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ABSTRACT

Microenvironment Regulation of Proteinase Expression and E-cadherin Ectodomain
Generation in Ovarian Cancer

Jaime Elizabeth Symowicz

Most women diagnosed with epithelial ovarian carcinoma (EOC) initially present with
metastases, but little is known about the regulation of ovarian tumor cell dissemination by the
tumor microenvironment. Because ovarian cancer cell dissemination is mostly limited to the
peritoneal cavity and often results in the accumulation of malignant ascites, the ovarian tumor
microenvironment is unique in comparison to other cancers. The ascites maintains constant
contact with the primary tumor and peritoneal metastases and contains many factors that foster
metastatic spread. Reversible modulation of cell-cell adhesion, cell-matrix adhesion, and
proteolytic activity also play a critical role in remodeling of the neoplastic ovarian epithelium,
subjecting these processes to microenvironment regulation and implicating collagen-binding
integrins and lysophosphatidic acid (LPA) in both E-cadherin and proteinase regulation.

The studies presented in this dissertation now identify and dissect several tumor
microenvironment-regulated mechanisms that influence E-cadherin function and proteinase
expression to potentially increase the metastatic propensity of ovarian cancer. In contrast to
most carcinomas that lose E-cadherin expression with progression, E-cadherin expression is
gained during ovarian cancer progression. Mutations in the E-cadherin gene are rare, but other
mechanisms likely affect E-cadherin expression and/or function to enhance metastasis. Here,

collagen-binding integrin engagement has been shown to regulate two distinct observations
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involving E-cadherin function. First, integrin engagement increases E-cadherin internalization

and GSK-3B inhibition, resulting in increased p-catenin-mediated transcription and protein
expression of known Wnt/B-catenin targets associated with ovarian cancer metastasis (uPA,
COX-2, MT1-MMP, MMP-7). Second, integrin engagement enhances MMP-9-dependent E-
cadherin cleavage and ectodomain (sE-cad) shedding. sE-cad levels are elevated in EOC patient
ascites and incubation of EOC cells with physiologically relevant concentrations of recombinant
sE-cad disrupts cell-cell junctions. LPA also promotes the development of a more aggressive
phenotype in EOC cells via different mechanisms. MMP-9-dependent E-cadherin ectodomain
shedding is increased following LPA treatment and LPA also increases COX-2 expression in
EOC cells. COX-2 then functions as a downstream mediator of LPA to increase pro-MMP-2
activation, cell migration, and invasion. Together, these novel results further elucidate
mechanisms that may govern ovarian cancer metastasis and identify potential therapy targets for

thousands of ovarian cancer patients.
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List of Frequently Used Abbreviations

2D Two Dimensional

3D Three Dimensional

ADAM A Disintegrin and Metalloproteinase
COX-2 Cyclooxygenase-2
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ERK Extracellular Signal Regulated-Kinase
GSK-3p Glycogen Synthase Kinase-3[3
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MT-MMP Membrane-type Metalloproteinase
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PBS Phospho Buffered Saline
PI3K Phosphatidylinositol Kinase-3
PKC Protein Kinase C

sE-cad Soluble E-cadherin
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Chapter 1: Introduction and Background

I) Ovarian Cancer
A) Development of Epithelial Ovarian Cancer

According to the American Cancer Society, approximately 16,000 women die from
ovarian cancer and 22,000 women are newly diagnosed each year in the United States. Seventy-
five percent of these 22,000 women are diagnosed with existing metastases, classifying ovarian
cancer as the most lethal form of gynecologic disease. Late diagnosis is common because the
subtle symptoms associated with ovarian cancer are often dismissed or misdiagnosed and the
anatomical location of the ovaries makes stage I detection difficult (Fishman and Borzorgi 2002).
Risk factors for ovarian cancer include increasing age, nulliparity, use of fertility drugs, and a
family history of breast and/or ovarian cancer (Lacey and others 2002). Most hereditary forms
of ovarian cancer are associated with germline mutations in the BRCA1 and BRCA2 genes.
Multiple pregnancies and the use of oral contraceptives are both associated with decreased risk,
providing support for two theories currently proposed to explain why ovarian cancer develops.
The Incessant Ovulation Theory hypothesizes that mutations accumulate in ovarian surface
epithelium (OSE) as a result of the repetitive wounding and cell proliferation needed for
postovulatory repair (Ozols and others 2004). Increased ovulation is associated with the
formation of inclusion cysts and changes in the ovarian surface (Feeley and Wells 2001). The
Gonadotropin Theory claims that ovarian cancer is caused by cellular transformation induced in

the OSE cells after a lifetime exposure to pituitary gonadotropins as the pituitary gonadotropins
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surge to initiate each ovulation and remain at high levels following menopause (Ozols and

others 2004).

Ninety percent of diagnosed ovarian tumors are classified as epithelial ovarian
carcinomas (EOC), which are derived from the OSE or cortical inclusion cysts (Feeley and Wells
2001; Wong and Auersperg 2002). The OSE is part of the pelvic mesothelium and is a thin
mesothelial monolayer with a mixed epithelio-mesenchymal phenotype that covers the ovarian
surface (Auersperg and others 2002; Wong and Auersperg 2002). In adult women, the OSE has
a monolayered flat or cuboidal epithelium characterized by apical microvilli, a basal lamina, and
keratin types 7, 8, 18, and 19. Cell-cell adhesion is maintained by desmosomes, incomplete tight
junctions, and N-cadherin. The OSE is separated from the ovarian stroma by a basement
membrane that overlies the tunica albuginea, a collagenous connective tissue layer. Normally,
the OSE is involved in cyclical ovulatory rupture and repair, which is likely coordinated with the
reproductive cycle and thus hormone dependent. The OSE also secretes and expresses receptors
for hormones, growth factors, and cytokines. The extracellular matrix (ECM) influences the
OSE, but the OSE also affects ECM synthesis, lysis, and restructuring. With increasing age, the
ovary acquires irregular contours to form OSE-lined surface invaginations or clefts and epithelial
inclusion cysts in the ovarian cortex. The OSE in the inclusion cysts is more likely to undergo
metaplastic changes and to commit to an epithelial phenotype, which includes the acquisition of
a columnar cell shape and expression of E-cadherin and CA125 [Reviewed in (Wong and
Auersperg 2002)].

The tumors derived from the OSE display variable properties and are similar to fallopian

tube epithelium, endometrium endocervix epithelium, colonic epithelium, and urogenital tract
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epithelium (Auersperg and others 2002). EOCs are categorized into the four following

histotypes: mucinous, endometrioid, clear cell, and serous (DeFrias and others 2002). Seventy-
five percent of mucinous tumors are benign (Katsube and others 1982; Koonings and others
1989) and the neoplastic cells resemble endocervical, gastric, or intestinal epithelium (DeFrias
and others 2002). Endometrioid tumors are rare, accounting for only 2-4% of all ovarian tumors.
These tumors contain both epithelial elements and stroma similar to the normal endometrium
(DeFrias and others 2002). Recently, it has been reported in a mouse genetic model that
endometriosis is directly linked to the development of endometrioid tumors (Dinulescu and
others 2005). Clear cell tumors display variable cell patterns, but are mostly identified by
abundant amounts of transparent cytoplasm. Only 6% of all ovarian tumors are classified as
clear cell tumors (DeFrias and others 2002; Scully and others 1998).  Serous tumors are derived
directly from OSE cells or inclusion cysts (Shih and Kurman 2004) and their epithelium display
flat, ciliated, cuboidal or columnar structures similar to the peritoneum surrounding the ovary
and fallopian tubes (DeFrias and others 2002). Serous carcinomas are the most common ovarian

carcinoma and account for about half of all ovarian neoplasms (Shih and Kurman 2004).

B) Ovarian Cancer Metastasis and Tumor Microenvironment

Only 30% of the women diagnosed with advanced stage ovarian cancer survive five years
beyond initial diagnosis (Jemal and others 2004). Ovarian cancer metastasis is initiated when
cells exfoliate from the primary tumor as single cells or multi-cellular aggregates [Fig 1.1].
Unlike other solid tumors, ovarian cancer rarely spreads via the vasculature, although lymphatic

spread is possible (Naora and Montell 2005). Instead, cell dissemination is initially limited to
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the peritoneal cavity and is mediated by deregulated cell adhesion and intraperitoneal invasion

and migration. The cells float in the peritoneal fluid, attach, invade, and grow at new sites,
resulting in the “seeding” of the peritoneal cavity (Ghosh and others 2002; Naora and Montell
2005). Metastases of ovarian cancer are often observed in the uterus, fallopian tubes, liver,
omentum, and bowels (Schwartz 2002). The disseminated cells further contribute to tumor
metastasis by blocking the peritoneal lymphatics, resulting in the accumulation of malignant
ascites in the peritoneal cavity to facilitate cell spreading (Ghosh and others 2002; Kohn 1997).
Peritoneal microvessel hyperpermeability and angiogenesis also contribute to ascites formation
(Kohn 1997) as the production of vascular endothelial growth factor (VEGF) by tumors cells is
associated with increased ascites accumulation in ovarian cancer mouse models (Akutagawa and
others 2002; Belotti and others 2003). The ascites provides a favorable environment for ovarian
cancer progression as it is rich in growth factors, bioactive lipids, ECM components,
inflammatory mediators, and proteolytic enzymes (Freedman and others 2004; Mutsaers 2002;
Offner and others 1995). As a result, the presence of ascites is very common in stage III and IV
ovarian cancer patients and is associated with a significantly reduced five year survival rate (5%
versus 45% without ascites) (Puls and others 1996), necessitating an understanding of this unique

tumor microenvironment and how it fosters further cell dissemination and metastatic spread.

C) Current Ovarian Cancer Models
Although monolayer tissue culture models are often used for in vitro ovarian cancer
investigations, these two dimensional (2D) studies are eventually followed up in alternative

models that provide a more accurate physiological model of ovarian cancer metastasis. Three
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dimensional (3D) tissue culture models have recently been utilized to identify the mechanisms

that regulate disaggregation, adhesion, and invasion of ovarian cancer spheroids in the peritoneal
cavity (Burleson and others 2006; Burleson and others 2004; Lessan and others 1999). Animal
models are also used to study ovarian cancer, but many differences exist between animal OSE
and human OSE in the expression of adhesion molecules, the cellular origin of tumors, the
response to hormonal stimulation, and the growth regulatory signaling pathways. Currently
bovine OSE appears to be the best animal model for human OSE comparison (Auersperg and
others 2002). Because rodent OSE cells are more conducive to cellular transformation, a mouse
model has recently been generated where human OSE cells containing mutant versions of p53,
Retinoblastoma tumor suppressor (RB), human telomerase reverse transcriptase (hTERT), and
KRAS were injected into the peritoneal cavity of mice. These four genes are frequently
disrupted or mutated in human ovarian tumors, so it is not surprising that these mice develop
ascites and undifferentiated carcinomas or malignant mixed Mullerian tumors following injection
of transformed human OSE cells (Liu and others 2004). Recently, border cell migration during
oogenesis in the ovary of Drosophila melanogaster has proven to be a useful model for genetic
analysis of processes involved in ovarian cancer metastasis because border cell migration shares
some similarities with cancer cell migration (Montell 2003; Naora and Montell 2005; Yoshida

and others 2004).
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Figure 1.1: Ovarian cancer metastasis

Ovarian tumor cells exfoliate from the primary tumor as single cells and multi-cellular
aggregates. Ovarian cancer rarely spreads via the vasculature, limiting cell dissemination to the
peritoneal cavity. The cells float in the peritoneal fluid, attach and invade at new sites, resulting
in the “seeding” of the peritoneal cavity. Metastases are often reported in the uterus, fallopian
tubes, liver, omentum, and bowels. The disseminated cells also block the peritoneal lymphatics,
resulting in the accumulation of malignant ascites in the peritoneal cavity. This figure was

adapted and used with permission from M. Sharon Stack.
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IT) E-cadherin

A) Role of E-cadherin in Cell-Cell Adhesion and Cancer Progression

The superfamily of classical cadherins includes epithelial (E)-cadherin and neuronal (N)-
cadherin. Classical cadherins are single-span transmembrane-domain glycoproteins that mediate
calcium-dependent cell-cell adhesion via homophilic and heterophilic bonds with the
extracellular regions of other cadherins on the surface of neighboring cells (Foty 2005;
Gumbiner 2000). Classical cadherins associate with intracellular proteins, catenins, to form the
cytoplasmic cell-adhesion complex (CCC). B and y-catenin bind to the C-terminus of classical
cadherins while p120-catenin interacts with sites in the cytoplasmic tail. It has originally been
proposed that B and y-catenin then bind to a-catenin and connect the CCC to the actin
cytoskeleton [Reviewed in (Cavallaro and Christofori 2004)] [Fig 1.2], but this hypothesis is
currently under revision after Yamada and colleagues showed that o-catenin does not
simultaneously bind to actin filaments and the E-cadherin-B-catenin complex (Yamada and
others 2005). They then suggest that this interaction between actin filaments and cadherin-
catenin complexes is less static than originally speculated (Yamada and others 2005).

The main functions of E-cadherin include the regulation of cell polarity and the
maintenance of epithelial organization (Cavallaro and Christofori 2004). High levels of E-
cadherin are observed in normal epithelial cells, but a loss in E-cadherin expression or function
often occurs as epithelial cell derived cancers develop and progress and cells adopt a more
undifferentiated and invasive phenotype (Okegawa and others 2002; Okegawa and others 2004).
It has been suggested that loss of E-cadherin mediated cell-cell adhesion is mandatory for cancer

cell invasion and metastasis (Birchmeier and Behrens 1994). Genetic and epigenetic
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mechanisms are often responsible for the downregulation of E-cadherin function or expression

in tumors. For examples, gene mutations regularly occur in tumors, giving rise to mutant, non-
functional versions of E-cadherin. E-cadherin transcription is also reduced by transcription
factors Snail, Slug, and SIP1 or by hypermethylation of the gene promoter. Nongenetic
mechanisms may also inhibit E-cadherin expression and/or function. For example, matrix
metalloproteinase (MMP)-dependent proteolytic degradation of E-cadherin may disrupt cell-cell
adhesion or receptor tyrosine kinase- mediated phosphorylation of E-cadherin may promote E-
cadherin degradation. When E-cadherin function is lost, de novo expression of N-cadherin often
occurs and promotes cell motility and migration in cancer cells [Reviewed in (Cavallaro and

Christofori 2004)].
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Figure 1.2: E-cadherin structure

Epithelial (E)-cadherin is a member of the superfamily of classical cadherins and mediates
calcium-dependent cell-cell adhesion via homophilic and heterophilic protein interactions with
cadherins on the surface of neighboring cells. Classical cadherins associate with intracellular
proteins, catenins, to form the cytoplasmic cell-adhesion complex (CCC). B- and y-catenin bind
to the C-terminus of classical cadherins while pl20-catenin interacts with sites in the
cytoplasmic tail. B- and y-catenin then bind to a-catenin and connect the CCC to the actin

cytoskeleton. This figure was adapted from (Cavallaro and Christofori 2004).
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B) Role of E-cadherin in Ovarian Cancer Progression

Although most epithelia express abundant E-cadherin, this cadherin is absent in the
mesenchymally-derived normal OSE, which instead express N-cadherin. Aberrant epithelial
differentiation is an early event in epithelial ovarian carcinogenesis as tumors acquire
increasingly complex differentiation similar to the highly specialized epithelia of Mullerian duct
origin and undergo an initial mesenchymal epithelial transition (MET) [Fig 1.3] (Auersperg and
others 1999). In contrast to most carcinomas that lose E-cadherin expression with progression,
E-cadherin is abundant in primary differentiated EOCs (Faleiro-Rodrigues and others 2004; Imai
and others 2004; Karbova and others 2002; Maines-Bandiera and Auersperg 1997; Marques and
others 2004; Patel and others 2003; Sundfeldt and others 1997; Wong and others 1999). E-
cadherin expression is observed in peritoneal cell effusions and metastases, but conflicting
reports on their E-cadherin expression levels relative to the primary tumor exist. For example,
Fujioka and colleagues report that 6 of 10 peritoneal metastases show reduced E-cadherin
expression compared to primary tumors in one study (Fujioka and others 2001). In agreement
with these findings, a reduction in E-cadherin mRNA expression is observed in metastatic
lesions in comparison to primary tumors in a separate study (Fujimoto and others 1997). In
contrast, Imai and colleagues note E-cadherin expression is increased in peritoneal lesions when
compared to the primary tumors (Imai and others 2004). Similar observations are reported by
Davidson and colleagues in effusions although E-cadherin expression is increased in effusions
relative to the peritoneal metastases (Davidson and others 2000). Naora and Montell have also
suggested based on studies of border cell migration in the Drosophila melanogaster ovary that it

may be advantageous for ovarian tumor cells to maintain E-cadherin expression. Interestingly,
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both border cells and ovarian cancer cells express higher levels of E-cadherin than the

epithelia that give rise to them. Border cells require high levels of E-cadherin expression as they
depend on E-cadherin-mediated cell-cell adhesion to migrate as a cell cluster on the surface of
the nurse cells down the egg chamber towards the oocyte. Decreased E-cadherin surface activity
is likely required to facilitate border cell migration; this type of movement parallels integrin-
mediated migration on the ECM and ovarian cancer cells may utilize a similar mechanism to
maintain attachment of multi-cellular aggregates in the ascites and to adhere to other cells in the
peritoneal cavity (Naora and Montell 2005). Regardless of relative E-cadherin expression in
metastases, effusions, and primary tumors, E-cadherin deregulation likely plays an unknown role
in ovarian cancer cell dissemination.

Mutations in the E-cadherin gene are very rare in ovarian carcinomas (Wong and
Auersperg 2002), but other mechanisms may potentially downregulate E-cadherin expression
and/or function transiently or permanently, including E-cadherin cleavage and shedding
(Covington and others 2006; Dwivedi and others 2006; Lochter and others 1997), epigenetic
silencing (Makarla and others 2005; Rathi and others 2002), and defective E-cadherin recycling
and trafficking (Bryant and Stow 2004). Decreased E-cadherin expression may result from
either epigenetic silencing or increased degradation following endocytosis. Defective trafficking
and recycling of E-cadherin upon internalization may encourage increased cytoplasmic
localization of E-cadherin. Observations in ovarian tumors support the possibility that
modifications in E-cadherin expression or function enhance metastasis. Imai and colleagues
show that E-cadherin expression is decreased with advancing tumor stage since E-cadherin

expression is reduced in stage III and IV tumors compared to stage I and II tumors (Imai and
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others 2004). Marques and colleagues imply that membrane E-cadherin expression is an

indicator of a good prognosis as cytoplasmic or absent E-cadherin expression is often associated
with increased metastasis and a poor patient outcome (Marques and others 2004). In addition,
post-translational modification of E-cadherin function is suggested by data demonstrating the
presence of soluble E-cadherin (sE-cad) in ascites and cystic fluids from ovarian cancer patients
(Darai and others 1998a; Sundfeldt and others 2001). The next two sections will now describe

posttranslational modification of E-cadherin in more detail.
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Figure 1.3: Cadherin expression in normal and malignant ovarian epithelium

Unlike other normal epithelial cells that express high levels of E-cadherin, this cadherin is absent
in the mesenchymally-derived normal OSE, which are connected by N-cadherin. In contrast to
other epithelial cell derived cancers that lose E-cadherin with progression, a gain of E-cadherin
expression is observed in neoplastic ovarian cells and ovarian tumors. E-cadherin expression is
often maintained in peritoneal cell effusions and metastases. This figure was altered and used

with permission from M. Sharon Stack.
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C) E-cadherin Internalization, Recycling, and Degradation

E-cadherin endocytosis is necessary to regulate E-cadherin availability for junction
formation in development, tissue remodeling, and tumorigenesis. Specifically, it has been shown
in MDCK cells that surface E-cadherin expression is not limited to cell-cell junction
incorporation. Instead a small pool of E-cadherin is always present, but the pool size is increased
in preconfluent cells (Le and others 1999). E-cadherin regularly cycles back and forth between
adherens junctions and intracellular vesicles and compartments, but the frequency of E-cadherin
endocytosis is dependent on cell confluence. In preconfluent cells or non-adherent cells, E-
cadherin production is increased and it is trafficked back and forth from the membrane via
unregulated pathways before the establishment of cell-cell adhesion. In mature, polarized
epithelial cells, most surface E-cadherin is incorporated into adherens junctions and E-cadherin
synthesis is decreased, but a small pool is available to continuously cycle to and from the
surface. During tumorigenesis or epithelial-to-mesenchymal transitions (EMT), E-cadherin
endocytosis may permit its downregulation or degradation in conjunction with a lack of synthesis
and replenishment [Reviewed in (Bryant and Stow 2004)].

Several mediators of E-cadherin endocytosis have been previously identified. ARF6 has
been reported to regulate E-cadherin endocytosis in two studies (Palacios and others 2002)
(Paterson and others 2003). Hakai, an E3 ubiquitin-ligase, also promotes E-cadherin
endocytosis. It is speculated that activation of tyrosine kinases, specifically Src, permits
interaction between E-cadherin and Hakai. Hakai then ubiquitinates E-cadherin to facilitate

endocytosis (Fujita and others 2002). In a cell free assay system, non-trans-interacting E-
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cadherin is constitutively endocytosed via a clathrin- dependent pathway, but Rac and Cdc42

are activated by trans-interacting E-cadherin to inhibit E-cadherin endocytosis via IQGAP1 and
F-actin (Izumi and others 2004). Clathrin-independent pathways have also been characterized,
but the pathway used to internalize E-cadherin is generally dependent on cell type and conditions
(Paterson and others 2003). Phorbol esters increase the rate of E-cadherin endocytosis in MDCK
cells, but this effect is dependent on protein kinase C (PKC) activity, which may induce changes
in the actin cytoskeleton to allow E-cadherin endocytosis (Le and others 2002). Overexpression
of a disintegrin and metalloproteinase-9 (ADAMY) is also associated with increased growth
factor-mediated recycling of E-cadherin (Hirao and others 2006). Under certain conditions, E-
cadherin is also degraded following internalization. v-Src, hepatocyte growth factor-regulated
tyrosine kinase substrate (Hrs), and v-Src-induced activation of Rab5 and Rab7 GTPase all
promote lysomal degradation of E-cadherin (Palacios and others 2002). Recently, Maeda and
colleagues, have reported that expression of an inappropriate cadherin, R-cadherin, in A431 cells
leads to increased endocytosis and degradation of endogenous E-cadherin. Degradation of E-
cadherin occurs due to competition with R-cadherin for p120ctn binding (Maeda and others
2006). E-cadherin internalization regulates other processes in addition to the breaking and
reforming of cell-cell junctions. E-cadherin internalization and trafficking promote the
activation of Rapl and the formation of integrin-based focal adhesions (Balzac and others 2005).
E-cadherin endocytosis is also necessary to promote fibroblast growth factor (FGF)-induced
internalization and nuclear translocation of the FGF receptor 1 (FGFR1) (Bryant and others
2005). To date, E-cadherin internalization, degradation, and recycling have not been extensively

investigated in ovarian cancer. It is interesting to speculate that E-cadherin dynamics play an
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important role in the exfoliation of primary ovarian tumors cells, the maintenance of ascitic

multi-cellular aggregates, and the adherence to peritonteal mesothelial cells.

