition, a.6 blocking antibody
led to a partial disruption of P-casein induction (A). Furthermore, apical localization of
ZO-1 was also disrupted. Note the basal localization of ZO-1 (B). However, there was no
effect on E-cadherin localization. The spheroids with mislocalized ZO-1 were counted for
stastical analysis. There was an increased % of spheroids that were unable to polarize in
the presence of a6 blocking Ab. Also note that there was slight effect from the IgG
control (C). This is representation of three independent trials.
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CHAPTER 3:
ETV6-NTRK3 fusion protein induces hyper-proliferation
of

mammary

epithelial

cells in 3D-culture

without

disrupting epithelial cell polarity

3.1 Summary
ETV6-NTRK3 (EN) is a fusion protein generated by a t(12;15)(pl3;q25)
chromosomal translocation which results in the expression of constitutively active
tyrosine kinase. E N is expressed in a high proportion of highly differentiated secretory
breast carcinomas (SBC), which are rarely metastatic. When the E N gene is expressed in
a non-tumorgenic mouse mammary epithelial cell line, EpH4, these cells gain the ability
to induce tumors in nude mice. These tumors are histopathologically quite similar to
SBC. In this study, I determined the effects of E N expression on the normal mammary
epithelial differentiation and morphogenesis. When E N expressing EpH4 cells were
cultured on a B M , they formed differentiated spheroids that expressed P-casein.
However, these spheroids were much larger than controls. Unlike control spheroids, cells
in these EN-expressing spheroids showed increased levels of cyclin DI in response to
insulin/IGF-1 and continued to undergo cell proliferation. Thus they are able to over ride
the anti-proliferative signals generated by cell-BM interactions. E N expressing spheroids
were multi-layered and were able to undergo proper polarization by forming apical TJs
caging the central lumen. Therefore, I conclude that E N is capable of inducing cell
proliferation while maintaining proper differentiation. This is consistent with the SBC
phenotype.

3.2 Introduction
The ETV6-NTRK3 (EN) is a fusion oncoprotein found in a majority of secretory
breast carcinomas (SBC; Tognon et al., 2002). This fusion oncoprotein was first

117

described in congenital fibrosarcoma, which resulted from chromosomal translocation
break points of t (12;15)(pl3;q25) (Knezevich et al., 1998). This translocation leads to
the fusion between the sterile a motif (SAM), also known as the helix-loop-helix protein
dimerization domain of the ETS transcription factor, ETV6, and the protein tyrosine
kinase (PTK) domain of the neurotrophin-3 receptor N T R K 3 . The S A M domain allows
this protein to undergo

homodimerization, which facilitates

ligand-independent

constitutive activation of the P T K (Wai et al., 2000). When the E N gene is expressed in a
normal mouse mammary epithelial cell line EpH4, these cells gain the ability to form
differentiated

tumors

in nude mice (Tognon et al., 2002). These tumors

are

histopathologically quite similar to that of SBC.
SBC is a rare type of IDC, which is characterized by an infiltrating pattern of
neoplastic epithelial cells, forming well-differentiated glandular structures. Tumor cells
of SBC are typically vacuolate with abundant extracellular and intracellular material,
which is strongly positive for PAS and mucicarmine stains (Siegel et al., 1999; Rosen and
Cranor, 1991; Oberman 1980). In these tumors, cells manage to maintain a phenotype
similar to the T D L U architecture by forming cell clusters that are surrounded by a basal
lamina (Suzuki et al., 1999). These organized cell clusters contain well-developed
microvilli that protrude into a lumen, (Suzuki et al., 1999) indicating a polarized
phenotype. These cells show epithelial cell characteristics by maintaining keratin
expression (Suzuki et al., 1999). These glandular structures, furthermore,

resemble

salivary gland acinic cell carcinoma (Hirokawa et al., 2002). SBC was first described by
McDivitt and Stewart, (1966), and is known to be the most common variant of childhood
breast cancer. However, it has now been documented that it can also occur in all age
groups and in both sexes (Page et al., 1987; Richard et al., 1990; de Bree et al., 2002;
Paeng et al., 2003). In children this tumor is characterized by very high secretory activity.
This rare type of IDC is known to have a better prognosis than most other IDC because of
its slow progressing behavior (de Bree et al., 2002). There is new evidence, however,
indicating that this prognosis depends on patient age; older patients tend to have a poor
outcome. Thus, identification of E N fusion gene expression as the primary event in SBC
(Tognon et al., 2002) may facilitate the identification of important downstream signaling
pathways of therapeutic significance. The phenotype of tumors derived from E N -
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expressing EpH4 cells is that the cells are transformed, but they also retain epithelial
differentiation as seen in SBC. Thus, E N may modulate the downstream signaling
pathways of cell survival and proliferation without affecting the differentiation pathways.
In this study, I have used a 3D culture model (see chapter 2) to determine the
effects

of E N expression

in normal

mammary

epithelial differentiation

and

morphogenesis. As I have demonstrated, normal mammary epithelial cells in 3D, form
acini structures with polarized epithelium caging a central lumen. Furthermore, these
spheroids are grown arrested (Petersen et al., 1992). Therefore, these cultures are useful
to examine the effects of molecules that could effect both normal mammary epithelial
differentiation and luminal filling which is a critical initial step in breast tumor formation
(Debnath et al., 2002; Muthuswamy et al., 2001). Here I have demonstrated that when
E N was overexpressed in EpH4 cells, they underwent normal epithelial differentiation.
However, unlike controls, E N spheroids were much larger in size and did not respond to
anti-proliferative signals from the B M . There is increased Cyclin DI levels in E N
transformed fibroblasts (Tognon et al 2001) and here I find in 3D culture, mammary
epithelial cells also have increased levels of cyclin D I , and an induction.of cell
proliferation forming multi-layered spheroids. Furthermore, this cell proliferation in 3D
culture was absolutely dependent on both insulin/IGF-1 signaling and PI3-K activity.
Strikingly, these spheroids still formed polarized epithelial cell-cell junctions while
maintaining an architecture similar to that of SBC. These data indicate that E N is able to
alter anti-proliferative signals induced by the B M in a growth factor dependent manner,
inducing a SBC like phenotype. The ability to maintain normal cell polarity further
explains the rare metastatic nature of SBC.

3.3 Materials and Methods.

3.3.1 Cell culture
The EpH4 cell line consists of a homogenous, functional population of cells
derived from the IM-9 mouse mammary epithelial cell line (Reichmann et al., 1989).
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These cells were also originally derived from the mammary epithelium of a mid pregnant
mouse mammary gland. They also do not deposit a B M and depends on exogenously
added B M material. These cells are similar to the scp2 cells described in chapter 2. These
cells were routinely maintained as described previously (Chapter 2, page 82). EpH4
parent cells were retrovirally transformed with MSCV-puromycin or E N - M S C V vectors
to generate stable cell lines. Replication-defective ecotropic retrovirus was produced by
transient transfection of the latter construct into BOSC-29 packaging cells (Pear et al.,
1993). Culture meda from the transfected BOSC-29 cells were collected and used for
infection or snap frozen on dry ice and stored at -80°C. Forty eight hours after retroviral
infection, EpH4 cells were put under selection for 5 days (puromycin, 2 mg/ml) and then
pooled.
For 3D cultures, cells were serum and insulin starved for 24 hours prior to placing
them on Matrigel coated dishes or coverslips. Then these cells were allowed to form
spheroids as described in chapter 2 (page 82).
In order to examine BrdU incorporation and cyclin DI expression levels, cells
were serum and insulin starved for 24 hours and then plated on polyHEMA (4 pg/ml)
coated dishes for 5 hours in DMEM/F12 media supplemented with

1 pg/ml

hydrocortisone and 3 pg/ml prolactin, and were allowed to form naked clusters. These
cell clusters were collected and mixed with media containing 1 % Matrigel with 5 pg/ml
insulin or 200ng/ml IGF-1, and were plated on tissue culture dishes or glass coverslips.
To assay for cell proliferation in 3D, cells plated on coverslips were incubated with BrdU
labeling reagent (Roche Applied Science) for 1 hour at 37°C incubator. Then the cells
were rinsed 3 times with culturemedia and once with PBS prior to fixing with EtOH at 20°C for 30 min. Cells were rinsed 3 times with washing buffer and were incubated with
anti-BrdU working solution for 30 min at 37°C. After rinsing the cells 3 times with
washing buffer, they were incubated with anti-mouse-fluorescine for 30 min at 37°C.
Cells were then rinsed 3 times and mounted on glass slides as previously described. For
assessing cyclin DI levels, cells were lysed at the times indicated in Figure 4 and 5. For
PI3-K inhibition experiments, cells were further supplemented with LY294002 (25 p M ;

120

Sigma) when adding Matrigel containing media. Since D M S O was used to dilute
LY294002, D M S O was used as the control condition.

3.3.2 Immunofluoresence Microscopy
Immunofluoresence microscopy was performed using antibodies against E cadherin and ZO-1 as described in chapter 2 (page 83). Mouse and rabbit IgGs were used
as controls.

3.3.3 Immunoprecipitation and Western blotting
Lysates of EpH4-EN and EpH4-MSCV monolayers were prepared with RIPA
buffer and were cleared by centrifugation at 15,000 rpm for 30 min in a micro centrifuge.
500 pg of total protein was immunoprecipitated with 5 pi of a-TrkC (C-14; Santa Cruz)
antibody and probed with the same antibody as described previously (chapter 2, page 84).
As described previously (Chapter 2, page 84), 3D cultures were lysed with RIPA
buffer and 30 ug of total protein were assayed by Western blotting using antibodies
against P-casein, cyclin D l (Clone 504; 1:2000; Upstate) and Grb-2 (1:5000; B D
Biosciences). 10% SDS-PAGE was used for cyclin D l and Grb-2.

3.4 Results

3.4.1 Expression of EN did not cause a morphologic change in
mammary epithelial cell monolayers.
Normal mouse EpH4 mammary epithelial cells are polygonal in shape and form
intimate contacts with each other in monolayers culture. At confluence, these cells form
classical cobblestone shape monolayers that completely cover the bottom of the tissue
culture dish. A retroviral infection system was used to introduce E N fusion oncoprotein
into these cells. This produced a heterogeneous, stable pool of cells that expressed E N
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(EpH4-EN). Similarly, a pool of control cells was generated by retrovirally introducing
the empty vector into the parent cells (EpH4-C). When both EpH4-EN and EpH4-C cells
were placed on a plastic tissue culture dish, they formed confluent monolayers that had a
similar morphology to the parental cells (Figure 3.1 A). Expression of the transgene was
detected by immunoprecipitation (Figure 3.IB), however, I was unable to demonstrate
the E N expression using immuocytochemistry. This was due to the lack of an antibody
that recognized the fusion gene at immunocytochemical level. In future studies epitope
tagging E N will be useful to detect the localization in the transformed cells.

3.4.2 Expression of EN did not prevent extracellular matrix-dependent
spheroid formation and differentiation.
When EpH4 cells are plated on a B M , cells aggregate to form small spheroids that
differentiate and express p-casein in a fashion similar to the scp2 line described in
chapter 2. In addition EpH4 cell spheroids have a large central lumen lined by a single
layer of polarized cells. Therefore, this cell line is useful to examine the effects of
molecules that could effect both normal mammary epithelial differentiation and luminal
filling which is a critical initial step in breast tumor formation (Debnath et al., 2003;
Debnath et al., 2002; Muthuswamy et al., 2001). In order to analyze the functional effects
of mammary epithelial morphogenesis, EpH4-EN and EpH4-C cells were allowed to
undergo spheroid formation. As seen in Figure 3.2a, control cells formed spheroids of a
relatively uniformed diameter of 50-100 um, while EpH4-EN cells were also able to form
spheroids with a similar morphology to that of the controls. These spheroids were,
however, two to three times larger than the control spheroids. This observation was
consistent in multiple trials while there were no other morphological differences observed
between the E N expressing and control spheroids. Furthermore, the spheroid formation
was similar in both gel and overlay conditions (Figure 3.2). The ability to undergo
functional differentiation of the cells was examined by the expression of milk protein Pcasein. As seen in Figure 3.2c, Western blot analysis indicated that both EpH4-EN and
EpH4-C spheroids induced p-casein. Thus E N expression does not disrupt the functional
differentiation of the cells.
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3.4.3 Expression of EN induced IGF-1/lnsulin dependent cell
proliferation in 3D culture
Unlike monolayer cultures, mammary epithelial cells grown as 3D cultures
recapitulate the mammary acini, forming growth-arrested polarized spheroids with
hollow lumens (Debnath et a l , 2002; Muthuswamy et a l , 2001; Weaver et al., 1997;
Petersen et al., 1992). Reinitiation of cell proliferation in these growth arrested acini leads
to the formation of altered structures with characteristics of early stage tumors
(Muthuswamy et al., 2001). Furthermore, integrin mediated signals generated by cell-BM
interactions may allow IGF signaling to proceed through PI3-K pathway (Farrelly et al.,
1999; Lee and Streuli, 1999). In 3D culture, EpH4-EN spheroids demonstrated an altered
structure by forming spheroids that were much larger than the controls. Therefore, I
asked whether this increase in size was due to an increase in cell proliferation. To assay
for this, I allowed cells to form spheroids for 72 hours and then labeled them for an hour
with BrdU. As seen in Figure 3.3, in the absence of the growth factors insulin and IGF-1,
there was no cell proliferation in the control cells or E N cells. In presence of insulin or
IGF-1, however, EpH4-EN had a high number of labeled cells, while there was very little
or no labeling in control spheroids. Thus, the proliferative effects of E N depend on
growth factor signaling pathways. When I counted the number of spheroids with BrdU
positive cells, ~ 2% of the controls had one or two positive cells per spheroid in the
presence of insulin. In contrast, in the presence of insulin or IGF-1, ~ 40% of the E N spheroid had four or more BrdU positive cells per spheroid. The number of cells that are
undergoing cell proliferation in the short one-hour labeling reaction indicates the
proliferative influence that E N has on these cells. Thus, this proliferation can account for
the increase in size of these E N expressing spheroids.

3.4.4 Cyclin D1/2 levels remained high in EN expressing spheroids.
Cyclin DI is up regulated during cell cycle progression through the G i phase. It is
also known that E N up regulates cyclin DI levels during fibroblast transformation (Wai
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et al., 2000). Furthermore, E N expressing fibroblasts has increased levels of cyclin D l
(Tognon et al., 2001). Hence, to explore whether the cyclin D l levels are associated with
observed cell proliferation I examined total Cyclin D l levels during spheroid
morphogenesis. Total lysates were prepared at 2, 5, and 48 hours of exposure to
exogenously added B M . As seen in Figure 3.4, the expression levels of cyclin D l
decreased when the control cells underwent spheroid formation. The expression levels
detected up to 5 hrs could be the residual protein, since cells were collected from
proliferative monolayer cultures prior to transfer onto a 3D culture. However, E N
expressing spheroids managed to maintain high levels of cyclin D l throughout the 48 hr
period. These high expression levels correlated with the cell proliferation observed
above. Grb2 total protein levels were used as a loading control.

3.4.5 PI3-K is required for EN induced cell proliferation in 3D
spheroids
The ability of E N to transform fibroblasts depends on the presence of functional
IGF-1 (Morrison et al., 2000). Furthermore, upon activating IGF-1 receptors, PI3-K
signaling pathway can be activated through IRS-1 (LeRoith and Roberts Jr, 2003). E N is
known to constitutively activate the PI3-K signaling pathway in NIH3T3 fibroblast cells
(Morrison et al., 2000). Therefore, I next tested whether E N induced cell proliferation
observed in mammary epithelial spheroids was also dependent on the activity of PI3-K.
EpH4-EN and EpH4-C cells were allowed to undergo spheroid formation in the presence
of a B M for 72 h. The cells were treated with the PI3-K inhibitor LY294002 at a 25 p M
final concentration for the duration for the experiment. In these spheroids, the effect of
PI3-K inhibition on the cell proliferation was measured by a one-hour

BrdU

incorporation assay (Figure 3.5A). LY294002 treatment completely suppressed cell
proliferation that was observed in the presence of insulin or IGF-1, which was expected
since both have been shown to signal through IGF-1R (Marshman and Streuli, 2002).
Furthermore, LY294002 treatment completely inhibited the cyclin D l expression (Figure
3.5B) in the spheroids correlating with inhibition of cell proliferation.
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3.4.6 EN expressing spheroids are able to undergo normal junction
polarization.
Next, I analyzed whether strong hyperproliferation exhibited by EpH4 spheroids
was also associated with the disruption of spheroid polarity. The control EpH4 cells form
single layered spheres where the A J protein E-cadherin was localized basolateraly at
cells-cell interaction sites throughout the spheroid giving a ring like appearance. As
expected (see chapter 2 above), TJs were specifically localized to the apical domains
caging the central lumen as seen by ZO-1 localization (Figure 3.6). In contrast, the EpH4E N spheroids were often multi-layered and there were regions where cells protruded into
the lumen. This is resemblance of early stages of CIS formation. Interestingly, these
spheroids were still able to localize E-cadherin at cell-cell contact sites similar to the
controls. Furthermore, TJs properly formed at the most apical regions of the apical layer
of cells. Thus, E N does not disrupt the polarity of the mammary epithelial spheroids. The
multilayered but differentiated phenotype of E N spheroids is reminiscent of that which
occurs in true SBC (Figure 3.6e).

