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ABSTRACT

Claudin 1, a major tight junction protein, is frequently deregulated and mislocalized to
the cytoplasm in some human breast cancers. Mislocalization of claudin 1 has been recently
shown to enhance the metastatic potential in other cancers, including melanoma, colon and
liver cancers, and thus, may also promote metastasis in breast cancer. Moreover, the
C-terminus of the claudin 1 protein has been shown to direct its membrane localization in
normal epithelial cells. Furthermore, protein kinase activity (PKA/PKC) is important in
regulating claudin 1 expression and localization in several cancers. Therefore, in breast
cancer, it is possible that the phosphorylation of the PKA/PKC sites within the C-terminus
may direct the localization of claudin 1. Thus, the hypothesis of the study is that
mislocalization of claudin 1 in human breast cancer cells is regulated by phosphorylation.

First, to demonstrate whether the C-terminus of claudin 1 regulates its membrane
localization in human breast cancer cells, GFP-tagged claudin 1 constructs lacking 24 amino
acids of the C-terminus were generated. When these constructs were transfected into breast
cancer cell lines (T47D and MCF-7), decreased membrane staining but increased cytoplasmic
staining was observed compared to the full-length constructs that were observed primarily in
the cell membrane. Next, in order to identify whether predicted phosphorylation sites within
the C-terminal domain of claudin 1 protein were responsible for its mislocalization in human
breast cancer cells, GFP-claudin 1 constructs were generated using site-directed mutagenesis
that mimicked both constitutive phosphorylation and non-phosphorylation at PKC/PKA
predicted target sites on the C-terminus. Following transfection in MCF-7 cells, constructs
mimicking constitutive phosphorylation showed less membrane staining than their
non-phosphorylatable counterparts.

Taken together, in human breast cancer cells, specific phosphorylation sites within the
C-terminus of claudin 1 play a role in its subcellular localization. Thus, these results suggest
that phosphorylation may be a mechanism regulating the mislocalization of claudin 1 to the

cytoplasm in human breast cancer.
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I. INTRODUCTION

1. Breast Cancer

1.1 Breast Cancer Statistics

Breast cancer is one of the most common malignancies among women worldwide
(Cardoso et al. 2012). In Canada, about 1 in 9 Canadian women is expected to develop breast
cancer during her lifetime and 1 in 30 will die from it (Statistics 2015).

In 2015, approximately 25,000 Canadian women will be diagnosed with this disease,
representing 26% of all newly diagnosed cancer cases. Breast cancer is also responsible for
the second leading death among Canadian women after lung cancer, it contributes to an
estimated 5,000 Canadian women deaths in 2015, representing 14% of all cancer deaths in
women (Statistics 2015). Breast cancer can also occur in men, however, the incidence and
death rate were both much lower than women.

Breast cancer incidence rates in women are generally the same across Canada, and have
remained relatively stable since the late 1980s (Statistics 2015). The actual number of cases
each year has increased as the population of Canada has increased.

However, the risk of being diagnosed with breast cancer increases with age. In 2015, it
is estimated that 82% of new breast cancers would occur in Canadian women over the age of
50 (Statistics 2015). While breast cancer is less common at a young age (age under 40),

younger women tend to have more aggressive breast cancers than older women.

1.2 Histological and Molecular Subtypes of Breast Cancer
Breast cancer is now considered to be a heterogeneous disease with different molecular
subtypes. Since 2000, five major molecular subtypes have been identified using gene

expression profiling, which are luminal A, luminal B, Her2-enriched, basal-like and



normal-like subtype (Finak et al. 2006, Kwan et al. 2009, Nielsen et al. 2004, Perou, Serlie,
et al. 2000, Serlie et al. 2001, Yu, Shen, and Shao 2009). Each subtype demonstrates
significant variation in gene expression, clinical features, response to treatment and prognosis
(Bild et al. 2009, Hugh et al. 2009, Kwan et al. 2009). These five subtypes are differentiated
based on estrogen receptor/ progesterone receptor (ER/PR), epidermal growth factor receptor
2 (Her2), cytokeratin 5/6 (CK5/6), Ki-67, a nuclear marker of cell proliferation, and human
epidermal growth factor receptor (EGFR) expression (Sabatier et al. 2014) see Table 1). It
should be noted that the majority of basal-like breast cancers are characterized as
triple-negative (absence of ER, PR and HER2 expression; (Bertucci et al. 2008); however,
triple negative and basal-like are not equivalent term and 70% of triple negative are basal-like.
Besides the major five molecular subtypes of breast cancer, a claudin-low subtype has also

been identified by gene expression profiling studies (Prat et al. 2010).

Breast cancer has also been characterized by different histological subtypes (See Table
2). Broadly, breast cancer can be categorized into in situ carcinoma and invasive (infiltrating)
carcinoma. Breast carcinoma in sifu can be further sub-classified into ductal carcinoma in situ
(DCIS) and lobular carcinoma in situ (LCIS). DCIS is more common than LCIS. Based on
the architectural features of the tumor, DCIS was sub-classified into five subtypes: Comedo,
Cribiform, Micropapillary, Papillary and Solid. Similarly, invasive carcinomas are also
heterogeneous. The major types include infiltrating ductal, invasive lobular (ILC),
ductal/lobular, medullary and mucinous (colloid) carcinomas. Based on the levels of nuclear
pleomorphism, glandular/tubule formation and mitotic index, ILC can be further
sub-classified into well-differentiated (grade 1), moderately differentiated (grade 2) or poorly

differentiated (grade 3).

1.3 Hereditary Breast Cancer
Approximately, 5% to 10% of the total breast cancers are considered to be hereditary,

caused by the autosomal dominant inheritance of mutated genes (Ellisen and Haber 1998,



Lux, Fasching, and Beckmann 2006). Most hereditary breast cancer cases are associated with
two abnormal genes: breast cancer gene 1 (BRCAI1) and breast cancer gene 2 (BRCA2).
BRCA1 and BRCA2 mutations contribute to two thirds of hereditary breast cancer and
approximately 3-8% of the total breast cancer cases (Easton 2002, Lux, Fasching, and
Beckmann 2006).