D) E-cadherin Cleavage and Ectodomain Shedding

Several proteinases have been previously reported to cleave E-cadherin, releasing its
extracellular region or ectodomain. It first has been shown by Damsky and colleagues that
proteolytic cleavage of E-cadherin’s extracellular domain results in the release of an 80kDa
ectodomain fragment (Damsky and others 1983). These proteinases have later been identified as
matrix metalloproteinases (MMP) MMP-3 and MMP-7 (Lochter and others 1997; Noe and
others 2001). Recently, a disintegrin and metalloproteinase-10 (ADAMI10), plasmin, and
membrane type I matrix metalloproteinase (MT1-MMP) have also been shown to cleave E-
cadherin (Covington and others 2006; Hayashido and others 2005; Maretzky and others 2005).
The 80kDa ectodomain is associated with disrupted cell adhesion, increased cell migration,
invasion, and proliferation, increased B-catenin-mediated transcription, and elevated MMP-2,
MMP-9, and MT1-MMP expression in vitro in different cell types (Chunthapong and others
2004; Liu and others 2006; Maretzky and others 2005; Nawrocki-Raby and others 2003; Noe and
others 1999; Ryniers and others 2002; Wheelock and others 1987). The effects of the E-cadherin
cytoplasmic fragment have not been investigated in these studies since Ito and colleagues have
proposed that the E-cadherin cytoplasmic domain is likely rapidly degraded in cells following
cleavage of the extracellular region by an MMP (Ito and others 1999), but Steinhausen and
colleagues report that caspase-3 cleaves E-cadherin to release 24kDa and 29kDa cytoplasmic

regions during apoptosis (Steinhusen and others 2001). In addition, a 100kDa E-cadherin
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ectodomain is generated by calpain cleavage following calcium influx or by presenilin-

1/secretase-y cleavage following the induction of apoptosis by staurosporine (Marambaud and
others 2002; Rios-Doria and others 2003). When E-cad'® is overexpressed in prostate cancer
cells, it downregulates endogenous E-cadherin and potentiates PKC-induced cell death (Rios-
Doria and Day 2005), but it is unknown which E-cadherin domains other than the extracellular
domain constitute this 100kDa fragment. To date, a majority of studies have only focused on the
generation and role of the 80kDa ectodomain in disease. Currently, calcium influx, transforming
growth factor B (TGF-B), and ischemia are the only known inducers of 80kDa E-cadherin
ectodomain shedding (Covington and others 2005; Covington and others 2006; Dwivedi and
others 2006; Ito and others 1999). Other potential upstream regulators of the proteinases that
cleave E-cadherin to promote ectodomain shedding have not been explored in any cell types.

It is unknown how the shed E-cadherin ectodomain or soluble E-cadherin enhances
cancer metastasis. When compared to non-cancer patients, soluble E-cadherin levels are often
elevated in the bodily fluids of cancer patients, including serum, urine, and ascites (Billion and
others 2006; Chan and others 2005; Darai and others 1998a; Darai and others 1998b; Gadducci
and others 1999; Shariat and others 2005; Sundfeldt and others 2001; Syrigos and others 2004).
High serum levels of soluble E-cadherin are associated with a poor outcome and the
development of metastases in non small cell lung cancer patients (Charalabopoulos and others
2006), a recurrence of gastric cancer (Chan and others 2005), and a poor prognosis in multiple
myeloma patients (Syrigos and others 2004). An association between soluble E-cadherin
(80kDa) and prostate cancer metastases is observed in both patient tumor and serum samples

(Kuefer and others 2003). Soluble E-cadherin levels are elevated in the cystic fluid from
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borderline and malignant ovarian tumors when compared to benign cysts and cystadenomas,

suggesting this distinction may have diagnostic value preoperatively (Sundfeldt and others
2001).  Despite these findings, the mechanism used by the shed ectodomain to enhance
metastasis in cancer patients is mostly unknown. In vitro, the E-cadherin ectodomain is linked to
increased migration, invasion, proliferation, MMP activity, B-catenin-mediated transcription, and
disrupted adhesion, but these linkages have not been investigated in more detail in in vivo models
(Chunthapong and others 2004; Liu and others 2006; Maretzky and others 2005; Nawrocki-Raby
and others 2003; Noe and others 2001; Noe and others 1999; Ryniers and others 2002; Wheelock
and others 1987). In a murine mammary epithelium model, E-cadherin ectodomain shedding
promotes an EMT (Lochter and others 1997). In a rat cataract model, MMP-2/MMP-9-
dependent E-cadherin ectodomain shedding is induced by TGF-P and causes an EMT necessary
for the formation of anterior subcapsular cataracts (Dwivedi and others 2006). Ischemia also
induces E-cadherin ectodomain shedding to contribute to renal failure. It has been speculated
that E-cadherin shedding disrupts the cadherin/catenin complex, which is required for renal
proximal epithelial cell function (Covington and others 2005; Covington and others 2006). 1t is
currently unknown how the shed E-cadherin ectodomain found in ovarian tumor cystic fluid and
ascites will impact ovarian cancer metastasis. Based on others’ results in different cancer cell
lines, it is hypothesized that the shed ectodomain may promote ovarian cancer dissemination by
disrupting cell-cell adhesion, encouraging an EMT, or upregulating migration, invasion, and/or
proteinase activity.

Recently, evidence has emerged suggesting that the N-cadherin ectodomain also plays a

role in cancer progression. Soluble N-cadherin (90kDa) is elevated in the serum of prostate
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cancer patients compared to patients with no signs of disease. A correlation is also observed

between high levels of soluble N-cadherin and prostate specific antigen (PSA) (Deryck and
others 2006a). Soluble N-cadherin has recently been shown to promote angiogenesis in a rabbit
cornea assay and in a chorioallantoic assay. Increased migration of endothelial cells is also
observed in a wound closure assay in the presence of soluble N-cadherin in a fibroblast growth
factor (FGF) receptor dependent manner (Deryck and others 2006b). The proteinases that cleave
N-cadherin have not been identified in these studies, but ADAMI10 has been shown to cleave N-
cadherin in a separate study (Reiss and others 2005). Reiss and colleagues report that ADAM10-
mediated cleavage of N-cadherin results in reduced cell adhesion, redistribution of B-catenin, and
increased transcription of Wnt/B-catenin target genes (Reiss and others 2005). Although it is
interesting to speculate on the role of N-cadherin ectodomain shedding in the promotion of the
initial MET in ovarian cancer progression, this investigation will only focus on the role of E-
cadherin ectodomain shedding as there are currently no studies examining the role of both E-
cadherin and N-cadherin ectodomain shedding in the same model. In addition, a majority of

reports have identified the E-cadherin ectodomain as a possible enhancer of cancer metastasis.

III) B-catenin
A) Roles of B-catenin in Adhesion and Transcription

B-catenin has two main functions: maintenance of cell-cell adhesion and regulation of
nuclear gene expression. As described in Section II, at the cell surface B-catenin links the
cadherin extracellular region to the actin cytoskeleton by binding to the cytoplasmic region of

cadherins and to a-catenin to control cell-cell adhesion (Rimm and others 1995). In contrast,
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nuclear and cytoplasmic B-catenin mediate the Wnt signal transduction pathway [Fig 1.4]. In

the absence of Wnt, cytosolic B-catenin forms a complex with adenomatous polyosis coli (APC),
axin/conductin, casein kinases (CK) la and le, and glycogen synthase kinase-3f (GSK-3pB). B-
catenin is then phosphorylated by CK1 at residue 45 and by GSK-3p at residues 41, 37, and 33 to
target it for ubiquitination and proteasomal degradation. When Wnt signaling is active,
Dishevelled prevents the complex formation and phosphorylation by GSK-3p, permitting [-
catenin to translocate to the nucleus, bind with the Tct/Lef-1 family of transcription factors, and
increase transcription of Wnt/B-catenin target genes [Reviewed in (Dihlmann and others 2005;
Nelson and Nusse 2004)]. When Wnt signaling is not active, other mechanisms may permit [3-
catenin translocation to the nucleus. For example, GSK-3f is phosphorylated on residue tyrosine
216 for efficient kinase activity, but its kinase activity is inhibited when it is phosphorylated on
residue serine 9. Currently protein kinase A (PKA), protein kinase B (PKB), PKC,
Akt/Phosphatidylinositol Kinase-3 (PI3K), Mitogen Activated Protein Kinase (MAPK), and the
Src/Extracellular signal regulated-kinase (ERK) signaling cascade have been reported to
phosphorylate and inhibit GSK-3B (Almeida and others 2005; Fang and others 2000; Fang and
others 2002b; Goode and others 1992; Li and others 2000; Zhou and others 2004).

E-cadherin expression has also been shown to sequester B-catenin at the cell surface,
depleting the pool of B-catenin that binds TCF (Gottardi and others 2001). In support of this
finding, increased E-cadherin ectodomain shedding or decreased E-cadherin expression both
result in the release of B-catenin and increased B-catenin-mediated transcription in two different
studies (Koenig and others 2006; Maretzky and others 2005). In contrast, when E-cadherin is

introduced into 1929 fibroblasts, which lack E-cadherin-mediated cell adhesion and Wnt
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signaling, B-catenin is stabilized at cell-cell junctions, but no changes are observed in Wnt

target gene expression (Kuphal and Behrens 2006). Based on these observations, the ability of
E-cadherin to regulate B-catenin-mediated transcription is likely dependent on cell type and cell
conditions.

E-cadherin and GSK-3p are not the only regulators of B-catenin function. Gottardi and
Gumbiner have shown that -catenin exists in the cell in distinct molecular forms with different
binding properties, which determine its ability to participate in adhesion or transcription [Fig
1.5]. During Wnt signaling, B-catenin is present in a closed conformation and monomeric form
that binds TCF, but not the E-cadherin cytoplasmic domain. The closed conformation is created
when the COOH terminal of B-catenin is folded back to prevent adhesion to cadherins. When [3-
catenin dimerizes with a-catenin, binding to cadherins and subsequent adhesion are permitted,
but transcription is prevented. If B-catenin is not present in closed conformation or as a -
catenin-a-catenin dimer, then competition between E-cadherin and TCF will occur (Gottardi and
Gumbiner 2004a). An endogenous protein named ICAT (inhibitor of B-catenin and TCF-4) also
influences B-catenin’s ability to regulate transcription. ICAT binds B-catenin and competes its
interaction with TCF to prevent its ability to upregulate transcription (Tago and others 2000). In
vitro, ICAT also competes with E-cadherin for f-catenin binding, but stable expression of ICAT
does not appear to alter the stability of the cadherin complex (Gottardi and Gumbiner 2004b).
Many other mechanisms including transcriptional repressors and [B-catenin nuclear transport
affect the ability of f-catenin to regulate transcription, but these factors will not be discussed or

considered in this investigation.
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Many of the known Wnt/B-catenin target genes regulate cell proliferation,

development, and tumorigenesis. Cyclin D1 and cMyc are currently the most investigated
Wnt/B-catenin target genes in cancer research. Many of the identified target genes appear to be
cell-type specific as their transcription is dependent on the regulation of the Wnt pathway and/or
the expression of Wnt proteins in the responding cell. It remains to be determined if any
universal Wnt/B-catenin target genes exist (Clevers 2006), but it has been recently suggested that
cancer cells express two different sets of Wnt/B-catenin target genes based on their stage.
Brabletz and colleagues hypothesized that the “stemness/proliferation group" of target genes is
activated early and during tumor progression and the “EMT/dissemination group” of target genes
is expressed later and transiently, but mostly at the tumor-host interface, which may explain why
variations in Wnt/B-catenin target gene expression occur in different cancer cell line (Brabletz

and others 2005).
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Figure 1.4: Canonical Wnt/B-catenin signaling pathway

When B-catenin is not sequestered by cadherins at cell-cell junctions, it translocates to the
cytoplasm. In the absence of Wnt signaling, cytosolic B-catenin forms a complex with APC,
axin/conductin, CK1la and le, and GSK-3fB. B-catenin is then phosphorylated by CK1 and by
GSK-3p to target it for ubiquitination and proteasomal degradation. When Wnt signaling is
active, Dishevelled prevents complex formation and phosphorylation by GSK-3f, permitting -
catenin to translocate to the nucleus to bind with the Tct/Lef-1 family of transcription factors to
increase transcription of Wnt/B-catenin target genes. Many target genes play a role in
tumorigenesis. This figure was adapted from (Cavallaro and Christofori 2004) and (Munshi and

Stack 20006).
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Figure 1.5
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Figure 1.5: B-catenin conformation dictates participation in adhesion or transcription

Gottardi and Gumbiner suggest that B-catenin conformational changes govern its ability to
mediate transcription or adhesion. When Wnt signaling is not active, B-catenin exists in a
phosphorylated form that is targeted for degradation. Alternatively, when Wnt signaling is
active, B-catenin exists in a closed conformation that preferentially associates with TCF to
mediate transcription. When p-catenin dimerizes with a-catenin, this form preferentially
associates with E-cadherin to mediate cell adhesion. [-catenin also exists in an open
conformation where E-cadherin and TCF compete for B-catenin binding. This figure was

adapted from (Gottardi and Gumbiner 2004a).
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B) Role of p-catenin in Ovarian Cancer Progression

Few mechanisms contributing to increased B-catenin-mediated transcription in ovarian
tumors are described in the literature. In colon cancer, mutations are frequently reported in APC,
Axin, or B-catenin that prevent degradation of B-catenin (Clevers 2006). Mutations in -catenin
are only common in ovarian endometrioid tumor types and are reported in 16-64% of ovarian
endometrioid adenocarcinomas (OEA) (Gamallo and others 1999; Palacios and Gamallo 1998;
Saegusa and Okayasu 2001; Sagae and others 1999; Wright and others 1999; Wu and others
2001). These mutations often prevent the binding of GSK-3f to B-catenin (Gamallo and others
1999; Wright and others 1999) and result in the upregulation of previously reported Wnt/f-
catenin target genes (Schwartz and others 2003). Misregulated B-catenin signaling governed by
a stable and active mutant of B-catenin also promotes ovarian granulosa cell tumor (GCT)
development in a mouse model (Boerboom and others 2005), but little is known about
unregulated B-catenin signaling in serous tumors. In serous tumors, a statistically significant
correlation between nuclear B-catenin localization and ovarian high grade carcinomas has been
observed (Lee and others 2003), suggesting mechanisms other than B-catenin mutations
potentially increase [-catenin nuclear expression and transcription.  Post-translational
modification of E-cadherin may be one of these potential mechanisms, as it would limit
sequestration of B-catenin. Despite an upregulation of E-cadherin expression in ovarian cancer,
Rask and colleagues and Marques and colleagues both show that B-catenin is increased in
ovarian adenocarcinoma compared to normal ovarian tissue and benign adenomas, suggesting [3-

catenin’s ability to transactivate transcription of its target genes is maintained as ovarian cancer
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progresses (Marques and others 2004; Rask and others 2003). [-catenin expression is also

increased in peritoneal metastases and in cell effusions from the ascites/peritoneal fluid when
compared to the primary tumor (Davidson and others 2000; Imai and others 2004), suggesting [3-
catenin signaling is also prevalent in both primary ovarian tumors and disseminated ovarian
cancer cells. In addition, GSK-3f inhibition may contribute to increased B-catenin-mediated
transcription. GSK-3f is increased in ovarian tumors when compared to normal ovaries (Rask
2003), suggesting downregulation of its activity, not its expression, likely occurs to permit
nuclear translocation of B-catenin. Gonadotropins also inactivate GSK-3B via PI3K/Akt,
increasing B-catenin/TCF transcriptional activity in OSE cells (Pon and Wong 2006). Three
proteinases (matrix metalloproteinase-7, membrane type-1 matrix metalloproteinase, and
urinary-type plasminogen activator) elevated in ovarian cancer cell lines and tumors are known
to be targets of the B-catenin/Tcf-4 complex in human colorectal cancer (Crawford and others
1999; Hiendlmeyer and others 2004; Takahashi and others 2002), implying misregulated f-

catenin signaling may potentially upregulate these proteinases in ovarian cancer cells.

IV) Proteinases
A) The Matrix Metalloproteinase Family

The matrix metalloproteinases (MMP) are a family of proteinases previously associated
with cancer development and progression in many different cancer types. MMPs are classified
based on their structure into 8 groups: 5 classes are secreted and 3 classes are membrane-type
MMPs (MT-MMP) [Fig 1.6]. All family members are products of different genes and their

expression and secretion are tightly regulated. MMP expression is transcriptionally regulated by
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growth factors, hormones, cytokines, and cellular transformation, but MMP proteolytic

activity is controlled by the pro-domain, an internal inhibitor of MMP activity. When the pro-
domain is cleaved and removed, a conformational change occurs to reveal the active form.
Proteolytic activity is also dependent on the catalytic core domain, which contains a metal
binding site for a zinc ion (Zn™). A cysteine residue in the propeptide domain, named the
cysteine switch, provides additional regulation of MMP activity by ligating Zn™* to prevent
activation. Many MMPs are activated outside the cell by other MMPs or by serine proteinases.
With the exception of MMP-7, MMPs also contain a hemopexin domain at the C-terminal end
responsible for binding substrates and naturally occurring inhibitors, such as tissue inhibitor of
matrix-metalloproteinases (TIMPs), which reversibly inhibit MMPs by binding to them with a
1:1 stoichiometry. Other domain structures exist and contain regions for transmembrane
localization, substrate recognition, and additional cleavage required for MMP activation (i.e. the
furin domain). In addition to all known components of the ECM, MMPs cleave many different
substrates, including latent MMPs, cell-matrix adhesion receptors, cell surface bound ligands,
cell-cell adhesion proteins, and growth factor receptors. These actions result in MMP activation,
cell-matrix attachment changes, new ECM fragment generation, growth factor release, and
growth factors receptor shedding and inactivation [Reviewed in (Egeblad and Werb 2002;

McCawley and Matrisian 2000; McCawley and Matrisian 2001a; Nagase and Woessner 1999)].
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Figure 1.6: Structure of matrix metalloproteinases

The structures of matrix metalloproteinase-7 (MMP-7), matrix metalloproteinase-2 (MMP-2),
matrix metalloproteinase-9 (MMP-9), and membrane type-1 matrix metalloproteinase (MT1-

MMP) are shown. This figure was adapted from (Overall and Lopez-Otin 2002).
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B) Role of Matrix Metalloproteinases in Cancer Progression

Cancer metastasis development is dependent on excess matrix degradation to encourage
destruction of the basement membrane, invasion into the stroma, entry into blood vessels and
lymphatics, and establishment of new growths, strongly implicating MMPs in these processes.
Different MMPs can be expressed throughout tumorigenesis, but it is also possible that
overexpression of one MMP is adequate to promote tumor progression. MMP expression is
rarely increased by gene amplification or activating mutations, but likely occurs due to changes
in transcriptional regulation. Polymorphisms in MMP promoters are associated with changes in
gene transcription and increased cancer susceptibility [Reviewed in (Egeblad and Werb 2002)].
Both tumor cells and stromal cells, including fibroblasts, infiltrating immune cells, and
endothelial cells, produce MMPs. Tumor cells may also induce MMP expression in stromal cells
by paracrine signaling via the secretion of interleukins, interferons, and growth factors
[Reviewed in (McCawley and Matrisian 2000; Sternlicht and Werb 2001)]. MMPs also
influence several steps of cancer progression other than invasion and metastasis. MMPs enhance
cell growth by activating cell membrane precursor growth factors and by releasing ECM-
sequestered growth factors. Apoptosis is induced when MMPs cleave cell adhesion molecules,
which may cause apoptotic cell rounding, but apoptosis in inhibited when MMPs release factors
that enhance cell survival. MMPs aid angiogenesis by degrading the ECM to permit access of
endothelial cells to tumor cells while they inhibit angiogenesis by generating protein fragments
that act as angiogenesis inhibitors. MMPs also help tumor cells evade immune surveillance by
targeting chemokines and cytokine signaling to diminish infiltration of immune cells into the

tumor stroma and proliferation of immune cell populations [Reviewed in (Egeblad and Werb
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2002)]. Recently, MMPs have also been reported to induce genetic instability indirectly via

cleavage of molecules at the cell surface (Radisky and Bissell 2006). Although MMPs are
necessary for normal ovarian function and play a role in ovulation (Hulboy and others 1997),
several MMPs, including MMP-1 (collagenase-1), MMP-2 (gelatinase A), MMP-7 (matrilysin),
MMP-9 (gelatinase B), MMP-13 (collagenase-3), and MMP-14 (MT1-MMP), are linked to
ovarian cancer progression, but currently MMP-2 and MMP-9 are the most studied [Reviewed in
(Ghosh and others 2002)]. This investigation will only focus on MMP-9, MMP-2, MT1-MMP,

and MMP-7 and on their regulation and actions during ovarian cancer progression.