3.5 Discussion
The identification of E N gene fusion as a primary event in SBC (Tognon et al.,
2002) illustrates an underlying concept of a dominant acting oncogene possibly
functioning as the main initiator of breast carcinoma. When E N expressing mammary
epithelial cells are injected into mice, they form differentiated non-metastatic tumors
(Tognon et al., 2002) indicating E N can not only able to transform cells but also manages
to maintain epithelial differentiation. In the work presented here, I demonstrated that
tumor formation in vivo by E N expressing EpH4 cells correlated with the ability of these
cells to hyper proliferate in 3D spheroid culture. Moreover, these spheroids underwent
normal differentiation and polarization further describing the well-differentiated nature of
SBC. Since these cells formed tumors in mice, I expected them to change to an invasive
phenotype. Surprisingly, in 2D culture there was no phenotypic difference in the cells
that expressed E N . Loss of tissue polarity and increased cell proliferation

are

characteristics of breast tumor progression, which can be studied in a 3D environment
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that could recapitulate the tissue microenvironment (Bissell and Radisky, 2001). In 3D
culture, EN-expressing cells formed spheroids with a phenotype that was similar to that
of the EN-expressing tumors in mice as well as in SBC (Figure 3.6).
The extracellular matrix components in the B M play a major role in the tissue
architecture and homeostasis. When normal mammary epithelial cells are placed on a
reconstituted B M gel, cells are able to undergo cell-cell and cell-BM dependent spheroid
morphogenesis (Roskelley et al., 1994; Roskelley et al., 2000; Somasiri et al., 2000;
Chapter 2). In the presence of proper lactogenic signals these spheroids also express the
milk protein P-casein. When EpH4-EN and EpH4-C cells were placed on a reconstituted
B M gel, both formed spheroids indicating that the E N expression alone does not inhibit
the morphorgenic signal. Further, these spheroids expressed P-casein indicating that they
underwent

proper functional differentiation.

However, the observation that E N

expressing spheroids were always larger in size implied that they contained more cells
per spheroid. Thus, I hypothesized that E N was inducing cell proliferation in these
spheroids to account for the increase in size.
When normal mammary epithelial cells are placed on a B M they stop
proliferation and induce differentiation signaling (Debnath et al., 2003). It is well
documented that when cultured on a laminin and collagen IV rich matrix (Matrigel)
mammary epithelial cells are able to form acini-like structures with a single layer of
polarized, growth-arrested cells (Muthuswamy et al., 2001; Weaver et al., 1997; Petersen
et al., 1992). With the use of BrdU incorporation as an indicator of cell proliferation I
demonstrated that E N expression alone was enough to induce a proliferation signal. Thus,
E N is able to initiate a cell proliferation signal that is maintained in 3D culture.
This induction in cell proliferation depended on the presence of growth factors
insulin or IGF-1. The insulin receptor and IGF-1 receptor belong to a family of growth
factor receptors with intrinsic tyrosine kinase activity. These receptors are known to
stimulate a number of common intracellular signaling pathways. Upon ligand binding to
their respective receptors, each of the hormones induces autophosphorylation of the
receptor leading to the activation of intrinsic kinase activity (Reviewed by Van
Obberghen et al., 2001). This receptor kinase can then phosphorylate a number of other
proteins including insulin receptor substrate (IRS) family of proteins, She, Grb-associated
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binder-1 and ppl20. Upon phosphorylation, these proteins bind to SH2 domain
containing proteins and activate downstream signaling pathways. Specifically, IRS-1 and
IRS-4 contain binding sites for Grb2 and PI3-K. Interestingly, the ability of E N to
transform fibroblasts depends on the presence of functional IGF-1 receptors, which is
evident by EN's inability to transform IGF-1 receptor null cells (Morrison et al., 2000).
This would further explain the dependence of insulin or IGF-1 to induce cell proliferation
in E N expressing EpH4 spheroids. One of the well-studied signaling pathways activated
by insulin/IGF-1 is the PI3-K pathway. Distinctive and complementary roles of IGF-1
stimulated pathways have been reported. In fetal sheep cardiomyocytes (Sundgren et al.,
2003) and in vascular smooth muscle cells (Jung et al., 2000), IGF-1 induces cell
proliferation through the PI3-K pathway while; in skeletal myoblasts IGF-1 induces
differentiation through PI3-K (Coolican et al., 1997). In a neuroblastoma cell line,
however, the PI3-K pathway is required for both growth and differentiation. Furthermore,
the PI3-K signaling is important for both proliferation and differentiation in mammary
epithelial cells (Somasiri et al., 2000). Thus, cell or tissue specific activation of these
pathways is clearly evident. The PI3-K pathway is constitutively activated in E N
transformed 3T3 fibroblast cells (Wai et al., 2000). Furthermore, IGF receptor knockout
fibroblast cells are not transformed by E N until IGF receptor is re-introduced to the cells
(Morrison et al., 2002). When EpH4-EN spheroid cultures were treated with LY294002,
a well-characterized PI3-K inhibitor, cell proliferation was completely inhibited. This
was true in the presence of both insulin and IGF-1, further suggesting that this
proliferative activity absolutely depended on the PI3-K activity and the insulin/IGF-1
receptor-signaling pathway.
Inhibition studies indicated that increase in cyclin DI activity was dependent on
PI3-K activity. Cyclin D I is a known oncogene and is an important key element in cell
cycle progression (Sherr, 1996). In response to numerous mitogenic stimuli, Cyclin DI is
able to activate its catalytic partners C D K 4 and CDK6 and kick-starts the cell cycle.
Amplification and overexpression of the cyclin D I gene can overcome the dependency of
mitogenic stimulation and play a key role in the process of oncogenic transformation
(Bartkova et al., 1997; Sherr and Roberts 1999). Therefore, it may not seem surprising
that cyclin DI plays a pivotal role in breast cancer, since it is overexpressed at a 40%
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incidence. Furthermore, the role of cyclin D in rapid cell growth is implicated by one
major phenotype detected in cyclin Dl-knockout mice, where alveolar lobular cells fail to
expand during pregnancy (Fantl et al., 1995). In fibroblast cells E N transformation leads
to an upregulation of cyclin D l levels (Tognon et al., 2001). When mammary cells were
placed in 3D culture, the residual cyclin D l levels remained high and began to decrease
when cells underwent spheroid formation, which indicated a growth-arrest stage. When
E N was expressed, however, cyclin D l levels remained high and increased over time.
These results are consistent with recent studies indicating that PI3K signaling is required
for the induction of cyclin D l (Gao et al., 2003; Muise-Ffelmericks et al., 1998; Brennan
etal., 1997).
The perturbations of epithelial junctions have been long implicated in tumor
progression and invasion. The A J protein E-cadherin plays a major role as an
invasion/tumor suppressor protein. Transcriptional down regulation or somatic mutations
(Brex et al., 1998) of E-cadherin have been observed in many invasive cells and tumors.
In pancreatic (3 tumorigenesis, E-cadherin mediated cell-cell adhesion is crucial in
preventing the progression from well-differentiated to invasive carcinoma (Perl et al.,
1998). In addition, TJ proteins play a major role in maintaining the normal mammary
epithelial architecture. In this study I found that E N expression alone was not enough to
disrupt cell-cell junctions, which led to the maintenance of polarized phenotype.
Activation of ErbB2 receptors in differentiated acini also leads to reinitiation of cell
proliferation to form non-invasive multi-layered acini (Muthuswamy et al., 2001)
generating a phenotype that is quite similar to that of E N spheroids. However, unlike E N
spheroids, activation of ErbB2 also leads to loss of polarized organization of the acini.
Early stages of breast cancer such as hyperplasia and ductal carcinoma in situ are
characterized by an increase in luminal epithelial cell proliferation, a loss of acinar
organization and filling of the luminal space. This lack of organization and later
acquisition of invasive properties can lead to cancer progression. In well-differentiated
and well-behaved SBC, however, tumor cells organize into multi-layered glandular
structures, which often do not become invasive. Thus, it is likely that E N alone is not
sufficient to induce an invasive phenotype in EpH4 cells. Instead, additional events that
allow the disruption of polarity be involved. Furthermore, it seems that E N expression
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does not have an effect on the normal differentiation pathways in spheroid formation.
Deregulation of both growth factor signaling pathways and PI3-K signaling pathways
help to disrupt cell-cell junctions and induce an invasive phenotype in many cell types
(Qiang et al., 2003; Zeng et al., 2003; Zhang et al., 2003; Ellerbroek et al., 2001),
however, this deregulation does not occur in E N expressing EpH4 spheroids.
In summary, these studies provide evidence that E N is able to induce cell
proliferation in growth-arrested spheroids, generating multi-layered spheroids, which
resembles the SBC phenotype. Furthermore, E N has no affect on the normal spheroid
differentiation and polarization signals. The lack of polarity disruption may explain the
non-metastatic nature of SBC. Therefore, my data are consistent with E N expression
being an initiating event in SBC and this in vitro model provides a useful 3D culture
model to further investigate the additional signals that may be required for SBC to
become metastatic.
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Figure 3.1 Expression of EN did not cause a phenotypic change in mammary
epithelial cell monolayers. (A) EpH4 mouse mammary epithelial cells expressing E N
(EpH4-EN) and vector control (EpH4-C) cells were cultured as monolayers. Note the
classical 'cobblestone' epithelial morphology in both cell lines. (B) Whole lysates were
subjected to immunoprecipitation with anti-TrkC antibody and probed with the same
antibody. E N is seen as the 73 kDa and 68 kDa doublet. (Bar=10pm)
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Figure 3.2 EN expressing cells are able to undergo spheroid formation and
functional differentiation of mammary epithelial cells. Cells were cultured on
reconstituted B M gels for 72 hours. Both E N expressing cells (a and b) and control cells
(a' and b') were able to undergo normal spheroid formation. They were similar in both a
gel and overlay culture. However, E N spheroids were much larger in size than the
controls. Whole lysates of spheroids were subjected to immunoblotting for 30 kDa milk
protein P-casein (c; P-Cas). Thus, these cells were able to undergo functional
differentiation by inducing P-casein. The lower bands on the blot resulted from protein
degradation by the proteases (Dispase) used to digest the Matrigel prior to lysing the
cells. (Bar= 100pm)
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Figure 3.3 Expression of EN induced IGF-l/Insulin dependent cell proliferation in
3D culture. (A) Cells were serum and insulin starved for 24 hrs and were allowed to
form cell clusters on polyHEMA-coated dishes. These clusters were collected and plated
with 1% E C M containing media supplemented with insulin (5 pg/ml) or IGF-1 (200
ng/ml) and were allowed to undergo spheroid formation for 71 hrs. The cell proliferation
in these spheroids was detected by a one hour BrdU incorporation assay. Cells were fixed
and immunostained. Both E N expressing and control cells had no proliferating cells in
the absence of insulin or IGF-1. In the presence of growth factors insulin or IGF-1 only
the E N expressing cells were able to induce cell proliferation. (Bar =100 um)
(B) ~ 35% of the E N spheroids underwent cell proliferation in the presence of insulin or
IGF-1, while less than 2.5% of the controls had proliferating cells. In the presence of
IGF-1 there was not a single spheroid that had BrdU positive cells. For statistical
analysis, at 400X magnification, all the spheroids with two or more BrdU positive cells in
10 fields were counted and averaged. The data shown here is a representation of three
trials.
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Figure 3.4 Cyclin Dl/2 levels remained high in EN expressing spheroids. Cells were
serum and insulin starved for 24 hrs and were allowed to form cell clusters on
polyHEMA-coated dishes. These clusters were collected and plated with 1% E C M
containing media supplemented with 5 pg/ml insulin or 200 ng/ml IGF-1. At 2, 5 and 48
hr time points total cellular protein lysates were prepared and 30 pg of total protein of
each sample was subjected to Western blotting. In the control cells, cyclin D l expression
levels were down regulated during spheroid formation while in E N expressing spheroids
cyclin D l levels remained high. Total Grb2 levels were used as a loading control.
Originally the samples were run in a different order, therefore, the blot had to be cut to
assemble the figure.
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P I 3 - K is r e q u i r e d f o r E N i n d u c e d cell p r o l i f e r a t i o n .

EpH4-EN cells were

serum and insulin starved for 24 hrs and were allowed to form cell clusters on
polyHEMA-coated dishes. These clusters were collected and plated with 1% E C M
containing media supplemented with insulin or IGF-1. They were treated with 25 pg/ml
PI3-K inhibitor LY294002 (I have previously demonstrated effectiveness of 25 pm/ml
LY294002 on mammary epithelial cells; Somasiri et al., 2000) or with D M S O carrier for
71 hrs and labeled with BrdU for one hour. Treatment with LY294002 completely
inhibited the E N induced cell proliferation in these spheroids (A). PI3-K inhibition also
completely inhibited the cyclin DI expression in these spheroids (B). Total Grb2 levels
were used as a loading control. (Bar = 100pm)
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Figure 3.6 E N expressing cells form multi-layered spheroids without disrupting the

spheroid polarity. Cells were cultured on reconstituted basement membrane gels for 72
hours and were fixed and immunostained for adherens junction protein E-cadherin and
tight junction protein ZO-1. Images represent a 0.8 pm slices taken through the center of
the spheroids. Both EpH4-C (a) and EpH4-EN (b) spheroids were able to localize E cadherin at cells-cell interaction sites throughout the spheroid. ZO-1 was localized to the
most apical domains caging the central lumen (c and d). E N expression did not disrupt
the normal polarity of the spheroid. Arrows indicate the areas where EpH4-EN cells are
forming multi-layered lumens. (Bar = 20pm). These E N expressing spheroids are similar
in phenotype to that of SBC (e). The SBC tumor section was stained with haematoxylin
and eosin for histological observation (e; this image was obtained from C. Tognon,
Department of Pathology & Laboratory Medicine, Children's and Women's Health Center
of British Columbia). The nuclei stained in blue show the multi-layering.
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CHAPTER 4:
The Anti-Adhesion Protein Podocalyxin Disrupts Breast
Carcinoma

Cell Junctions and

its Overexpression

Independently Predicts Breast Cancer Progression

1

4.1 Summary
Podocalyxin is a CD34-related cell surface molecule that functions as an antiadhesion molecule in normal development. In the developing kidney, expression of
podocalyxin on podocytes leads to a breakdown of cell junctions such that the
semipermeable urinary filtration barrier can form. Thus, I hypothesized that abnormal
Podocalyxin expression might be involved in the generalized perturbation of cell-junction
complexes during breast carcinoma progression. Using a tissue microarray of 272
invasive human breast tumors tied to long-term outcome we found that podocalyxin was
highly overexpressed in a distinct subset of invasive breast carcinomas. Strikingly,
Kaplan-Meier survival and Cox regression analyses indicated that this overexpression
was a more significant indicator of poor outcome than either regional lymph node
involvement or HER2 overexpression amongst these patients. Furthermore, this subset of
patients had a mean 6-year shorter life span compared to rest of the patients. When
Podocalyxin was overexpressed in non-metastatic MCF-7 breast carcinoma cells, the
transepithelial resistance decreased more than 50%, indicating a breakdown in the TJ
integrity. Cell junctions were perturbed and cell shedding was induced from confluent
monolayers. Furthermore, polarized spheroid formation in basement membrane gel
culture was disrupted giving a phenotype similar to IDC. Therefore, Podocalyxin

' A version of this chapter has been accepted for publication. Somasiri A M , Nielsen J,
Makretsov M , Gilks CB, Huntsman D, Kershaw DB, McNagny K M and Roskelley CD.
The anti-adhesion podocalyxin disrupts breast carcinoma cell junctions and its
overexpression independently predicts breast cancer progression. (In Press, Cancer
Research)
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overexpression is a novel, independent predictor of breast cancer metastasis and it may
actively contribute to this process by initiating the dispersion of cells from the primary
tumor.