BRCA1 and BRCA2 are tumor suppressor genes located on chromosome 17921 and
chromosome 13q12-13 respectively (Bougie and Weberpals 2011). BRCA 1 and 2 proteins
bear little resemblance in their structures; however, both of these two proteins share a key
role in the DNA damage the repair of interstrand cross-links by RADS51-mediated
homologous recombination (Shahid et al. 2014). Individuals who carry mutations in these
two genes have a significant risk of developing breast cancer.

The majority of BRCA1-deficient breast cancers are triple negative (absence of ER, PR
and HER?2), whereas most BRAC2-deficient breast cancers are characterized as ER-positive,
PR-positive and HER2-negative (Crown, O'Shaughnessy, and Gullo 2012, Severson et al.
2015) BRCA1 tumors have shown a similar gene expression profile with basal-like subtype,
including strong expression of basal cytokeratin and high p53 mutation rates (Lakhani 2003,
Lakhani et al. 1998). More recently, some studies have revealed that BRCA1-deficient breast
cancers also share some characteristics with claudin-low tumors, such as triple negative,
frequent medullary (a rare breast carcinoma with a syncitial growth pattern and high grade
cytology with a good prognosis) and metaplastic (a rare subtype of invasive breast cancer that
tends to have an aggressive clinical presentation as well as a variety of distinct histologic
designations) histology, high expression of the stem cell marker ALDH1 and a high
frequency of lymphocytic infiltrate (Bougie and Weberpals 2011, Lehmann et al. 2011, Prat
et al. 2010). Notably, claudin proteins, such as claudin 1, 3, 4, 6 and 7, have been reported to
be frequently overexpressed in BRACI-related breast cancer, especially claudin 1 and 6

(Heerma van Voss et al. 2014).



1.4 Treatment of Breast Cancer

Tumor heterogeneity means that distinct morphological and phenotypic profiles exist
between different tumor cells. These distinct morphological and phenotypic profiles include
cellular morphology, gene expression, metabolism, motility, proliferation, and metastatic
potential. Because of the heterogeneous nature of breast cancer, many aggressive forms are
not well characterized, making it difficult to treat.

Currently, treatment of breast cancer consists of two main therapies: local therapy and
systemic therapy (Cardoso et al. 2012, Sledge et al. 2014). Treatment options are depend on
several factors including tumor stage, hormone receptors (ER/PR) and HER2 status, as well
as patient age and general health (Cardoso et al. 2012). Surgery and radiotherapy are the
treatment modalities used for local control of the disease intended to treat a tumor at the site
without affecting the rest of the body. The most common types of breast surgery include
lumpectomy and mastectomy. Lumpectomy, also called breast-conserving surgery, refers to
the surgical removal of the tumor along with a small, cancer-free margin of normal tissue
around the tumor (Fisher et al. 1998). Mastectomy is the removal of the entire breast and
includes three types that are simple, modified radical and radical, which are progressively
increasing the amount of tissue removed (Fisher et al. 1998). Chemotherapy, hormone
therapy are used for systemic control of the disease that refers to drugs given by mouth or
directly into the bloodstream (Rouzier et al. 2005). Adjuvant therapies including radiation
therapy, chemotherapy or hormonal therapy are usually recommended after the surgery to
lower the risk of recurrence and to get rid of any remaining cancer cells (Anampa, Makower,
and Sparano 2015). Clinically, the best results are usually obtained when these treatment
methods are applied in combination. With more insight into the complexity of this disease,

there is now more emphasis on a personalized approach.



2. The Mammary Gland

2.1 Structure and Function of The Mammary Gland

The mammary glandis a complex secondary organ in female mammals that is
responsible for the production of milk for the nourishment of the newborn (Daniel and Smith
1999). During growth and development, the mammary gland is regulated by several
influences, including specific hormones (such as estrogens, progesterone and prolactin) and
growth factors (such as epidermal growth factor (EGF), fibroblast growth factor (FGF),
transforming growth factor beta (TGF-f) and insulin-like growth factor (IGF-1)), as well as
cell-cell interaction, extracellular matrix and neural inputs (Wysolmerski et al. 2001).

The human mammary gland is composed of 15 to 20 lobes, separated by adipose tissue.
Each lobe can be divided into lobules consist of grape-like structures, referred as alveoli.
Lobules drain into a serious of ducts that in turn drain into single lactiferous ducts opening at
the apex of the nipple (Daniel and Smith 1999). The lactiferous ducts and lobules are
involved in milk synthesis and secretion during lactation. The glandular epithelium is
embedded in extracellular matrix and stroma composed of mesenchymal cells, such as
fibroblasts, adipocytes and immune cells.

The main function of the mammary gland is milk production, which is regulated by the
three types of epithelial cells: alveolar luminal epithelial cells, ductal luminal epithelial cells
and myoepithelial cells. During lactation, milk is secreted by epithelial cells of the alveoli
from the inner layer of lactiferous ducts and stored in the alveoli. Myoepithelial cells contract
and push the milk from the alveoli through the lactiferous ducts toward the nipple. Therefore,
the epithelial cells have to be sealed tightly from one to each other to prevent the
interdiffusion of milk and interstitial fluid. This structure that seals the epithelial cells

referred as tight junction (Nguyen and Neville 1998).



2.2 Development of The Mammary Gland

The development of the mammary gland can be divided into distinct stages: embryonic
development, growth of the gland at puberty, development and differentiation of the gland
during pregnancy and lactation, and finally the involution of the gland (Daniel and Silberstein
1987, Daniel and Smith 1999).

The mammary gland initiates to form during embryogenesis (Cowin, Rowlands, and
Hatsell 2005). The early embryo constitutes three distinct cell layers: the ectoderm (outer
layer), the mesoderm (middle layer) and the endoderm layer (inner layer). The mammary
gland is derived from the ectoderm and the mesoderm. Each mammary gland begins as a
budlike invagination of the surface ectoderm with the formation of mammary lines, which
resolves into five pairs of mammary placodes. Each placode expands into the underlying
mesenchyme to form an initial mammary bud, which then give rise to the secondary buds.
The secondary buds then develop into lactiferous ducts and secondary branches, which are
present at birth (Cowin, Rowlands, and Hatsell 2005).