C) Role of Matrix Metalloproteinase-9 in Ovarian Cancer Progression

MMP-9 (gelatinase B) is one of the most structurally complex members of the MMP
family [Fig 1.6]. MMP-9 contains three repeats of the fibronectin-type II domain in its catalytic
domain, that interact with collagens type I and IV, laminin, and gelatin (Nagase and Woessner
1999; Van den Steen and others 2002). Glycosylation accounts for approximately 15% of the
mass of proMMP-9, but the role of these carbohydrate moieties is unknown (Fridman 2003).
Keratinocytes, monocytes, tissue macrophages, leukocytes, and malignant cells all produce
proMMP-9. ProMMP-9 expression is induced by tumor promoters, growth factors, cytokines,
oncogene products, metal ions, reactive oxygen species, and hormones (Van den Steen and
others 2002). To activate proMMP-9, the prodomain is removed by MMPs MMP-2, MMP-7,
MMP-3, and MMP-13, and by serine proteinases pancreatic trypsin-2, o-chymase, -chymase,
and plasmin. Cell surface association of proMMP-9 with other proteins likely regulates and

localizes its activity. For example, proMMP-9/MMP-9 associates with CD44 or surface
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associated a, (IV) chain of collagen IV at the cell surface. MMP-9 is in the active state when

bound to CD44, suggesting this mechanism localizes MMP-9 activity at the cell surface to
enhance degradation of substrates in the pericellular space. Although the mechanism remains to
be elucidated, MMP-9 also associates with RECK at the cell surface, which facilitates MMP-9
inhibition. Internalization occurs when proMMP-9 binds to LRP, suggesting LRP regulates the
levels of latent MMP-9 in the pericellular environment [Reviewed in (Fridman and others
2003)].

In vitro, MMP-9 expression is reported in several ovarian cancer cell lines, but it is not
produced by normal OSE. MMP-9 expression is increased in response to many stimuli including
growth factors, cytokines, and phorbol myristate acetate (PMA) in ovarian cancer cells (Ghosh
and others 2002). Specifically, previous data from Dr. Stack and colleagues show that epidermal
growth factor (EGF) induces MMP-9 protein expression in the OVCA429 ovarian cancer cell
line and requires the MAPK and PI3K signaling pathways (Ellerbroek and others 2001a;
Ellerbroek and others 1998). A separate study also verifies the role of EGF in promoting
elevated MMP-9 expression in ovarian cancer cells (Alper and others 2001). EGFR activation
and PI3K-mediated signaling also promote cell surface association of proMMP-9 to likely
facilitate cellular invasion (Ellerbroek and others 2001b). Gonadotropin-releasing hormone
(GnRH) transactivates the MMP-9 promoter and increases its expression and activation in Caov-
3 and OVCAR-2 ovarian cancer cell lines. The invasive and migratory behavior induced by
GnRH is also MMP-2 and MMP-9-dependent (Cheung and others 2006). In addition to

enhancing migration and invasion of ovarian cancer cells, MMP-9 contributes to the release of
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biologically active VEGF to increase ascites formation in a mouse ovarian cancer model

(Belotti and others 2003).

The source of MMP-9 found in the ovarian tumor microenvironment still remains
controversial. Several studies demonstrate that stromal cells are the sole contributors of MMP-9
to the tumor microenvironment, while other studies show ovarian tumors also produce MMP-9.
For example, Huang and colleagues show that stromal MMP-9, which is most likely derived
from tumor infiltrating macrophages, is critical in enhancing angiogenesis and proliferation of
human ovarian tumors in a mouse model (Huang and others 2002). MMP-9 is also produced by
epithelial cells, fibroblasts, and endothelial cells in the tumor microenvironment (McCawley and
Matrisian 2001b). In addition, two separate studies report that although MMP-9 is expressed at
high levels in a majority of both ovarian tumors and their surrounding stromal compartments,
only stromal MMP-9 expression is associated with poor patient survival and the presence of
ascites (Kamat and others 2006; Ozalp and others 2003). In contrast to these findings, several
studies report that MMP-9 is produced by ovarian tumor cells. According to the results of three
separate studies, MMP-9 mRNA is expressed in ovarian tumors (Davidson and others 1999;
Huang and others 2000; Naylor and others 1994). Ovarian tumor MMP-9 expression is also
demonstrated using immunohistochemistry (Kamat and others 2006; Ozalp and others 2003) and
gelatin zymography (Lengyel and others 2001; Naylor and others 1994). Epithelial MMP-9
immunoreactivity is elevated in malignant ovarian tumors when compared borderline ovarian
tumors (Ozalp and others 2003). In addition, short term primary culture of ovarian cancer cells
from primary tumors, metastatic lesions, and ascites produce MMP-9, which is decreased with

increasing passage in culture (Fishman and others 1997). MMP-9 expression is elevated in
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ovarian cancer cells from the peritoneal fluid when compared to mesothelial cells (Sakata and

others 2002). Interestingly, a moderate increase in MMP-9 gene expression occurs in
macrophages cocultured with the IGROV1 ovarian cancer cell line, suggesting cancer cells
polarize macrophages towards a tumor associated phenotype (Hagemann and others 2006).
Regardless of its source, high MMP-9 levels in ovarian tumor tissues and ascites are associated
with disease recurrence and poor patient survival (Demeter and others 2005), but due to these
conflicting reports, it is important to re-establish the observation that ovarian tumor cells also

produce MMP-9 to enhance ovarian cancer metastasis.

D) Role of Matrix Metalloproteinase-7 in Ovarian Cancer Progression

MMP-7 (matrilysin) is also secreted as a proenzyme, but it differs from the other MMPs
as it lacks a hemopexin domain and has a markedly smaller molecular weight (proMMP-
7=28kDa) [Fig 1.6]. MMP-7 cleaves ECM components elastin, type IV collagen, fibronectin,
vitronectin, aggrecan, and proteoglycans, but it is also known for its ability to cleave cell surface
molecules including tumor necrosis factor-a (TNF-a) precursor, Fas ligand (FasL), heparin
binding epidermal growth factor (HB-EGF), E-cadherin, and B4-integrin. Interestingly, MMP-7
is one of the few MMPs with expression limited to tumor cells; stromal cells in the tumor
microenvironment do not secrete MMP-7. Early in tumorigenesis, MMP-7 modifies insulin
growth factor (IGF) and HB-EGF to increase cell proliferation. Invasion is enhanced when
MMP-7 degrades ECM components or cleaves E-cadherin to promote shedding of its
ectodomain. Apoptosis is also aided when MMP-7 cleavage results in FasL shedding and TNF-a

shedding [Reviewed in (Ii and others 2006)].
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Few studies have examined the role of MMP-7 in ovarian cancer. MMP-7 is

overexpressed in EOC tumor specimens and in ovarian cancer cell lines (Wang and others 2005)
and overexpression of MMP-7 is associated with increased invasion in vitro (Wang and others
2006a). In a separate study, intense MMP-7 staining and a greater number of tumor areas
showing MMP-7 expression are both significantly correlated with nuclear localization of B-
catenin in endometrioid tumors only (Sillanpaa and others 2006). Mutations in the B-catenin
gene that stabilize B-catenin are fairly common in endometrioid ovarian tumors (Gamallo and
others 1999; Palacios and Gamallo 1998; Saegusa and others 2001; Sagae and others 1999;
Wright and others 1999; Wu and others 2001). In all ovarian tumor types, tumors displaying a
low number of areas with MMP-7 staining are associated with a higher histological tumor grade
and a more advanced tumor stage. Interestingly, patients with a high number of tumor areas
expressing MMP-7 experience a significantly greater disease related recurrence-free survival rate
(Sillanpaa and others 2006). [In vitro, lysophosphatidic acid (LPA), VEGF, and interleukin-8
(IL-8) increase MMP-7 secretion in the DOV 13 ovarian cancer cell line and recombinant human
MMP-7 increases proMMP-2 activation (Wang and others 2006a; Wang and others 2005).
Incubation of recombinant human MMP-7 with conditioned media from IOSE-29 (immortalized
ovarian surface epithelium) cells results in the activation of both proMMP-2 and proMMP-9
(Wang and others 2005). The limited information on the role MMP-7 in ovarian cancer
necessitate the identification of additional regulators of MMP-7 expression in ovarian cancer

models.
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E) Role of Membrane Type-1 Matrix Metalloproteinase and Matrix Metalloproteinase-2

in Ovarian Cancer Progression

MTI1-MMP (MMP-14) is a type I transmembrane proteinase involved in pericellular
proteolysis of the ECM [Fig 1.6]. MT1-MMP degrades collagens type I, II, and III, gelatin,
laminins 1 and 5, fibronectin, vitronectin, aggrecan, fibrin, and lumican. The propeptide domain
of MT1-MMP is cleaved by furin or propeptide convertases in the Golgi, which allows MT]1-
MMP to exist as an active enzyme on the cell surface. The catalytic domain of the 60kDa active
form of MT1-MMP can be removed to inactivate and downregulate MT1-MMP (size=45kDa).
In addition, MT1-MMP is inhibited by TIMP-2, 3, and 4, but not TIMP-1. A GPI-anchored
glycoprotein named RECK (reversion-inducing-cysteine rich protein with Kazal motifs) also
inhibits MT1-MMP’s proteolytic activity. MTI-MMP is necessary for cancer invasion, cell
growth, and angiogenesis. Specifically, it enhances cell migration and invasion by pericellular
ECM degradation, CD44 and syndecan 1 shedding, and ERK activation, but MT1-MMP is most
known for its participation in proMMP-2 activation to further enhance cell migration and
invasion [Reviewed in (Itoh and Seiki 2006)].

MMP-2 (gelatinase A) is a secreted MMP necessary for the degradation of the basement
membrane as it degrades collagens and gelatin [Fig 1.6]. Similar to MMP-9, MMP-2 contains
three repeats of the fibronectin-type II domain in its catalytic domain, which interact with
collagens and gelatins (Nagase and Woessner 1999); MMP-2 is also secreted by many human
tissue cell types, circulating leukocytes, and tumor cells (Van den Steen and others 2002).
ProMMP-2 expression is increased in response to many stimuli including growth factors, LPA,

cytokines, and phorbol myristate acetate (PMA) (Ghosh and others 2002). ProMMP-2 activation
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only occurs upon association with MT1-MMP and TIMP-2. When MT1-MMP is on the cell

surface, it forms an enzyme-inhibitor complex by binding the N-terminal inhibitory domain of
TIMP-2 via its catalytic domain. An MT1-MMP-TIMP-2-proMMP-2 ternary complex is formed
when the exposed C-terminal domain of TIMP-2 binds to the hemopexin domain of proMMP-2.
ProMMP-2 activation does not occur without TIMP-2. A second unbound MT1-MMP then
activates proMMP-2 when it forms a homo-oligomer complex with the bound MT1-MMP in the
ternary complex through their hemopexin domains and/or transmembrane domains [Reviewed in
(Itoh and others 2006; Nagase and Woessner 1999)].

Although MMP-2 is not produced by normal OSE, it is expressed as both latent and
active forms in ovarian cancer cell lines (Moser and others 1994). MT1-MMP is also expressed
in ovarian cancer ascites, cancer cell lines, and ovarian tumor samples (de Nictolis and others
1996; Ellerbroek and others 1999; Stack and others 1998). It has been speculated that MT]1-
MMP is produced by ovarian cancer cells to initiate cell surface activation of proMMP-2 derived
from either tumor cells or stromal cells to permit cell migration, invasion, and metastasis (Afzal
and others 1998; Ellerbroek and others 1999; Fishman and others 1996). Davidson and
colleagues also speculate that high MMP-2 is necessary to establish peritoneal metastases as
MMP-2 expression is increased in ovarian cancer cells in effusions relative to mesothelial cells
while primary tumor MMP-2 expression is decreased compared to stromal cells (Davidson and
others 2001). In agreement with this hypothesis, Torng and colleagues suggest that stromal
MMP-2 is expressed early and promotes early EOC invasion (Torng and others 2004). Ovarian
cancer cells also induce increased MMP-2 production by tumor stromal cells (Boyd and Balkwill

1999; Drew and others 2004). Regardless of their source, increased MMP-2 and MT1-MMP
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expression in ovarian tumor cells and/or stromal cells are associated with advanced stage

ovarian carcinomas and short term survival (Davidson and others 1999; Kamat and others 2006),
necessitating a better understanding of the regulation of MMP-2 and MT1-MMP expression and

activation in ovarian cancer.

F) Role of Urinary-type Plasminogen Activator in Ovarian Cancer Progression

The plasminogen activation system also plays an important role in tumor invasion and
metastasis. The proenzyme plasminogen is converted to plasmin by urinary-type plasminogen
activator (uUPA) and its conversion is further enhanced by the binding of uPA to its cell surface
specific receptor uPAR. Once converted, plasmin degrades fibrin and components of the ECM
and basement membrane. uPA also degrades ECM proteins and activates other matrix degrading
enzymes, including MMP-2 and MMP-9. Plasminogen activator inhibitor-1 (PAI-1) inhibits
uPA even when uPA is bound to uPAR [Reviewed in (Reuning and others 1998)].

uPA also contributes to the progression of ovarian cancer. Malignant ovarian epithelial
cells display greater uPA binding activity and 17 to 38 fold higher uPA expression compared to
normal ovarian epithelium (Casslen and others 1991; Young and others 1994). Activated Ras,
PMA, PKC, LPA, and integrin clustering all increase uPA production (Ghosh and others 2002).
Increased uPAR immunoreactivity is also observed at the invasive front in ovarian tumors
(Young and others 1994). When uPA synthesis is inhibited, in vitro invasion and in vivo
colonization of intra-peritoneally injected ovarian cancer cells is reduced in a mouse model

(Wilhelm and others 1995). These observations all imply that increased proteolysis occurs in the
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tumor microenvironment when tumor or stroma derived uPA binds uPAR on tumor cell

surfaces (Ghosh and others 2002).

V) Integrins
A) Integrin Function and Rationale for Model

Integrins are glycoproteins that form heterodimeric receptors consisting of an alpha ()
subunit and a beta () subunit. The a and B subunits are covalently linked and each subunit has a
large extracellular domain, a single membrane spanning domain, and a short, non-catalytic
cytoplasmic tail. Currently 25 different integrin pairings resulting from 18 o subunits and 8 3
subunits have been observed [Reviewed in (Hood and Cheresh 2002)]. Most integrins bind to
ECM ligands, but they also bind to ADAMs, immunoglobulin-type receptors, and vascular cell
adhesion molecules (VCAMs) on other cells, and to bacterial polysaccharides and viruses.
Known cellular functions mediated by integrins include adhesion to basement membranes,
migration on ECM components, formation of platelet aggregates, establishment of intercellular
junctions in the immune system, and support of bacterial and viral cellular entry [Reviewed in
(Danen 2005)]. In addition, the integrin cytoplasmic tails transactivate signaling pathways via
the recruitment and activation of focal adhesion kinase (FAK) and/or the Src family kinases
(SFKs) among other effectors (Guo and Giancotti 2004). This phenomenon is known as outside-
in signaling and regulates the pathways governing cell migration, invasion, gene transcription,
and survival. Inside-out signaling occurs when cytoplasmic tail-mediated signaling promotes
alterations in the conformation of integrin extracellular domains, affecting their affinity and

adhesive capacity. (Danen 2005; Hood and Cheresh 2002). Integrins control cellular responses
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via the formation of signal transduction complexes on a cytoskeletal framework and this

integration of signaling and cytoskeletal events is regulated by the physical nature of the
integrin-ligand interaction [Fig 1.7]. For example, integrin ligation or low valency integrin
occupancy is induced by matrix protein fragments and the integrin is then redirected to focal
adhesions, but activation of tyrosine kinases or the accumulation of cytoskeleton components
does not occur. This situation is modeled using soluble antibodies specific to integrin subunits.
In contrast, integrin aggregation or clustering is stimulated by an intact matrix and results in the
activation of numerous downstream cell signaling pathways and the accumulation of cytoskeletal
factors at the integrin cytoplasmic tails. Experimentally, this state is mimicked using integrin
subunit-specific antibodies immobilized on latex beads (Miyamoto and others 1995a; Miyamoto
and others 1995b; Munshi and Stack 2006; Yamada and Miyamoto 1995). This model is
advantageous as it allows for the characterization of the early events following integrin
activation, which cannot be observed when cells must first be plated on an intact matrix. It also
permits a more physiologically relevant examination of integrin-mediated signaling events
governing ovarian cancer cell dissemination as integrins are likely aggregated by the exposed

submesothelial ECM and by collagen fragments in the ascites.



Figure 1.7

Matrix Integrity Dictates Cellular Response

Integrins are ligated Integrins are ligated and
by matrix fragments aggregated by intact matrix

Approach Used to Mimic Matrix Induced

Aggregation
-3::..
Integrins are ligated by Integrins are ligated and aggregated

soluble antibodies by antibodies immobilized to beads



60
Figure 1.7: Models of integrin ligation and aggregation

Integrins control cellular responses via the formation of signal transduction complexes on a
cytoskeletal framework and this integration of signaling and cytoskeletal events is regulated by
the physical nature of the integrin-ligand interaction. Integrin ligation or low valency integrin
occupancy is induced by matrix protein fragments and the integrin is then redirected to focal
adhesions, but robust activation of tyrosine kinases or the accumulation of cytoskeleton
components does not occur. This situation is modeled in vitro using soluble antibodies specific
to integrin subunits. Integrin aggregation or clustering is stimulated by an intact matrix and
results in the robust activation of numerous cell signaling pathways and the accumulation of
cytoskeletal factors at the integrin cytoplasmic tails. Experimentally, this state is mimicked in
vitro using integrin subunit-specific antibodies immobilized on beads. This figure was adapted

from (Munshi and Stack 2006).
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B) Role of Collagen-Binding Integrins in Ovarian Cancer Metastasis

Integrins are implicated in many steps of cancer metastasis, including degradation and
penetration of the basement membrane, intravasation into blood vessels and lymphatic vessels,
attachment to leukocytes, platelets, and endothelial cells, and extravasation and growth in the
target organ. Changes in integrin expression levels are often observed as cancers develop and
progress. Cancer cells often switch integrin expression to a profile that is most beneficial to their
stage of progression. For example, upregulated integrin expression promotes adhesion to the
basement membrane and early tumor growth, but downregulated integrin expression promotes
detachment from the basement membrane and prevents anoikis as the cancer begins to
metastasize. Because integrin signaling is dependent on the cell type and the oncogenic
mutations of each tumor, it is difficult to determine which integrins are associated with
enhancing or inhibiting cancer progression [Reviewed in (Danen 2005; Guo and Giancotti
2004)].

Although ovarian cancer does not spread via the vasculature, reversible modulation of
cell-matrix adhesion plays a critical role in remodeling of the neoplastic ovarian epithelium
during metastasis, implicating integrins in intra-peritoneal dissemination. As with other cancer
types, ovarian tumor cells alter their integrin profile to foster metastatic spread. Normal OSE
cells express integrins a2, a3, a6, B1, and f4. In contrast, ascitic ovarian cancer cells display low
expression of a6 and B4 integrins, suggesting integrin expression is downregulated to facilitate
release from the laminin-rich basement membrane under the OSE and exfoliation from the

primary tumor [Reviewed in (Skubitz 2002)]. Exfoliated tumor cells then adhere to peritoneal
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mesothelial cells, and disrupt the mesothelial monolayer, exposing the type I/III collagen-rich

submesothelial ECM. Ovarian carcinoma cells adhere to this exposed submesothelial ECM
more strongly than to the mesothelial monolayer and exhibit preferential adhesion to interstitial
collagen type I (Fishman and others 1998; Ghosh and others 2002; Harvey and Amlot 1983;
Moser and others 1994; Niedbala and others 1987). In agreement with this observation, high
expression of collagen-binding integrins a2, a3, and 1 integrins is reported in many ascites
derived ovarian cancer cell lines in several studies (Skubitz 2002). Ascites derived spheroids
also display moderate adhesion to collagen type I, which is partially dependent on B1 integrin
(Burleson and others 2004). Attachment of ovarian tumor cells to the peritoneal mesothelial
cells is required prior to disruption of the mesothelial monolayer. The LP9 mesothelial cell line
displays surface expression of fibronectin, laminin, and collagens type I, 111, and IV (Lessan and
others 1999; Lessan and Skubitz 1998) and B1 integrin partially mediates adhesion of SKOV3
ovarian carcinoma cells and patient derived spheroids to LP9 mesothelial cell monolayers in
vitro (Burleson and others 2004; Lessan and others 1999). In addition to mediating cell-matrix
adhesion, clustering of collagen-binding integrins likely regulates signaling events that enhance

ovarian cancer metastasis.

C) Regulation of Matrix Metalloproteinases and Urinary-type Plasminogen Activator by
Collagen-Binding Integrins

Several reports, including studies carried out by Dr. Stack and colleagues, have linked
integrin aggregation and increased proteinase expression and activation in different cell types

(Azzam and Thompson 1992; DiPersio and others 2000; Ellerbroek and others 1999; Ellerbroek
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and others 2001b; Fishman and others 1998; Ghosh and others 2000; Gilles and others 1997;

Haas and others 1998; Seltzer and others 1994). Ellerbroek and colleagues show that multivalent
aggregation of B1 integrins promotes proMMP-2 activation and increases MT1-MMP expression
and processing in DOV13 ovarian cancer cells (Ellerbroek and others 1999; Ellerbroek and
others 2001b). Similar observations regarding proMMP-2 activation are reported in fibroblasts,
fibrosarcoma cells, and invasive breast cancer cell lines cultured on 3D collagen matrices
(Azzam and Thompson 1992; Gilles and others 1997). Integrin engagement is also speculated to
promote active MT1-MMP localization to sites of cell-matrix contact (Ellerbroek and others
2001b; Galvez and others 2002; Wolf and others 2003). Few studies report an association
between uPA activity and integrin engagement in ovarian cancer cells, with the exception of
Hapke and colleagues showing that OV-MZ-6 human ovarian cancer cells cultured on collagen
type IV display increased expression of uPA, uPAR, and PAI-1 (Hapke and others 2001), but
Ghosh and colleagues show that clustering of a3 and B1 integrins increases uPA secretion in
premalignant oral keratinocytes PP126, which also requires ERKI1/2 activation. PAI-1
expression and localization of uPAR are also affected, but the net increase in proteolytic activity
is greater (Ghosh and others 2000). Little evidence also exists linking increased MMP-9
secretion to collagen-binding integrin engagement in ovarian cancer cell lines, but in
immortalized mouse keratinocytes, a3p1 integrin expression is necessary for the induction of
MMP-9 expression (DiPersio and others 2000) because a3pl integrin expression regulates
MAPK-dependent MMP-9 expression by enhancing MMP-9 mRNA stability (Iyer and others
2005). a3p1 is also associated with increased invasion and MMP-9 activity in breast cancer cells

(Morini and others 2000). No reports of Bl integrin involvement in MMP-7 expression or
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activation currently exist in the literature. Other than MAPK pathway components and

tyrosine kinase signaling (Ellerbroek and others 1999; Ghosh and others 2000), many of the
effectors connecting collagen-binding integrin engagement and proteinase expression and/or

activation are mostly unexplored, especially in ovarian cancer models.