4.2 Introduction
Cell adhesion is often dysregulated during metastatic breast cancer progression. In
lobular breast tumors, the suppression of E-cadherin is a very common event that allows
single cells to break away from the primary tumor and infiltrate the surrounding stroma
(Berx and van Roy, 2001). However, in ductal breast carcinoma, which is by far the most
prevalent form of the disease, the situation is less straightforward; E-cadherin may or
may not be present, apical-basal polarity is often disrupted, cell junctions are generally
perturbed and infiltration is characterized by the movement of disorganized clusters of
cells into the stroma (Cleton-Jansen et al., 2002). While the mechanisms responsible for
E-cadherin suppression and apical-basal disruption are now being elucidated, the means
by which cell junctions are generally perturbed in the majority of breast tumors remain
largely unknown.
Podocalyxin is a membrane-associated mucin that was originally identified as the
major sialoprotein on the apical surface of kidney glomerular podocytes (Kerjaschki et
al., 1984). This heavily sialyated and sulfated integral membrane glycoprotein belongs to
the CD34 family of sialomucin proteins. In addition, Podocalyxin is highly expressed in
vascular endothelial cells and high endothelial venules (Kerjaschki et al., 1984; Sassetti et
al., 1998). More recently, it was found that Podocalyxin is also expressed on the surface
of hematopoietic stem cells, thrombocytes and megakeryocytes, where it is known as
Myb-Ets-transformed progenitor (MEP-21) or thrombomucin (McNagny et al., 1997).
Podocalyxin is a 150-165 kDa transmembrane protein that consists of a mucin domain,
globular domain, transmembrane domain and a cytoplasmic tail. The extracellular
domain is highly negatively charged and contains numerous potential O-linked
glycosylation sites. Removal of sialic acid from transfected Podocalyxin by sialidase
treatment abrogates the anit-adhesion effect showing the role of the extracellular domain.
In functional studies, puromycin aminonucleoside-treatment led to reduction in sialic acid
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content of podocalyxin and alteration of glomerular slits (Kerjaschki et al., 1985;
Kurihara et al., 1992). The extracellular domain shows very little sequence similarity
among

species except the

similar mucin-like structural

features. However,

the

cytoplasmic and the transmembrane domain sequences are highly conserved among
species. The alternatively spliced Podocalyxin is an intracellular domain truncated
isoform that is expressed in a tissue specific pattern in parallel with the full-length form
(Li et al., 2001). The cytoplasmic domain of podocalyxin interacts with the actin
cytoskeleton through ezrin, a member of ezrin-radixin-moesin (ERJVI) family of actinbinding proteins. Furthermore, the cytoplasmic domain contains a D T H L (Asp-Thr-HisLeu) amino acid sequence that can interact with PDZ domain containing proteins.
Na(+)/H(+) exchange regulatory factor-2 (NHERP-2) is one such molecule that interact
with the cytoplasmic domain of podocalyxin and maintain it at the apical membranes of
podocytes (Li et al., 2002).
The fully developed kidney maintains its filtration properties by the slit
diaphragms that form between the foot processes of the podocytes. As podocytes
develop, podocalyxin is first expressed just prior to the dramatic morphological shift
from a 'closed' epithelial barrier with complete TJ complexes to a selectively 'open' filter
consisting of cell bodies and interdigitated foot processes that are connected to each other
by modified A J that ultimately become the slit diaphragms. Initially, podocalyxin is
expressed in the apical surfaces of the podocytes and it then migrates laterally displacing
the junction complexes to form the slit diaphragms (Schnabel et al., 1989; Reiser et al.,
2000). The high negative charge on the extracellular domain of Podocalyxin is believed
to be responsible for maintaining the open slits. When the surface charge of the foot
processors are neutralized, the slits collapse and foot processors under go reorganization
to localize TJ protein ZO-1 to the apical regions (Seiler et al., 1977; Kurihara et al.,
1992). Furthermore, deletion of the Podocalyxin gene in mice results in the persistence of
barrier-forming tight junctions between the developing podocytes, a lack of foot process
formation, and perinatal death associated

with anuria (Doyonnas

et al., 2001).

Conversely, when Podocalyxin is ectopically expressed in cultured kidney epithelial
(MDCK) cells both adherens AJs and TJs are subtly perturbed (Tekda et al., 2000). Thus,
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loss-of-function and gain-of-function experiments both suggest that Podocalyxin acts as
an anti-adhesin during normal kidney development.
Due to this anti-adhesive property of this molecule I reasoned that inappropriate
Podocalyxin expression might perturb junctional complexes in breast tumors. Using a
tissue microrray (TMA) I assessed Podocalyxin expression and localization in a
previously characterized series of 272 invasive human breast carcinomas. Furthermore, I
tested the consequences of forced Podocalyxin overexpression in the non-aggressive
MCF-7 human breast carcinoma cell line. In this study I chose to use the MCF-7 line
instead of the previously used scp2 (Chapter 2) and EpH4 (Chapter 3) normal mammary
epithelial lines due to the difficulties resulted from inefficient transfections. MCF-7
monolayers form A J and TJ at the basolateral membrane. In 3D culture, TJs are polarized
and apically localized. This MCF-7 line was easily transfected and a stable pool of
Podocalyxin expressing cells were obtained to analyze the effects of Podocalyxin in cell
polarity. The results from this study indicate that podocalyxin overexpression is tightly
correlated with poor outcome in a distinct subset of tumors and that ectopic expression of
the molecule causes a general disruption of cell junctions without suppressing Ecadherin.

In

addition,

ectopic

Podocalyxin

expression

perturbed

spheroidal

morphogenesis and apical/basal polarization in B M gel culture. Hence, Podocalyxin
overexpression is very likely to be both an independent marker of, and a functional
contributor for invasive breast cancer progression.

4.3 Materials and Methods

4.3.1 TMA Construction
A total of 272 formalin-fixed, paraffin-embedded primary invasive breast cancer
tissue blocks (outcome-linked archival cases from 1974-1995) graded according to the
Nottingham method (Elston and Ellis, 1991) were used to construct a tissue microarray
(TMA) as described previously (Parker et al., 2002; This tissue array was constructed by
the Genetic Pathology Unit at Jack Bell Research center, Vancouver B.C., Canada) with
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institutional review board approval (Vancouver General Hospital, Vancouver B.C.,
Canada).

4.3.2 TMA Immunohistochemistry, Scoring and Correlation Analysis
Paraffin embedded T M A , normal breast, and positive control normal kidney
sections were deparaffinized by treating with xyaline (Fisher Scientific) 3 times, 5 min
each. Then they were rehydrated by placing in 100%, 95%, 70% EtOH and finally in
water. Rehydrated sections were treated with citrate buffer (pH 6.00) at 100°C for 20 min
to allow antigen retrieval. Then they were blocked with 3% hydrogen peroxide for 30
min, and blocked with 4% B S A in PBS for 30min. Mouse monoclonal anti-human
Podocalyxin antibody 3D3 (1:80 dilution; Kershaw et al., 1997a) added to the sections
and incubated overnight at 4°C. Sections were rinsed 3 times with PBS and antibody
binding was detected using the Envision detection, system (Dako, Carpinteria, C A )
followed by hematoxylin counterstaining, dehydration and mounting. Podocalyxin
expression was determined by staining intensity and the proportion of cells stained as
described in the results without knowledge of patient outcome. Mouse IgG was used
instead of the primary antibody as a control. A l l scores were processed using the T M A Deconvoluter 1.06, Cluster, and TreeView programs as previously described (Liu et al.,
2002). Paired correlation analysis to nodal status, grade, size, p53 mutation, ER
positivity, C A I X positivity, and HER2 overexpression was performed using the bivariate
two-tailed Pearson test. Multivariate analysis was performed using the Cox proportional
hazard regression model and survival analysis was performed using the Kaplan-Meier
method as previously described (Makretsov et al., 2003).

4.3.3 Cell Culture, Transfection and Immunostaining
T47D, MCF-7 and MDA-231 human breast carcinoma cell lines were routinely
maintained in DMEM/F12 medium supplemented with 5% FBS and insulin (5 pg/ml).
Endogenous podocalyxin levels were determined by Western blotting of whole cell
lysates with the same 3D3 antibody used on the T M A . MCF-7 is a well- differentiated
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breast carcinom line, which was obtained originally by pleural effusin from a breast
cancer patient (Brooke et al., 1973). They form epithelial monolayers when cultured as
flat monolayers and in 3D culture, they form solid spheroids without lumen formation
and TJ proteins are apically localized (Wang et al., 2002). These MCF-7 spheroids are
phenotypically similar to DCIS and can be used as a model to examine the progression
from in situ stage to invasive stage during cancer progression. MCF-7 cells, which
expressed low levels of endogenous human podocalyxin (see Fig 4.1 A), were transfected
with a control pIRES-EGFP expression vector (BD Biosciences, Mississauga Canada) Or
with the same vector containing a full length mouse Podocalyxin cDNA (Doyonnas et al.,
2001) using DMRIE-C reagent (Invitrogen, Carlsbad CA). Pooled, stable transfectant
populations were generated by continuous selection under G418 (400 pg/ml). Monolayer
culture on glass coverslips and 3 D - B M membrane gel culture were carried out essentially
as previously described (Chapter 2, page 82; Somasiri et al., 2001).
Enhanced green fluoresent protein (EGFP) and coincident mouse Podocalyxin
transgene expression was confirmed by dual fluorescence excitation for EGFP and
immunofluorescence for ectopic mouse Podocalyxin using a rabbit polyclonal antibody
specific for mouse Podocalyxin (PCLP-1; Doyonnas et al., 2001). For the podocalyxin
staining, live cells were incubated with 1:100 PCLP-1 antibody for 1 hour at room
temprature and rinsed with media 3 times before fixing with MeOH at -20C°. Then the
cells were blocked with 10% N G S and immunostaining performed as previously
described. The precise localization of the ectopically expressed mouse Podocalyxin in
monolayers was determined by confocal microscopy in conjunction with dual staining for
the A J proteins E-cadherin or P-catenin (mouse monoclonals, Pharmingen, San Diego,
CA) or for the TJ proteins occludin (mouse monoclonal, Pharmingen) or ZO-1 (rat
polyclonal, Zymed, San Francisco C A , respectively). Dual staining for occludin and ZO1 (rabbit polyclonal, Zymed) was carried out to specifically focus on changes in TJ
localization in 3-D culture. Since the cells were fixed in MeOH, which destroys the GFP
fluorescence I was able to dual stain the cells using FITC tagged secondary antibody.
Steady-state occludin and E-cadherin levels were determined by Western blotting (see
chapter 2) of whole cell lysates using the same antibodies.
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4.3.4 Transepithelial Resistance
Transepithelial

resistance (TER) was

assessed on

confluent

monolayers

maintained on Transwell filters with a 3 pm pore size (Costar) using a Millicell . ERS
electrical resistance system (Millipore, Bedford, M A ) according to manufacturer's
instructions. Each transfectant was assessed in duplicate cultures; variation was less than
10% of the mean and the data presented are representative of two independent
experiments.

4.4 Results

4.4.1 Podocalyxin is Highly Expressed in a Subset of Invasive Breast
Carcinomas
As a prelude to testing whether Podocalyxin is augmented in aggressive breast
tumors I first analyzed its expression in normal breast tissue by immunoperoxidase
staining using normal human kidney tissue as a positive control (Kershaw et al., 1997a).
As expected, Podocalyxin was highly expressed on glomerular podocytes in the kidney
while expression was low to negative on cells of the proximal and distal tubules (Fig
4.1 A). This confirmed the specificity of immunohistochemistry under the conditions
used. Although Podocalyxin was also present in normal breast epithelium, its expression
was limited and spatially restricted. Specifically, Podocalyxin was localized to the apical
region of luminal epithelial cells (Fig 4.IB; arrowheads). In addition, Podocalyxin was
present on vascular endothelial cells as has been described previously (Fig 4.1 A , 4.1C;
arrows, Kershaw et al., 1995, 1997a). I next examined endogenous Podocalyxin
expression in 272 invasive breast carcinoma cases using a previously characterized T M A
that featured a wide range of tumors in terms of stage, grade and nodal status (Table 4.1;
Makretsov et al., 2003). Sixty percent (163/272) of the cases exhibited no Podocalyxin
staining in the tumor cells and were assigned a score of '0' (Fig 4.1C); 23% (62/272)
exhibited staining in less than 10% of the tumor cells and were assigned a score of'1' (Fig
4.ID); 12%) (32/272) exhibited diffuse staining in more than 10% of the cells and/or
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intense staining in less than 50% of the cells and were assigned a score of'2' (Fig 4.IE).
Kaplan-Meier analysis suggested a slight decrease in longterm cumulative disease-free
survival in group 2 which suggested that a moderate upregulation of Podocalyxin may be
associated with poor outcome (Fig 4.2A). However, it is important to point out that there
was no statistical difference in cumulative survival between groups 0, 1 and 2. The
remaining 5.51% (15/272) of the cases on the T M A exhibited intense Podocalyxin
staining in the majority of the tumor cells and they were originally assigned a score of'3'.
These cases often exhibited a significant architectural disruption and loss of glandular
morphology (Fig 4.IF). Clearly, these group 3 tumors had a significantly poorer diseasefree survival than any of the other individual Podocalyxin groups (Fig 4.2A). This
difference was readily observable, and statistically significant, when the 0, 1, and 2
groups were pooled (ie. low or no Podocalyxin expression) and compared to group 3
alone (ie. high Podocalyxin), both in terms of disease-free (Fig 4.2B; p<0.01) and overall
(p=0.025, see supplementary data) survival. As a result, amongst those patients that had
succumbed at the time of analysis, the high Podocalyxin group had a much lower mean
survival time of 9.0 +/- 1.8 years compared to the 15 +/-0.5 years for the combined low
or no Podocalyxin pool and the 14.9 years for the entire T M A population (see Table 4.1).
I conclude that high Podocalyxin expression occurs in a subset of primary invasive breast
tumors that have already become, or will become, highly metastatic.

4.4.2 High Podocalyxin Expression is an Independent Marker of Poor
Outcome
The T M A used here has already been characterized by assessing a number of
other markers with prognostic significance (Makretsov et al., 2003). This offered me the
opportunity to perform a multi-variant Cox regression analysis using these markers and
high Podocalyxin expression as parameters (Table 4.2). As expected, regional lymph
node involvement was an independent indicator of poor outcome (p=0.012), which
confirms the validity of the analysis of this T M A . Strikingly, high Podocalyxin
expression, on its own, was also a highly significant independent predictor of poor
outcome (p=0.0005). What's more, the increased relative risk associated with this high
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Podocalyxin expression (8.4 fold), while broad in terms of confidence interval, was
greater than either regional lymph node involvement (3.7 fold) or HER2 overexpression
(1.9 fold). Thus, this analysis indicates that Podocalyxin overexpression identifies a
unique and novel subpopulation of metastatic breast tumors. The uniqueness of the
metastatic high Podocalyxin cohort was further illustrated by a Pearson marker
correlation analysis (Table 4.3), which indicated that there was no correlation with HER2
overexpression or nodal involvement. The latter finding suggests that Podocalyxin
upregulation may occur prior to lymphagenic spread or, alternatively, that it is a marker
of non-lymphagenic hematogenous metastasis. There were statistically significant
positive correlations between high podocalyxin and p53 immunoreactivity, focal
upregulation of the hypoxia marker carbonic anhydrase IX (CAIX; Chia et al., 2001) and
increased tumor

grade which was not unexpected

given the high degree of

histoarchitectural disruption in the Podocalyxin overexpressing tumors. Finally, there was
a significant negative correlation between high Podocalyxin and the presence of estrogen
receptors in the tumor.