In human, both males and females have glandular tissue within the breasts at birth,
however, the development of glandular tissue only happens in females after puberty in
response to estrogen release. At birth the gland is just a rudimentary ductal system, the
immature ductal system enlarges and extends to create a ductal tree during puberty, filling the
fat pad under control of the hormones and growth factors.

During pregnancy, the mammary gland undergoes extensive changes in preparation for
lactation, including gland maturation and alveologenesis, under control of prolactin and
progesterone. The ductal system expands vastly and differentiates into milk-secreting alveoli
at the end of pregnancy. However, milk secretion is repressed by high concentration of
circulating sex steroids, primarily progesterone. Colostrum, secreted by the mammary gland
during late pregnancy and the first few days after giving birth, riches in antibodies and

minerals and precedes milk secretion.



Lactation is induced by a decrease in estrogen and progesterone levels and the prolactin
is not inhibited. During lactation, alveoli are fully matured and the luminal cells synthesize
and secrete milk components (lactose, milk proteins and low concentrations of sodium and
chloride) (Hennighausen and Robinson 2005). Milk is stored in alveoli until the suckling
brings about the contraction of myoepithelial cells.

Involution of mammary gland occurs following cessation or significant reduction
(weaning) of milk removal from the breast, during which mammary gland returns to
non-lactating stage (Daniel and Silberstein 1987, Daniel and Smith 1999). Two phages of
involution have been identified: apoptosis and remodeling (Watson 2006). The first phage is
reversible, including apoptosis of epithelial cells, detachment of cells from the alveolar
structures and shedding into the lumen, which is induced by systemic lactogenic hormones
and observed within 12 hours involution. The second stage is irreversible that occurs at 48
hours with the beginning of alveoli collapse. During this phage, the milk supply is lost,
breakdown of extracellular matrix and activation of proteases induces a second wave of
apoptosis, resulting in a massive period of tissue remodeling. Morphologically, the

remodeled gland is very similar to the virgin gland (Macias and Hinck 2012).

3. Tight Junctions

In epithelial tissue, cell-cell interactions are mediated by junctional complexes
consisting of tight junctions, adherens junctions and gap junctions, each of which possesses
unique morphological characteristics, composition, and functions.

Tight junctions are the most apical components of cell-cell interactions located between
epithelial cells and constitute a continuous transepithelial barrier. Tight junctions regulate the
transport of ions and small molecules through the paracellular pathway, which refers to the
“barrier” function. Tight junctions are also associated with organization of cell polarity by
separating the membrane into apical and basolateral domains as well as polarizing locations

of ion channels, receptors and enzymes to the membrane domains, known as “fence” function



(Diamond, et al. 1977; Anderson, et al. 1993).

Tight junction components can be generally categorized into three groups: integral
proteins that constitute tight junction strands; peripherally associated scaffolding proteins,
such as Zonula Occludens (ZO-1, ZO-2 and ZO-3) that organize the integral proteins and
connect them with actin cytoskeleton and other cytoplasmic proteins; and signaling proteins
that are suggested to be involved in junction assembly, barrier regulation and gene
transcription (Anderson 2001, Anderson, Balda, and Fanning 1993, Inoko et al. 2003, Itoh

and Bissell 2003, Itoh et al. 1999).

3.1 The Integral Tight Junction Proteins

Tight junctions consist of three types of integral membrane proteins: occludins, claudins

and the JAM (junctional adhesion molecules) (See Table 4).

Occludins

Occludins, the first identified integral membrane protein, regulate tight junction barrier
function and tight junction proteins interaction. It contains four transmembrane domains, two
extracellular loops enriched in tyrosine residues, an intracellular C-terminus and an
intracellular N-terminus. Occludins have been shown to have little effect on tight junction
strands formations, demonstrated by occludin knockout mice (Saitou et al. 1998). Its
recruitment in tight junction strands has been shown to be associated with claudins

co-expression (Van Itallie and Anderson 2013).

Claudins

The claudin family of proteins, discovered several years after occludin by the same
research group, constitutes the backbone of tight junction (Furuse 1998). To date,
twenty-seven members have been identified (Milatz et al. 2015). The expression pattern of

claudins is tissue specific; however, most tissues express multiple claudins that can interact in



either a homotypic or heterotypic fashion to form tight junction. The exact combination of
claudin proteins within a given tissue determines the selectibity, strength and tightness of the
tight junction (Morin 2005). The claudins encode 20-27 kDa proteins and share a common
transmembrane topology: four transmembrane domains, two extracellular loops where the
first one is significantly longer than the second one, an amino intracellular tail and a carboxyl
intracellular tail which contains a PDZ domain (with the exception of claudin 12). Aside from
maintaining cell polarity and paracellular functions, claudins are also associated with
regulating various cellular processes including cell growth, differentiation and ultimately
tumorigenesis. PDZ domain is important for the interaction with cytoskeleton proteins and is
also involved in several signaling transduction pathways by interacting with signaling
molecules [such as protein kinase A (PKA) and C (PKC), mitogen-activated protein kinase

(MAPK) and other PDZ domain containing proteins] (Heiskala, Peterson, and Yang 2001).

JAMSs (Junctional Adhesion Molecules)

The JAM family, including JAM-A, B, C, L and JAM-4, are immunoglobulin (Ig)-like
single-span transmembrane molecules and mediate Ca2+-indepandent adhesion. JAMs is
suggested that to be associated with tight junction function and integrity, as well as the
interaction with several tight junction-associated proteins, such as ZO-1 (Gonzales-Mariscal
2001, Gonzalez-Mariscal, Tapia, and Chamorro 2008). However, it has been reported that

JAM proteins are not necessary for tight junction formation.