D) Regulation of E-cadherin and Cell-Cell Adhesion by Collagen-Binding Integrins
Integrin-mediated signaling regulates a variety of different effects on cadherins and cell-
cell adhesion. For example, culturing pancreatic cancer cells on collagen type I and III leads to a
downregulation of E-cadherin expression (Menke and others 2001). Increased integrin surface
expression and adhesion to laminin-1 and collagens type I and IV are associated with decreased
cell-cell adhesion in transformed human keratinocytes (Zhang and others 2006). Integrin
signaling molecules Fak and paxillin regulate N-cadherin-based cell-cell adhesion in HeLa cells
(Yano and others 2004). Increased Src phosphorylation following integrin engagement is also
reported in many different cell types (Arias-Salgado and others 2003; Guo and Giancotti 2004),
suggesting Src acts as a downstream mediator of integrin aggregation to regulate cell-cell
adhesion. The Src family kinases (SFKs) include Src, Yes, and Fyn and they often colocalize at
sites of cell-cell adhesion (Avizienyte and Frame 2005). Irby and Yeatman demonstrate that
activated Src disrupts cadherin-catenin complexes in human colon cancer cell lines (Irby and
Yeatman 2002). Src-induced disruption of E-cadherin localization is dependent on B1 integrin
signaling in a colon cancer cell line (Avizienyte and others 2002). Engagement of fibronectin
integrins induces Src-dependent disruption of VE-cadherin-containing adherens junctions in

bovine endothelial aortic cell monolayers (Wang and others 2006b). Caveolin-1 indirectly
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increases cell-cell adhesion in ovarian cancer cells via inhibition of Src kinases (Miotti and

others 2005). Src is also identified as a regulator of E-cadherin internalization (Fujita and others
2002; Palacios and others 2005). These finding imply Src may act as important effector of
integrin-mediated signaling to modify E-cadherin expression and/or function in ovarian cancer

cells.

VI) Lysophosphatidic acid
A) Functions of Lysophosphatidic Acid

Lysophosphatidic acid (LPA) is a bioactive water-soluble phospholipid consisting of a
single fatty acid chain, a glycerol backbone, and a free phosphate group and is a major
component in serum. LPA mediates a variety of physiological functions including
differentiation inhibition or reversion, smooth muscle contraction, increased endothelial
permeability, gap-junctional communication inhibition, and cellular rounding and spreading.
LPA also plays a role in cancer progression by regulating cell proliferation, survival, migration,
in vitro invasion, and in vitro wound healing. These actions are mediated via the LPA receptors,
formerly known as the endothelial differentiation gene (EDG) family of G protein coupled
receptors (GPCR). LPA1 (EDG2) is the most commonly expressed receptor and is observed in
the colon, small intestine, placenta, brain, heart, pancreas, ovary and prostate. LPA2 (EDG4)
and LPA3 (EDG?7) are not as widely as expressed as LPAI1, but are often expressed in cancer
cells, including ovarian cancer cells. The LPA receptors couple with three different G proteins
to regulate distinct cellular pathways via PI3K/Akt, Ras-ERK, Rho and Rac GTPases, or

phospholipase C. Crosstalk between LPA receptors and receptor tyrosine kinases also transmits
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LPA-mediated signals and LPA has previously been reported to phosphorylate and

transactivate members of the human epidermal growth factor receptor (HER) family in several
different cells types, including head and neck squamous carcinoma cell lines, PC12 cells,
keratinocytes, COS-7 cells, Rat-1 fibroblasts, and ovarian cancer cells (Daub and others 1997,
Daub and others 1996; Gshwind and others 2002; Kim and others 2000; Xu and others 1995a).
In addition, LPA promotes GPCR-regulated transmembrane MMP cleavage and subsequent
release of growth factor precursors to activate the epidermal growth factor receptor (EGFR)

[Reviewed in (Mills and Moolenaar 2003)].

B) Role of Lysophosphatidic Acid in Ovarian Cancer Progression

LPA contributes to the development, progression, and metastasis of ovarian cancer. LPA
is increased in both the plasma and ascites of ovarian cancer patients and is detected at
concentrations up to 80uM (Fang and others 2002a; Westermann and others 1998; Xu and others
1995b). Ovarian tumor cells and peritoneal mesothelial cells both produce LPA, thereby
maintaining an LPA rich microenvironment (Fishman and others 2001; Mills and others 2002b;
Ren and others 2006; Xiao and others 2001; Xu and others 1995b; Xu and others 1998).
Expression of the LPA2 and LPA3 receptors is elevated in several ovarian cancer cell lines, but
expression of LPA1 is variable (Mills and others 2002b; Mills and Moolenaar 2003). Elevated
LPA levels are detectable in 98% of patients with ovarian cancer, including 90% of patients with
stage I disease, suggesting that LPA promotes early events in ovarian carcinoma dissemination.
This is supported by studies demonstrating that treatment of ovarian tumor cells with LPA in

vitro results in an enhanced metastatic phenotype, characterized by increased proteolytic activity,
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stimulation of motility and more aggressive invasive behavior (Fishman and Borzorgi 2002;

Fishman and others 2001; Li and others 2005; Pustilnik and other 1999; Ren and others 2006; So
and others 2004). Specifically, LPA treatment results in increased activation of MMP-2, MMP-
7, and uPA in ovarian cancer cell lines (Fishman and others 2001; Pustilnik and others 1999; So
and others 2004). LPA also increases adhesion of ovarian cancer cells to type I collagen in vitro
(Fishman and others 2001; Ren and others 2006), suggesting it may have a similar effect when
ovarian cancer cells disrupt the mesothelial monolayer. In addition to its roles in enhancing cell-
matrix adhesion and proteolytic activity, LPA induces the expression of additional genes that
contribute to proliferation, survival, or metastasis, including c-myc, VEGF, interleukin-8 (IL-8),
and cyclooxgenase-2 (COX-2) (Fishman and Borzorgi 2002; Hu and others 2001; Mills and
Moolenaar 2003; Moolenaar and others 1986; Reiser and others 1998; Schwartz and others 2001;
Xu and others 1998). Despite several associations between LPA and migratory and invasive cell
behavior, the influence of LPA on cell-cell adhesion is largely unexamined, which is surprising
as decreased cell-cell adhesion often permits migration and invasion. Only two studies
investigating the effect of LPA on cell-cell adhesion exist in the literature. LPA is associated
with enhancing adherens junction dissolution and colony dispersal (Jourquin and others 2006)
and with indirectly promoting an EMT via phosphorylation of Stat5a in a Rho-dependent manner
(Benitah and others 2003). As LPA levels are often elevated in stage I to IV ovarian cancer
patients, LPA likely plays a role in the downregulation of cell-cell adhesion to promote cell

dissemination at all stages of metastasis.
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VII) Cyclooxygenase-2

A) Functions of Cyclooxygenase Isoforms

The main function of cyclooxygenases (COX) is the catalysis of the rate-limiting step in
prostaglandin (PG) synthesis from arachidonic acid, generating prostaglandin H, (PGH,) that is
subsequently converted to prostaglandin E, (PGE,) and other prostaglandins. Prostaglandins are
involved in many physiological functions including blood clotting, ovulation, labor, bone
metabolism, nerve growth and development, wound healing, kidney function, blood vessel tone,
and immune responses. Two cyclooxygenase isoforms, cyclooxygenase-1 (COX-1) and
cyclooxygenase-2 (COX-2), catalyze prostaglandin synthesis and are inhibited by nonsteroidal
anti-inflammatory drugs (NSAIDs). COX-1 is expressed constitutively in most normal human
tissues. It is speculated to play a housekeeping function by maintaining prostaglandin levels and
is most known for promoting vasodilatation and maintaining gastrointestinal integrity. Although
not constitutively expressed, COX-2 expression is induced by growth factors, cytokines, and
tumor promoters and is inducible in most cell and tissue types often at sites of inflammation.
Several normal physiological functions are associated with COX-2 and include kidney function,
neural development and response, ovulation, embryo implantation, and bone remodeling. COX-
2 is also associated with the following pathological conditions: inflammatory arthritis,
Alzheimer’s Disease, and cancer [Reviewed in (Dempke and others 2001; DuBois and others

1998; Katori and Majima 2000)].
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B) Role of Cyclooxygenase-2 in Ovarian Cancer Progression

COX-2 contributes to tumorigenesis by changing the levels of pro- and anti-apoptotic
factors to inhibit apoptosis, by increasing growth factor expression to promote angiogenesis, and
by increasing MMP expression to enhance invasiveness (Dempke and others 2001). Data
supporting a role for COX-2 in ovarian physiology and pathobiology are complex, with opposing
reports of COX-2 prevalence in normal human ovarian tissue (Denkert and others 2002; Landen
and others 2003; Li and others 2004; Matsumoto and others 2001). COX-2 expression was only
observed in the corpus luteum during menstruation (Matsumoto and others 2001), but COX-2
inhibition delays and blocks ovulation in humans (Norman 2001; Pall and others 2001) and mice
genetically deficient in COX-2 also fail to ovulate (Lim and others 1997), suggesting COX-2
activity is essential for normal ovarian function. COX-2 induction is thought to be necessary for
the rupture of the preovulatory follicle and subsequent release of oocytes during ovulation. It has
been speculated that COX-2 or prostaglandins may increase collagenase and proteolytic activity
and decrease synthesis of basement membrane components in ovarian granulosa and surface
epithelial cells, permitting ovulation (Butler and others 1991; Tsaftriri 1995). In addition, COX-2
expression is reported in benign, borderline and malignant ovarian tumors (Ali-Fehmi and others
2003; Denkert and others 2002; Klimp and others 2001; Landen and others 2003; Li and others
2004) where it is associated with chemotherapy resistance and a poor survival rate (Ferrandina
and others 2002a). Ascites from ovarian cancer patients contains elevated levels of PGE,
compared to nonmalignant ascites or ascites from other carcinomas (Denkert and others 2002),
further supporting a role for COX-2 in ovarian pathobiology. A specific role for COX-2 in

regulating ovarian cancer metastasis has not been reported, although COX-2 staining is
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significantly higher in metastatic ovarian tumors (Li and others 2004). Due to LPA’s

association with increased COX-2 expression (Reiser and others 1998) and proMMP-2 activation
(Fishman 2001) in two separate studies, it is now essential to determine if COX-2 is a potential

drug target that may potentially limit LPA-induced invasive behavior in ovarian cancer cells.

VIII) Thesis Proposal and Central Hypothesis

Due to the high number of women presenting with peritoneal metastases at initial
diagnosis, it is necessary to fully understand the processes that regulate ovarian cancer
metastasis. Ovarian cancer metastasis is facilitated by three sequential processes: the exfoliation
of cells from the primary tumor, the maintenance of ascitic multi-cellular aggregates, and the
adherence and invasion of tumor cell in the peritoneal cavity [Fig 1.1, page 19]. Investigation of
these processes is further complicated by the complexity of the ovarian tumor microenvironment
as the primary tumor and peritoneal metastases remain in constant contact with a variety of
factors that enhance cell dissemination and invasion.

This dissertation examines the hypothesis that reversible modulation of cell-cell
adhesion, cell-matrix adhesion, and proteolytic activity play a critical role in the remodeling of
the neoplastic ovarian epithelium during metastasis. The following model has been proposed,
implicating collagen-binding integrins and LPA in the regulation of intra-peritoneal
dissemination. Integrin engagement occurs when integrins are aggregated by collagen fragments
in the ascites or by the collagen-rich submesothelial ECM; therefore, the effects on integrin
engagement and cell dissemination and invasion are limited to these steps. In contrast, ovarian

tumor cells are exposed to LPA very early in ovarian cancer progression as LPA levels are often
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elevated in stage I patients, so LPA likely plays a role in enhancing cell dissemination and

invasion during all three steps of ovarian cancer metastasis. The following aims have been
proposed to test the role of these two prevalent factors, collagen and LPA, in the tumor
microenvironment in the regulation of cell-cell adhesion and proteolytic expression and activity.
Due to the rarity of E-cadherin gene mutations in ovarian tumors, Aims 1, 2, and 4 propose to
identify alternative mechanisms that downregulate E-cadherin expression and/or function to
facilitate ovarian cancer cell dissemination while Aims 1 and 3 consider the regulation of

proteolytic activity and in vitro metastatic behavior.

Aim 1 (Chapter 2): Evaluate the initial effects of integrin activation on junctional

localization of E-cadherin and B-catenin

Aim 2 (Chapter 3): Examine the intermediate temporal effects (within 24 hours) of integrin

activation on E-cadherin regulation

Aim 3 (Chapter 4): Determine the role of COX-2 in LPA-induced proMMP-2 activation

and subsequent migration and invasion of ovarian cancer cells

Aim 4 (Chapter 5): Examine the intermediate temporal effects (within 24 hours) of LPA on

MMP-9 expression and E-cadherin regulation
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Chapter 2: Engagement of collagen-binding integrins increases E-cadherin
internalization and B-catenin-mediated transcription in ovarian cancer cells

Introduction and Rationale

Seventy-five percent of ovarian cancer patients present at initial diagnosis with
disseminated intraperitoneal metastases with poor prognosis (Fishman and Borzorgi 2002),
necessitating an understanding of the mechanisms that promote ovarian cancer metastasis. In
contrast to other epithelial cell-derived cancers, the OSE undergoes an initial MET (Auersperg
and others 1999) and E-cadherin expression is abundant in both primary tumors and peritoneal
metastases (Davidson and others 2000; Fujimoto and others 1997; Fujioka and others 2001; Imai
and others 2004; Maines-Bandiera and Auersperg 1997; Marques and others 2004; Wong and
others 1999). Mutations in the E-cadherin gene are rare in ovarian carcinomas (Wong and
Auersperg 2002), but other mechanisms may potentially downregulate E-cadherin expression
and/or function, including defective E-cadherin recycling and trafficking (Bryant and Stow
2004).

Integrin-mediated signaling has been linked to modulation of cadherin function,
localization, and/or expression (Avizienyte and others 2002; Menke and others 2001; Wang and
others 2006b; Yano and others 2004; Zhang and others 2006), in addition to the regulation of
proteolytic activity (Azzam and Thompson 1992; DiPersio and others 2000; Ellerbroek and
others 1999; Ellerbroek and others 2001b; Fishman and others 1998; Ghosh and others 2000;
Gilles and others 1997; Haas and others 1998; Seltzer and others 1994; Tomesek and others
1997), suggesting alterations in these processes can enhance ovarian cancer metastasis. As

previously described in Chapter 1 (section II-C), E-cadherin endocytosis is necessary to regulate
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the availability of E-cadherin for junction formation in development, tissue remodeling, and

tumorigenesis. A small pool of E-cadherin cycling back and forth from the cell surface may
mediate these processes (Bryant and Stow 2004). E-cadherin internalization also influences the
amounts of free B-catenin that can translocate to the nucleus (Gottardi and others 2001). As
previously mentioned in Chapter 1 (section III-B), B-catenin expression is increased in ovarian
adenocarcinoma compared to normal ovarian tissue and benign adenomas, suggesting -
catenin’s ability to transactivate transcription of its target genes is maintained as ovarian cancer
development progresses and E-cadherin expression is upregulated (Rask and others 2003). The
current study has been proposed to test the hypothesis that integrin signaling influences E-
cadherin localization, function, and/or expression to upregulate the transcription of known
Wnt/B-catenin target genes necessary for ovarian cancer metastasis. This dissertation now
reports that aggregation of collagen-binding integrins increases E-cadherin internalization, GSK-
3B inhibition, and P-catenin-mediated transcription, resulting in increased expression of
proteinases important for ovarian cancer invasion. These studies describe a novel mechanism
where ovarian cancer cell invasion is increased via an upregulation of proteinase expression

despite maintenance of net E-cadherin expression.

Results

Effects of integrin aggregation on E-cadherin expression and localization.

As a consequence of intraperitoneal metastasis, clustering of collagen-binding integrins
a2Bf1 and a3B1 occurs when disseminated ovarian tumor cells attach to the collagen-rich

submesothelial ECM (Ghosh and others 2002) and the resulting metastases may exhibit reduced
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E-cadherin expression when compared to the primary tumor (Fujimoto and others 1997;

Fujioka and others 2001; Maines-Bandiera and Auersperg 1997; Marques and others 2004;
Wong and others 1999). To determine if long-term integrin engagement downregulates net E-
cadherin expression, OVCA433 cells were cultured on thin layer type I collagen matrix for 5
days. Whole cell lysates were prepared for western blot analysis of E-cadherin levels. Cells
cultured on plastic served as a control. No changes in net E-cadherin expression were observed
in cells cultured on type I collagen for 2,3, or 5 days [Fig 2.1A]. OVCA433 cells were
repeatedly passaged back onto type I collagen for a total of one month and no permanent changes
were observed in net E-cadherin expression or surface E-cadherin expression [Fig 2.1B]. E-
cadherin expression was also evaluated using immunofluorescence microscopy. Interestingly,
although no alterations in net E-cadherin expression were observed, E-cadherin was no longer
localized to the cell periphery following cell growth on type I collagen, but instead displayed a
more diffuse staining pattern [Fig 2.1C]. Upon further examination, this appeared to be a
temporary or dynamic effect, as it was observed at two different time points (5 days and 5
weeks) (data not shown).

Unfortunately, it could not be determined based on the data in Figure 2.1B if E-cadherin
redistribution was limited to the cell surface or if E-cadherin was internalized. In order to first
determine if E-cadherin redistribution was due to changes in E-cadherin surface expression,
OVCAA433 cells were treated with bead-immobilized subunit-specific antibodies to a2, a3, or f1
integrin or control IgG to rapidly aggregate their integrins at earlier time points. After 1 hour,
cells were surface labeled with cell-impermeable biotin and lysed [Fig 2.2A]. The resulting

lysates were incubated with NeutrAvidin Protein to isolate the labeled proteins, which represents
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the proteins remaining on the cell surface following short-term integrin engagement [Fig

2.2B]. As shown by western blotting, E-cadherin surface expression was rapidly decreased
following engagement of integrins 02, a3, and B1. To verify that E-cadherin is internalized,
OVCAA433 cells were first labeled with a cleavable and cell-permeable form of biotin to detect E-
cadherin that was internalized following aggregation of B1 integrins [Fig 2.2C]. After 1 hour of
integrin aggregation, cells were then treated with MESNA to remove any biotin remaining on the
cell surface. Internalized proteins were protected from MESNA-mediated biotin cleavage. As
shown by western blotting, E-cadherin internalization was increased following short-term 1
integrin engagement [Fig 2.2D]. Because long-term integrin engagement did not permanently
downregulate E-cadherin surface expression or net E-cadherin expression [Fig 2.1], internalized
E-cadherin was either recycled back to the cell surface or degraded and resynthesized. Due to a
lack of cell viability after several temperature shifts, it could not be determined using the
internalization protocol described above if E-cadherin was recycled back to the cell surface.
Instead, integrins were engaged in the presence of proteasome inhibitor MG-132 to determine if
internalized E-cadherin was degraded [Fig 2.2E]. Increased E-cadherin expression was not
observed in the presence of MG-132, suggesting E-cadherin was not proteasomally degraded
upon internalization at this time point. This experiment will later be conducted in the presence

of lysosomal inhibitors and recyling inhibitors to determine internalized E-cadherin’s fate.
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Figure 2.1: Engagement of collagen-binding integrins promotes E-cadherin

redistribution, but no change in net E-cadherin expression.

A) OVCA433 cells were cultured on thin layer collagen type I collagen coated tissue culture
dishes or plastic dishes for 5 days. Whole cell lysates (25ug) were electrophoresed on a 9%
SDS-PAGE gel, transferred to a PVDF membrane, and immunoblotted with anti-E-cadherin
(HECD-1) (1:4000), followed by peroxidase-conjugated secondary antibody (1:5000) and

enhanced chemiluminescence detection.

B) OVCAA433 cells were repeatedly passaged back onto plastic or type I collagen coated tissue
culture dishes for a total of 1 month. Cells were processed for analysis of whole cell lysates and
surface proteins, as indicated. Whole cell lysates (20ug) were electrophoresed on a 9% SDS-
PAGE gel, transferred to a PVDF membrane, and immunoblotted with anti-E-cadherin (HECD-
1) (1:4000), followed by peroxidase-conjugated secondary antibody (1:5000) and enhanced
chemiluminescence detection. Full length E-cadherin (120kDa) was detected. To evaluate the
amount of E-cadherin present on the cell surface, cells were surface-biotinylated, lysed, and
lysates (45pug) incubated with NeutrAvidin. Following incubation, the NeutrAvidin-conjugated
lysates and resulting supernatant were electrophoresed on a 9% SDS-PAGE gel, transferred to a
PVDF membrane, and immunoblotted with anti-E-cadherin (HECD-1) (1:4000), followed by
peroxidase-conjugated secondary antibody (1:5000) and enhanced chemiluminescence detection
to examine the surface E-cadherin expression. An appropriate surface expression loading control
was not available since integrin engagement also promoted internalization of the transferrin

receptor.
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C) OVCAA433 cells were cultured on type I collagen coated coverslips or on glass coverslips as a
control for a total of 5 weeks. Cells were then processed for immunofluorescence using anti-E-
cadherin (HECD-1) (1:300 dilution) and FITC-conjugated IgG, as described in Chapter 7 (20X

magnification).
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Figure 2.2C Internalization Protocol
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Figure 2.2: Engagement of collagen-binding integrins increases E-cadherin

internalization

A) The method used to surface label OVCA433 cells with biotin following integrin aggregation
was described in the following diagram. Cells were first treated with latex beads at 37°C to
induce integrin engagement for 1 hour. After 1 hour, cells were placed on ice and surface
labeled with cell-impermable biotin. The cells were then lysed and the resulting lusates were
incubated overnight with NeutrAvidin to isolate proteins remaining on the cell surface following
integrin engagement. These isolated proteins were then examined for changes in E-cadherin
surface expression using western blotting. This protocol was also described in more detail in

Chapter 7.