4.4.3

Ectopic Podocalyxin Overexpression Initiates MCF-7 Breast

Carcinoma Cell Delamination in Monolayer Culture
Ectopic expression of Podocalyxin in polarized kidney epithelial cells disrupts
cell junctions (Takeda et al., 2000). To determine i f the same occurs in breast carcinoma
cells I first examined endogenous Podocalyxin levels in human breast tumor lines. T47-D
and MCF-7 breast carcinoma cells, which are well-behaved, form cell junctions and are
estrogen receptor positive, expressed little or no Podocalyxin. In sharp, contrast M D A 231 cells, which are highly metastatic, cell junction negative and estrogen receptor
negative, expressed podocalyxin at high levels (Fig 4.3A). MCF-7 cells form cohesive
monolayers in 2-dimensional culture on tissue culture plastic and distinct spheroids in 3D
B M gel culture (Wang et al., 2002). Thus, they were chosen for ectopic overexpression
studies. MCF-7 cells stably transfected with a control EGFP-expressing vector formed
flat epithelial cobblestone monolayers that were indistinguishable from those observed in
the parent line (Fig 4.3B). In contrast, cells stably transfected with the same vector
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encoding EGFP and a full-length mouse Podocalyxin cDNA formed monolayers that
contained areas of cells that bulged apically. When these Podocalyxin-transfected
cultures reached confluence the bulging cells delaminated from the monolayer and were
shed into the medium (Fig 4.3B). Based on triple-labelling for the EGFP marker, ectopic
mouse Podocalyxin, and nuclear D N A , it was clear that the ectopically expressed
Podocalyxin was appropriately targeted to the cell surface and that it was these cells that
were being extruded from the monolayer (Fig 4.3B lower panel).

4.4.4 Ectopic Podocalyxin Expression Disrupts Breast Carcinoma
Cell Junctions
Attempts to sub-clone homogeneous populations of high Podocalyxin expressors
from the pooled MCF-7 transfectants have so far failed, even after drug selection and
fluorescent cell sorting for the co-expressed GFP marker, possibly because these cells are
constantly being released into the medium. I therefore examined the effects of ectopic
Podocalyxin expression on cell junctions in heterogeneous primary transfectants by dual
immunostaining. Unlike the normal mammary epithelial cell lines scp2 and EpH4, M C F 7 cell line is capable of forming both A J and TJ in monolayers (Macek et al., 2003). In
those cells that expressed low-to-negligible ectopic mouse Podocalyxin, which served as
internal controls, the transmembrane A J protein E-cadherin and the TJ protein occludin
were localized to the basolateral and apical cell-cell contact domains respectively (Fig
4.4A, 4.4B, 4.6A left side of the panels). These data indicate that adherens and TJ
complexes formed and localized appropriately in these control cells. In contrast, Ecadherin, P-catenin and occludin staining indicated widely distributed along the apical
and lateral surfaces of cells that expressed significant amounts of ectopic mouse
Podocalyxin (Fig 4.4A, 4.4B, 4.6A right side of the panels) Since I had a heterogenous
population of cells I was able to image control cells and Podocalyxin expressing cells
side-by-side. To detect the cells that were expressing Podocalyxin, cells had to be labeled
with rat-PCLP-1 antibody prior to cell fixation. However, the control staining indicated
that the anti-mouse secondary antibodies that had to be used to detect E-cadherin, Pcatenin and occludin cross reacted with the rat-PCLP-1 antibody that was bound to
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Podocalyxin (Fig 4.4C). Hence, non-specific surface staining and there may be no
increase in junction protein expression observed with E-cadherin, P-catenin and occludin.
This was further confirmed by the Western blot data, which showed no significant change
in the steady state levels of either transmembrane junctional protein (Fig 4.5).
Interestingly, although the TJ-associated protein ZO-1 remained distinctly localized it
was found at the basal attachment sites of Podocalyxin-expressing cells that were being
extruded from the monolayer (Fig 4.6B, right side of the panels). Taken together, these
data suggest that Podocalyxin overexpression has a subtle effect on AJs and disrupts TJs
in MCF-7 cells, which allows cells to extrude off the monolayers. This finding is further
supported by transepithelial resistance (TER), which is a functional measure of TJ
integrity, was significantly reduced in the EGFP/Podocalyxin-transfected cultures (210
2

2

ohms cm ) compared to the control-transfected cells (497 ohms cm ).

4.4.5 Ectopic Podocalyxin Expression Perturbs Basement MembraneDependent Polarization and Spheroidal Morphogenesis
The disruption of polarized morphogenesis is a histopathologic hallmark of
increased breast tumor grade (Elston and Ellis, 1991). This was also a characteristic of
high Podocalyxin overexpressing tumors on the T M A (see Table 3 above). Thus, we next
determined i f ectopic Podocalyxin was able to initiate such a disruption in 3D B M
membrane gel culture. Vector control-transfected MCF-7 cells formed spheroids in which
E-cadherin and P-catenin were membrane localized throughout (Fig 4.7). The same was
true of Podocalyxin-transfected cells, however the ectoptic Podocalyxin protein was
localized at the outer edge of the spheroids (Fig 4.7B). The latter suggested to us that,
while Podocalyxin spheroids were capable of forming adherens junctions, they did not
polarize properly as the outer edge of MCF-7 spheroids is normally the basal surface
(Wang et al., 2002). This perturbation of apical/basal polarization was confirmed by an
examination of TJ localization. Specifically, instead of being centrally (ie. apically)
localized, as was the case in control spheroids, both ZO-1 and occludin were relocalized
to the outer (ie. basal) surface of Podocalyxin spheroids (Fig 4.8A). In addition,
Podocalyxin spheroids had ragged edges with a 'cluster of grapes morphology' which
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further indicated a disruption of polarized morphogenesis that normally generates
spheroids with smooth, well-defined edges like those formed by the vector-transfected
control cells (Fig 4.8B). Therefore, experimental ectopic Podocalyxin overexpression
induced

a

morphogenic

perturbation

that

is

consistent

with

the

increased

histopathological grade observed in tumors with endogenous Podocalyxin overexpression
(see Fig 4.1 above).

4.5 D i s c u s s i o n
Tissue microarrays afford investigators the opportunity to carry out a rapid and
relatively thorough screening of molecules that may be important in specific tissues or
pathologies (Kononen et al., 1998). The power of this technology, particularly when it is
linked to longterm outcome data, is exemplified here. Specifically, while only 15 of the
272 cases on the T M A used here had consistently high Podocalyxin overexpression, this
group was clearly different with respect to marker linkage, disease-free survival and
overall survival. Therefore, Podocalyxin overexpression can be a novel independent
indicator of metastatic progression in a distinct subset of invasive breast cancers.
Locally invasive breast cancers can have markedly different treatment responses
and outcomes. Thus, it is extremely difficult to predict which patients will most benefit,
or not benefit, from adjuvant therapy (Eifel et al., 2001). Genome-wide searches and
large scale expression profiling followed by cluster analysis have had some impact on
this problem, particularly in terms of identifying those tumors that do not progress (van't
Veer et al., 2002; Sorlie et al., 2003). Despite these advances, the identification of novel
independent indicators of poor outcome continues to be extremely useful because it
facilitates the development of new classification parameters that increase the resolving
power of all prognostic strategies. This has proven to be the case with HER2/neu where
only a consistently high level of overexpression clearly correlates with poor outcome
(Pauletti et al., 2000), which is similar to our finding with Podocalyxin.
Given its demonstrated role in experimental breast tumorgenesis and its cell
surface localization, HER2/neu has proven to be a clinically relevant therapeutic target
(Nabholtz and Slamon, 2001). As a member of the CD34 family of sialomucins,
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Podocalyxin is also a cell surface molecule. The function of this family of molecules,
which includes CD34, Podocalyxin and Endoglycan has, until recently,

been

controversial. The most clear-cut experiments suggest that CD34-type proteins can act as
either pro-adhesive or anti-adhesive molecules depending on their site of expression and
their glycosylation status (Baumhueter et al., 1993; Sassetti et al., 1998; Bistrup, et al
1999). Thus, CD34 and Podocalyxin molecules that are located on specialized high
endothelial venules in lymphoid organs are decorated with the appropriate glycosylations
to make them adhesive ligands for L-selectin on circulating lymphocytes. This
posttranslational modification is tissue-specific and the vast majority of endothelial cells
and CD34 family proteins lack it (reviewed in Krause et al., 1996). While Podocalyxin's
role in lymphogenous breast cancer metastasis is not yet clear, the negative correlation
between Podocalyxin overexpression and regional lymph node involvement in the
clinical cases on the T M A suggests that it may not be involved. Alternatively,
podocalyxin overexpression could play a role in hematogenous metastasis, which is a
major contributor to post-operative relapse due to bone metastasis (Braun et al., 2000;
Solakoglu et al., 2002). The latter possibility is particularly attractive as Podocalyxin is
normally found on the surface of hematopoietic precursors (McNagny et al., 1997), and
because there is a strong positive correlation between the expression of CD34-type
proteins and bone marrow homing capacity of these progenitors (Krause et al., 2001).
Regardless its role in the route of metastatic spread and/or homing, the data generated by
the

functional

experiments

performed

here

clearly indicate

that Podocalyxin

overexpression can also act as an anti-adhesive molecule that is capable of disrupting
junctional interactions between breast carcinoma cells within the primary tumor.
The A J protein E-cadherin is very offen downregulated in lobular breast
carcinoma but it is less often repressed in more prevalent ductal tumors (Cleton-Jansen,
2002). Although ectopic Podocalxyin overexpression did not induce a significant loss of
E-cadherin in MCF-7 breast carcinoma cells, it was thought that it did cause E-cadherin
and P-catenin to become slightly diffused along the cell periphery in monolayer culture.
However, staining control studies show that podocalyxin and E-cadherin (or p-catenin)
colocalized staining that is seen in the apical regions is due the mouse secondary
antibodies binding to the anti-Podocalyxin antibody (PCLP-1). Thus there is only a subtle
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effect

on E-cadherin and

P-catenin localization. Regardless,

the

decrease in

transepithelial resistance and the additional mislocalization of TJ protein ZO-1 in
delaminating Podocalyxin monolayers suggested to me that apical-basal polarity was also
being disrupted. The fact that the establishment of apical/basal polarity is a prerequisite
for the establishment of normal breast tubule morphogenesis (Bissell and Bilder, 2003)
led us to carry out 3D B M morphogenesis assays.
MCF-7 cells form spheroids in 3D culture that approximate low grade, nonmetastatic tumors in morphogenetic terms. Specifically, like carcinomas in situ, MCF-7
spheroids do not form central lumina, presumably because the tumor cells generate a
combination of inappropriate proliferative and anti-apoptotic signaling that prevents
lumen formation in normal breast epithelial cells (Debnath et al., 2002). MCF-7
spheroids do, however, polarize (Wang et al., 2002). Thus, the TJ-associated proteins
ZO-1 and occludin were apically located in a very tight, non-luminal ring near the center
of vector-transfected spheroids. In contrast, both TJ proteins were inappropriately
localized at the outer, basal surface of podocalyxin spheroids. This indicates that polarity
was severely perturbed by Podocalyxin overexpression. A similar perturbation occurs
when HER-2 signaling is constitutively activated (Muthuswamy et al., 2001) or i f
integrin-mediated interactions with the B M are interrupted (Weaver et al., 2002; see
chapter 2). Such a perturbation of apical/basal polarity is a histopathological hallmark of
increased breast tumor grade (Elston and Ellis, 1991) and increased grade was positively
correlated with high Podocalyxin overexpression in the clinical cases on the T M A .
Therefore, Podocalyxin's ability to disrupt cell junctions and perturb apical/basal polarity
indicates that it is capable of functionally contributing to changes in tissue architecture
that help drive metastatic progression (Roskelley and Bissell, 2002). In addition to the
data presented here for invasive breast cancers, Podocalyxin is dysregulated in human
embryonal carcinomas (Schopperle et al., 2002).
Under anemic conditions Podocalyxin levels increase significantly in mouse
erythroid progenitors (Kelly McNagny, Biomedical research center, U B C . unpublished
obs.), which suggests that expression may be upregulated under the same hypoxic
conditions that help to drive primary breast tumor progression (Knowles and Harris,
2001). Upregulation of the hypoxia-regulated marker C A I X predominates in estrogen
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receptor-negative invasive breast carcinomas (Chia et al., 2001) and we observed a
significant positive correlation between the intensity of podocalyxin and C A I X
immunostaining in our TMAs. This supports the notion that Podocalyxin expression is
upregulated in the hypoxic state. Although a detailed dissection of the Podocalyxin
promoter has not yet been performed, it is a direct transcriptional target of the Wilm's
Tumor suppressor protein (Palmer et al., 2001) and the gene's expression is altered, either
directly or indirectly, by estrogen signaling during normal mammary gland development
(Ginger etal., 2001).
A specific perturbation of TJs has been implicated in breast tumor progression
(Hoover et al., 1997; Kramer et al., 2000; Kominsky et al., 2003). In addition to
mislocalization of TJ proteins, I also found that Podocalyxin overexpression functionally
disrupted TJs as evidenced by decreased transepithelial resistance. The structure and
function of TJs are regulated, at least in part, by a number of PDZ-domain containing
proteins, including ZO-1, that influence multiprotein scaffolding and interactions with the
actin cytoskeleton (Tsukita et al., 2001). Recently, the sodium-hydrogen exchanger
regulatory factorNHERF (also called EBP50) and its close relative NHERF2 (also called
E 3 K A R P and TKA1), have been shown to bind the cytoterminal D T H L sequence of
Podocalyxin via tandem PDZ domains. N H E R F proteins also contain an E R M motif that
links Podocalyxin and other CD34 family members to the cytoskeleton (Takeda et al.,
2001; Weinman, 2001; L i et al., 2002). Interestingly, N H E R F is transcriptionally
upregulated by estrogen in breast carcinoma cell lines (Ediger et al., 1999) and its
expression is greatly diminished in estrogen receptor negative breast tumors (StemmerRachamimov et al., 2001). In contrast, the opposite appears to be true of Podocalyxin;
Podocalyxin overexpression was highest in the estrogen receptor negative MDA231
breast carcinoma cell line, which has very low levels of N H E R F (Ediger et al., 1999) and
both podocalyxin overexpression and mislocalization were positively correlated with
estrogen receptor loss on the T M A . Thus, one intriguing possibility is that the normal
function of N H E R F is to bind Podocalyxin and aid in its localization to discrete apical
membrane microdomains distinct from the basolateral domains containing AJs. In this
scenario, loss of N H E R F expression could lead to inappropriate targeting of Podocalyxin
to all membrane domains such that it would perturb TJ-dependent polarity. This notion is
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supported by the findings that, loss of polarity in kidney glomerular epithelial cells is
closely correlated with the uncoupling of N H E R F from Podocalyxin (Takeda et al.,
2001). Further testing of this model in breast cells will require establishing whether both
NHERF-loss and Podocalyxin-upregulation are strict prerequisites for tumor progression
and whether ectopic N H E R F expression is capable of reverting metastatic behavior.
Regardless the outcome of these future studies, our current findings suggest that the
regulation of TJ dynamics, like AJs (Fujita et al., 2003; Osterreich et al., 2003), may be
dysregulated by changes in hormonal status during breast tumor progression. This ectopic
expression data indicate that Podocalyxin expression alone was not sufficient for these
cells to become invasive, however it could be an early event in cancer progression from
DCIS to IDC.

163

Table 4.1 Characteristics of the Invasive Breast Carcinoma Tissue Microarray
(n=272)
Age
Mean
Range
Follow Up Time
Median
Mean
Range
Tumor Size
<20mm
>20mm
Unknown
Lymph Node Involvement
Negative
Positive
Unknown
ER Status
Negative
Positive
Unknown
Tumor Grade
1
2
3
HER2 Immunoreactivity
Present
Absent
Unknown
p53 Immunoreactivity
Positive
Negative
Unknown
Mean Survival
Disease Specific
Overall

61.7 years
28-86 years
14.9 years
14.5 years
6.3-26.7 years
133 (48.8%)
103 (38.1%)
36 (13.1%)
160 (58.8%)
80 (29.4%)
32 (11.8%)
48 (17.6%)
194 (71.3%)
30 (11.1%)
54 (19.9%)
147 (54%)
71 (26.1%)
34 (12.5%)
224 (82.4%)
14 (5.1%)
34 (12.4%)
202 (74.3%)
36 (13.3%)
14.7 ± 0.5 years
11.9 ± 1.3 years
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Table 4.2 Cox Regression Multi-Variant Analysis of Disease Specific Survival

Marker

Degrees
of
Freedom

Significance
(P)*

Relative
Risk
(RR)**

95% Confidence
Interval for RR

Lower
High Podocalyxin
1
0.0001
2.982
8.446
P53 Immunoreactivity
1
0.581
1.329
0.485
ER Status
1
0.716
0.273
0.498
HER2 Overexpression
1
0.136
1.913
0.814
Lymph Node Involvement 1
0.012
1.581
3.688
Tumor Grade, High
2
0.454
0.663
1.253
Tumor Size, >2cm
1
1.364
0.692
0.369
*Considered a significant independent indicator of poor outcome at p<0.05.