3.2 Tight Junctions In Mammary Gland

Tight junctions are highly dynamic during the mammary gland development and are
under the control of several factors. The permeability of tight junction is closely related to
milk secretion, resulting in significant varieties of tight junction components between
pregnant and lactating animals (Morgan and Wooding 1982, Nguyen and Neville 1998). In

non-lactating breast, tight junction strands are less organized with smaller numbers and fewer



branched networks, which allow them to function as barriers for diffusion to and from the
pericellular environment in the mammary gland. During lactation, when the ducts and alveoli
are filled with milk, tight junctions form highly impermeable organization in order to seal the
epithelial cells tightly to prevent the leakiness of milk components from the lumen.
Hormones such as progesterone, prolactin and glucocorticoid, as well as growth factors
such as TGF beta also appear to be involved in the regulation of tight junction permeability
(Itoh and Bissell 2003, Nguyen and Neville 1998). Progesterone is one of the key hormones
that is essential for establishment and maintenance of pregnancy. Studies have shown that
withdrawn of progesterone triggers the closure of tight junction in pregnant mice mammary
epithelia (Nguyen 2001). Prolactin, another key hormone that induces alveolar development
and regulates the synthesis and secretion of the milk, may play a role in modulation of tight
junction barrier (Stelwagen, McFadden, and Demmer 1999, Stelwagen et al. 1998).
Furthermore, it also has been reported that glucocorticoid, which is essential for the
maintenance of lactation, plays a role in enhancing TJ barrier function in the lactating
mammary epithelia and preventing the associated reduction in milk secretion (Stelwagen,
McFadden, and Demmer 1999, Stelwagen et al. 1998). In addition, the growth factor TGF
beta also has been shown to alter tight junction permeability through its regulation of

glucocorticoid (Nguyen and Neville 1998).

3.3 Tight Junctions In Breast Cancer

Breast cancer arises from the epithelial cells lining the breast ducts and lobules.
Increasing evidences suggested that the breakdown of cell-cell interactions as well as the
deregulated expression of junctional proteins are key steps during metastatic development
and cancer progression (Mareel and Leroy 2003, Gonzalez-Mariscal, Lechuga, and Garay
2007). This complex process entails local invasion, followed by dissemination of malignant
cells and finally re-establishment of cancer cells at distant sites. As a result, proteins that

constitute the cell-cell junctional complexes, such as tight junction proteins and the
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associated proteins at tight junction are suspected to directly contribute to invasion and
metastasis (Brennan et al. 2010).

The claudins are the most widely studied integral protein in breast cancer.
Cancer-specific phenotypic changes have been shown to be associated with modulations in
claudin expression in various cancer types. The gene expression of members of claudin
family can be either increased or decreased in breast cancer. Claudin 1 and 7 have been
reported to be downregulated in breast cancer (Hewitt, Agarwal, and Morin 2006, Tabaries et
al. 2012), which might associate with cell dissociation and an increase ability of cells to
disseminate. In contrast, expression of claudin 3 and 4 has been observed significantly
increased in breast cancers (Blanchard, Iwasiow, et al. 2009, Morin 2005). Consistent with
this, knockout claudin 3 and 4 have resulted in a downregulation of E-cadherin mRNA and
protein and b-catenin pathway signaling, which promotes tumor growth in vivo, cell
migration and invasion in vitro (Shang et al. 2012). In addition, one study has shown that the
decreased expression of claudin 6 enhances anchorage-indepandent growth and promotes
cellular invasiveness of breast cancer (Osanai et al. 2007). Consistent with this,
overexpression of claudin 6 has been reported to be associated with decreased
anchorage-independent growth and tumor invasion, suggesting that claudin 6 may function as
a tumor suppressor of breast cancer (Wu et al. 2010). Furthermore, claudin 2 has been shown
that plays a role in promoting breast cancer metastasis to liver by facilitating tumor cell
interaction with hepatocytes and is suggested as a prognostic biomarker (Kimbung et al. 2014,
Tabaries et al. 2012). In addition, the overexpression of claudin 16 in human breast cancer
cells was also shown to reduce aggressiveness and motility (Martin et al. 2008). The exact
roles of the claudin family in tumorgenesis still remain unclear; however, it has been
suggested that they represent promising targets for cancer detection, diagnosis and therapy.

In addition, tight junction-associated proteins have also been shown to play a role in
breast cancer. ZO-1 has been discovered with a potential function as a tumor suppressor gene
as it has been observed in several breast cancer cell lines with a decreases expression (Hoover,

Liao, and Bryant 1998). It has also been demonstrated that the downregulation of ZO-1 could
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be directly involved in progression of malignancy in breast cancer. In a human breast cancer
cell line MCF7, the activation of insulin-like growth factor I receptor (IGF-IR) upregulate
Z0-1 expression, which reduce invasive ability of tumorigenic cells (Mauro et al. 2001).
Furthermore, ZO-2 has also been shown that posses a tumor suppressor potential in breast

epithelial cells (Glaunsinger et al. 2001, Itoh and Bissell 2003).

4. Claudin 1

The importance of claudin 1 in normal cell function has been clearly established through
knockout mice experiences that showed claudin 1 forms the backbone of tight junction
strands and contributes to the epithelial barrier function (Furuse 1998, Furuse et al. 2002,
Furuse et al. 1998). The deletion of claudin 1 in mice impairs the epidermal barrier and
increased the permeability of the epidermis, followed by the death of the claudin 1-deficient
mice within one day due to excessive water loss (Furuse et al. 2002). Claudin 1 also plays a
role in the polarized location of ion channels, receptors, and enzymes to the different
membrane domains in the epithelial cells, referred as its “fence” function (Diamond, et al.
1977; Anderson, et al. 1993). Furthermore, claudin 1 gene expression was found to be tightly
regulated during different stages of normal mouse gland development. The gene was
increased during pregnancy but was observed a sharp decrease by day 10 of lactation and
once again was significantly up regulated by the first day of involution (Blanchard et al. 2007,

Blanchard et al. 2006).

4.1 Claudin 1 Structure

Similar to the structure of other claudin family members (as mentioned in Section 1.3),
claudin 1 (~21 kDa) contains four transmembrane domains with amino- and carboxyl-termini
in the cytoplasm and two extracellular loops. The first loop is significantly longer than the
second loop. The extracellular loop 1 (Claudin 1s3.30) has been demonstrated to play a critical
role in epithelial barrier function (Mrsny et al. 2008). A highly conserved motif
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W30-GLW5;-Cs4-Cea, located in the crown of claudin 1 extracellular loop 1, has been reported
to be required for Hepatitic C Virus (HCV) entry, as well as mediates cell-cell interaction
formation (Cukierman et al. 2009, Evans et al. 2007). The shorter extracellular loop 2
(Claudin 146.160) 1s suggested to be required for holding function and oligomerization of the
protein (Krause et al. 2008).