B) OVCA433 cells were treated with control IgG, anti-integrin 02, anti-integrin o3, or anti-
integrin B1 immobilized to latex beads (as indicated) for 1 hour. To evaluate the amount of E-
cadherin present on the cell surface, cells were surface-biotinylated, lysed, and lysates (60-
100pg) were incubated with NeutrAvidin. Following incubation, the NeutrAvidin-conjugated
lysates and resulting supernatant were electrophoresed on a 9% SDS-PAGE gel, transferred to a
PVDF membrane, and immunoblotted with anti-E-cadherin (HECD-1) (1:4000), followed by
peroxidase-conjugated secondary antibody (1:5000) and enhanced chemiluminescence detection
to examine the surface E-cadherin expression. A representative western blot and densitometric
quantification of E-cadherin were shown. Results were normalized against the densitometric
reading for untreated cells (first lane) and represent four independent experiments, with the

exception of results for cells treated with o2 beads, which represent two independent
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experiments.  An appropriate surface expression loading control was not available since

integrin engagement also promoted internalization of the transferrin receptor.

C) The method used to isolate internalized E-cadherin following integrin was described in the
following diagram. Cells were first surface labeled on ice with a cleavable form of biotin. The
cells were then treated with magnetic beads to induce integrin aggregation for 1 hour at 37°C.
After 1 hour, the cells were treated with MESNA at room temperature to cleave any biotin still
remaining on the cell surface; internalized biotin was protected from MESNA-mediated
cleavage. The cells were then lysed and the lysates were incubated with NeutrAvidin to isolate
any proteins that were internalized from the cell surface in response to integrin engagement.
These isolated proteins were then examined for changes in internalized E-cadherin expression

using western blotting. This protocol was also described in more detail in Chapter 7.

D) OVCAA433 cells were labeled with a cleavable form of biotin on ice. Warm cell culture media
(37°C) was added to the cells with 20ul of magnetic beads coated with B1 integrin antibody.
After a 1 hour incubation at 37°C, cells were treated with MESNA and iodoacetamide at room
temperature to strip off any biotin remaining on the cell surface. The cells were then lysed and
lysates (50-100pug) were incubated with NeutrAvidin to isolate the labeled surface proteins that
were internalized following integrin engagement. In control experiments, the MESNA step was
not included to allow analysis of total labeled protein (internalized and cell surface pool). Cells
were also kept on ice during the course of the experiment to determine the efficiency of surface

stripping with MESNA (MESNA control). A representative western blot and densitometric
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quantification of internalized E-cadherin were shown. Results were normalized against the

densitometric reading for the MESNA control and the corresponding densitometric reading for
total labeled E-cadherin expression. These results represent the percentage of internalized E-

cadherin relative to total E-cadherin and include three independent experiments.

E) OVCA433 cells were pretreated with MG-132 (20ug/ml) or equivalent DMSO prior to
treatment with control IgG or anti-integrin B1 immobilized to latex beads (as indicated) for 90
minutes. Whole cell lysates (40-50ug) were electrophoresed on a 9% SDS-PAGE gel,
transferred to a PVDF membrane, and immunoblotted with anti-E-cadherin (HECD-1) (1:4000),
followed by peroxidase-conjugated secondary antibody (1:5000) and enhanced
chemiluminescence detection. Full length E-cadherin (120kDa) was detected. Tubulin was
used as a loading control. A representative western blot and densitometric quantification of E-
cadherin were shown. Results were normalized against the corresponding densitometric reading

for tubulin and represent two independent experiments.
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Effect of integrin aggregation on B-catenin localization and function

B-catenin is often sequestered by E-cadherin at cell-cell junctions (Gottardi and others
2001). To determine the fate of B-catenin following E-cadherin internalization, the western blot
in Figure 2.2A was stripped and reprobed for B-catenin [Fig 2.3A]. As expected, as surface E-
cadherin levels diminished, surface E-cadherin associated B-catenin levels were also decreased,
but it remained unclear if B-catenin was released from E-cadherin. To determine if B-catenin
remained bound to internalized E-cadherin, the western blot in Figure 2.2D was stripped and
reprobed for B-catenin [Fig 2.3B]. A very small amount of B-catenin remained associated with
internalized E-cadherin, suggesting a portion of B-catenin may be released from internalized E-
cadherin. To further verify this observation, future experiments will examine the disruption of
the E-cadherin-B-catenin complex following integrin aggregation. It could still not be
determined if B-catenin translocated to the nucleus or was targeted for degradation in the
cytoplasm following integrin aggregation, so whole cell lysates were examined for the presence
of active B-catenin following short-term engagement of 1 integrins [Fig 2.3C]. The active form
of B-catenin is dephosphorylated at residue Ser37 or Thr4, which targets it for degradation when
phosphorylated (van Noort and others 2002). Active B-catenin expression was increased
following integrin engagement. To further verify that active B-catenin was translocating to the
nucleus, cells were transfected with the TOPflash luciferase reporter construct to measure [3-
catenin-mediated transcription following 32 hours of integrin engagement [Fig 2.3D]. The ratios
represent the TOPflash reading normalized to the corresponding control FOPflash reading. Both
readings were also normalized to a Renilla luciferase signal to account for transfection

efficiency. TOPflash activity was significantly increased almost 2-fold following engagement of
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B1 integrins when compared to control cells, suggesting that B-catenin transcriptionally

activates Tcf/Lef-regulated genes in response to integrin engagement.

GSK-3B phosphorylates B-catenin when it is complexed with APC and Axin and targets it
for ubiquitination and degradation, preventing the translocation of B-catenin to the nucleus
(Dihlmann and others 2005; Nelson and Nusse 2004). The ability to target B-catenin for
degradation is inhibited when GSK-3f is phosphorylated on serine residue 9 (Srivastava and
Pandey 1998). To determine if integrin-mediated signaling enhances phosphorylation and
inhibition of GSK-3B, whole cell lysates were examined following 3 to 4 hours of integrin
aggregation. GSK-3B phosphorylation was increased when B1 integrins were clustered [Fig
2.3E]. Additional experiments are currently in progress to explore preliminary evidence
suggesting a Src family kinase phosphorylates GSK-3 to partially decrease it ability to target [3-
catenin for degradation.

Several known B-catenin/Wnt target genes are upregulated in ovarian tumors (Schwartz
2003) and potentially enhance invasion and subsequent metastasis. Protein levels of Wnt/f-
catenin target genes COX-2 (Araki and others 2003)[Fig 2.4B], MMP-7 (Crawford and others
1999) [Fig 2.5A, black bars (Flag)], and MT1-MMP (Takahashi and others 2002) [Fig 2.4C]
were increased following integrin engagement, as shown by western blotting. In addition, the
activity of another Wnt/B-catenin target gene, uPA (Hiendlmeyer and others 2004), was
increased as determined by a coupled colorimetric assay [Fig 2.4D]. Expression of cyclin D1
[Fig 2.4A] remained constant despite integrin engagement. To verify that integrin engagement
increased target gene expression via a B-catenin-mediated signaling mechanism, cells were

transiently transfected with ICAT, an endogenous inhibitor that binds B-catenin to compete with
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its interaction with TCF (Gottardi and Gumbiner 2004b), and integrins were aggregated using

antibody coated beads. Currently, only the effects on uPA and MMP-7 were examined. uPA
activity was reduced approximately 15-20% in cells transfected with ICAT when compared to
cells transfected with the control vector (Flag) [Fig 2.5B]. ProMMP-7 protein levels were
reduced approximately 40-50% when cells were transfected with ICAT [Fig 2.5A]. These
experiments need to be repeated to verify these results. Together, these studies involving B-
catenin-mediated transcription provide evidence for a mechanism that may promote ovarian
cancer invasion and metastasis via the upregulation of proteinases and without the

downregulation of E-cadherin expression.
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Figure 2.3: Integrin engagement and subsequent E-cadherin internalization results in

increased B-catenin-mediated transcription.

A) The western blot shown in Figure 2.2B was stripped and immunoblotted with anti-f-catenin
(1:1000), followed by peroxidase-conjugated secondary antibody (1:5000) and enhanced
chemiluminescence detection to examine changes surface E-cadherin associated [B-catenin
expression.

B) The western blot shown in Figure 2.2D was stripped and immunoblotted with anti-f-catenin
(1:1000), followed by peroxidase-conjugated secondary antibody (1:5000) and enhanced
chemiluminescence detection to examine changes in internalized E-cadherin associated -catenin
expression (bottom panel). The western blot for E-cadherin was also shown at a later exposure
time (top panel) compared to the original blot in Figure 2.2D to better examine internalized E-
cadherin associated B-catenin levels. Both E-cadherin and -catenin western blots in this figure
were exposed for the same amount of time.

C) OVCAA433 cells were cultured in low calcium (0.1mM CaCl,) serum containing media for 1
hour prior to treatment with control IgG or anti-integrin f1/TS2 immobilized to latex beads (as
indicated) for 90 minutes. Whole cell lysates (15-40ug) were electrophoresed on a 9% SDS-
PAGE gel, transferred to a PVDF membrane, and immunoblotted with anti-active B-catenin
(dephospho form) (1:1000), anti- B-catenin , or anti-tubulin followed by peroxidase-conjugated
secondary antibody (1:5000) and enhanced chemiluminescence detection. A representative
western blot and densitometric quantification of active B-catenin were shown. Results were
normalized against the corresponding densitometric readings for total B-catenin and represent

three independent experiments.
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D) OVCA433 cells were transiently cotransfected with a Renilla luciferase reporter construct

(pPRL-CMYV) and either the firefly luciferase TOPflash TCF Reporter Plasmid or FOPflash TCF
mutant Reporter Plasmid. Cells were cultured in low calcium (0.1mM CaCl,) serum containing
media for 1 hour prior to treatment with control IgG or anti-integrin f1/TS2 immobilized to latex
beads for 30 hours. Firefly luciferase readings were first normalized to the reading for the
corresponding Renilla luciferase reading to account for transfection efficiency. The adjusted
TOPflash reading was then normalized to the corresponding adjusted FOPflash reading to
account for background reading of the TOPflash construct. The results are representative of 5
separate experiments.

E) OVCAA433 cells were cultured in serum-free media prior to treatment with control IgG or
anti-integrin B1 immobilized to latex beads (as indicated) for 3 to 4 hours. Whole cell lysates
(20-40pg) were electrophoresed on a 9% SDS-PAGE gel, transferred to a PVDF membrane, and
immunoblotted with anti-phospho GSK-3f (Ser9), anti-GSK-3B, or anti-tubulin (1:1000)
followed by peroxidase-conjugated secondary antibody (1:5000) and enhanced
chemiluminescence detection. A representative western blot and densitometric quantification of
phospho GSK-3f were shown. Results were normalized against the corresponding densitometric

readings for total GSK-3f and represent three independent experiments.
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Figure 2.4: Engagement of collagen-binding integrins increases protein expression of

known Wnt/B-catenin target genes

A) OVCAA433 cells were serum starved overnight and incubated in serum-free low calcium
(0.ImM CaCl;) MEM for 1 hour. Cells were then treated with control IgG, anti-integrin o2,
anti-integrin a3, anti-integrin B1, or anti-integrin B1/TS2 immobilized to latex beads (as
indicated) for 4 hours in serum-free low calcium MEM. Whole cell lysates (40ug) were
electrophoresed on a 9% SDS-PAGE gel, transferred to a PVDF membrane, and immunoblotted
with anti-cyclin D1 followed by peroxidase-conjugated secondary antibody (1:5000) and
enhanced chemiluminescence detection. Results represent one experiment.

B) OVCAA433 cells were serum starved overnight and prior to treatment with control 1gG, or
anti-integrin B1/TS2 immobilized to latex beads (as indicated) for 4 hours. Whole cell lysates
(40pg) were electrophoresed on a 9% SDS-PAGE gel, transferred to a PVDF membrane, and
immunoblotted with anti-COX-2 or anti-tubulin (1:1000) followed by peroxidase-conjugated
secondary antibody (1:5000) and enhanced chemiluminescence detection. A representative
western blot and densitometric quantification of COX-2 were shown. Tubulin was used as a
loading control. Results were normalized against the corresponding densitometric readings for
untreated cells (first lane) and represent two independent experiments. One experiment was
conducted in serum-free low calcium MEM while the other experiment was conducted in serum-
free MEM.

C) OVCAA433 cells were pretreated with GM6001 (50uM) or DMSO and incubated in low
calcium (0.1mM CaCl,) MEM prior to treatment with control IgG, anti-integrin 02, anti-integrin

a3, anti-integrin 1, or anti-integrin f1/TS2. Cells were surface-biotinylated, lysed, and lysates
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(80ng) were incubated with NeutrAvidin. Following incubation, the NeutrAvidin-conjugated

lysates and resulting supernatant were electrophoresed on a 12% SDS-PAGE gel, transferred to a
PVDF membrane, and immunoblotted with anti-MT1-MMP (1:1000), followed by peroxidase-
conjugated secondary antibody (1:5000) and enhanced chemiluminescence detection. An
appropriate surface expression loading control was not available since integrin engagement also
promoted internalization of the transferrin receptor. Results represent one experiment.

D) OVCAA433 cells were serum starved overnight and prior to treatment with control IgG, anti-
integrin a2, anti-integrin a3, anti-integrin B1, or anti-integrin f1/TS2 immobilized to latex beads
(as indicated) for 36 hours. Net plasminogen activity was evaluated in conditioned media using
a coupled assay to monitor plasminogen activation and the resulting plasmin hydrolysis of a
colored substrate. The results were normalized against the reading for untreated cells and

represent three independent experiments done in triplicate.
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Figure 2.5: ICAT expression reduces protein expression of P-catenin target genes

MMP-7 and uPA.

A) OVCAA433 cells were transiently transfected using Fugene 6 with ICAT or a control Flag-
tagged vector (Flag) and then replated at 0.75x10° cells/ml. Cells were then serum starved
overnight prior to treatment with control IgG, anti-integrin a2, anti-integrin a3, or anti-integrin
B1 immobilized to latex beads (as indicated) for 36 hours. The resulting conditioned media was
concentrated using a YM-10 microcon concentrator and electrophoresed on a 12% SDS-PAGE
gel, transferred to a PVDF membrane, and immunoblotted with anti-MMP-7 (total) (1:500)
followed by peroxidase-conjugated secondary antibody (1:5000) and enhanced
chemiluminescence detection. A densitometric quantification of proMMP-7 was shown. Results
were normalized against the corresponding densitometric readings for IgG treated cells (first
lane) and represent one experiment. The reduction in proMMP-7 expression due to ICAT
transfection was indicated below the quantification.

B) OVCAA433 cells were transiently transfected using Fugene 6 with ICAT or a control Flag-
tagged vector (Flag) and then replated at 0.75x10° cells/ml. Cells were then serum starved
overnight prior to treatment with control IgG, anti-integrin a2, anti-integrin a3, or anti-integrin
B1 immobilized to latex beads (as indicated) for 36 hours. Conditioned media was evaluated for
uPA activity using a coupled assay to monitor plasminogen activation and the resulting plasmin
hydrolysis of a colored substrate. Results were normalized against the densitometric readings for
untreated Flag transfected cells and the reduction in uPA activity due to ICAT transfection was
indicated below the quantification. The results represent two independent experiments done in

triplicate.
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Functional effect of inhibition of B-catenin signaling on cell invasion

To determine the effect of B-catenin signaling on cell invasion in vitro, OVCA433 cells
were transiently transfected with ICAT or the control Flag-tagged vector (Flag) and then seeded
in Boyden chambers overlaid with Matrigel. Serum-containing cell culture medium was used a
chemoattractant. After 24 hours, invasive activity was reduced in the OVCA433 cells transiently
expressing ICAT [Fig 2.6], suggesting that upregulation of proteinases that are also Wnt/p-
catenin target genes play a role in ovarian cancer cell invasion. This experiment will also be
repeated using Boyden chambers overlaid with collagen to better model ovarian cancer cells

adhering to the exposed collagen-rich submesothelial ECM.
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Figure 2.6: Effect of ICAT on cell invasive activity

OVCAA433 cells were transiently transfected with either ICAT or a control Flag-tagged vector
(Flag) and 2.5x10° cells were added to each porous polycarbonate filters (8um pore) coated with
Matrigel. Serum-containing cell culture medium was added to the bottom well to serve as a
chemoattractant. After 24 hours, the filters were collected and stained and cells were counted.

Data represent the total number of cells per filter for three experiments done in triplicate.
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Discussion

Previous data from Dr. Stack and colleagues demonstrating integrin-regulated proteinase
expression in EOC cells suggest a potential functional link between integrin engagement,
enhanced proteolytic activity, and modulation of E-cadherin function (Chapter 3)(Ellerbroek
1999 and others; Ellerbroek and others 2001b). Although integrin signaling is linked to
modulating B-catenin-mediated transcription (Koenig and others 2006; Oloumi and others 2004)
and altering E-cadherin localization (Avizienyte and others 2002), the ability of integrins to
regulate E-cadherin internalization to increase proteinase activity is mostly unexplored. The new
results presented in this dissertation now show that engagement of collagen-binding integrins
increases E-cadherin internalization and GSK-3f inhibition, allowing B-catenin to translocate to
the nucleus to upregulate the transcription of proteinases relevant for ovarian cancer metastasis
[Fig 2.7].

Due to the gain of E-cadherin expression as ovarian cancers develop (Auersperg and
others 1999), it is difficult to predict how B-catenin-mediated transcription may be affected in
these tumors. It has been suggested that E-cadherin acts as a tumor suppressor by sequestering
B-catenin, blocking its translocation to the nucleus, and subsequent upregulation of Wnt target
genes (Gottardi and others 2001); therefore, it is predicted that B-catenin-mediated transcription
would be decreased as ovarian tumors develop, but mechanisms of B-catenin regulation have
recently proven to be more complex. For example, as discussed in Chapter 1 (section III-A),
Gottardi and Gumbiner show that B-catenin exists in the cell in distinct molecular forms with

different binding properties, which determine its ability to participate in adhesion or Wnt
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signaling [Fig 1.5] (Gottardi and Gumbiner 2004a). Another study has also shown that a

gain of E-cadherin expression does not suppress invasion by downregulating B-catenin-mediated
transcription. E-cadherin adhesion inhibits invasion in cancer cell lines, but invasion suppression
is actually mediated by the B-catenin binding domain on E-cadherin’s cytoplasmic tail or by
depletion of B-catenin. Changes in the expression of B-catenin/TCF target genes are not needed
to facilitate E-cadherin’s invasion suppressor activity (Wong and Gumbiner 2003), suggesting a
gain of E-cadherin expression will not always inhibit B-catenin-mediated transcription.

In support of the findings presented in this dissertation, two studies report that -catenin
is increased in ovarian adenocarcinoma compared to normal ovarian tissue and benign
adenomas, suggesting B-catenin’s ability to transactivate transcription of Wnt/B-catenin target
genes is maintained as ovarian cancer development progresses and E-cadherin expression is
upregulated (Marques and others 2004; Rask and others 2003). [B-catenin nuclear expression is
considered an indicator of good prognosis where membranous expression of B-catenin was an
indicator of a poor outcome, but this study only examines stage I and II ovarian tumors (Gamallo
and others 1999). In contrast to these findings, Lee and colleagues report a statistically
significant correlation between nuclear B-catenin localization and ovarian high grade carcinomas
in serous tumors (Lee and others 2003). The OVCA433 cell line used in this investigation is
derived from a serous tumor. The same group also notes a tendency for poor survival in these
patients, although this observation is not statistically significant due to a small sample size (Lee
and others 2003). PB-catenin expression is also increased in peritoneal metastases and in cell
effusions from the ascites/peritoneal fluid when compared to the primary tumor (Davidson and

others 2000; Imai and others 2004), suggesting B-catenin signaling is also prevalent in both
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primary ovarian tumors and disseminated ovarian cancer cells. Mutations in CTNNBI1, the

gene encoding B-catenin, are common only in ovarian endometrioid tumor types (Gamallo and
others 1999; Palacios and Gamallo 1998; Saegusa and others 2001; Sagae and others 1999;
Wright and others 1999; Wu and others 2001) and often prevent the binding of GSK-3p to -
catenin (Gamallo and others 1999; Wright and others 1999), resulting in the upregulation of
previously reported B-catenin/Wnt target genes (Schwartz and others 2003), but this dissertation
identifies a different mechanism involving -catenin and GSK-3f to upregulate transcription of
Wnt/B-catenin target genes.

GSK-3B also plays an important role in the regulation of P-catenin and subsequent
transcription of Wnt/B-catenin target genes. GSK-3[3 expression is increased in ovarian tumors
when compared to normal ovaries (Rask and others 2003), suggesting a greater inhibition of -
catenin-mediated transcription will occur in ovarian tumors; however, our results show that
GSK-3pB inhibition is increased following integrin aggregation, suggesting an alternative
mechanism is employed by integrin signaling to enhance [-catenin-mediated transcription.
GSK-3p regulation is dual; residue tyrosine 216 must be phosphorylated for efficient kinase
activity and residue serine 9 is phosphorylated by PKA, PKB, PKC, Akt/PI3K, and MAPK to
inhibit GSK-3f (Almeida and others 2005; Fang and others 2000; Fang and others 2002b; Goode
and others 1992; Li and others 2000; Zhou and others 2004). Although not fully investigated
yet, the preliminary results presented in this chapter suggest that Src activity partially regulates
GSK-3pB activity. Increased Src phosphorylation following integrin engagement has been
reported in many different cell types (Arias-Salgado and others 2003; Guo and Giancotti 2004).

Coluccia and colleagues showed that treatment of colorectal cancer cells with a new Src family
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tyrosine kinase inhibitor (SKI-606) prevented Src dependent activation of B-catenin and its

ability to bind to TCF4. Membranous/cytoplasmic localization of B-catenin and decreased
motility was also reported (Coluccia and others 2006), but it is unlikely that Src is the sole
regulator of GSK-3f inhibition in OVCA433 cells. It has been reported that activation of the
Src/ERK signaling cascade via Wnts and phosphorylated ERKs are required to inhibit GSK-3f3
in osteoblasts (Almeida and others 2005), suggesting other effectors activated downstream of
integrin engagement may act in conjunction with Src to inhibit GSK-3p if this preliminary
evidence proves valid in future experiments.