Upper
23.917
3.643
1.881
4.494
8.601
3.545
2.689

**Mean fold increase in relative risk of the group compared to the entire population
used to generate the tissue microarray
***Upper and lower margins of relative risk using 2 std. deviations of variation about the
mean
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Table 4.3 Marker Correlation with High Podocalyxin Expression
Marker

Pearson
Significance**
Correlation*
p53 Immunoreactivity
+0.165
0.011
ER Status
-0.263
0.003
HER2 Overexpression
+0.074
0.233
Lymph Node Involvement
-0.041
0.532
Tumor Grade, High
+0.192
0.001
Hypoxia (CAIX Expression)
+0.241
0.0007
*Positive correlation between zero and +1; negative correlation between zero and
**Considered to be a significant positive or negative correlation at p<0.05.
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Figure 4.1 Podocalyxin is highly expressed in a subset of invasive breast tumors
Normal tissue sections (A, B) and sections from an invasive breast carcinoma tissue
microarray (C-F) were immunostained for Podocalyxin. In positive control kidney tissue
(A), podocytes within the glomerulus stained intensely (brown) while the tubular
epithelium was negative. The vascular endothelium within the kidney cortex was also
positive (see inset; arrows). In normal breast tissue (B), positive staining was observed in
the vascular endothelium and in the apical regions of luminal breast epithelial cells (see
inset; arrowheads). On the tissue microarray 272 invasive breast carcinomas were scored
as: '0' (ie. C) i f there was no discernible staining on the carcinoma cells (see inset;
positive staining is on endothelial cells, arrow); '1' (ie. D) i f less than 10% of the cells
stained positively; '2' (ie. E) i f there was a mixture of diffuse staining in more than 10%
of the cells and/or intense staining in less than 50% of the cells; or '3' (ie. F) i f there was
intense staining in more than 50% of the cells. The significant disruption of epithelial
tissue architecture was a consistent feature of the latter tumors (bar= 60pm in low power
views, 30pm in insets).
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Figure 4.2 High Podocalyxin expression is associated with poor outcome
In A , disease-specific survival analysis of tumors scored on the tissue microarray those
with greater than 50% of the cells staining intensely for Podocalyxin (ie. high
Podocalyxin overexpressors, category '3', closed circles) had a poorer outcome than those
of the other three Podocalyxin staining categories ('0' open squares; '1' hatched marks; '2'
closed triangles). Therefore, in B , categories 0 to 2 were combined as "no or low
Podocalyxin" (inverted closed triangles) and compared to category 3 alone which was
designated as "high Podocalyxin" (closed circles).
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Figure 4.3 Expression of Podocalyxin in human breast carcinoma cell lines

A - Endogenous Podocalyxin levels in three human breast carcinoma lines, T47D, M C F 7 and MDA-231, were assessed by Western blotting (lower panel, E R K 1/2 loading
control).
B - Human MCF-7 cells were stably transfected with vectors expressing EGFP alone or
co-expressing EGFP

and full

length mouse Podocalyxin.

EGFP/Vector-control

transfected cells formed classical MCF-7 cobblestone epithelial monolayers (top panel)
while bulging cells were shed from the surface of the EGFP/Podocalyxin transfected cells
(middle panel). EGFP (green) and mouse Podocalyxin (red) were coordinately expressed
in cells transfected with the EGFP/Podocalyxin vector (lower panel). Note that the
ectopic mouse Podocalyxin protein was only expressed by a subset of the transfected
cells but that the protein was appropriately targetted to the cell surface and it was
consistently expressed by cells that bulged apically as demonstrated by the upward
migration of the DAPI-stained nuclei (blue). Upper two panels, live phase microscopy,
bar = 50pm; lower panel, Z-series confocal microscopy, bar = 15pm.
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Figure 4.4 Podocalyxin overexpression has a subtle effect on E-cadherin and
occludin localization in MCF-7 cell monolayers
A, B - EGFP/Podocalyxin transfectants in monolayer culture were triple-stained for
mouse Podocalyxin (red), DAPI/Nuclei (blue) and either the transmembrane adherens
junction protein E-cadherin (A, green) or the transmemembrane tight junction protein
occludin (B, green) and subjected to Z-series confocal microscopy. Note that where
ectopic Podocalyxin was not expressed (ie. left side of panels) E-cadherin was localized
basolaterally at sites of cell-cell contact and occludin was discretely localized at apical
terminal bars. In contrast, in the cells expressing the mouse Podocalyxin (ie. right side of
panels) both E-cadherin and occludin localization were disrupted relocalized to the entire
outer surface of apically bulging cells where they co-localized with Podocalyxin
(bar=15um). C- The control cells (top panel) and Podocalyxin overexpressing cells
(lower panel) where were first exposed to rat anti PCPL-1 (for Podocalyxin) antibody and
then fixed and exposed to FITC-anti mouse second antibodies. These were the same
second antibodies used to detect E-cadherin, occludin and P-catenin (see Figure 4.6).
Thus, the apical staining observed with E-cadherin and occludin was due to the nonspecific second antibody binding to PCLP-1 antibody.
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F i g u r e 4.5 P o d o c a l y x i n o v e r e x p r e s s i o n has n o effect o n s t e a d y state levels o f
cadherin and

E-

Occludin.

Steady state levels of E-cadherin and occludin in EGFP vector controlPodocalyxin/EGFP- transfectants were determined by Western blotting. There was
detectable change in the expression levels of E-cadherin and occludin.
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Figure 4.6 Podocalyxin overexpression alters the localization of peripheral
membrane cell junction proteins in MCF-7 cell monolayers.
EGFP/Podocalyxin transfectants in monolayer culture were double-stained for mouse
Podocalyxin (red) and either the adherens junction P-catenin (A, green) or the tight
junction protein ZO-1 (B, green). Note that in cells expressing the mouse Podocalyxin
transgene (right side of the panel) the normally basolateral P-catenin (arrows) became
circumferentially localized while the normally apical ZO-1 was found at the base of
apically bulging cells (arrowheads; confocal Z series microscopy, bar=15pm).
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Figure 4.7 Podocalyxin overexpression does not disrupt adherens junctions in
basement membrane gel culture
MCF-7 cells stably transfected with the control EGFP- or the EGFP/Podocalyxinexpression vectors were cultured as spheroids on basement membrane gels for four days
followed by dual staining for ectopic mouse Podocalyxin (red) with either E-cadherin (A)
or B-catenin (B, green; EGFP signal was lost when cells were fixed in MeOH). Note that
mouse Podocalyxin was localized around the outer edge of the spheres, which is the basal
surface under these conditions. Both E-cadherin and B-catenin were found at sites of cellcell contact in both control and Podocalyxin expressing spheroids indicating that
adherens junctions were likely intact under both conditions. Localization of the
immunostained proteins was then assessed by confocal microscopy (bar = 15pm).
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Figure 4.8 Podocalyxin overexpression disrupts apical/basal polarity and spheroid
architecture.
A - Control- and EGFP/Podocalyxin- transfected cells cultured on basement membrane
gels were dual stained for the tight junction proteins ZO-1 (red) and occludin (green;
EGFP signal was lost when in MeOH fixation). Protein localization was then assessed by
confocal microscopy (bar=15pm). Note that in the control spheroids the tight junction
proteins were located at central sites of cell-cell contact (ie. at apical cell surfaces within
the spheroid) while in the Podocalyxin-transfected spheroids both proteins were located
on the outer edge of the cells (ie. the basal surface where ectopic Podocalyxin was also
localized, see Figure 4.6 above). B - The morphology of the spheroids was assessed by
live phase microscopy (bar=50pm). Notice that the control transfectants formed
spheroids with smooth, well-defined edges while the Podocalyxin transfectants formed
ragged-edged, multi-lobulated spheroids.
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CHAPTER 5:
Overexpression of the integrin-linked kinase leads to
loss of polarity, cell junctions and mesenchymally
transforms mammary epithelial cells

2

5.1 Summery
Cell surface integrin receptor interaction with laminin in the B M contributes to
mammary epithelial cell morphogenesis and differentiation. The integrin-linked kinase
(ILK) is one of the signaling moieties that associates with the cytoplasmic domain of p i
integrin subunits with some specificity. Forced expression of a dominant negative,
kinase-dead form of I L K subtly altered mouse mammary epithelial cell morphogenesis
but it did not prevent differentiative milk protein expression. In contrast, forced
overexpression

of wild-type I L K strongly

inhibited both

morphogenesis

and

differentiation. Overexpression of wild-type I L K also caused the cells to lose the cell-cell
adhesion

molecule E-cadherin, become

invasive, reorganize

cortical actin into

cytoplasmic stress fibers, and switch from an epithelial cytokeratin to a mesenchymal
vimentin intermediate filament phenotype. Forced expression of E-cadherin in the latter
mesenchymal cells rescued epithelial cytokeratin expression and it partially restored the
ability of the cells to differentiate and undergo morphogenesis. These data demonstrate
that I L K , which responds to interactions between cells and the extracellular matrix,
induces a mesenchymal transformation in mammary epithelial cells, at least in part, by
disrupting cell-cell junctions.

A version of this chapter has been published. Somasiri A , Howarth A , Goswami D,
Dedhar S and Roskelley C D . (2001) Overexpression of the integrin-linked kinase
mesenchymally transforms mammary epithelial cells. J Cell Sci. 114(Pt 6), 1125-36.
2

192

5.2 Introduction
Integrins mediate cell-extracellular matrix (ECM) interactions, which is crucial
for most cellular functions including normal growth and development (Bissell et al.,
1982; Adams and Watt, 1993; Giancotti and Roushlahti, 1999). "Outside-in signals"
generated by integrin-ECM interaction can induce intracellular signals that regulate gene
expression that affect cell migration, adhesion as well as cell polarity. Furthermore
integrin ligation can activate Rho family of small GTPases (Rho, Rac and Cdc42), which
can modulate the organization of the actin cytoskeleton to influence cell shape as well as
cellular junctions. The effects Outside-in signals are particularly evident in the mammary
gland where interactions between mammary epithelial cells and the basement membrane
E C M profoundly influence proliferation, differentiation, morphogenesis and apoptosis
during the developmental cycles of pregnancy, lactation and involution (see chapter 1;
Schmeichel et al., 1998). Many of these phenotypes can be modeled in vitro using 3D
culture systems (Somasiri and Roskelley, 1999). For example, when mammary epithelial
cells derived from mid-pregnant mice are placed on reconstituted basement membrane
gels they round-up, aggregate and polarize. This morphogenic process is completed when
the resulting spherical structures cavitate to form a central lumen (Aggeler et al., 1991).
The cells within these structures express milk proteins and secrete them vectorially into
the central lumen (Barcellos-Hoff et al., 1989). Differentiative expression of one of these
milk proteins, p-casein, is transcriptionally regulated (Schmidhauser et al., 1990) and this
regulation requires an interaction between p i subunit-containing integrins on the cell
surface and laminin in the basement membrane (Streuli et al., 1991; Streuli et al., 1995;
Muschler et al., 1999). In addition, when some these integrin-laminin interactions are
functionally blocked the cells no longer respond appropriately to soluble factors in the
microenvironment and they ultimately undergo apoptosis (Boudreau et al., 1995; Pullan
etal., 1996).
Integrins have overlapping and competing affinities for individual E C M ligands
(Hynes, 1992). In response to E C M ligation, integrins cluster in the plane of the
membrane and recruit large, protein plaques that associate with the cytoskeleton and
initiate numerous signaling cascades (Juliano and Haskill, 1993; Yamada and Geiger,
1997). Components of the M A P kinase signaling pathway are often associated with these
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plaques and, in some cases, this pathway is stimulated by the integrin-mediated activation
of the focal adhesion kinase (FAK; Giancotti and Ruoslahti, 1999). F A K is activated
when mammary epithelial cells contact laminin (Roskelley and Bissell, 1995) but the
functional consequences of this activation are not clear as inhibition of the M A P kinase
pathway does not prevent differentiative milk protein gene induction (Wartmann et al.,
1996). Integrin ligation also activates PI3-K (Khwaja et a l , 1997; King et al., 1997) and I
have shown that PI3-K is required for both BM-dependent morphogenesis and
differentiative P-casein expression in mammary epithelial cells (Somasiri et al., 2000).
BM-dependent integrin signaling also increase the ability of IGFs to activate PI3-K
signaling and prevent apoptosis in these cells (Farrelly et al., 1999). One integrinassociated signaling molecule that has been implicated in PI3-K signaling is ILK.
I L K associates with the cytoplasmic domain of p i and P3 integrin subunits and
the kinase activity of the molecule, which is serine/threonine directed, is modulated by
integrin ligation in a PI3-K dependent manner (Hannigan et al., 1996; Delcomenne et al.,
1998). I L K also acts downstream of PI3-kinase by stimulating the phosphorylation of
protein kinase B (PKB; also known as Akt) on serine 473 (Lynch et al., 1999; Persad et
al., 2000). This potentiation of P K B plays a role in the ability of I L K to downregulate
glycogen synthase kinase-3, which in turn influences both P-catenin and AP-1 signaling
(Novak et al., 1998; Troussard et al., 1999). I L K also contains four non-catalytic ankyrin
repeats which help target the molecule to focal adhesion complexes and link it to growth
factor receptor tyrosine kinase signaling via the adapter protein PinchAJnc97 (Tu et al.,
1998; Hobert et al., 1999; L i et al., 1999). In epithelial cells, forced overexpression of
wild-type I L K suppresses suspension-mediated apoptosis and stimulates anchorageindependent growth (Radeva et al., 1997). Thus, I L K overexpression appears to
constitutively activate integrin signaling pathways such that the anchored state is
mimicked in the absence of cell-ECM interactions (Attwell et al., 2000).
In this report I investigated the role of I L K in the BM-dependent differentiation
and morphogenesis of the scp2 mouse mammary epithelial cell line. I found that I L K
activity is increased by cellular interactions with either a reconstituted B M gel or by
purified laminin. Forced expression of a dominant negative form of I L K did not prevent
differentiative P-casein induction but it did subtly affect spheroidal morphogenesis. In
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contrast, forced overexpression of wild-type I L K inhibited differentiation, prevented
morphogenesis and it initiated a mesenchymal transformation of the cells that was
associated with a complete loss of cell polarity and cell-cell junctions. Furthermore, these
IKL-transformed cells invade the B M as single cells similar to that of ILC.

5.3 Materials and Methods

5.3.1 Cell culture
Routine culturing of scp2 cells were done as described in chapter 2 (page 82). In
addition, cell monolayers were overlaid with purified laminin (Sigma, 50 mg/ml) diluted
in the presence of lactogenic hormones (Streuli et al., 1995).

5.3.2 Viral infection and transfection
Wild-type (wt) I L K and kinase-dead (kd) ILK cDNAs were epitope-tagged in the
pcDNA3.1 V5-His expression vector (Invitrogen, Carlsbad C A ; Persad et al., 2000) and
subcloned into the MSCV-pac retroviral packaging vector. The kdILK was originally
generated by site-directed mutagenesis to change the glutamic acid at position 359 to a
lysine residue in the I L K kinase domain (Nonak et al., 1998). Replication-defective
ecotropic retrovirus was produced by transient transfection of the latter construct into
BOSC-29 packaging cells (Pear et al., 1993). The supernatant from these cells were
collected and used to infect scp2 cells. Forty eight hours after retroviral infection, scp2
cells were either lysed in RIPA buffer for an initial analysis of transgene expression or
they were put under selection for 5 days (puromycin, 2 mg/ml) and then pooled. Empty
MSCV-pac containing virus was used as the control in these experiments. scp2 cells were
also transfected using lipofectamine (Gibco-BRL; Gaithersburg M D ) with either a control
antisense (ILK-14) or a sense wtILK cDNA (ILK-13) under the constitutive control of
the C M V promoter (Hannigan et al., 1996). Stable transfectants were produced by
selection under G-418 (400 mg/ml) and clones were isolated by limiting dilution. From a

195

total of twelve ILK-13 clones isolated, three were chosen for further study based on their
varying levels of ILK overexpression (Novak et al., 1998; also see Table 1). The highest
overexpressing clone, ILK-13-8, was re-transfected with a mouse E-cadherin c D N A
under the constituitive control of the B-actin promoter (Nose et al., 1988) and a
hygromycin selection plasmid (Strategene, La Jolla C A ) . Stable double-transfectants
were produced under hygromycin selection (100 mg/ml) and clones were isolated by
limiting dilution. Hygromycin vector alone was stably transfected into ILK13-8 cells as a
double-transfectant control.