Consistent with other claudins, the C-terminus of claudin 1 (Claudin 1,g7.511) also
contains a PDZ-binding motif that interacts claudin 1 with several tight junction-associated
proteins. These interactions provide a link to the actin cytoskeleton, which is suspected to
anchor claudin 1 at the apical localization along cell membrane. However, it has been
demonstrated that the C-terminal cytoplasmic tail of claudin 1 not the PDZ binding-motif is
required for its apical localization at epithelial junctions (Riiffer and Gerke 2004). Indeed,
deletion of C-terminus inhibited its localization to the cell membrane and led to its retention
in cytoplasm, while claudin derivatives lacking only PDZ-binding motif continue to localize

to the tight junction (Riiffer and Gerke 2004).

4.2 Deregulation of Claudin 1 in Specific Cancers

Both down regulation and overexpression of claudin 1 have been shown in several
cancers (See Table 6), which is associated with cancer progression and invasion, suggesting
that claudin 1 may play a dual role as a tumor promoter and as a tumor suppressor. The
tumor-promoting role of claudin 1 is via its effect on invasion or motility of cancer cells.
Overexpression of claudin 1 has been reported in several cancers, such as papillary thyroid
tumors, oral squamous cell carcinoma, melanoma, ovarian, colon and gastric cancer, and has
been shown to be associated with aggressiveness and increased malignant phenotype
(Dhawan et al. 2005, Kleinberg et al. 2008, Leotlela et al. 2007, Nemeth et al. 2009, Oku et al.
2006, Resnick et al. 2005, Wu et al. 2008). For example, in colon cancer, study has shown
that the expression of claudin 1 was up regulated and significantly increased xenograft tumor

growth and metastatic behavior in athymic mice (Dhawan et al. 2005). Overexpression of
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claudin 1 has been shown to be associated with tumor invasion and metastasis in gastric
cancer (Huang et al. 2015). Functional studies have also shown that claudin 1 could recruit
and promote the matrix metalloproteinase (MMP) and lead to a more aggressive phenotype in
oral and ovarian cancer (Miyamori et al. 2001, Oku et al. 2006). Conversely, decreased
claudin 1 expression was reported in breast, esophageal, prostate, liver and lung cancer. Loss
of claudin 1 has been demonstrated to be correlated with cancer progression, invasion,
metastasis, and shorter disease-free survival (Chao et al. 2009, Miyamoto et al. 2008,
Sheehan et al. 2007, Swisshelm, Macek, and Kubbies 2005). For example, it has been shown
that down regulation of claudin 1 expression correlated with malignancy of hepatocellular
carcinoma and overexpression of claudin 1 protein suppresses metastasis, cell migration and

invasion of lung cancer cells (Higashi Y 2007; Chao YC 2009).

4.3 Deregulation of Claudin 1 in Breast Cancer

The exact role played by claudin 1 in breast cancer is not well delineated. Several
studies have demonstrated a low or absence of claudin 1 expression in most invasive breast
cancers, which is associated with disease recurrence, progression, metastasis, and reduce
survival, suggesting a tumor suppressor role for this protein (Morohashi et al. 2007,
Swisshelm, Macek, and Kubbies 2005, Swisshelm et al. 1999, Tokés et al. 2005, Kramer et al.
2000). Further, in vitro experiments show that the down regulation of claudin 1 gene
expression leads to the neoplastic transformation of breast epithelial cells and that the
re-expression of claudin 1 alone in a human breast cancer cell line was sufficient to induce
apoptosis (Hoevel et al. 2004, Kulawiec et al. 2008). Claudin 1 down regulation appears to be
more prominent in ER+ or ER+/HER2+ luminal breast cancers, but has also been identified
in some basal-like breast cancers as well as “claudin-low” subtype. Recently, it has been
demonstrated that DNA promoter methylation is associated with claudin 1 downregulation in
ER+ breast cancer but claudin 1 promoter was not methylated in ER- breast cancer (Di Cello

et al. 2013). Moreover, slug and snail, the transcriptional factors during EMT
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(epithelial-mesenchymal transition), have also been reported that could bind to claudin 1
promoter resulting in the repression of claudin 1 activation (Martinez-Estrada et al. 2006).
Overexpression of claudin 1 has shown to contribute to an anti-apoptotic role in
tamoxifen-treated MCF 7 cells (Liu et al. 2012). However, claudin 1 expression may be
distinct within specific subtypes of breast cancer. In our laboratory, we have shown that in
some ER- basal-like subtype of breast cancers, claudin 1 expression was observed to be
overexpressed by using tissue microarray strategies, suggesting that the role of claudin 1 in
human breast cancer may be more complicated than originally thought (Blanchard, Skliris, et
al. 2009). Claudin 1 knockdown in basal-like breast cancer cells decreases cell migration by
affecting the expression of genes involved in EMT, a process of converting adherent
polarized epithelial cells into individual migratory mesenchymal cells able to invade the
extracellular matrix (Blanchard et al. 2013). In addition, it has been shown that, claudin 1
alone was enough to exert tight junction mediated barrier function (paracellular sealing) in
metastatic breast cancer cells in the absence of other tight junction proteins (Hoevel et al.

2004).

4.4 Mislocalization of Claudin 1 in Cancers

A mislocalization of claudin 1 from the plasma membrane to other cell compartments,
such as cytoplasm and nucleus, has been reported in several cancers and may contribute to its
role in tumorigenesis (Dhawan et al. 2005, French et al. 2009, Jakab et al. 2010, Leotlela et al.
2007, Oku et al. 2006). For example, in colon cancer, mislocalization of claudin 1 to
cytoplasm and nucleus has been found in particular in metastatic tissues (Dhawan et al. 2005).
Mislocalization of claudin 1 from tight junctions has also been reported in bladder tumors
(Boireau et al. 2007). Cytoplasmic expression of claudin 1 in metastatic melanoma cells was
shown to correlate to increased migration of tumor cells, controlled by phosphorylation
(French et al. 2009). Additionally, subcellular localization of claudin 1 has also been shown

to be disrupted in human invasive breast cancer, leading to a detection of this protein in the
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cytoplasm (Blanchard, Skliris, et al. 2009, Soini 2005, Tokés et al. 2005). In some of these
specific examples, mislocalization of claudin 1 was associated with enhances metastatic
potential of the cancer (Dhawan et al. 2005, French et al. 2009, Leotlela et al. 2007). Such
mislocalization of claudin 1 in cancers has been suggested to be regulated by
posttranslational modifications such as phosphorylation (Koizumi et al. 2008, Leotlela et al.
2007, Lippoldt et al. 2000, French et al. 2009). The detailed function of phosphorylation of
claudin 1, as well as other claudin family members, in various cancers will be described in

the next section.