It has been suggested recently that Wnt/B-catenin target genes can be divided into two
groups: a “stemness/proliferation group” that is activated early and during tumor progression and
a “EMT/dissemination group” that is expressed later and transiently, but mostly at the tumor-host
interface (Brabletz and others 2005). An argument can then be made that the ovarian cancer
cells during integrin engagement represent disseminating and migratory cancer cells interacting
with the peritoneal mesothelial cells; therefore, only Wnt target genes associated with EMT or
dissemination, such as proteinases, will be upregulated, and Wnt target genes associated with
proliferation, such as cyclin D1, will remain unchanged following integrin aggregation.
Recently, a collagen-binding integrin-regulated model involving E-cadherin and increased f-
catenin mediated transcription has been described in pancreatic cancer cells (Koenig and others
2006). Pancreatic cancer cells produce collagens type I and III, but it is unknown if the collagen
present in their microenvironment promotes or prevents invasion (Koenig and others 2006). In
contrast to the findings presented in this dissertation, Koenig and colleagues find that via Src and

FAK, collagen-binding integrins promote a disruption of cadherin-catenin complexes, which
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releases B-catenin to upregulate Wnt/B-catenin target genes cyclin D1 and c-myc at earlier

time points (Koenig and others 2006) and eventually promotes reduced E-cadherin expression at
later time points (Menke and others 2001). No changes in GSK-33 phosphorylation occur when
pancreatic cancer cell line Panc-1 is cultured on collagen type I (Koenig and others 2006).
Observed increases in cell proliferation and in cyclin DI and c-myc expression suggest the
pancreatic cancer cells in this model are in a proliferation phase (Koenig and others 2006), not in
a more migratory phase like this model of ovarian cancer cells adhering to new sites in the
peritoneal cavity via collagen-binding integrins.

Activity of uPA and expression of proMMP-7 is likely not restored to basal levels in all
cases upon ICAT transfection for two possible reasons. First, both gene promoters are regulated
by multiple transcription factors, which still likely bind to the promoter and increase
transcription to some extent despite decreased binding of B-catenin (Crawford and others 1999;
Hiendlmeyer and others 2004). For example, MMP-7 transcription is upregulated by combined
activation of transcription factors PEA3, c-JUN, B-catenin, and LEF-1 (Crawford and others
2001). Second, OVCA433 cells have a low transfection efficiency. At best, the Fugene
transfection method only yields a transfection efficiency of 50%, so ICAT expression is not
global throughout the cell population. These results can be verified using lithium chloride to
inhibit GSK-3f since it is now known that integrin engagement increases GSK-3f inhibition to
promote translocation of B-catenin to the nucleus. These experiments will also be repeated to
determine that the integrin-mediated increase in MT1-MMP expression is dependent on [-

catenin-regulated transcription.
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Metastases eventually resemble the organization of their primary tumors, suggesting

that a temporary EMT or transient loss of membranous E-cadherin expression occurs to facilitate
cancer cell migration and invasion (Brabletz and others 2005). Although integrin aggregation
does not promote a loss in net E-cadherin expression, increased E-cadherin internalization may
be necessary to encourage cell dissemination from the primary tumor. E-cadherin is not
permanently downregulated because cells must maintain adhesion of ascitic cellular aggregates
and then form new adhesive contacts with peritoneal mesothelial cells (Naora and Montell
2005); therefore, E-cadherin internalization likely plays an important role in the breaking and
reforming of cell-cell junctions during ovarian cancer cell dissemination. As a result of E-
cadherin internalization, [-catenin-mediated transcription and proteinase expression are
increased, suggesting this integrin-mediated mechanism promotes ovarian cancer metastasis

without inducing a loss in E-cadherin expression.
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Figure 2.7: Chapter 2 summary of results

The results presented in Chapter 2 show that engagement of collagen-binding integrins results in
the rapid internalization of E-cadherin and inhibition of GSK-3f, which then permits increased
B-catenin-mediated transcription. As a result, protein expression of known Wnt/B-catenin target
genes, COX-2, uPA, MT1-MMP, and MMP-7 is increased. Cell invasion is also increased and

likely due to increased proteinase expression.
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Chapter 3: Engagement of collagen-binding integrins promotes
matrix-metalloproteinase-9-dependent E-cadherin ectodomain shedding

Results presented in this chapter were previously published in Cancer Research (Symowicz and
others 2007).

Introduction and Rationale

Reversible modulation of cell-cell adhesion, cell-matrix adhesion, and proteolytic activity
plays a critical role in remodeling of the neoplastic ovarian epithelium during metastasis,
implicating cadherins, integrins, and proteinases in intra-peritoneal dissemination. While
mutations in the E-cadherin gene are rare in ovarian carcinomas (Wong and Auersperg 2002),
post-translational modification of E-cadherin function via an unknown mechanism is suggested
by data demonstrating soluble E-cadherin (sE-cad) in ascites and cystic fluids from ovarian
cancer patients (Darai and others 1998a; Sundfeldt and others 2001). As described in Chapter 1
(section II-D), several studies have reported that MMPs mediate E-cadherin cleavage and
ectodomain shedding, but additional upstream regulators of this process are still largely
unknown. Previous data from Dr. Stack and colleagues and other laboratories demonstrate that
proteinase expression and activity are regulated by integrin signaling, functionally coupling cell-
matrix adhesion and proteinase-dependent invasion (Azzam and Thompson 1992; DiPersio and
others 2000; Ellerbroek and others 1999; Ellerbroek and others 2001b; Fishman and others 1998;
Ghosh and others 2000; Gilles and others 1997; Haas and others 1998; Seltzer and others 1994;
Tomesek and others 1997). As MMPs have been implicated in E-cadherin ectodomain shedding
(Covington and others 2006; Damsky and others 1983; Lochter and others 1997; Maretzky and

others 2005; Noe and others 2001) and cell-matrix adhesion has been linked to MMP expression
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(Ellerbroek and others 1999; Ellerbroek and others 2001b), the current study has been

proposed to evaluate a potential functional link between the interaction of cellular integrins with
submesothelial interstitial collagens and decreased E-cadherin function. This dissertation now
reports that aggregation of collagen-binding integrins promotes E-cadherin ectodomain shedding
in an MMP- and Src kinase-dependent manner. Integrin-mediated E-cadherin ectodomain
shedding is reduced by an MMP-9 function-blocking antibody and the shed ectodomain is
generated upon incubation of cells with exogenous active MMP-9. Furthermore, incubation of
cells with physiologically relevant concentrations of recombinant E-cadherin ectodomain
disrupts adherens junctions, suggesting that sE-cad at levels present in ovarian cancer ascites
may play an active functional role in tumor dissemination. These studies provide a novel
mechanism for post-translational modification of E-cadherin function induced by cell-matrix

contact.

Results

E-cadherin expression and processing in the ovarian tumor microenvironment.

Aberrant epithelial differentiation is an early event in ovarian carcinogenesis; therefore,
in contrast to most carcinomas that lose E-cadherin expression with progression (Auersperg and
others 1999), E-cadherin is abundant in primary ovarian carcinomas [Fig. 3.1A] (Imai and others
2004; Maines-Bandiera and Auersperg 1997; Marques and others 2004; Wong and others 1999).
Samples of primary ovarian tumors from 137 patients (70 serous carcinoma, 42 endometrioid
carcinoma, 16 clear cell carcinoma, 9 mucinous carcinoma) were examined for E-cadherin

immunoreactivity. The vast majority of ovarian tumors (86%) displayed positive E-cadherin
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immunoreactivity and E-cadherin expression was high (3+ or 2+) in 72% of patients overall

(70% of serous, 62% of endometrioid, 94% of clear cell, 100% of mucinous). A representative
example of each histotype stained for E-cadherin and a serial H&E section is shown in Fig.
3.1A. E-cadherin expression was maintained in the majority of tumor samples regardless of
tumor histotype or Federation Internationale des Gynaecologistes et Obstetristes (FIGO) stage,
consistent with the observation that genetic mutations in the E-cadherin gene that result in loss of
expression are rare in ovarian tumors (Wong and Auersperg 2002).

Single cells and multi-cellular aggregates are shed from primary ovarian tumors and
adhere via integrins to submesothelial collagens, suggesting that post-translational modulation of
E-cadherin may occur to alter adhesive function and promote intraperitoneal dissemination.
Indeed, a soluble E-cadherin ectodomain fragment (sE-cad) of unreported size was detected in
the serum of patients with gastric cancer, multiple myeloma, and melanoma (Billion and others
2006; Chan and others 2005; Syrigos and others 2004). Cystic fluid from patients with benign or
malignant cystic ovarian masses also contained elevated sE-cad (Darai and others 1998a;
Sundfeldt and others 2001), although no significant differences were observed in sera (Darai and
others 1998a; Sundfeldt and others 2001). ELISA and immunoblot analysis were used to detect
sE-cad in a total of 47 ascites samples from women with benign ovarian cysts, Meig’s
Syndrome, ovarian hyperstimulation syndrome (OHSS) or stage I, III, and IV ovarian cancer.
sE-cad levels were significantly elevated (6-fold, p<.005) in ascites from women with ovarian
cancer compared to ascites from women with OHSS or benign ovarian cysts [Fig. 3.1B].
Immunoblot analysis was then used to evaluate the integrity of the sE-cad fragment(s) detected

by ELISA using an antibody to the E-cadherin extracellular region (HECD-1). A major 80kDa
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E-cadherin ectodomain species was detected in the majority of ovarian cancer ascites

samples, but was not present in non-malignant ascites [Fig. 3.1C]. Full length E-cadherin,
fragments containing the cytoplasmic domain, and degraded E-cadherin ectodomain fragments

<80 kDa were not detected (data not shown).
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Figure 3.1A
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Figure 3.1B
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Figure 3.1: E-cadherin expression in ascites and tumor samples from ovarian cancer

patients.

A) Samples were stained with antibodies to E-cadherin (1:200) (a,c,e,g) or H&E (b,d,f,h) as
described in Chapter 7. a-b, serous carcinoma; c-d, mucinous carcinoma; e-f, clear cell
carcinoma; g-h, endometrioid carcinoma.

B,C) Non-malignant ascites samples (n=13) were obtained from women diagnosed with benign
ovarian cysts, ovarian hyperstimulation syndrome (OHSS), or Meigs Syndrome (Meigs).
Malignant ascites samples (n=34) were obtained from women diagnosed with ovarian cancer at
either Stage I, III, or IV. B) Patient ascites samples were analyzed using ELISA according to
manufacturer’s specifications to determine the levels of soluble E-cadherin (sE-cad).

C) Ascites samples (1pl) were diluted in PBS, electrophoresed on 9% SDS-PAGE gels,
transferred to PVDF membranes, and immunoblotted with anti-E-cadherin (HECD-1) (1:4000),
followed by peroxidase-conjugated secondary antibody (1:5000) and enhanced
chemiluminescence detection. Whole cell lysates from the OVCA433 cell lines served as a

positive control for full length (120kDa) E-cadherin (E-cad) (not shown).
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Integrin clustering increases E-cadherin ectodomain shedding.

The 80kDa E-cadherin ectodomain is shed following proteolytic cleavage in several
different cell types in vitro (Covington and others 2006; Damsky and others 1983; Lochter and
others 1997; Maretzky and others 2005; Noe and others 2001); however, the cellular events that
regulate this process are not well-characterized. As a consequence of intraperitoneal metastasis,
clustering of collagen-binding integrins a21 and a3B1 occurs when aggregates of cells attach to
the collagen-rich submesothelial ECM (Ghosh and others 2002). To evaluate the effect of
integrin clustering on E-cadherin status, OVCA429 and OVCA433 cells were treated with bead-
immobilized subunit-specific antibodies to a3 or Bl integrin or control IgG.  E-cadherin
ectodomain shedding was then evaluated by immunoprecipitation of conditioned media using E-
cadherin ectodomain-specific antibodies followed by western blotting. Additional controls are
presented in Fig 3.2C. Increased shedding of the E-cadherin ectodomain was observed
following aggregation of collagen-binding integrins in two ovarian cancer cell lines [Fig.
3.2A,B], but further characterization of integrin-mediated E-cadherin ectodomain shedding in the
OVCAA433 cell line was required. Previous studies showed that Src activity is necessary for the
disruption of cadherin-mediated cell adhesion in cancer cells (Avizienyte and others 2002; Irby
and Yeatman 2002), and integrin signaling was linked to Src-induced junction disruption
(Avizienyte and others 2002).  Integrin aggregation in the presence of the Src family kinase
inhibitor PP2 decreased E-cadherin ectodomain shedding [Fig. 3.2D], suggesting Src kinase
activity is also needed to promote E-cadherin ectodomain shedding. It was also reported that
integrin clustering induces phosphorylation and transactivation of the epidermal growth factor

receptor (EGFR) in the absence of EGF (Yu and others 2000). To determine if EGFR activity



122
was also necessary to promote E-cadherin ectodomain shedding, integrins were aggregated in

the presence of AG1478, an inhibitor of EGFR phosphorylation [Fig 3.2E]. E-cadherin
ectodomain shedding was not decreased by AG1478 cotreatment, suggesting EGFR activity was
not required. COX-2 was previously shown to regulate proteinase activity in cancer cells
(chapter 4)(Ishizaki and others 2006; Shishodia and others 2004; Wu and others 2005),
implicating COX-2 in integrin-mediated cleavage of E-cadherin. In addition, integrin
engagement increased COX-2 expression [Fig 2.4B]. Integrin aggregation was induced in the
presence of COX-2 specific inhibitor NS-398 [Fig 3.2F], but E-cadherin ectodomain shedding
was not reduced, suggesting COX-2 was not necessary.

To investigate whether E-cadherin ectodomain shedding resulted in a net loss of cellular
E-cadherin protein, whole cell lysates were evaluated following integrin aggregation. No net
change in total full length (120kDa) E-cadherin expression was observed in whole cell lysates
following integrin aggregation [Fig. 3.3A]. This was confirmed by surface biotinylation to
distinguish cell surface and cytoplasmic pools of E-cadherin. Despite increased ectodomain
shedding observed at 20 hours, surface and cytoplasmic expression of full length E-cadherin was
not modulated at this time point [Fig. 3.3B]. Long term culture (1 month) of OVCA433 cells on
thin layer collagen also did not induce a permanent reduction in net or surface E-cadherin
expression [Fig 2.1B]. As these results suggested that new protein synthesis replenishes the
shed E-cadherin, aggregation of B1 integrins was induced in the presence of the protein synthesis
inhibitor cycloheximide (CHX) to test this hypothesis and the resulting conditioned media were
analyzed for the E-cadherin ectodomain. Integrin-induced E-cadherin ectodomain shedding was

reduced by CHX treatment [Fig. 3.3C]. Together, these results support the hypothesis that
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integrins act as upstream modulators of E-cadherin ectodomain shedding that is dependent on

new protein synthesis.
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Figure 3.2: Engagement of collagen-binding integrins promotes E-cadherin ectodomain

shedding.

A) OVCA433 cells were treated with control IgG, anti-integrin a3, or anti-integrin 1
immobilized to latex beads (as indicated) for 20 hours. The 80kDa E-cadherin ectodomain was
immunoprecipitated from the conditioned media, as described in Chapter 7. Controls included
conditioned media incubated with protein G sepharose beads alone to verify specificity of the E-
cadherin antibody (first lane) and conditioned media subjected to immunoprecipitation with
mouse IgG to show isotype specificity (second lane). Immunoprecipitates were electrophoresed
on a 9% SDS-PAGE gel, transferred to a PVDF membrane, and immunoblotted with anti-E-
cadherin (HECD-1) (1:4000), followed by peroxidase-conjugated secondary antibody (1:5000)
and enhanced chemiluminescence detection. OVCA433 whole cell lysates were used a positive
control for full length E-cadherin (third lane) and the IgG heavy and light chains are shown as
loading controls (lanes 4-7). A representative western blot and densitometric quantification of
the 80kDa ectodomain were shown. Results were normalized against the densitometric reading
for untreated cells (fourth lane) and represent four independent experiments. NS=non-specific
band; IgG HC=IgG heavy chain; [gG LC=IgG light chain

B) OVCA429 cells were treated with control IgG or anti-integrin 31/TS2 immobilized to latex
beads (as indicated) for 20 hours. The 80kDa E-cadherin ectodomain was immunoprecipitated
from the conditioned media, as described in Chapter 7. Immunoprecipitates were
electrophoresed on a 9% SDS-PAGE gel, transferred to a PVDF membrane, and immunoblotted
with anti-E-cadherin (HECD-1) (1:4000), followed by peroxidase-conjugated secondary

antibody (1:5000) and enhanced chemiluminescence detection. A representative western blot
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and densitometric quantification of the 80kDa ectodomain were shown. Results were

normalized against the densitometric reading for untreated cells (first lane) and represent three
independent experiments.

C) Additional immunoprecipitation controls were also included to demonstrate the specificity of
the E-cadherin HECD-1 antibody for the 80kDa ectodomain. Whole cell lysates from OVCA433
cells served as a western blot control for full length E-cadherin (1* lane). Conditioned media
from OVCA433 cells contained the 80kDa E-cadherin ectodomain and a 100kDa band (3™ lane).
A 100kDa protein was also isolated from serum containing culture media used to culture
OVCA433 cells (4th lane) and was likely a non-specific protein found in serum that cross reacts
with the HECD-1 antibody as it was not isolated from serum-free culture media (5th lane).
Conditioned media was also incubated with protein G sepharose beads alone to verify specificity
of the E-cadherin antibody (6th lane). Conditioned media was subjected to immunoprecipitation
with mouse IgG to show isotype specificity (7th lane) and a band running below 80kDa was
detected.

D) OVCAA433 cells were preincubated with PP2 (10uM) or DMSO prior to treatment with either
control IgG or TS2/B1 antibody immobilized on latex beads (as indicated) for 20 hours. The
80kDa E-cadherin ectodomain was immunoprecipitated from the conditioned media, as
described in Chapter 7. Immunoprecipitates were electrophoresed on a 9% SDS-PAGE gel,
transferred to a PVDF membrane, and immunoblotted with anti-E-cadherin (HECD-1) (1:4000),
followed by peroxidase-conjugated secondary antibody (1:5000) and enhanced

chemiluminescence detection. A representative western blot and densitometric quantification of
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the 80kDa ectodomain were shown. Results were normalized against the densitometric

reading for cells treated with control IgG beads (first lane) and represent three independent
experiments.

E) OVCAA433 cells were preincubated with AG1478 (10uM) or DMSO prior to treatment with
either control IgG or TS2/B1 antibody immobilized on latex beads (as indicated) for 20 hours.
The 80kDa E-cadherin ectodomain was immunoprecipitated from the conditioned media, as
described in Chapter 7. Immunoprecipitates were electrophoresed on a 9% SDS-PAGE gel,
transferred to a PVDF membrane, and immunoblotted with anti-E-cadherin (HECD-1) (1:4000),
followed by peroxidase-conjugated secondary antibody (1:5000) and enhanced
chemiluminescence detection. A representative western blot and densitometric quantification of
the 80kDa ectodomain were shown. Results were normalized against the densitometric reading
for cells treated with control IgG beads (first lane) and represent three independent experiments.
F) OVCAA433 cells were preincubated with NS-398 (50uM) or DMSO prior to treatment with
either control IgG or TS2/B1 antibody immobilized on latex beads (as indicated) for 20 hours.
The 80kDa E-cadherin ectodomain was immunoprecipitated from the conditioned media, as
described in Chapter 7. Immunoprecipitates were electrophoresed on a 9% SDS-PAGE gel,
transferred to a PVDF membrane, and immunoblotted with anti-E-cadherin (HECD-1) (1:4000),
followed by peroxidase-conjugated secondary antibody (1:5000) and enhanced
chemiluminescence detection. A representative western blot and densitometric quantification of
the 80kDa ectodomain were shown. Results were normalized against the densitometric reading

for cells treated with control IgG beads (first lane) and represent one experiment.
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Figure 3.3: Net E-cadherin levels are not changed despite increased ectodomain shedding.
A) OVCAA433 cells were treated with either control IgG or TS2/B1 antibody immobilized on
latex beads (as indicated) for 20 hours. Whole cell lysates (20png) were electrophoresed on a 9%
SDS-PAGE gel, transferred to a PVDF membrane, and immunoblotted with anti-E-cadherin
(HECD-1) (1:4000), followed by peroxidase-conjugated secondary antibody (1:5000) and
enhanced chemiluminescence detection. Full length E-cadherin (120kDa) was detected. Tubulin
was used as a loading control. A representative western blot and densitometric quantification of
full length E-cadherin were shown. Results were normalized against the densitometric reading
for tubulin and represent three independent experiments.

B) To evaluate the amount of E-cadherin present on the cell surface, cells were surface-
biotinylated, lysed, and lysates (50ug) incubated with NeutrAvidin. Following incubation, the
NeutrAvidin-conjugated lysates and resulting supernatant were electrophoresed on a 9% SDS-
PAGE gel, transferred to a PVDF membrane, and immunoblotted with anti-E-cadherin (HECD-
1) (1:4000), followed by peroxidase-conjugated secondary antibody (1:5000) and enhanced
chemiluminescence detection to examine the surface E-cadherin expression and cytoplasmic E-
cadherin expression, respectively. Full length E-cadherin (120kDa) was detected in both
populations. A representative western blot and densitometric quantification of full length E-
cadherin were shown. Results were normalized against the densitometric reading for untreated
cells (first lane). Surface and cytoplasmic E-cadherin results represent three and two

independent experiments, respectively.
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C) OVCAA433 cells were preincubated with cycloheximide (20uM, CHX) or DMSO prior to

treatment with either control IgG or TS2/B1 antibody immobilized on latex beads (as indicated)
for 20 hours. The 80kDa E-cadherin ectodomain was immunoprecipitated from the conditioned
media, as described in Chapter 7. Immunoprecipitates were electrophoresed on a 9% SDS-
PAGE gel, transferred to a PVDF membrane, and immunoblotted with anti-E-cadherin (HECD-
1) (1:4000), followed by peroxidase-conjugated secondary antibody (1:5000) and enhanced
chemiluminescence detection. Conditioned media was also incubated with Protein G sepharose
only (Protein G control) to demonstrate the specificity of the E-cadherin immunoprecipitation. A
representative western blot and densitometric quantification of the 80kDa ectodomain were
shown. Results were normalized against the densitometric reading for untreated cells (first lane)

and represent four independent experiments.
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MMP-9-dependent generation of E-cadherin ectodomain following integrin aggregation.