5.3.3 Immunofluorescence
Cells were grown on glass coverslips, fixed in cold (-20°C) MeOH for 15 min and
then permeabilized in cold methanol-acetone (1:1) for all antigens except I L K and Bcatenin, for which cells were fixed in paraformaldehyde (4%, 15 minutes in PBS)
followed by permeabilization with Triton X-100 (0.1%, 10 minutes) at room temperature.
Fixed and permeabilized cells were then incubated with antibodies against I L K (mouse
monoclonal; L i et
Transduction

al., 1999), E-cadherin and

P-catenin (mouse monoclonals,

Labs, Lexington K Y ) , pan-cytokeratin

(rabbit

polyclonal,

Dako,

Carpenteria, CA) or vimentin (mouse monoclonal, Sigma). Mouse and rabbit IgGs were
used as controls. Binding of primary antibodies was visualized by epifluorescence
microscopy after incubation with fluorescently labelled anti-species-specific second
antibodies, f-actin was visualized after the binding of rhodamine phalloidin (Molecular
Probes, Eugene, OR) to paraformaldehyde-fixed, acetone-permeabilized cells.

5.3.4 Western blotting
For I L K and epitope-tag immunoblotting, 5 mg of whole cell NP-40 lysates (1%
NP-40, 0.5% deoxycholate) were separated by 10% SDS-PAGE, transferred to nylon
membranes (PVDF, Bio-Rad, Hercules, C A ) and probed with either an affinity-purified
rabbit polyclonal antibody against I L K (91-3; Hannigan et al., 1996) or a mouse
monoclonal antibody against the 14 amino acid V 5 epitope (Invitrogen, Carlsbad CA).
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For intermediate filament immunoblotting, 30 mg of solubilized cytoskeletal protein
obtained after high salt extraction (Achtstaetter et al., 1986) was separated by 8.5% SDSP A G E , transferred and probed with either a 1:1 mixture of AE1/AE3 monoclonal
antibodies which recognize the great majority of cytokeratins (Sun et al., 1985) or a goat
polyclonal antibody against vimentin (Accurate Chemical, Westbury, N Y ) . For Ecadherin and P-catenin expression levels, 50 mg and 20 mg of whole cell RIPA lysates
were assayed as described in chapter 2 (page 84). To assess mammary-specific
differentiation, cells were maintained either on tissue culture plastic in the presence or
absence of a laminin overlay or on Matrigel, all in the presence of lactogenic hormones
for up to five days which results in maximal differentiation of the parent scp2 cell line
(Roskelley et al., 1994). On the days indicated, cells were liberated from the matrix using
a neutral protease (Dispase, Collaborative Res, Bedford, M A ) , lysed in RIPA buffer and
10 mg of total protein was assayed for P-casein as described previously (Chapter 2, page
84).

5.3.5 ILK kinase activity
Scp2 parent cells were maintained in lactogenic hormones as monolayers, as
laminin-overlaid clusters, or as spherical structures on Matrigel for 5 days. The cells were
then lysed in NP-40 buffer and 200 mg of total protein was immunoprecipitated using the
anti-ILK polyclonal antibody. Protein kinase assays were performed in 50 ml kinase
reaction buffer (50 m M HEPES, pH 7.0, 10 m M MgC12, 2 m M NaF, 1 m M Na3Vo4)
containing 10 mCi [g-32]ATP and 5 mg myelin basic protein as substrate (Upstate
Biotechnologies, Lake Placid N Y ) . Reactions were incubated at 30°C for 30 minutes,
stopped by the addition of SDS-PAGE sample buffer and the products were resolved by
15% SDS-PAGE and visualized by fluorography (Hannigan et al., 1996).

5.3.6 RT-PCR
Five pg total R N A was subjected to first strand cDNA synthesis kit (Pharmacia,
Morgan, Canada) in a total volume of 33 pi. 10 pi of cDNA was then mixed with 200
m M dNTPs, 10 m M Tris-HCl (pH 8.3), 50 m M KC1, 3.0 m M M g C l , 0.001% gelatin, 2.5
2
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U taq polymerase (Gibco, Grand Island N Y ) in a final volume of 100 pi and subjected to
35 cycles of amplification using 0.5 pmoles of the appropriate primers. Primers used,
which

span

introns

to

detect

specific

G G G T G A C T A C A A A A T C - A A T C - 3 ' and

mRNA

sequences,

were

5'-

5' - G G G G G C A G T A A G G G C T C T T T - 3 ' ,

which amplifies a 252 bp fragment of the transmembrane domain of E-cadherin (Risinger
et

al.,

1995),

or,

5 " - T G A T C C A C A T - C T G C T G G A A G G T G G - 3 ' and

5'-

G G A C C T G A C T G A C T A C C T C - A T G A A - 3'which amplifies a 510 bp fragment of bactin. Each amplification cycle consisted of denaturation at 94°C for 60 seconds, primer
annealing at 58°C for 90 seconds, extension at 72°C for 120°C, and a final extension at
72°C for 15 minutes. Reactions were terminated by adding 6pl of D N A gel loading
buffer to each sample and they were separated on a 1% agarose gel.

5.4 Results

5.4.1 Endogenous ILK kinase activity in mammary epithelial cells is
upregulated by interactions with the basement membrane
Scp2 mouse mammary epithelial cells undergo ECM-dependent morphogenesis
and differentiation (Desprez et al., 1993; Roskelley et al., 1994). Laminin in the B M
matrix is sufficient to induce P-casein expression and this induction requires functional
p i integrins (Streuli et al., 1995; Muschler et al., 1999). In the current study I found that
cellular interactions with laminin and B M gels slightly decreased the amount of
immunoprecipitable I L K from NP-40 whole cell lysates but at the same time increased
the kinase activity of this material (Figure 5.1). These observations led me to ask whether
I L K plays a role in the BM-dependent morphogenesis and differentiation of scp2
mammary epithelial cells.
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5.4.2 Overexpression of wtILK inhibits basement membranedependent morphogenesis and differentiation
Forced expression of a kinase dead (kd) mutant form of ILK blocks endogenous
I L K kinase activity while overexpression of wild-type (wt) I L K leads to a constitutive
increase in I L K kinase activity (Persad ef al., 2000). Thus, I used a retroviral delivery
system to express these two forms of ILK in scp2 cells. Retroviral infection caused an
appreciable expression of the ILK transgenes two days after infection (Figure 5.2A). A 5
day genetic selection period (puromycin, 2 mg/ml) removed about half of the cells and
further increased the expression of both kdILK and wtILK on a population basis (Figure
5.2A). Infected, selected and pooled cells were then used rapidly, within two passages,
for further experiments. It is important to note that these populations were not cloned, and
thus are heterogeneous. In 3D culture, virally-infected kdILK expressing cell populations
aggregated and formed spheres. However, these structures were much smaller than those
that formed in the vector-infected controls (Figure 5.2B). Despite these morphological
effects, induction of p-casein expression was not affected by forced kdILK expression
(Figure 5.2C). In contrast, virally-infected wtILK overexpressing cell populations did not
express P-casein (Fig. 5.2B), BM-dependent sphere formation was prevented, and the
cells migrated into the gel (Figure 5.2C).

5.4.3 wtILK overexpression disrupts adherens junctions
Scp2 mammary epithelial cells form classical cobblestone epithelial monolayers
in 2D culture (see chapter 2; Desprez et al., 1993). In the current study, the same was true
of the virally-infected vector controls and kdILK expressing cell populations, although a
subtle cell rounding was observed in the latter population (Figure 5.3A). In contrast,
virally-infected
heterogeneous;

wtILK

overexpressing

cell

populations

were morphologically

some cells remained close-packed and epithelial but many others

detached from each other and became bipolar and fibroblastic (Figure 5.3A). Scp2
mammary epithelial cells form E-cadherin-mediated AJs in both 2D monolayers and in
3D B M gel culture (see chapter 2; Lochter et al., 1997; Somasiri et al., 2000). The
localization of E-cadherin and P-catenin to areas of cell-cell interaction in 2D monolayers
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indicated that AJs junctions formed in the virally-infected vector controls and kdILK
expressing cell populations (Figure 5.3A). In contrast, E-cadherin localization was
discontinuous or the protein was completely absent from the majority of the cells in the
virally-infected wtILK overexpressing population (Figure 5.3A). The latter observation
was reflected by an overall decrease in steady state E-cadherin levels (Figure 5.3B), an
observation that has been made previously in wtILK overexpressing intestinal epithelial
cells (Wu et al., 1998). Junctional B-catenin localization was also disrupted in a
significant number of the cells of the wtILK overexpressing population. In some of the
latter cells B-catenin was observed in the nucleus (Figure 5.3A). Steady-state B-catenin
levels were similar in all of the virally-infected populations (Figure 5.3B).

5.4.4 wtILK overexpression initiates an epithelial to mesenchymal
transformation
The disruption of AJs in the virally-infected wtILK overexpressing

cell

population was associated with changes to the actin cytoskeleton. In vector control and
kdlLK-infected cells most of the filamentous (f-) actin was localized to cell-cell
junctions. As such, the f-actin formed honeycomb patterns in 2D monolayers in both of
these pooled cell populations (see chapter 2; Figure 5.4). In contrast, many of the
fibroblastic

cells in the wtILK

overexpressing

population contained

prominent

cytoplasmic actin stress fibers. The combination of a fibroblastic morphology, disruption
of AJs and the acquisition of stress fibers suggested to me that some of the cells in this
heterogeneous wtILK overexpressing population may have undergone an E M T . To
address this possibility I examined the intermediate filament cytoskeleton. As expected
(Desprez et al., 1993), the great majority of the virally-infected control cells contained
epithelial cytokeratins and very few cells contained mesenchymal vimentin intermediate
filaments (Figure 5.4). The same was true of virally-infected kdILK expressing
population. In contrast, approximately half of the wtlLK-infected cells had lost
cytokeratin filaments and a considerable number of the cells had acquired vimentin
filaments. To determine i f wtILK overexpression truly leads to intermediate filament
switching and mesenchymal transformation I also examined homogeneous populations of
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wtILK overexpressing cells. Previously, I stably transfected scp2 cells with a wtILK
expression vector and isolated clones in which the transgene is overexpressed to varying
degrees (Novak et al., 1998). In this earlier study I demonstrated that increasing stable
wtILK overexpression decreased

steady

state E-cadherin levels, caused nuclear

translocation of P-catenin and stimulated invasion into basement membrane gels (see
Table 5.1 for summary; Figure 5.5 and Figure 5.10 below). I now demonstrate that
increasing wtILK overexpression in these homogeneous clones caused the cells to
become fibroblastic in monolayer culture and it decreased cytokeratin intermediate
filaments and increased vimentin intermediate filaments in each of these clones (Figure
5.6). The transfection control, I L K 14-1 is the reverse orientation of the full length I L K
and it has not effect on the endogenous I L K expression (Novak et al., 1998). These
control cells show similar phenotype and a similar cytokeratin expression pattern to the
parent cells.

In the highest wtILK overexpressing clone, ILK13-8, all of the cells

contained only mesenchymal vimentin filaments. This wtlLK-induced intermediate
filament protein switching was confirmed by western blotting (Figure 5.7A,B). In
agreement with the findings described above for the heterogeneous viral wtILK
overexpressing populations, increasing wtILK overexpression in the homogeneous
transfected clones also inhibited P-casein induction (Figure 5.7C). Therefore, high levels
of stable wtILK overexpression initiated a mesenchymal transformation of scp2 cells that
was incompatible with BM-dependent morphogenesis and differentiation.

5.4.5 Subcellular ILK localization is altered in mesenchymally
transformed cells
At first glance it was somewhat surprising that wtILK overexpression prevented
BM-dependent P-casein expression given the fact that differentiative contact with laminin
upregulated endogenous I L K activity in the parental scp2 cells. However, subtle, but
potentially significant, alterations in I L K subcellular localization may provide an
explanation. Specifically, the I L K protein was often localized to elongated streaks at the
cell-substratum

interface

in

the

mesenchymal

(i.e.

keratin

negative)

wtILK

overexpressing cells (Figure 5.8). Morphologically these streaks, which resemble focal
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adhesions, were very different from the discrete punctate spots of endogenous I L K
staining observed in control populations. Therefore, I L K function may differ in the
mesenchymal overexpressors and the epithelial parental cell line. These observations as
well as the phenotype of the kdILK expressing cells suggest that, in addition to the kinase
activity, the localization of I L K may also important for the transforming activity.
Furthermore, it is possible that the kinase activity is required for this transformed
phenotype.

5.4.6 Forced E-cadherin expression causes an epithelial reversion in
mesenchymal wtlLK-overexpressing cells
Steady state E-cadherin levels were reduced in the heterogeneous virally-infected
wtILK overexpressing cell population (see Figure 5.2 above). In addition, the
homogenous ILK13-8 clone did not contain any observable E-cadherin protein or m R N A
(Figure 5.9A). Given the importance of E-cadherin in regulating mammary epithelial cell
function (Gilles and Thompson, 1996), I next asked i f forced expression of this cell-cell
adhesion molecule would rescue the epithelial phenotype in the mesenchymal ILK13-8
clone. As such, I stably transfected ILK13-8 cells with a mouse E-cadherin cDNA under
the control of the constitutively active P-actin promoter (Nose et al., 1988) and selected a
second set of doubly-transfected clones by limiting dilution. ILK13-8 cells shamtransfected with a second selection vector only were designated ILK13-8Vect. Like the
original ILK13-8 cells these controls did not express E-cadherin and they did not undergo
BM-dependent differentiation (Figure 5.9). Five doubly-transfected clones expressing
increasing amounts of E-cadherin were designated ILK13-8EC-a to ILK13-8EC-e. Two
of these clones (EC-a and EC-c) differentiated and expressed p-casein when cultured on
B M gels (Figure 5.9). However, there was no correlation between the steady-state levels
of residual wtILK overexpression or E-cadherin and the restoration of the differentiated
phenotype. ILK13-8Vect control cells did not contain epithelial cytokeratin filaments and
they remained invasive in 3D B M culture (Figure 5.10). In contrast, the majority of the
cells in all of the ILK13-8EC clonal lines were cytokeratin positive and non-invasive.
Interestingly, however, only 2 of the 5 clones underwent
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complete spherical

morphogenesis in 3D culture and these were the same two clones that expressed (3-casein
under the same conditions (EC-a and EC-c). Therefore, while forced E-cadherin
expression re-epithelialized the cells it only weakly restored differentiative and
morphogenic potential.