5. Posttranslational Modifications

5.1 Phosphorylation

Phosphorylation, the most well studied post-translational modification, plays critical
roles in the regulation of cellular processes, as well as protein functions and activities. In
eukaryotic cells, phosphorylation only occurs in three amino acids: serine, threonine and
tyrosine, which contain a nucleophilic (-OH) group that attracts the terminal phosphate group
(y-PO;%) on the universal phosphoryl donor adenosine triphosphate (ATP), resulting in the
transfer of the phosphate group to the amino acid side chain. Protein phosphorylation is
mediated by kinases, which are enzymes that facilitate phosphate group transfer to substrate.
Protein kinases can be divided into serine/threonine-specific protein kinases that
phosphorylate the OH group of serine or threonine and tyrosine-specific protein kinases that
phosphorylate OH group of tyrosine.

The protein kinase A (PKA), also known as cyclic AMP-dependent protein kinase, is a
serine/threonine kinase and has been shown to play a role in the maintenance of epithelial
tight junction integrity (Klingler et al. 2000).

Protein kinase C (PKC) also belongs to the family of serine-threonine kinases and is
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known to regulate epithelial barrier function. To date, at least twelve different isoforms of
PKC have been identified, which can be divided into three subtypes: classic or conventional,
novel and atypical PKC isozymes (See Table 6).

A number of studies suggest that phosphorylation may play a major role in regulating
tight junction and tight junction-associating proteins both in normal cells and in cancer cells.
Claudins are the most extensively studied tight junction protein with regards to regulation by
phosphorylation. For example, phosphorylation of claudin 2 has been shown to promote its
membrane retention and phosphorylation of claudin 4 is required for tight junction formation
(Aono and Hirai 2008, Van Itallie and Anderson 2013). Moreover, the C-terminal tail of
claudin 3 could be phosphorylated by PKA and contributes to the disruption of tight junction
in the ovarian cancer (D'Souza, Agarwal, and Morin 2005). Also, phosphorylation of claudin
1 on a PKC site within the C-terminus is essential for mediating the heart looping (Simard, Di
Pietro, and Ryan 2005). Another study has shown that phosphorylation on threonine 203 of
claudin 1 is required for barrier function in a rat lung cell endothelial cell line with induced
claudin 1 expression through a putative mitogen-activated protein kinase (MAPK) activation
(Fujibe et al. 2004). Additionally, phosphorylation of claudin 5 by PKA could be involved in
promotion of tight junction function in endothelial cells (Ishizaki et al. 2003).

Notably, analysis of claudin 1 revealed that a number of putative PKA and PKC sites
located within the C-terminal tail (Table 7). These putative protein kinase sites were
identified as important players in regulating claudin 1 expression and localization in several
caners, including breast, oral, colon, liver cancers and melanoma (D'Souza, Agarwal, and
Morin 2005, Koizumi et al. 2008, Leotlela et al. 2007, Lippoldt et al. 2000). Specifically, in
melanomas, protein kinase activity increases both the transcription and phosphorylation of
claudin 1 (French et al. 2009). In this later study, mutations of specific PKA/PKC
phosphorylation sites resulting in the constitutive phosphorylation of claudin 1 led to its
retention in the cytoplasm (French et al. 2009). Furthermore, in hepatoma cells, a decrease in
PKA resulted in subcellular localization of claudin 1 to the cytoplasm (Farquhar et al. 2008).

In addition, mislocalization of claudin 1 protein regulated by protein kinases was observed to
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be associated with enhanced metastatic capacity in oral and colon cancers (Dhawan et al.

2005, Oku et al. 20006).
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II RATIONALE AND HYPOTHESIS

RATIONALE

Claudin 1, a major tight junction protein, constitutes the backbone of the tight junction
in epithelial cells, including the epithelial cells in the mammary gland (Figure 2) (Blanchard
et al. 2006, Furuse 1998). Claudin 1 protein was frequently down regulated in human
invasive breast cancers and this down regulation has been associated with poor prognosis
(Kramer et al. 2000, Morohashi et al. 2007, Swisshelm et al. 1999, Tokés et al. 2005).
Therefore, claudin 1 is suggested to be a tumor suppressor.

However, breast cancer is a heterogeneous disease with several different molecular
subtypes (Table 1) (Perou, Sorlie, et al. 2000, Prat et al. 2010). Recently, our laboratory has
shown that in some basal-like breast cancers, claudin 1 expression is significantly up
regulated and mislocalized to the cytoplasm (Blanchard, Skliris, et al. 2009). Moreover,
mislocalization of claudin 1 has been recently shown to enhance the metastatic potential in
several other cancers, including melanoma, colon and liver cancers, and thus, may also
promote metastasis in breast cancer (Dhawan et al. 2005, French et al. 2009, Leotlela et al.
2007, Oku et al. 2006).

As well, the C-terminus of the claudin 1 protein has been shown to direct its membrane
localization in normal epithelial cells (Riiffer and Gerke 2004), and protein kinase activity
(PKA/PKC) was important in regulating claudin 1 expression and localization in several
cancers (French et al. 2009, Riiffer and Gerke 2004). Therefore, it is possible that
phosphorylation of the PKA/PKC sites within the C-terminus may direct the localization of
claudin 1 in breast cancer.

However, in breast cancer, the role of the C-terminus and whether phosphorylation

affects localization of claudin 1 has not been addressed.

HYPOTHESIS

Mislocalization of claudin 1 in human breast cancer cells is regulated by phosphorylation.
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III RESEARCH OBJECTIVES

Objective 1: To establish the endogenous level and localization of claudin 1 in human
breast cancer cell lines.

The endogenous claudin 1 expression levels were analyzed by western blot analysis.
Immunofluorescence and subcellular fractionation strategies were used to analyze the

localization of endogenous claudin 1 in cells.

Objective 2: To determine whether the C-terminal of claudin 1 protein is required for
its localization to the membrane.