MMP-dependent E-cadherin ectodomain shedding was observed in various cell types;
however the cellular events that regulate this process are not well-characterized (Covington and
others 2006; Damsky and others 1983; Lochter and others 1997; Maretzky and others 2005; Noe
and others 2001). Dr. Stack and colleagues previously demonstrated that multi-valent
aggregation of collagen binding integrins regulates MMP expression by ovarian cancer cells
(Ellerbroek and others 1999; Ellerbroek and others 2001b). Aggregation of collagen-binding
integrins in the presence of the broad spectrum MMP inhibitor GM6001 reduced E-cadherin
ectodomain shedding, implicating integrin-regulated MMP activity in this process [Fig. 3.4A].
Integrin clustering increased expression of MMP-9 [Figs. 3.4B&C] and MMP-9
immunoreactivity was prevalent in the majority of human ovarian tumors analyzed [Fig. 3.4D].
While MMP-9 is commonly expressed by stromal elements in many tumors (DeClerck 2000), in
situ hybridization analyses provided definitive evidence for robust expression of MMP-9 by
malignant ovarian epithelium (Davidson and others 1999; Huang and others 2000; Naylor and
others 1994). This is supported by immunohistochemical analysis of 141 primary ovarian
tumors (71 serous tumors, 43 endometrioid tumors, 18 clear cell tumors, 9 mucinous tumors),
which demonstrates MMP-9 expression in 74% of specimens (representative examples shown in
Fig. 3.4D). MMP-9 expression was high (2+ or 3+) in 28% of serous tumors, 21% of
endometrioid tumors, 11% clear cell tumors, and 22% of mucinous tumors. Furthermore, as
determined by ELISA, total MMP-9 expression was elevated approximately 2-fold in the ascites

of ovarian cancer patients when compared to the ascites from women with benign ovarian cysts
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[Fig 3.4E]. These findings suggest that MMP-9 may be an important factor in the ovarian

tumor microenvironment that contributes to E-cadherin ectodomain shedding.

To evaluate the potential contribution of MMP-9 to E-cadherin cleavage, integrin
aggregation was induced in the presence of an MMP-9 function-blocking antibody. Specific
blocking of MMP-9 activity abolished the integrin-mediated increase in shed E-cadherin
ectodomain with little impact on basal ectodomain shedding [Fig. 3.5A]. Because the MMP-9
blocking antibody inhibits extracellular MMP-9 activity, these data demonstrate MMP-9-
dependent cleavage of surface-associated, rather than intracellular, E-cadherin. To further verify
MMP-9-catalyzed E-cadherin ectodomain shedding, cells were incubated with recombinant
activated exogenous MMP-9 at 100 ng/ml, which was found to be the approximate average
concentration of MMP-9 in ovarian cancer ascites using ELISA [Fig 3.4E]. A substantial
increase in the shed E-cadherin ectodomain was catalyzed by MMP-9 and the generation of the
ectodomain was inhibited by the MMP inhibitor GM6001 [Fig. 3.5B]. Changes in E-cadherin
expression and localization were also evaluated using immunofluorescence following exogenous
MMP-9 treatment in OVCA429 cells [Fig 3.5C]. Alterations in E-cadherin expression and
localization were restricted to the edges of cell clusters. These data support a role for both
endogenous and exogenous MMP-9 in promoting E-cadherin ectodomain shedding. Additional
comparison of tumors with high levels of MMP-9 immunoreactivity (scored 2+ or 3+ in the
analysis above, n=68) and serial sections stained with anti-E-cadherin antibodies support these in
vitro data. While a statistically significant negative correlation was not shown overall in tumor
samples, evaluation of serial sections demonstrated that 51% of tumors with high MMP-9

expression exhibit low or absent E-cadherin staining (0 or 1+) and all MMP-9 positive tumors
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exhibited focal areas of high MMP-9 positivity co-localized with low E-cadherin staining

[Fig. 3.5D]. Together these findings support the hypothesis that MMP-9 is a regulator of E-

cadherin ectodomain shedding in the ovarian tumor microenvironment.
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Figure 3.4D
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Figure 3.4: MMP-9 expression in ovarian cancer cell lines, tumor samples, and ascites

samples

A) OVCAA433 cells were preincubated with GM6001 (50uM) or DMSO prior to treatment with
either control IgG or TS2/B1 antibody immobilized on latex beads (as indicated) for 20 hours.
The 80kDa E-cadherin ectodomain was immunoprecipitated from the conditioned media, as
described in Chapter 7. Immunoprecipitates were electrophoresed on a 9% SDS-PAGE gel,
transferred to a PVDF membrane, and immunoblotted with anti-E-cadherin (HECD-1) (1:4000),
followed by peroxidase-conjugated secondary antibody (1:5000) and enhanced
chemiluminescence detection. A representative western blot and densitometric quantification of
the 80kDa ectodomain were shown. Results were normalized against the densitometric reading

for cells treated with control IgG beads (first lane) and represent three independent experiments.

B) OVCAA433 cells were treated with control IgG, anti-integrin a3, or anti-integrin [1
immobilized to latex beads (as indicated) for 40 hours. C) OVCA429 cells were treated with
control IgG, anti-integrin o2, anti-integrin o3, anti-integrin 1, or anti-integrin B1/TS2
immobilized to latex beads (as indicated) for 36 hours. B, C) The resulting conditioned media
(30ul) were analyzed for MMP-9 expression using gelatin zymography. Under serum-free

conditions, the proenzyme form of MMP-9 was detected.

D) Tumor samples were stained with antibodies to MMP-9 (1:200) (a,c,e,g) or H&E (b,d,f,h) as
described in Chapter 7. a-b, serous carcinoma; c-d, mucinous carcinoma; e-f, clear cell

carcinoma; g-h, endometrioid carcinoma.
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E) Patient ascites samples were analyzed using ELISA according to manufacturer’s
specifications to determine the levels of total MMP-9. 29 samples were obtained from stage III
or IV ovarian cancer patients and 6 non-malignant samples were obtained women with benign

ovarian cysts.
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Figure 3.5
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Figure 3.5C
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Figure 3.5D
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Figure 3.5: MMP-9 promotes integrin-mediated E-cadherin ectodomain shedding.

A) OVCAA433 cells were preincubated with anti-MMP-9 (10ug/ml) or control IgG prior to
treatment with either control IgG or TS2/B1 antibody immobilized on latex beads (as indicated)
for 20 hours. The 80kDa E-cadherin ectodomain was immunoprecipitated from the conditioned
media, as described in Chapter 7. Immunoprecipitates were electrophoresed on a 9% SDS-
PAGE gel, transferred to a PVDF membrane, and immunoblotted with anti-E-cadherin (HECD-
1) (1:4000), followed by peroxidase-conjugated secondary antibody (1:5000) and enhanced
chemiluminescence detection. A representative western blot and densitometric quantification of
the 80kDa ectodomain were shown. Results were normalized against the densitometric reading

for cells treated with control IgG beads (first lane) and represent three independent experiments.

B) OVCAA433 cells were preincubated with GM6001 (50uM) or DMSO prior to treatment with
recombinant activated MMP-9 (100 ng/ml) for 24 hours. A protease inhibitor was added to each
sample and then the 80kDa E-cadherin ectodomain was immunoprecipitated from the
conditioned media, as described in Chapter 7. Immunoprecipitates were electrophoresed on a
9% SDS-PAGE gel, transferred to a PVDF membrane, and immunoblotted with anti-E-cadherin
(HECD-1) (1:4000), followed by peroxidase-conjugated secondary antibody (1:5000) and
enhanced chemiluminescence detection. A representative western blot and densitometric
quantification of the 80kDa ectodomain are shown. Results were normalized against the
densitometric reading for cells treated with MMP-9 and GM (second lane) and represent three

independent experiments.
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C) OVCA429 cells were plated on glass coverslips at approximately 60% confluence. The

next day, cells were incubated in serum-free media overnight prior to treatment with recombinant
activated MMP-9 (100ng/ml) for 48 hours. Cells were then processed for immunofluorescence
using anti-E-cadherin (HECD-1) (1:300 dilution) and FITC-conjugated IgG, as described in

Chapter 7 (40X magnification).

D) Serial sections of ovarian tumor samples were stained with antibodies to E-cadherin (1:200)
(a,c,e,g) or MMP-9 (1:200) (b,d,f,h) as described in Chapter 7. a-b, serous carcinoma; c-d,

mucinous carcinoma;; e-f, endometrioid carcinoma g-h, clear cell carcinoma.
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The shed ectodomain disrupts preformed adherens junctions.

In contrast to other tumors where the shed E-cadherin ectodomain is released into the
circulation, primary ovarian tumors maintain direct contact with sE-cad-rich ascites at high
concentration (average 12 pg/ml, Fig. 3.1B). This unique microenvironment provides a
physiologically relevant model system to assess the potential functional contribution of the E-
cadherin ectodomain to ovarian cancer pathobiology. To test the hypothesis that the ectodomain
may interact with endogenous cellular E-cadherin, cells were treated with a recombinant form of
the human E-cadherin ectodomain (designated hEcad-Fc) and changes in junctional integrity
were evaluated using immunofluorescence microscopy. Preformed junctions were disrupted by
hEcad-Fc [Fig. 3.6Abd & fh] at concentrations representing the average value detected in
ovarian cancer patient ascites (12 pg/ml, Fig. 3.1B). Morphological changes were also apparent
at 48 hours, with evidence of increased cell dispersion relative to more compact colonies
maintained by control cells [Fig. 3.6Ad]. B-catenin localization was also evaluated using
immunofluorescence microscopy. No changes in B-catenin localization were observed at 24 and
48 hours [Fig 3.6Ci-1]. Changes in active B-catenin expression in whole cell lysates were also
evaluated via western blotting following short-term treatment with hEcad-Fc. The levels of
active B-catenin were rapidly decreased at 4 hours [Fig 3.6D]. Expression of active -catenin at
later time points and the effects of hEcad-Fc on B-catenin-mediated transcription will need to be
investigated further using the TOPflash assay to fully understand the effects of the shed
ectodomain on [-catenin. These data suggest that, although integrin-mediated E-cadherin

ectodomain shedding does not result in a net loss of cellular E-cadherin [Fig. 3.4A,B], the
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ectodomain remaining in the ovarian tumor microenvironment promotes cell-cell junction

disruption, thereby potentially enhancing intraperitoneal dissemination.
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Figure 3.6C
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Figure 3.6D
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Figure 3.6: The shed E-cadherin ectodomain promotes cell junction disruption and cell
dissemination

OVCAA433 cells were plated on glass coverslips at approximately 60% confluence. The next
day, cells were incubated in serum-free media overnight prior to treatment with hEcad-Fc
(12pg/ml) or control IgG for 24 and 48 hours as indicated. A) Phase contrast images of cells
were taken at 24 (a,b) and 48 hours (c,d) (10X magnification). B, C) Cells were then processed
for immunofluorescence using anti-cytoplasmic E-cadherin (1:300 dilution) or anti-B-catenin and
FITC-conjugated IgG, as described in Chapter 7, at 24 (e,f,i,j) and 48 (g,h,k,1) hours (40X
magnification).

D) OVCAA433 cells were plated at approximately 60% confluence and cultured in low calcium
serum-containing MEM (0.1mM CaCl,) for 1 hour prior to treatment with hEcad-Fc (10 and
20pg/ml) or control IgG (20pg/ml) for 4 hours. The resulting whole cell lysates (25ug) were
electrophoresed on a 9% SDS-PAGE gel, transferred to a PVDF membrane, and immunoblotted
with anti-active B-catenin (8E7) (1:1000) or anti-f-catenin, as indicated, followed by peroxidase-

conjugated secondary antibody (1:5000) and enhanced chemiluminescence detection.
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Preliminary Data

Effects of the shed E-cadherin ectodomain on in vitro wound closure

The E-cadherin ectodomain was also previously associated with increased cell migration
in other cell types (Chunthapong and others 2004; Maretzky and others 2005; Noe and others
2001; Ryniers and others 2002). To determine the effects of the shed ectodomain on cell
motility after disseminated cells have attached to sites in the peritoneal cavity, disrupted the
mesothelial monolayer, and exposed the collagen-rich submesothelial matrix, OVCA433 cells
were plated on thin layer type I collagen and an artificial wound was created in confluent
monolayer cultures. Cells were treated with control IgG or hEcad-Fc at a concentration of
12pg/ml and wound closure was measured at 0, 24, and 48 hours [Fig 3.7A,B]. Very little effect
was observed on wound closure at 24 hours, but a decrease in wound closure was seen in the
presence of hEcad-Fc at 48 hours. Similar results were also observed when cells were cultured
on plastic (data not shown). As the shed ectodomain was previously associated with increased
cell migration and invasion in other cell types (Chunthapong and others 2004; Maretzky and
others 2005; Noe and others 2001; Ryniers and others 2002), these preliminary results showing
an inhibition of wound closure in OVCA433 on type I collagen were very surprising. Results in
Figure 3.6 show that hEcad-Fc disrupted preformed cell-cell junctions in OVCA433 cells, so it is
interesting to speculate that decreased cell adhesion is responsible for reduced wound closure,
but further investigation of the mechanism utilized by the ectodomain to downregulate cell-cell
adhesion is necessary.

After determining that the shed ectodomain inhibited wound closure in OVCA433 cells,

its effects were also evaluated in the LP9 mesothelial cell line to determine if it also prevented
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wound closure after disseminated ovarian cancer cells disrupt the mesothelial monolayer.

LP9 cells express N-cadherin and P-cadherin, but lack E-cadherin expression (Kara Gleason,
personal communication). Although LP9 cells did not express E-cadherin, cadherin binding was
shown to be more promiscuous that originally predicted, suggesting hEcad-Fc may bind to other
cadherin extracellular regions (Niessen and Gumbiner 2002; Prakasam and others 2006). LP9
cells were cultured on thin layer type I collagen for several days to achieve confluence
(approximately 90% confluence). Cells were serum starved overnight and an artificial wound
was made in the monolayer. The cells appeared to retract slightly in serum-free conditions. LP9
cells did not fill the wound as uniformly as the OVCA433 cells did, but instead elongated and
attempted to stretch over the wound [Fig 3.8A]. Although this assay was difficult to measure,
hEcad-Fc slightly inhibited wound closure in LP9 cells at 24 hours, but these results were not
statistically significant [Fig 3.8B]. All wounds were closed at 48 hours and could not be
measured [Fig 3.8A]. These preliminary results are intriguing and worth pursuing due to their
physiological relevance as they provide evidence of another mechanism used by the shed
ectodomain to enhance ovarian cancer metastasis. Similar results were observed in LP9 cells
cultured on plastic (data not shown), although cells did not adhere as well to plastic as to
collagen type I. Due to rapid wound closure by these cells, an effect mediated by hEcad-Fc may
be more apparent at a time point prior to 24 hours. In addition, as later determined, the culture
media and serum-free media used in this experiment was not optimal for LP9 cell growth,

suggesting LP9 cells may behave differently if this assay were repeated in the appropriate media.
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Figure 3.7
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Figure 3.7: Effects of the shed E-cadherin ectodomain on OVCA433 cell wound closure.

Scratch wounds were introduced into confluent cultures of OVCA433 cells on thin layer type |
collagen as indicated in Chapter 7 prior to treatment with hEcad-Fc or control 1gG (12pg/ml), as
indicated. At pre-selected points, cultures were photographed using a digital camera and the
relative scratch width was measured. The data included results from 1 assay done in duplicate.
Representative images were shown for the 0, 24, and 48 hour time points in A and quantitative

data were shown for both time points in B.
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Figure 3.8
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Figure 3.8: Effects of the shed E-cadherin ectodomain on LP9 mesothelial cell wound

closure.

Scratch wounds were introduced into confluent cultures of LP9 cells cultured on thin layer type |
collagen as indicated in Chapter 7 prior to treatment with hEcad-Fc or control 1gG (12pg/ml), as
indicated. At pre-selected points, cultures were photographed using a digital camera and the
relative scratch width was measured. The data included results from 1 assay done in duplicate.
Representative images were shown for the 0, 24, and 48 hour time points in A and quantitative

data were shown for the 24h time point in B.
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Discussion

The majority of women with ovarian cancer present at diagnosis with established
metastases throughout the peritoneal cavity (Fishman and Borzorgi 2002), suggesting that a more
detailed understanding of factors that promote intraperitoneal dissemination may result in
therapeutic strategies that target metastasis. Reversible modulation of cell-matrix adhesion, cell-
cell adhesion, and proteolytic activity are key events in ovarian cancer metastasis. Shedding of
single cells and multi-cellular aggregates from the primary tumor requires junction disruption,
while intraperitoneal adhesion and localized invasion are necessary to establish metastases
(Ghosh and others 2002). Following disruption of the mesothelial monolayer, disseminated
ovarian tumor cells preferentially adhere to the exposed submesothelial ECM via collagen-
binding integrins a2f1 and a3B1 and subsequently anchor at these new sites to establish
metastases throughout the peritoneal cavity (Ghosh and others 2002).  As ovarian cancer
induces a fibroproliferative response characterized by enhanced synthesis of interstitial collagens
in the peritoneal cavity, EOC cells or multi-cellular aggregates in ascites also encounter collagen
species that engage cellular integrins (Zhu and others 1993). Previous data from Dr. Stack and
colleagues demonstrating integrin-regulated proteinase expression in EOC cells (Ellerbroek and
others 1999; Ellerbroek and others 2001b) suggest a potential functional link between integrin
engagement, enhanced proteolytic activity and modulation of E-cadherin function. Although
several proteinases have been reported to cleave E-cadherin (Covington and others 2006;
Damsky and others 1983; Lochter and others 1997; Maretzky and others 2005; Noe and others
2001), upstream regulators of the proteinase(s) that promote ectodomain shedding are largely

unexplored. The current data in this dissertation support the hypothesis that integrin-regulated
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MMP-9-catalyzed E-cadherin ectodomain shedding may potentiate metastatic dissemination

of EOC [Fig 3.9].

While the current data demonstrate a role for MMP-9 expressed by EOC cells in E-
cadherin ectodomain shedding, multiple cell types may contribute to MMP-9 expression in the
ovarian tumor microenvironment. MMP-9 is produced by epithelial cells, fibroblasts,
endothelial cells, and peritoneal mesothelial cells (Martin and others 2000; McCawley and
Matrisian 2001b).  Similar to murine model studies of squamous cell carcinogenesis
demonstrating that inflammatory cells in the stroma are the primary MMP-9 source (Coussens
and others 2000), stromal MMP-9 from tumor infiltrating macrophages is also shown to promote
angiogenesis and proliferation of ovarian tumors in a murine xenograft model (Huang and others
2002), although extensive macrophage infiltration is not apparent in the human tumors evaluated
in the current study [Fig 3.4D]. In human ovarian tumors, MMP-9 immunoreactivity is
observed in both the epithelial and stromal compartments (Kamat and others 2006; Ozalp and
others 2003) and MMP-9 activity is detected by gelatin zymography (Lengyel and others 2001;
Naylor 1994). Epithelial MMP-9 immunoreactivity was increased in malignant ovarian tumors
relative to borderline ovarian tumors (Ozalp and others 2003). Three distinct studies also
demonstrate MMP-9 mRNA expression in the epithelial compartment of human EOC tumors by
in situ hybridization analysis. (Davidson and others 1999; Huang and others 2000; Naylor and
others 1994). These data are supported by studies using short-term primary cultures of EOC
cells obtained from primary tumors, ascites, and peritoneal metastases, demonstrating MMP-9
expression in early passage tumor epithelial cells decreases with increasing passage in culture,

indicative of regulation by a component(s) of the in vivo tumor microenvironment (Fishman and
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others 1997). Regardless of the cellular source of the secreted proteinase, high MMP-9

levels in ovarian tumor tissues and ascites are associated with disease recurrence and poor patient
survival (Demeter and others 2005). Further, the data in this chapter demonstrate that both EOC-
expressed and exogenous MMP-9 effectively catalyze E-cadherin ectodomain shedding.

c-Src and Src-family kinases participate in integrin-mediated transmission of signals from
the extracellular microenvironment, either via focal adhesion kinase (FAK) activation (Guo and
Giancotti 2004) or by a FAK-independent direct interaction between Src and the [ integrin
cytoplasmic tail that induces Src activation and stabilizes the activated kinase following integrin
clustering (Arias-Salgado and others 2003). Activated Src has been shown to disrupt cadherin-
catenin complexes in human colon cancer cells (Irby and Yeatman 2002) and recent studies
demonstrate Src-mediated disruption of cell-cell junctions in colon cancer cells that is dependent
on integrin signaling (Avizienyte and others 2002). As the current data demonstrate that
inhibition of Src activity blocked integrin-induced E-cadherin ectodomain shedding, it is
interesting to speculate that Src activity functions to initiate junction dissolution, thereby
facilitating access of MMP-9 to the E-cadherin cleavage site at the cell surface.

Integrin-induced E-cadherin ectodomain shedding does not result in a net loss of E-
cadherin, as new protein synthesis occurs to replace the shed adhesion molecule. However, other
factors prevalent in ascites including LPA and EGF enhance MMP-9 expression in ovarian
cancer cells (Ellerbroek and others 2001a)[Chapter 5] and may contribute to E-cadherin
ectodomain shedding, resulting in further modulation of E-cadherin function. Although an
overall negative correlation between MMP-9 and E-cadherin immunoreactivity was not observed

in tumor samples, evaluation of serial sections demonstrated staining heterogeneity such that all
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MMP-9 positive tumors exhibited focal areas of high MMP-9 positivity co-localized with

low or absent E-cadherin staining. Similar results are observed in OVCA429 cells when
exogenous MMP-9 treatment induces changes in E-cadherin localization and expression that are
limited to the edges of cell clusters. These results support the hypothesis that MMP-9 is a
regulator of E-cadherin ectodomain shedding in the ovarian tumor microenvironment although
its influence on E-cadherin expression may be transient or heterogeneous.

It has been proposed that the gain of E-cadherin expression observed during ovarian
tumorigenesis is advantageous for metastatic progression by enabling survival of multi-cellular
aggregates in suspension (ascites), inducing attachment to other cells in the peritoneal cavity, and
promoting cohort migration that facilitates metastatic implantation (Naora and Montell 2005).
Results from a recent study have reported that human ovarian carcinomas without metastasis
exhibit E-cadherin membrane expression while E-cadherin staining is either cytoplasmic or
absent in metastatic ovarian carcinomas (Marques and others 2004), suggesting that sustained E-
cadherin expression and/or function is not necessary following tumor cell attachment and
anchoring at new sites. Although immunofluorescence images are not provided, it is interesting
to note that this study utilizes the HECD-1 antibody, which detects the E-cadherin extracellular
domain, and the results are thereby indicative of either a defect in membrane trafficking or,
alternatively, enhanced E-cadherin internalization in metastatic lesions that retain E-cadherin
positivity (Marques and others 2004). E-cadherin-negative samples in the study from Marques
and colleagues (Marques and others 2004) could result from epigenetic silencing of E-cadherin
expression (Makarla and others 2005; Rathi and others 2002) and/or may represent lesions with

levels of E-cadherin ectodomain shedding that exceed rates of replenishment. Together with the
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current data in Figure 3.1 showing high levels of shed E-cadherin ectodomain in ascites from

women with ovarian cancer, these combined results indicate multiple complex mechanisms of E-
cadherin regulation in ovarian tumors.