5.8 Discussion
The products of many oncogenes and tumor suppressor genes function by
impinging upon the cell cycle (Hunter, 1997). However, changes in tissue architecture are
often used to classify solid tumors in vivo and it is becoming increasingly clear that such
changes can profoundly influence the function of oncogenic signaling molecules by
altering their sub-cellular positioning and/or their interacting partners (Huang and Ingber,
1999). In large part, tissue architecture is regulated by adhesion molecules that mediate
the interactions between cells and the interactions between cells and the E C M (also see
Chapter 1; Gumbiner, 1996). Mutation changes in expression or protein localization, and
functional alteration of these molecules has been observed in many cancers. Thus,
adhesion molecules are being increasingly viewed as architectural oncogenes and tumor
suppressors (Boudreau and Bissell, 1998).
In carcinomas, which are the most prevalent of all human solid tumors, an
inappropriate epithelial to mesenchymal transformation (EMT) is a key architectural
event that contributes to invasion and metastasis (Birchmeier et al., 1996). In breast
carcinomas this inappropriate E M T is associated with alterations in both cell-cell and
cell-ECM interactions (Gilles and Thompson, 1996). Experimental evidence suggests that
these alterations are functionally interrelated. For example, forced expression of an
activated form of the metalloprotease stromelysin-1 in normal mammary epithelial cells
degrades the E C M as well as the extracellular domain of E-cadherin, and both changes
contribute to mesenchymal transformation (Lochter et al., 1997). In addition, a
phenotypic switching from the anchoring a6(34 integrin to migratory (31 integrins disrupts
junctional E-cadherin localization and epithelial architecture during breast tumor cell
progression (Weaver et al., 1997). The latter also known to constitutively upregulate
endogenous ILK kinase activity (Wang et al., 1998). In this report, I demonstrate that the
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overexpression of wtILK caused functional mouse mammary epithelial scp2 cells to
become non-differentiative, mesenchymal and invasive giving a phenotype quite similar
to that of ILC.
When they are placed upon a B M gel, scp2 cells undergo cell-cell junctiondependent spheroidal morphogenesis (chapter2; Lochter et al., 1997; Somasiri et al.,
2000). Under these conditions the cells also express the milk protein B-casein, a
differentiative event that is regulated, at least in part, by interactions between laminin in
the B M and BI integrins on the cell surface (Streuli et al., 1991; Streuli et al., 1995;
Muschler et al., 1999). I L K interacts with the cytoplasmic tail of BI integrin subunits and
the kinase activity of the molecule is activated when intestinal epithelial cells adhere to
E C M in a BI integrin-dependent manner (Hannigan et al., 1996). Thus, it was not
unexpected that adhesion of mammary epithelial cells to a B M also increased I L K
activity. However, this adhesion also decreased the amount of I L K that could be
immunoprecipitated from NP-40 cell lysates. The latter result may have occurred because
of a steady-state decrease in the I L K protein, or it may indicate BM-mediated changes in
cytoplasmic I L K solubility, perhaps due to changes in association with the cytoskeleton.
If the latter were the case it would suggest that the I L K not associated with the
cytoskeleton (i.e. the NP-40 soluble pool) has a significantly elevated kinase activity.
Regardless, the finding that both the B M and purified laminin altered ILK kinase activity
led me to examine the role of ILK in scp2 cell morphogenesis and differentiation.
Forced expression of a kdILK mutant did not prevent BM-dependent B-casein
expression or the formation of spheres on B M gels. However, the latter structures were
considerably smaller than those formed by the control cells. While it is possible that cellcell aggregation, which is a pre-requisite for spheroidal morphogenesis, was decreased in
the kdILK expressing cells. The parental scp2 cells do not form functional TJ in
monolayer culture (Woo et al., 2000; see chapter 2) but these junctions do form in an
apical location in fully polarized spheres on B M gels. I L K plays a role in anchoragedependent growth and survival (Radeva et al., 1997) and wtILK overexpression in scp2
cells prevents anoikic apoptosis (Attwell et al., 2000). Therefore, it is also possible that
kdILK expression reduced sphere size by impinging upon on the B M ' s ability to protect
mammary epithelial cells from undergoing apoptosis (Boudreau et al., 1995). If this is
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indeed the case, it will be important to determine the relative contribution of both
integrins and growth factor receptors as I L K also augments insulin-mediated signaling
(Delcomenne et al., 1998; Tu et al., 1998). Interestingly, the latter pathway has been
shown to inhibit mammary epithelial cell apoptosis in a laminin- and p i integrindependent manner (Farrelly et al., 1999). Forced overexpression of wtILK did not cause
scp2 cells to express P-casein in the absence of B M matrix. On the contrary, stable wt
I L K overexpression caused scp2 cells to become completely non-differentiative, even in
the presence of B M . These findings do not completely rule out the possibility that some
degree of ILK-mediated signaling may be compatible with mammary morphogenesis and
differentiation. For example, differences in the kinetics of activation between matrixstimulated parental cells and chronically wtILK overexpressing cells could be responsible
for the differences in the phenotypic endpoints observed. This is certainly the case for the
erb-B2 receptor where a precisely controlled developmental activation of this tyrosine
kinase contributes to late-stage mammary alveolar morphogenesis and differentiation
(Yang et al., 1995) while chronic stimulation causes a loss of differentiation and
mammary tumor formation (Muller et al., 1988). In a similar manner, I L K could act to
either promote or inhibit the differentiation of the mammary epithelium in a
developmental stage-specfic manner, as is the case during myogenic differentiation
(Huang et al., 2000) and mouse epiblast polarization (Sakai et al. 2003).
Non-differentiative wtILK overexpressing scp2 cells lost cytokeratins, became
fibroblastic and they invaded B M gels. These fibroblastic cells also acquired vimentin,
cytoplasmic stress fibers and they no longer expressed E-cadherin. Thus, stable
overexpression of wtILK caused a complete E M T in scp2 cells. When E-cadherin is
force-expressed in true fibroblasts, cell-cell junctions partially form and the production of
fibronectin, a mesenchymal E C M protein, is downregulated (Nagafuchi et al., 1987;
Finneman et al., 1995; Yonemura et al., 1995). Forced E-cadherin expression also causes
an epithelialization of metastatic breast carcinoma cells (Meiners et al., 1998) and of
invasive, mesenchyme-like ovarian surface epithelial cells (Auersperg et al., 1999).
Taken together, these data led me to tentatively conclude that the loss of E-cadherin
might be a critical component of the wtlLK-induced E M T in scp2 cells. I directly tested
this hypothesis by force-expressing E-cadherin in the completely mesenchymal wtlLK-
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overexpressing clone ILK13-8. This caused the reappearance of cytokeratin and it
prevented cellular invasion of the B M in all of the clones examined. Therefore, Ecadherin appeared to restore a modicum of the epithelial phenotype. In contrast, only two
of five of these clones underwent BM-dependent differentiation. There was no correlation
between the levels of wtILK overexpression or E-cadherin expression and this
differentiative rescue. However, those clones that did differentiate underwent the most
complete

spheroidal morphogenesis.

Therefore,

a combined morphological and

differentiative rescue by E-cadherin may rely upon the complete restoration of adhesive
and TJs between the cells. wtILK overexpression promotes the phosphorylation and
activation of protein kinase B (PKB) which then phosphorylates glycogen synthase
kinase-3 (GSK-3) and decreases its activity (Lynch et al., 1999; Persad et al., 2000).
During development, wnt/wingless signaling also inhibits GSK-3 activity, which prevents
it from phosphorylating B-catenin. As a result, free p-catenin escapes degradation and can
be transported to the nucleus where it interacts with the Tcf/LEF-1 family of architectural
transcription factors to regulate the expression of genes involved in regulating the cell
cycle and developmental mesenchymal transformation (McCartney and Peifer, 2000).
While it has been suggested that PKB-mediated decreases in GSK-3 activity alone, in the
absence of wnt/wingless signaling, are not be sufficient to translocate P-catenin to the
nucleus (Yuan et al., 1999), I did observe nuclear P-catenin in wtILK overexpressing
scp2 mammary epithelial cells and the same occurs in wtILK overexpressing intestinal
epithelial cells (Novak et al., 1998). Therefore, one-way that I L K overexpression could
induce an E M T in mammary epithelial is by mediating its ability to upregulate nuclear Pcatenin signaling. P-Catenin/LEF-1-mediated transactivation can be reversed by the
forced expression of cadherins or cadherin cytoplasmic domains (Fagotto et al., 1996;
Miller and Moon, 1997; Sadot et al., 1998, Orsulic et al., 1999). Presumably this effect is
mediated by the binding and sequestering of P-catenin. One of the candidate targets of
ILK-mediated P-catenin signaling that could initiate the mesenchymal transformation
candidate is Snail, a transcription factor that acts to repress E-cadherin expression by
binding to the E-box in the promoter of the gene (Batlle et al., 2000; Cano et al., 2000).
Furthermore, when I L K is overexpressed in colon carcinoma cells, Snail expression is
upergulated (Tan et al, 2001) and thereby downregulating E-cadherin expression. Thus, it

206

is possible that the forced expression of E-cadherin in the mesenchymal wtILK
overexpressing scp2 cells caused a re-epithelialization by reversing p-catenin signaling as
well as overriding the effects of Snail repression. The role of I L K in human cancer has
yet to be definitively established. However, endogenous I L K activity is increased in
breast tumor cells (Wang et al., 1998) and I L K is ovexpressed in 100% of Ewing's
sarcomas so far examined (Chung et al., 1998). Furthermore, increased levels of ILK are
observed in prostate tumorgenesis (Graff et al., 2001) as well as in highly invasive gastric
carcinomas (Ito et al., 2002). Experimentally, targeted wtILK overexpression in the
mammary glands of transgenic mice leads to initial hyperplasia which progresses into
invasive tumors (White et al., 2001) and steady-state ILK levels are upregulated by the
overexpression of the oncogene erbB2 in the suprabasal layers of mouse skin (Xie et al.,
1998). A l l these observations and the data presented in this thesis suggest that,
overexpression of I L K can cause the complete loss of cell junctions and cell polarity
leading towards an E M T . Hence, ILK-transformed phenotype is similar to the transition
from LCIS to ILC where carcinoma cells break away from the primary tumor and invade
the surrounding stroma as single cells.
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Table 5.1 ILK overexpression

Cell line
Scp2 (parent)
ILK14-1 (Control)
ILK13-4
ILK13-6

wtILK
Overexpression
Endogenous
None
Low
Moderate

ILK13-8

High

P-Catenin localization
Plasma membrane
Plasma membrane
Plasma membrane
Discontinuous at
plasmamembrane and
cytoplasm
Cytoplasmic and nuclear

scp2 mouse mammary epithelial cells were stably transfected with a mammalian
expression vector containing either a control antisense I L K c D N A (ILK 14) or a wild-type
I L K sense cDNA (ILK13) and clones were isolated by limited dilution. The levels of I L K
overexpression were assessed by western blotting and P-catenin localization was
determined by immunofluorescence (see Figure 5.5).
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Figure 5.1 Endogenous ILK activity is upregulated by cellular interactions with the
basement membrane. Scp2 mammary epithelial cells were maintained on tissue culture
plastic (PL) or they were overlaid with purified laminin (LN) or placed on basement
membrane gels (BM) for 5 days (see Methods for details). Cells were then lysed, I L K
was immunoprecipitated and kinase activity was determined using myelin basic protein
as the substrate. I L K protein levels in the immunoprecipitates were determined by
western blotting as was differentiative P-casein milk protein expression in whole cell
lysates.
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Figure 5.2 wtILK overexpression in viral infectants prevents basement membranedependent differentiation. Scp2 cells were infected with vector control, kdILK or
wtlLK-containing retroviruses. In A , expression of the transgene was assessed by western
blotting for the V5 epitope-tagged I L K fusion protein (-60 kDa), either before (-) or after
(+) genetic selection with puromycin. In B , genetically-selected pooled heterogeneous
cell populations were maintained on basement membrane gels for 5 days and morphology
was assessed by phase microscopy. Bar, 50 mm. In C, pooled cell populations were
maintained on either tissue plastic (-) or a basement membrane gel (+) for 5 days and
differentiative induction of P-casein (P-Cas) expression was assessed by western blotting.
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Figure 5.3 wtILK overexpression in viral infectants disrupts cell-cell junctions.
Pooled heterogeneous cell populations were maintained as 2-dimensional monolayers on
tissue culture plastic. In A , morphology was assessed by phase microscopy and Ecadherin and P-catenin localization was visualized by immunofluorescence microscopy;
arrows indicate the position of E-cadherin negative wtlLK-infected cells (bar, 25 mm
phase; 15 mm immunofluorescence). In B, steady state levels of E-cadherin (E-Cad) and
p-catenin (P-Cat) in whole cell lysates were determined by western blotting.
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Figure 5.4 wtILK overexpression in viral infectants alters the cytoskeleton. Pooled
heterogeneous cell populations were maintained as 2D monolayers on tissue culture
plastic, f-actin was then visualized after rhodamine phalloidin staining while epithelial
cytokeratin and mesenchymal vimentin intermediate filaments were visualized by
immunofluorescence microscopy (different fields for each staining; bar, 15 um).
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Figure 5.5 ILK overexpression in scp2 cells leads to loss of E-cadherin and increased
nuclear P-catenin activity. (A) I L K , E-cadherin, P-catenin, and LEF-1 expression in
scp2. Nonidet P-40 cell lysates (10 pg for I L K and LEF-1; 20 pg for E-cadherin and Pcatenin) were analyzed by Western blotting. Clone 14-1: control transfectants, transfected
with antisense I L K cDNA; Clones 13-4, 13-6, and 13-8: transfected with ILK-sense
cDNA. 13-8 clone had the highest level of I L K expression.
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Figure 5.6 Increasing overexpression of wtILK in stable transfectants induces an
epithelial to mesenchymal transformation. Scp2 parental mammary epithelial cells,
ILK14-1 control transfectants and ILK13-4, ILK13-6, and ILK13-8 overexpressing
transfectant clones were maintained as 2D monolayers. wtILK overexpression in the
ILK13 transfectants increases as indicated (see Table 1 and Novak et al., 1998).
Morphology was assessed by phase microscopy while epithelial cytokeratin and
mesenchymal

vimentin intermediate

intermediate

filaments

were

visualized by

immunofluorescence microscopy (different fields for phase and each staining; bar, 20
mm).
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Figure 5.7 Increasing overexpression of wtILK in stable transfectants causes a loss
of cytokeratin proteins, an increase in vimentin protein, and a decreased ability to
undergo basement membrane-dependent differentiation. Cytoskeletal preparations of
stable transfectants, obtained by high salt extraction, were probed by western blotting. In
A , cytokeratins were assessed using a mixture of AE1 and AE3 monoclonal antibodies,
which recognize all cytokeratins except cytokeratin 18. Three cytokeratins were
identified which, given their molecular masses, can be tentatively characterized as:
#1=CK5; #2=CK8, #3=CK14. In B, vinientin was assessed using an anti-vimentin
monoclonal antibody. In C, the cells were maintained for the indicated time on basement
membrane gels, lysed and differentiative P-casein induction was assessed (lanes: 1, scp2
parental; 2, ILK14-1 control; 3, ILK13-4 low overexpressor; 4, ILK13-6 medium
overexpressor; 5, ILK13-8 high overexpressor).
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Figure 5.8 ILK localization is altered in wtILK overexpressing, mesenchymally
transformed cells. Virally-infected, heterogeneous cell populations (a, vector control, b,
wt ILK) and homogenous stable transfectants

(c, ILK-14-1 control; d, ILK13-8

overexpressor) were maintained as 2D monolayers. Virally-infected cells were coimmunostained for epithelial cytokeratin (red) and I L K (green) and epifluorescent
photomicrographs were taken at the plane of the cell/substratum interface. I L K staining
(yellow) was confined to small, discrete circular dots in the vector control cells (a) and in
those wtILK infected cells that remained epithelial (i.e. contained cytokeratin, b). In
contrast, a significant amount of the ILK protein (green) localized to elongated streaks in
the keratin-negative (i.e. mesenchymal) cells (b). Stable transfectants were stained for
ILK only (white). ILK was localized in small punctate spots in the epithelial ILK14-1
control cells (c) and in larger elongated streaks in the mesenchymal ILK13-8
overexpressing cells (d), none of which contain cytokeratin (see Figs 5 and 6 above). Bar,
8 mm (a,b); 5 mm (c,d).
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Figure 5.9 w t I L K overexpression downregulates E-cadherin. In A , the steady state
levels of ILK and E-cadherin protein as well as E-cadherin (E-Cad) mRNA in epithelial
scp2 cells (lane 1) and mesenchymal wtILK13-8 stable transfectants (lane 2) were
assessed by western blotting and RT-PCR, respectively. For the PCR, quality of the
cDNA was assessed by amplifying f-actin. In B, mesenchymal ILK13-8 cells were
transfected with a either a second selection vector alone (Vect) or with an E-cadherin cD N A (13-8EC). After genetic selection, the vector control (Vect) and five E-cadherin
transfected clones (13-8ECa-e) were assessed for steady state I L K and E-Cad protein and
the ability to express B-casein (B-cas) in basement membrane culture by western blotting
of whole cell lysates.
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Figure 5.10 Forced E-cadherin expression rescues the epithelial phenotype in wtILK
overexpressing cells. Mesenchymal ILK13-8 cells transfected with vector alone (Vect)
and the five E-cadherin expressing clones (ECa-e) were maintained as 2-D monolayers
and E-cadherin and cytokeratin localization were assessed by immunofluorescence
microscopy. The cells were also maintained in 3D B M culture and the ability of the cells
to undergo spheroidal morphogenesis was assessed by phase microscopy. Bar, 15 mm
immunofluorescence; 50 mm phase.
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CHAPTER 6: General Discussion and Future Directions.
Disruption

of

the

epithelial

architecture

is

always

observed

during

histopathological examination of early stages of breast cancer progression. Thus, loss of,
or changes in, the proteins that are important in maintaining this normal tissue
architecture can play a prominent role during cancer progression. It is also clear that
maintenance of epithelial apical/basal polarity is an integral part of the normal
architecture. Therefore, a better understanding of how epithelial cells are apically/basally
polarized during mammary gland development will give us clues on how the polarity is
disrupted during disease progression. From a cell biological point of view, one of the
fundamental questions is how the epithelium is polarized. The work presented in this
thesis contributes to our understanding on how TJ are polarized in mammary epithelium
and how disruption of this polarity may contribute to the progression of invasive breast
carcinoma (Figure 6.1).
Cell-cell junctions and cell-BM interactions provide structural and spatial cues to
establish and maintain apical/basal polarity in the normal epithelium. In the work
presented here, I have investigated possible mechanisms of mammary epithelial TJ
formation and polarization using a mouse mammary epithelial culture model. The
significance of this model is the ability to examine both TJ formation and polarization,
independent of each other, in a developmental context. Initial studies have shown that
when differentiated mammary alveolar epithelial cells from mid pregnant mice are
enzymatically dissociated and cultured on tissue culture plastic, they lose their alveolar
morphology and dedifferentiate to form confluent monolayers of polygonal shaped cells
(Emerman and Pitelka, 1977). When these cells are placed on attached, thin collagen
gels, they continue to form continuous, flat monolayers that are similar to monolayers
that form on rigid tissue culture plastic substrata. However, when the same collagen gels
are rendered flexible by floating them in media, the gel contract and cells begin to
roundup. With time, these cells on the floating gels become columnar in shape and their
nuclei become basally located. At the ultrastructural level, apical microvilli as well as
apical cell-cell junction complexes

are

formed
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(Emerman

and Pitelka, 1977).