GFP-tagged claudin 1 mutant constructs lacking the entire C-terminal domain (Figure 7)
were generated in our lab and then were transfected into MCF7 (luminal-like human breast
cancer cell lines with low claudin 1 expression) and T47D (luminal-like human breast cancer
cell lines with high claudin 1 expression) cell lines. After the transfection, the localization of
the mutant constructs and the full-length constructs were investigated by confocal

microscopy.

Objective 3: To examine whether phosphorylation regulates the localization of claudin 1
in human breast cancer.

For this objective, site-directed mutagenesis was used to generate GFP-tagged claudin 1
constructs to mimic both constitutive phosphorylation and non-phosphorylation at PKC/PKA
predicted target sites on claudin 1 protein C-terminus. I have then transfected these mutants
into MCF7 breast cancer cells and investigate claudin 1 localization by using confocal

microscopy strategy.
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IV. MATERIALS AND METHODS

1. Cell Culture

1.1 Cell Lines

The Madin-Darby Canine Kidney (MDCK) cell line is a canine kidney cell line
originally isolated from the kidney tissue of an adult female cocker spaniel by S. H. Madin
and N. B. Darby in 1958 (Gaush, Hard, and Smith 1966). The MDCK cell line is commonly
used as a general model for studying protein trafficking, polarity and junctions (tight,
adherens, desmosome and gap) in epithelial cells (Dukes et al. 2011). MDCKII cells were
obtained from higher passage MDCK epithelial cells. The MDCKII cell line was obtained
from the American Type Culture Collection (ATCC, Manassas, VA, USA).

The MCF10A; cell line is an immortal human mammary epithelial cell line originally
isolated from the mammary gland of a 36-year-old female (Soule et al. 1990). This cell line
was received from the laboratory of Dr. Leigh Murphy (Department of Biochemistry and
Medical Genetics, University of Manitoba, Winnipeg, Canada).

The T47D cell line is a human breast cancer cell line originally isolated from a ductal
carcinoma of a 54-year-old female (Keydar et al. 1979). This cell line was ordered from
ATCC.

The MCF-7 cell line is a human breast cancer cell line originally derived from a pleural
effusion of a patient with adenocarcinoma (Soule et al. 1973). MCF-7 cell line was gifted
from Dr. Robert Shiu (Department of Physiology and Pathophysology, University of
Manitoba, Winnipeg, MB, Canada).

The BT-20 cell line is a human breast cancer cell line originally isolated from a
carcinoma dissected from a 75-year-old female (Lasfargues and Ozzello 1958). The BT-20
cell line was obtained from the ATCC.

The MDA-MB-231 cell line is a human breast cancer cell line originally isolated from
an adenocarcinoma obtained from a 51-year-old female (Cailleau et al. 1974). The
MDA-MB-231 cell line was purchased from ATCC.
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1.2 Culture Conditions

The MDCKII, T47D, MCF-7 and MDA-MB231 cells were cultured in Dulbecco’s
Modified Eagle Medium (DMEM; Hyclone Laboratories Inc., Logan UT, USA)
supplemented with 10% fetal bovine serum, 50 units/ml penicillin, 50 pg/ml streptomycin,
2mM glutamine (all from Hyclone Laboratories Inc.) and 10pg/ml insulin (Sigma-Aldrich
Co., St. Louis, MO, USA).

BT-20 cells were cultured in Eagle’s Minimum Essential Medium (EMEM, Hyclone
Laboratories Inc.) supplemented with 10% fetal bovine serum, 50 units/mL penicillin, 50
pg/ml streptomycin, and ImM pyruvate.

MCF10A, cells were cultured in DMEM with the addition of 5% horse serum, 100
units/ml penicillin, 100 pg/ml streptomycin and 2mM glutamine and 10 pg/ml insulin.
Additionally, the DMEM was supplemented with 1pM hydrocortisone, 0.02 pg/ml human
epidermal growth factor (hEGF) and 0.1 pg/ml choleratoxin (all from Sigma-Aldrich Co.).

All cells were grown in 75 cm” polystyrene culture flasks (Thermo Fisher Scientific, NY,
USA) and incubated at 37°C in a humidified atmosphere of 95% air and 5% CO,. The culture

medium was replaced every two days.

1.3 Propagation/ Freezing of Cell Lines

For routine cell passage, the culture flask containing the cells was moved to a biosafety
cabinet and the culture medium was aspirated. The cells were gently rinsed with 3 ml of
trypsin (0.05%, 1 X; Hyclone Laboratories Inc.) and then aspirated immediately. Two ml of
fresh trypsin was added and the flask was returned to the incubator for 2-5minutes. After
cells were detached from the flask, 8 ml of complete medium was added. The cell suspension
was then pipetted 5-8 times to completely disperse cells. Two ml of cell suspension was
added to a new culture flask with 10 ml fresh complete medium to continue growth of the cell
culture.

For the storage of cells, the remaining 8 ml of cell suspension was transferred into a 15
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ml conical centrifuge tube (Thermo Fisher Scientific) and the cell suspension was centrifuged
at 700 RPM (IEC Centra-GP8R, International Equipment Company, Needham heights, MA,
USA) for 5 minutes at room temperature. The supernatant was aspirated and the cell pellet
was re-suspended in the freezing medium (10% DMSO, 20% FBS in complete medium). The
cell suspension was aliquoted into cryogenic vials (Nalge Company, Rochester, NY, USA)

and transferred to liquid nitrogen after storage at -80°C for 2-3 days.

1.4 Cell Counting

To determine cell numbers, cells were detached from the culture flasks (as described in
Section 1.3) and transferred to a 50 ml conical centrifuge tube (Thermo Fisher Scientific) and
then passaged 5 times through a 18G x 1 1/2 needle (Becton, Dickinson and Company, New
Jersey, USA) to disperse to a single cell suspension. Ten pl of the cell suspension was loaded
into each chamber of a counting slide, the slide was inserted into a TC20 cell counter
(Bio-Rad Laboratories Inc., Hercules, CA, USA), and the cell numbers were determined by
the cell counter. The total cell numbers per ml were recorded for both chambers of the

counting slide and were averaged.

2. Detection of Claudin 1 Protein by Western Blot Analysis

2.1 Protein Extraction

After culturing cells in a 6-well plate to 90% confluency, the cells were lysed in 200 pl
of sodium-dodecyl-sulfate-isolation-buffer (SDS-isolation Buffer: 50 mM Tris-HCI, pH 6.8,
5% SDS, 20 mM EDTA, 5SmM [-glycerophosphate) in the presence of a complete mini
Protease Inhibitor Cocktail, containing serine, cysteine, metalloproteases and calpains (1
Complete Mini tablet/ 10 ml of extraction solution, Roche Diagnostics, Laval, QC, Canada).
The lysed cells were then sonicated two times for 15 seconds in ice-cold SDS-isolation buffer
using a 550 Sonic Dismembrator (Thermo Fisher Scientific). Following sonication, samples
were centrifuged at 13,000 g for 5 minutes at 4°C. The supernatants were collected and stored
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at -20°C.

2.2 Determination of Protein Concentration

The protein concentrations of the cell lysate were determined by using a mini BCA
(Bicinchoninic Acid) Protein Assay Kit (Thermo Fisher Scientific), following the
manufacturer’s instructions. Briefly, BSA (bovine serum albumin) stock, provided in the kit,
was diluted to 40 pg/ml in double distilled H,O (ddH,O) and then diluted to obtain protein
concentration standards: 1, 2, 5, 8, 10, 15 and 20 pg/ml (See Table 9). Protein samples were
diluted 1:500 in ddH,O in duplicates. To each sample, 500 pl of the mix solution containing
0.25ml of solution A, 0.24ml of solution B and 0.01ml of solution C (solutions are provided
in the kit) were added. The tubes were gently vortexed and incubated at 60 °C for 1 hour,
along with the standards. Following the incubation, samples were cooled to room temperature,
and then 200 pl of each reaction was transferred to a 96-well plate. The absorbance was
measured at a wavelength of 562 nm and a standard curve was plotted using the Softmax Pro
4.8 software (Molecular Devices LLC., Sunnyvale, CA, USA). The slope (m) and y-intercept
(b) was obtained and used to calculate the unknown concentration of the protein samples

according to the following equation with a dilution factor of 1000.

Equation 1:

[(Optical Density-b)/m] X Dilution Factor = Protein (pg/ml)

2.3 Electrophoresis and Western Blot Analysis

For each sample, equal amounts of protein (50 pg of total protein) were mixed 3:1 with
4X SDS buffer [5S00 mM Tris, pH 6.8, 40% glycerol, 8% SDS, 0.04% (w/v) bromophenol
blue and 0.4M dithiothreitol (DTT)]. Samples were boiled for 5 minutes at 100°C using a
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PTC-100™ Programmable Thermal Controller (Bio-Rad Laboratories, Inc.). SDS-PAGE
(PolyAcrylamide Gel Electrophoresis) was performed using the Bio-Rad Protean II system
(Bio-Rad Laboratories, Inc) and protein samples were electrophoresed in a 4%
polyacrylamide stacking gel and 16.5% polyacrylamide separating gel. Ten pl of the
Precision Plus Protein "™ Dual Color Standards (Bio-Rad Laboratories, Inc.) was used as a
molecular weight marker. Protein electrophoresis was performed with the 1 X
Tricine-SDS-PAGE cathode buffer system (5 X Running Buffer=500 mM Tris, 500 mM
Tricine, 0.5% SDS, pHS8.25) and 1 X Tricine-SDS-PAGE anode buffer system (5 X Running
Buffer=1 M Tris pHS8.9). Protein was transferred from the gel onto a 0.2 um nitrocellulose
membrane (Bio-Rad Laboratories Inc.) in the transfer buffer [1 X transfer buffer =200 ml 10
X Tris/Glycine buffer (Bio-Rad Laboratories, Inc.), 400 ml methanol and 1400 ml ddH,O]
using Bio-Rad’s Transblot Electrophoretic transfer cell at 100 V for 1 hour. After the transfer,
the membrane was placed between two pieces of the Whatman paper and baked at 60°C for
15 minutes, followed by rinsing with 1X Tris-buffered saline with 0.05% Tween-20 (1X
TBST= 20 mM Tris, 137 mM NaCl pH 8.25 and 0.05% Tween 20). The membrane was then
used for immunoblotting.

Following 1 hour incubation in 1X TBST containing 5% non-fat milk powder, the
membrane was then incubated overnight at 4°C in the rabbit polyclonal antibody against the
C-terminal tail of claudin 1 protein (Life Technologies Inc.; dilution 1:500 in 5% Milk/TBST
solution) with gentle shaking on a rocker (Hoefer Scientific Instruments, San Francisco, CA,
USA). Subsequently, the membranes were washed with 1X TBST (three times for 10 minutes)
and incubated with a goat anti-rabbit horseradish peroxidase conjugated IgG (Bio-Rad
Laboratories Inc.; dilution 1:10000 in 5% Milk/TBST solution) for 1 hour at room
temperature. Following washing in 1X TBST (three times for 10 minute), chemiluminesence
detection was carried out using the Supersignal West Pico Chemiluminescent Substrate kit
(Pierce Biotechnology, Rockford, IL, USA) according to the manufacturer’s instructions. The
membrane was then exposed to CL-X Posure ™ Film (Thermo Fisher Scientific).

Following the development, the membrane was then washed in 1X TBST (three times
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for 10 minute), a mouse monoclonal antibody (Abcam Inc., Toronto, ON, Canada) against
B-actin protein was also used on the membrane as a loading control in a dilution of 1:5000 in
5% Milk/TBST solution and incubated for 1 hour in the room temperature. The membrane
was washed with 1X TBST (three times for 10 minutes) and incubated in a goat anti-mouse
horseradish peroxidase conjugated IgG (1:5000 dilution; Bio-Rad Laboratories Inc.) for 1
hour at room temperature. Washing and detection steps were the same as for the claudin 1

antibody.

3. Immunofluorescence Microscopy

Glass coverslips (Thermo Fisher Scientific) were rinsed in 70% ethanol and placed in a
6-well plate. The ethanol was allowed to evaporate and then the slides were washed 3 times
with 2 ml of 1 X Phosphate Buffer Saline (PBS; HyClone Laboratories Inc.). For each cell
line, cel