Furthermore, only the cells on floating gels are able to correctly polarize and deposit an
intact basement membrane (Parry et al., 1985; Streuli and Bissell 1990). To determine i f
B M deposition observed in floating collagen gel culture is responsible for mammary
epithelial morphogenesis, these cells have been placed directly on reconstituted
'Engelbreth-Holm-Swarm' tumor derived matrices known as Matrigel. When cells, are
initially placed on matrigel, they form small aggregates and with time they 'pull' the
flexible matrix around them, cavitate and cells become apically/basally polarized as seen
in the alveoli of a midpregnant or lactating mammary gland (Barcellos-Hoff et al., 1989;
Aggeler et al., 1991). These early observations show that the flexible B M is a critical
microenvironmental effector of architectural changes that allows changes to the cell
shape during mammary epithelial morphogenesis. Futhermore, due to the morphological
similarities, it is not always easy to distinguish the difference between normal epithelial
cells and malignant cells in a 2D culture. However, in 3D environment these cells behave
differently, showing diverse architectural patterns. These architectural organizations can
represent the normal glandular structure to different stages of breast carcinoma
progression (Briand et al., 1996; Weaver et al., 1995). Specifically, the 3D mammary
epithelial culture model closely mimic the structure and the function of the in vivo
mammary epithelium by forming acini like structures and responding to the lactogenic
hormones by inducing milk protein expression. Therefore, as I have shown in this thesis,
a 3D culture model is a better system to study how the normal mammary epithelial
architecture is build and also to investigate factors that can lead to the loss of this
architecture.
Because of the hierarchical nature of the culture model used, I was able to
examine TJ formation in a progressive manner. At the first level of hierarchy, epithelial
monolayers have localized A J proteins E-cadherin and P-catenin at cell-cell interaction
sites. In addition localization of f-actin in a similar manner indicated proper A J
formation. Surprisingly, western blotting shows expression of ZO-1 and occludin in these
monolayers, though I was unable to immunolocalize much of the proteins to the
cytoplasm or the membrane. One possibility is that because of diffused cytoplasmic
distribution of ZO-1 I was not able to detect by immunolocalization.
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In the second level of the hierarchy, cells were allowed to round up and cluster,
which was similar to the flexible matrices. This change of cell shape and clustering was
sufficient to localize ZO-1 and occludin to the cell membranes indicating TJ formation.
The colocalization of ZO-1 with P-catenin further agrees with other reports showing
possible interactions of A J and TJ proteins in the early stages of TJ formation (Yokoyama
et al., 2001; Rajasekaran et al., 1996). The colocalization I have observed and the protein
interactions others have reported suggest that A J may function as a scaffolding site for TJ
assembly (Asakura et al., 1999; Ando-Akatsuka et al., 1996). Similar junctional
'scaffolding' has been observed transiently in M D C K cells after calcium switch, but
unlike in our mammary system this 'scaffolding' cannot be regulated since M D C K cells
are able to spontaneously polarize (Nelson, 2003). Therefore, this provides us with a
unique opportunity to study molecular scaffolding during morphogenesis. For instance,
P-catenin contains a " D T D L " amino acid sequence that can interact with PDZ domain
containing proteins (unpublished observation; McNagny K M ) , possibly with ZO-1. ZO-1
is also able to interact with all three transmembrane TJ proteins occludin, claudin and
J A M (Matter and Balda, 2003). Therefore, it is possible that an initial membrane
localization of ZO-1 can promote further recruitment of TJ proteins to the membrane.
This idea needs further investigation using direct interaction studies. One way to directly
test for these interactions in real time would be the use of fluorescence resonance energy
transfer (FRET) technique. This technique would allow the examination of a possible
interaction between ZO-1 and P-catenin as well as other junction proteins. Furthermore,
the ability to carry out live cell experiments would give the opportunity to identify if, and
when these interactions are taking place. One of the most commonly used methods to
examine protein-protein interactions

during cell-cell junction formation is co-

immunoprecipitation (co-IP). In this method, cells are lysed in a mild lysis buffer (0.5-1%
TritonX-100) and the soluble fractions are frequently used to co-IP while cytoskeletal
pellets are discarded. One problem with these studies is that the reported interactions may
not take place at the junction, but instead in the cytoplasm of the cell. In addition, the
much harsher lysis conditions needed for the cytoskeletal pellet may disrupt any proteinprotein interactions. These problems further suggest the need of FRET studies to confirm
these possible A J and TJ protein interactions.
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In the third level of hierarchy, when a soluble B M was added on to the naked
clusters they formed spheroids with a central lumen. In response to the soluble B M , these
cells undergo secondary differentiative events (Streuli et al., 1995). Now the TJs were
localized at the apical domains that surround the lumen while the basal surfaces of the
cells interact with the B M . Thus, the cell-BM interactions were sufficient to correctly
polarize and localize the TJ apically. Furthermore, there was little or no co-localization of
ZO-1 and P-catenin seen in these spheroids, indicating a complete separation of the
junctions into two independent complexes. Future FRET studies could provide a better
understanding of when the junctions begin to separate. The fractionation study and
insoluble/soluble ratio of junction proteins further demonstrated that there was no change
in the A J proteins, while there was a steady increase in membrane localization of TJ
protein during the development of spheroids. The a6-integrin blocking studies show
partial disruption of TJ polarization while not affecting TJ formation, further suggesting
that the role of integrin-BM interaction in induction of apical/basal polarity of the
epithelial cells. The observed partial disruption could be due to inefficient blocking of the
integrin. I was unable to block P4 integrin due to the lack of a mouse blocking P4antibody. I also tried the use of a P4 truncated mutant (Weaver et al., 2002), but these
experiments were unsuccessful because the truncated form failed to suppress the
endogenous P4 integrin. Future studies need to be carried out to further confirm the
effects of a6p4 integrin in TJ polarization. One of the techniques that could be used is
siRNA, which can be used to block both endogenous a6 and P4 to further study their role
in TJ polarity. Furthermore, downstream signaling pathways leading from cell-BM
interaction to TJ polarity are yet to be identified. The significance of the laminin in the
B M is further exemplified by the co-culture studies of luminal and my epithelial cells.
Luminal cells cultured on collagen gells form reverse polarized spheroids similar to the
naked clusters I observed in absence of a B M . However, when these luminal cells are cocultured with myoepithelial cells on collegen gels, they form double-layered acini with
correct polarity. Furthermore, the polarizing component of the myoepithelial cells was
found to be laminin (Gudjonsson et al., 2002). Thus, luminal and myoepithelial cocultures may also provide a good in vitro model that closely mimic the in vivo mammary
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gland. However, in our system adding myoepithelial cells will make it difficult to identify
B M independent events.
Dystroglycan is another laminin binding receptor that links the B M to the actin
cytoskeleton. In the absence of Dystroglycan, mammary tumor cells fail to undergo
polarization (Muschler et al., 2002). It is also required for apical/basal polarity
establishment in the Drosophila epithelium (Deng et al., 2003). However, downstream
mechanisms that may be responsible for dystroglycan dependent polarization are still
unknown. One possibility is that the dystroglycan interaction with the actin cytoskeleton
may also be involved in the establishment of the polarized junctions. Furthermore, actin
modulating GTPases, Rac and Cdc42 may also be involved in the organization of actin at
the apical junction. Interestingly, Cdc42 can interact with cell polarity associated
molecules, specifically the P A R family of proteins. Future studies examining the
expression and localization of PAR3, PAR6 and aPKC in our culture system will provide
more information

on how and when TJ are polarized. Based on our current

understanding, I predict that PAR6 will be localized at cell-cell interaction sites in
monolayers and naked clusters, while both PAP6 and PAR3 will be localized at the apical
TJ sites in the polarized spheroids. The data from the current study demonstrate that TJ
formation is influenced by changes in the cell shape, which can be facilitate by the
cellular microenvironment. In the mammary gland, surrounding connective tissue stroma
provides a flexible medium for epithelial cells to manipulate cell shape changes and cellcell interactions. Then, signals generated by epithelial cell interactions with the B M ,
specifically laminin, would allow the proper localization of the TJ to the apical domains
of the lateral membrane, polarizing the junctions. The outcome is an apically/basally
polarized functional mammary epithelium.
In this study, I further examined the effects of three genes E N , podocalyxin and
I L K to determine their influences on cell junctions, polarity and morphogenesis. E N is a
fusion oncoprotein that is highly expressed in SBC. Although SBC is a subtype of IDC,
they often do not become metastatic. This phenotype is possibly correlated by my
observation of E N expressing mammary epithelial cells in 3D culture. Ectopic E N
expression in mammary epithelial cells resulted in an increase in cell proliferation leading
to multilayering of 3D spheroids while maintaining the overall normal 3D spheroid
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architecture. Cell attachment to the B M allows cross-talk between B1 integrin and IGF
signaling pathways (Lee and streuli, 1999). Unlike the controls, E N expressing cells did
not stop proliferation in response to interactions with the B M . Hence, one possibility
could be that a change in integrin signalling from (34 to (31 allowed enhanced IGF
signaling and continued proliferation. These spheroids were able to form A J junctions at
cell-cell interaction sites and TJ surrounding the lumen. Thus, the non-invasive nature of
these cells could be due to the inability of E N to influence cell junction and polarity
regulators. The similarities between the actual SBC phenotype and E N expressing
spheroids suggest a strong functional importance of E N in generating the S B C . The
normal mammary epithelium can respond to an abnormal increase in cell growth by
apoptotic removal of cells that are not in contact with the B M (Debnath et al., 2002). For
example, Bim, a pro-apoptotic protein is highly expressed upon cell detachment and
function as a sensor for integrin and growth factor signalling (Reginato et al., 2003). Loss
of such protein can deregulate both integrin and growth factor pathways leading towards
to tumor progression. Interestingly, E N expressing spheroids do not seem to respond to
these apoptotic signals. Therefore, it will be interesting to examine i f E N expressing cells
are protected against apoptosis, thus allowing multilayering. It is quite possible that proapoptotic proteins such as B i m are lost in these cells or downstream signaling is
disrupted. This should be examined with future studies. Furthermore, we can also use
these EN-spheroids to identify additional oncoproteins or microenvironmental changes
that may be necessary to disrupt the spheroid architecture and cause them to become
invasive.
The phenotype observed in ectopic Podocalyxin expressing MCF-7 cells can be
compared to the phenotype of IDC. The tight junctions of MCF-7 monolayers were
perturbed when Podocalyxin was expressed and cells were extruded off the monolayers
into the media. TJ localization was greatly disrupted in Podocalyxin expressing spheroids
indicating a breakdown of apical/basal polarity. However, cell-cell adhesions were
maintained by A J . The TJ localization in these spheroids was similar to that of the naked
clusters of normal mammary epithelial cells. These observations further suggest that loss
of cell polarity is a more prominent event in Podocalyxin overexpressing cells. Given the
anti-adhesive function of Podocalyxin it is not surprising that its overexpression can
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disrupt epithelial architecture (Takeda et al., 2000). In this study, I examined the effects
of Podocalyxin expression in a well-differentiated cancer cell line MCF-7. Therefore, it
will be important to examine i f Podocalyxin alone can induce similar effects on normal
mammary epithelial cells or whether additional signals are required. Based on the
observations of the current study, I would predict that transgene expressing normal cells
might lose cell polarity as well as cell-cell adhesion. To avoid the difficulties I had, a
retroviral infection system can be developed to introduce the Podocalyxin gene into the
normal mammary epithelial cells, which might give better success in generating a pool of
cells that express the trans-gene. Furthermore, an inducible system will be valuable to
determine whether Podocalyxin can disrupt already polarized spheroids. Thus, with the
use of the 3D-culture system, now we can begin to examine the anti-adhesive effects of
Podocalyxin during morphogenesis. For example, since Podocalyxin is linked to the actin
cytoskeleton via NHERF-2, we can examine mutants that may disrupt this cytoskeletal
interaction leading to redistribution of Podocalyxin on the cell membrane making the cell
less adhesive. Furthermore, in vivo targeted overexpression of Podocalyxin in the
mammary gland as well as mammary fat pad implantation of Podocalyxin expressing
MCF-7 cells will provide a better understanding of its role during cancer progression. B y
examining a patient tumor tissue array, I was also able to determine that Podocalyxin
overexpression in a subset of tumors that became metastatic. Thus, increased levels of
Podocalyxin may be used as a prognostic indicator to identify a subpopulation of breast
cancer patients. This information may allow the design of tailored therapies to this highrisk subpopulation of patients. The Genetic Pathology Unit at the Vancouver General
Hospital is currently constructing a T M A with patient-outcome-linked 3000 breast tumor
samples, which will allow us to increase the statistical significant of the present study.
The functional data presented in this thesis indicates that Podocalyxin overexpression is
associated with architectural changes to the mammary epithelium.
In ILC, cells invade into the surrounding stroma as spindle shaped single cells that
have mesenchymal characteristics. Similarly, when ILK was overexpressed in mammary
epithelial cells, an E M T occurred and the cells invaded the B M . These ILK-transformed
mesenchymal cells have not only lost their apical/basal polarity, they have also lost cellcell adhesion. This was further evident by loss of E-cadherin expression in the presence
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of high I L K levels. These observations are further confirmed by the data showing
transgenic mice that are overexpressing I L K in the mammary glands initially show
hyperplasia, which then progresses into invasive tumors undergoing an E M T (White et
al., 2001). The tumor suppressor gene PTEN inhibits the I L K activity and the loss of
P T E N expression correlates with breast cancer progression and lymph node metastasis
(Chung et al., 2003; Morimoto et al., 2000). Therefore, it is valid to suggest that I L K
could be constitutively activated in PTEN mutated or suppressed cells promoting cancer
progression. I L K overexpression also results in suppression of apoptosis and promotion
of anchorage independent growth (Atwell et al., 2000). Thus, the cells with high levels of
I L K may also have high metastatic potential. This is the case with gastric carcinoma
where epithelia polarity is disrupted and cells become highly invasive and metastatic (Ito
et al., 2003). I L K is able to suppress glycogen synthase kinase-3 (GSK-3) and enhance
Wnt signaling (Delcommenne et al., 1998; Novak et al., 1998; Troussard et al., 1999),
which can be responsible for the observed inhibition of E-cadherin and induction of an
E M T . Hence, loss of E-cadherin at the cell junctions may be the critical event in inducing
invasive tumor progression. The E-cadherin re-expression study further demonstrates the
power as architectural gene in preventing invasive cancer progression.
The work presented in this thesis highlights the importance of genes that are
responsible for regulating the normal mammary epithelial architecture. Disruption of
epithelial tight junctions and apical/basal polarity seems to, at least in part, promote
breast cancer progression into metastatic disease. Hence, tight junction proteins and cell
polarity proteins can be good therapeutic targets in the fight to block cancer cell invasion,
by restoring the normal epithelial architecture. Furthermore, loss of these architectural
protein expression or gene mutations can be useful early prognostic indicators, as is the
case with podocalyxin.
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Figure 6.1 Hypothetical linear model of breast cancer progression showing the
findings of this thesis.
A. During normal mammary epithelial morphogenesis, A J may function as scaffolds
to build the TJs. TJ polarization is at least in part dependent on the integrin-MB
interaction.
B. E N is functionally significant in generating the SBC phenotype.
C. Podocalyxin is an independent prognostic indicator for invasive breast cancer
progression and may be functionally important to generating the IDC phenotype.
D. I L K is functionally important in E M T generating the ILC phenotype.
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