The shed E-cadherin ectodomain, at concentrations found in human carcinomatous
ascites, induces characteristics of a phenotypic EMT in ovarian cancer cells, such as junction
disruption and morphological alteration to a migratory phenotype. Similarly, in both murine
mammary epithelium and in a rat cataract model, E-cadherin ectodomain shedding promotes an
EMT (Dwivedi and others 2006; Lochter and others 1997). Although the association between
EMT and E-cadherin ectodomain shedding has not been evaluated in human cancer models, sE-
cad is elevated in the bodily fluids of cancer patients and is associated with poor prognosis or the
development of metastasis (Billion and others 2006; Chan and others 2005; Darai and others
1998a; Sundfeldt and others 2001; Syrigos and others 2004). [In vitro, the E-cadherin
ectodomain is linked with increased migration, invasion, proliferation, MMP activity and
disrupted adhesion in various cell lines (Chunthapong and others 2004; Liu and others 2006;
Nawrocki-Raby and others 2003; Noe and others 2001; Wheelock and others 1987). sE-cad
levels are elevated in the cystic fluid from borderline and malignant ovarian tumors when
compared to benign cysts and cystadenomas (Sundfeldt and others 2001), suggesting this
distinction may have diagnostic value preoperatively.

It is unknown if the 80kDa E-cadherin ectodomain detected in ovarian cancer ascites is a
monomer or dimer, as the samples were analyzed in western blots under reducing conditions.
hEcad-Fc is currently the best tool available to determine the effects of shed ectodomain and has

been used in other investigations (Chunthapong and others 2004; Liu and others 2006). Due to



165
anticipated technical difficulties, determination of the E-cadherin ectodomain conformation

in ascites was never attempted. The ectodomain could potentially be isolated from ascites
samples for experimental use, but it is uncertain if denaturation would occur during the low pH
elution step, rendering the ectodomain non-functional. Unpurified ascites samples cannot be
used since growth factors and proteinases are also present and influence migration, cell junction
disruption, and proliferation. Despite a lack of knowledge on the form the E-cadherin
ectodomain adopts in the ascites, the results of other studies imply the E-cadherin ectodomain
may exist as a dimer. For example, although Pokutta and colleagues have previously reported
that the E-cadherin ectodomain exists as a monomer in the presence and absence of calcium
(Pokutta and others 1994), Nagar and colleagues have later shown that the E-cadherin
ectodomain forms lateral dimers that are held together by calcium ions (Nagar and others 1996),
suggesting that the dimerization of shed E-cadherin ectodomain will be induced by calcium
present in human serum and ascites. In addition, Brieher and colleagues report that the C-
cadherin ectodomain forms dimers in the presence and absence of calcium and does not bind to
cells expressing C-cadherin in the absence of calcium (Brieher and others 1996). In support of
the results in this dissertation, a monomeric form of the E-cadherin ectodomain expressed in
baculovirus did not inhibit cell aggregation of cells expressing E-cadherin (Herrenknecht and
Kemler 1993); therefore, calcium may be necessary to mediate disruption of cell-cell junctions as
observed in Figure 3.6, especially if this effect is mediated via hEcad-Fc binding to ovarian
cancer cells.

The current data provide additional evidence for high levels of sE-cad in the ovarian

tumor microenvironment and demonstrate that, in contrast to other tumors where the shed E-
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cadherin ectodomain is released into the circulation, primary ovarian tumors maintain direct

contact with sE-cad-rich ascites at high concentration. This dissertation supports a model for
increased E-cadherin ectodomain shedding as tumor cells disseminate from the primary tumor,
adhere to the exposed collagen-rich submesothelial matrix, and upregulate MMP-9 activity as a
consequence of integrin clustering [Fig 3.9]. As the primary tumor and both suspended and
anchored metastatic cells maintain contact with sE-cad-rich ascites, high levels of sE-cad in the
ovarian tumor microenvironment may encourage further disaggregation of cells from the primary

tumor or ascitic cancer cell spheroids, thereby enhancing metastatic dissemination.
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Figure 3.9

Chapter 3: Summary of Results
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Figure 3.9: Chapter 3 summary of results

The data presented in Chapter 3 show that engagement of collagen-binding integrins results in
increased MMP-9 expression and MMP-9-dependent E-cadherin ectodomain shedding. The
shed ectodomain then disrupts preformed cell-cell junctions, suggesting it may enhance ovarian

tumor cell dissemination in patients.
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Chapter 4: Cyclooxygenase-2 functions as a mediator of lysophosphatidic acid
to promote aggressive behavior in ovarian carcinoma cells.

Results presented in this chapter were previously published in Cancer Research (Symowicz and
others 2005).

Introduction and Rationale

As mentioned in Chapter 1 (section VI-B), LPA contributes to the development,
progression, and metastasis of ovarian cancer and is increased in both the plasma and ascites of
ovarian cancer patients at concentrations up to 80uM (Fang and others 2002a; Westermann and
others 1998; Xu and others 1995a). Treatment of ovarian tumor cells with LPA in vitro results in
an enhanced metastatic phenotype, characterized by increased proteolytic activity, stimulation of
motility and more aggressive invasive behavior (Fishman and Borzorgi 2002; Fishman and
others 2001). LPA also induces the expression of additional genes that contribute to
proliferation, survival, or metastasis, including COX-2 (Fishman and others 2002; Hu and others
2001; Mills and Moolenaar 2003; Moolenaar and others 1986; Reiser and others 1998; Schwartz
and others 2001; Xu and others 1998).

A specific role for COX-2 in regulating ovarian cancer metastasis has not been reported,
although it has been shown that COX-2 staining is significantly higher in metastatic ovarian
tumors (Li and others 2004). COX-2 expression is reported in benign, borderline and malignant
ovarian tumors (Ali-Fehmi and others 2003; Denkert and others 2002; Klimp and others 2001;
Landen and others 2003; Li and others 2004) where it is associated with chemotherapy resistance
and a poor survival rate (Ferrandina and others 2002a). Ascites from ovarian cancer patients

contains elevated levels of PGE, compared to nonmalignant ascites or ascites from other
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carcinomas (Denkert and others 2002), further supporting a role for COX-2 in ovarian

pathobiology.

The current study has been undertaken to test the hypothesis that LPA promotes a
metastatic phenotype in ovarian cancer cells via a COX-2-dependent mechanism. Evaluation of
human ovarian tumors demonstrates positive COX-2 immunoreactivity in 98% of cases, with
70% displaying moderate to high-level expression, including 50% of borderline ovarian tumors.
Treatment of ovarian tumor cells with LPA in vitro induces COX-2 protein expression in a time
and concentration-dependent manner, while COX-1 expression is not affected. In addition to
signaling via EDG/LPA receptors, LPA-induced transactivation of EGFR increases COX-2
expression via the Ras/MAPK pathway. Inhibition of COX-2 activity decreases proMMP-2
expression and LPA-induced proMMP-2 activation and reduces MMP-dependent motility and
invasion. These data demonstrate that COX-2 functions as a downstream mediator of LPA to

potentiate aggressive cellular behavior in ovarian carcinoma cells.

Results

Analysis of COX-2 expression in human ovarian cells and tissues.

Samples from 173 patients were examined for COX-2, COX-1, and cytokeratin-7
immunoreactivity. Of these samples, 77 (45%) were serous carcinoma, 45 (26%) were
endometrioid carcinoma, 18 (10%) were clear cell carcinomas, 9 (5%) were mucinous
carcinomas, and 24 (14%) were borderline tumors. The vast majority of ovarian tumors (98%)
displayed positive COX-2 immunoreactivity. COX-2 expression was high (3+ or 2+) in 63% of

patients, compared to 39% with high COX-1 staining [Table 4.1]. A representative example of a
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serous ovarian tumor with intense COX-2 immunoreactivity is shown relative to COX-1 and

keratin 7 in Figure 4.1 [A-D]. Of note, 8 of 9 mucinous tumors (89%) displayed high COX-2
expression [Fig 4.1E-H]. COX-2 expression was also elevated in borderline ovarian tumors
(50%), relative to 29% displaying high COX-1 staining (Fig 4.11-L, Table 4.1). Significant
differences in high (3+ or 2+) COX-2 expression between borderline and other tumors were not
observed. No significant COX-2 staining was observed in the stromal compartment. Strong
COX-2 positivity (3+ or 2+) was not differentially distributed according to FIGO stage or

histotype.



172

Table 4.1. Immunohistochemical expression of COX-1 and COX-2 in borderline and

malignant ovarian epithelial tumors.

COX-2 COX-1

Histotype 3+ 2+ 1+ 0 3+ 2+ 1+ 0
Serous 30 25 19 3 10 35 20 12
(77) (39%) (32%) (25%) (4%) (13%) (45%) (26%) (16%)
Endometrioid | 25 11 9 0 6 6 15 18
(45) (56%) (24%) (20%) (0%) (13%) (13%) (34%) (40%)
Clear Cell 7 3 7 1 0 1 3 14
(18) (39%) (17%) (39%) (5%) (0%) (5%) (17%) (78%)
Mucinous 5 3 1 0 2 1 0 6

(9) (56%) (33%) (11%) (0%) (22%) (11%) (0%) (67%)
Borderline 6 6 12 0 3 4 7 10
(24) (25%) (25%) (50%) (0%) (12%) (17%) (29%) (42%)
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Figure 4.1: Immunohistochemical expression of COX-1, COX-2, and cytokeratin-7 in

ovarian tumor samples.
Samples were stained with antibodies to COX-2 (1:200; A, E, 1), COX-1 (1:50; B, F, J),
cytokeratin-7 (CK7, 1:200; C, G, K) or hematoxylin and eosin (H+E; D, H, L) as detailed in

Chapter 7. (A-D) serous carcinoma; (E-H) mucinous carcinoma; (I-L) borderline tumor.
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LPA-induced COX-2 expression in ovarian cancer cell lines

LPA levels were often elevated in both the plasma and ascites of ovarian cancer patients
where it was reported to contribute to ovarian cancer development, progression and metastasis
(Fang and others 2002a; Westermann and others 1998; Xu and others 1995a). As plasma and
ascites LPA levels were not available from the patient population above, the effect of LPA on
COX-2 expression was instead examined in several ovarian cell lines, including immortalized
borderline ovarian carcinoma cells (HulOSBT-1.5, HulOSBT-2.2, HulOSBT-3.3), and several
malignant ovarian carcinoma cell lines (OVCA 429, OVCA 433, CaOV-3, OVCAR3, SKOV3,
DOV13). With the exception of the CaOV-3 cells, all ovarian carcinoma cell lines were known
to be isolated from the ascites of distinct patients. Cells were treated with 30uM LPA for 3 hours
and the basal and induced levels of COX-2 protein were analyzed by western blotting relative to
a COX-2 standard [Fig 4.2]. In borderline ovarian carcinoma cells, HulOSBT-1.5 and
HulOSBT-3.3 cells expressed low basal levels of COX-2 that were greatly increased with LPA
treatment, while HuIOSBT-2.2 cells expressed high basal levels of COX-2 that were unchanged
with the addition of LPA. Differential responses were observed in the six malignant ovarian
carcinoma cell lines, with 4 of the 6 cell lines responding to LPA treatment by induction of
COX-2 (Fig. 4.2; OVCA429, OVCA433, CaOV-3, DOV13). Neither SKOV-3 nor OVCAR3
cells expressed detectable constitutive or LPA-inducible COX-2. As shown in a representative
example using DOV 13 cells, induction of COX-2 was time-dependent, reaching a maximum at 2
to 4 hours following LPA treatment [Fig 4.3A]. Induction was observed at low LPA

concentrations (10 uM) and was positively regulated by increasing LPA concentration [Fig
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4.3B]. No constitutive or LPA-inducible COX-1 expression was observed in the DOV13

cells under these conditions [Fig 4.3C].

LPA transduces signals via the endothelial differentiation gene EDG/LPA subfamily of G
protein-coupled receptors leading to changes in adenylate cyclase activity, activation of the Ras-
Raf-Erk pathway, and stimulation of phospholipases C and D (Mills and Moolenaar 2003; Xu
and others 1998). With the exception of OVCAR3 and SKOV3, expression of EDG/LPA
receptor family members was not previously characterized in these cell lines. Treatment of cells
with LPA in the presence of pertussis toxin (PTX) decreased COX-2 induction [Fig 4.4A, top
panel, lane 3], implicating LPA-dependent signaling through G; protein-coupled receptors in this
process (Westermann and others 1998). Activation of EGFR family members was also reported
to induce COX-2 expression (Coffey and others 1997; Vadlamudi and others 1999). Further,
recent studies implicated LPA in EGFR transactivation via both PTX-sensitive and —insensitive
pathways (Daub and others 1997; Daub and others 1996; Gshwind and others 2002; Kim and
others 2000; Laffargue and others 1999). Treatment of DOV13 cells with LPA under serum-free
conditions induced phosphorylation of EGFR [Fig 4.4A, middle panel], showing that LPA can
transactivate EGFR in DOV13 cells. LPA-mediated transactivation of EGFR was PTX
insensitive [Fig 4.4A, middle panel, lane 3]. Co-treatment with LPA and the EGFR-specific
tyrosine kinase inhibitor AG1478 also abrogated the ability of LPA to induce COX-2 expression
[Fig 4.4A, top panel, lane 4]. Similar results were obtained following inhibition of the
Ras/MAPK pathway using the MEK inhibitor PD98059 [Fig 4.4B]. Combined treatment of
DOV13 cells with LPA, PTX, and AG1478, resulted in a greater reduction in COX-2 protein

induction relative to treatment with each inhibitor individually [Fig 4.4A, top panel, lane 5],
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suggesting that distinct signaling pathways promote COX-2 expression. To provide further

support for this hypothesis, DOV13 cells were treated with LPA and EGF. Both EGF [Fig
4.4C, lane 2] and LPA [Fig 4.4C, lane 3] individually induced COX-2 protein expression, while
co-treatment with both EGF and LPA further enhanced COX-2 expression [Fig 4.4C, lane 4].
Together these data support a major role for LPA-mediated EGFR transactivation in COX-2
induction and suggest both EDG/LPA receptors and EGFR contribute to optimal LPA-mediated

COX-2 induction DOV13 cells.
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Figure 4.2: Effect of LPA on COX-2 expression in ovarian cells.

Cells were cultured as indicated in Chapter 7, serum starved overnight, and cultured in the
presence or absence of 30uM LPA for 3 hours. Cells lysates (50ug for all cell lines except
OVCAR3 - 30pg) were electrophoresed on an 8% SDS-polyacrylamide gel, electroblotted to
PVDF membrane, and probed with anti-COX-2 (1:1000 dilution) followed by peroxidase-
conjugated secondary antibody (1:5000) and enhanced chemiluminescence detection. A COX-2

standard (50ng) was included as a control.
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Figure 4.3: LPA induces COX-2 expression in a time and concentration-dependent181
manner.

A) DOV13 cells were cultured in the presence of 30uM LPA for time points indicated. Lysates
(65pg) were electrophoresed on an 8% SDS-polyacrylamide gel, electroblotted to PVDF
membrane, and immunoblotted with anti-COX-2 (1:1000), followed by peroxidase-conjugated
secondary antibody (1:5000) and enhanced chemiluminescence detection. A COX-2 standard
(50ng) was included as a control.

B) DOV 13 cells were cultured for 3 hours in the presence of increasing concentrations of LPA as
indicated. Lysates (80ng) were electrophoresed on an 8% SDS-polyacrylamide gel,
electroblotted to PVDF membrane and immunoblotted with anti-COX-2 (1:1000), followed by
peroxidase-conjugated secondary antibody (1:5000) and enhanced chemiluminescence detection.
A COX-2 standard (50ng) was included as a control (not shown).

C) DOV13 cells were cultured for 3 hours in the presence of increasing concentrations of LPA,
as indicated. Lysates (65ng) were electrophoresed on an 8% SDS-polyacrylamide gel,
electroblotted to PVDF membrane and immunoblotted with anti-COX-1 (1:1000), followed by

peroxidase-conjugated secondary antibody (1:5000) and enhanced chemiluminescence detection.

A COX-1 standard (50ng) was included as a control.
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Figure 4.4: LPA induces COX-2 expression via EDG/LPA receptor and EGFR

transactivation.

A) DOV13 cells were pretreated with PTX (100ng/ml) in the presence or absence of the EGFR
tyrosine kinase inhibitor AG1478 (10uM) for 2 hours prior to addition of LPA (30uM) for 3
hours. Lysates (50ng) were electrophoresed on an 8% SDS-polyacrylamide gel, electroblotted to
PVDF membrane, and immunoblotted with anti-COX-2 (1:1000), anti-phosphoEGFR mixture
(1:1000) or anti-total EGFR (1:1000) as indicated, followed by peroxidase-conjugated secondary
antibody (1:5000) and enhanced chemiluminescence detection. OVCA433 cells treated with
EGF (20ng/ml) served as a positive control for EGFR phosphorylation (center panel).

B) DOV13 cells were pretreated with the MEK inhibitor PD98059 (50uM) prior to the addition
of LPA (30uM) for 3 hours. Lysates (75ug) were electrophoresed on an 8% SDS-polyacrylamide
gel, electroblotted to PVDF membrane, and immunoblotted with anti-COX-2 (1:1000), followed
by peroxidase-conjugated secondary antibody (1:5000) and enhanced chemiluminescence
detection. A COX-2 standard (50ng) was included as a control (not shown).

C) DOV13 cells were treated with EGF (30ng/ml) and/or LPA (30uM) for 4 hours. Lysates
(70pg) were electrophoresed on an 8% SDS-polyacrylamide gel, electroblotted to PVDF
membrane, and immunoblotted with anti-COX-2 (1:1000), followed by peroxidase-conjugated
secondary antibody (1:5000) and enhanced chemiluminescence detection. A COX-2 standard
(50ng) was included as a control (not shown). The blot was stripped and reprobed with anti-total

ERK 1/2 (1:2000) to verify equal loading.
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Functional effect of COX-2 inhibition on LPA-induced aggressive behavior

Separate studies implicated either LPA or COX-2 in expression and activation of proMMP-2
(Attiga and others 2000; Fishman and others 2001; Pan and others 2001; Tsujii and others 1997).
To evaluate whether COX-2 activity is necessary for LPA-induced proMMP-2 activation,
DOV13 cells were pretreated with increasing concentrations of the specific COX-2 inhibitor NS-
398 followed by LPA for an additional 24 hours and changes in proMMP-2 processing were
evaluated via gelatin zymography. As previously reported using LPA concentrations as low as
2.5-5uM (Fishman and others 2001), LPA stimulates activation of proMMP-2, as indicated by
the appearance of a lower molecular weight band representative of the activated form of the
enzyme [Fig 4.5, lane 2, arrow]. Treatment with NS-398 blocked the ability of LPA to induce
proMMP-2 activation in a dose dependent manner [Fig 4.5A, lanes 3-5], implicating COX-2 as a
mediator of LPA-induced MMP-2 activation. At higher concentrations (100uM),
downregulation of proMMP-2 protein expression was also observed [Fig 4.5, lane 5], although
no effect on cell viability was evident. This was confirmed by an MMP-2 ELISA, showing a
decrease in total MMP-2 (pro and active) expression in the presence of NS-398 (Fig 4.5B,
*p<.05, #p<.005), indicating that COX-2 modulates pericellular proteolytic potential via
regulation of both proMMP-2 expression and activation. No change in MT1-MMP or TIMP-2
were observed (data not shown).

LPA was previously reported to potentiate the motility and invasiveness of ovarian
cancer cells (Fishman and others 2001; Pustilnik and others 1999; Sawada and others 2002).
Similarly, COX-2 activity is necessary for enhanced migration and spreading of cancer cells and

endothelial cells (Dormond and others 2002; Dormond and others 2001; Eibl and others 2003;
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Timoshenko and others 2003), and overexpression of COX-2 enhances invasiveness of colon

carcinoma cells (Tsujii and others 1997). To determine whether the LPA-induced increase in
motility and invasiveness in ovarian cancer cells requires COX-2 activity, an artificial wound
was created in confluent cultures of DOV13 cells and the effect of COX-2 inhibition on LPA-
stimulated wound closure was evaluated. Inhibition of COX-2 activity blocked LPA-stimulated
wound closure in a dose dependent manner at both 24 hours and 48 hours [Fig 4.6A,B, p<.05].
Dr. Stack and colleagues previously reported that LPA stimulates the MMP-dependent invasive
activity of DOV 13 cells (Fishman and others 2001). To evaluate the requirement for COX-2
activity in this process, cells were seeded into HTS Fluoroblok inserts overlaid with Matrigel and
incubated for 48 hours prior to labeling followed by quantification of the invasive cells.
Inhibition of COX-2 activity abrogated the stimulatory effect of LPA on ovarian cancer cell

invasive activity [Fig.4.6C, p<.005].
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Figure 4.5: COX-2 inhibitor NS-398 decreases LPA-induced proMMP2 activation and

proMMP-2 expression.

A) DOV13 cells were pretreated with NS-398 as indicated for 3 hours prior to culture in the
presence of LPA (30uM) for 24 hours. Conditioned media was analyzed by gelatin zymography.
Arrow: migration position of active MMP-2.

B) Conditioned media was also analyzed using ELISA to detect total MMP-2 expression. The

data include results from 4 separate experiments. (#p<.005; *p<.05)
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Figure 4.6

LPA (uM) 0 30 30 30
NS398 (uM) 0 0 50 100

30

g
3
2 20 T od
: [
o
5 T
g 10}
2
0

0 30 30 30 LPA (uM)
0 0 50 100 NS398 (uM)

C

7000 } T
5
3 6000 | T
z
@ 5000 L "
s I
2 4000}

3000

30 30 30 LPA (uM)
50 100 NS398 (uM)

oo
o




189
Figure 4.6: COX-2 inhibitor NS-398 decreases LPA-induced motility and invasion.

A,B) Scratch wounds were introduced into confluent cultures of DOV13 cells as indicated in
Chapter 7 prior to treatment with NS-398 in the presence or absence of LPA, as indicated. At
pre-selected points, cultures were photographed using a digital camera and the relative scratch
width determined using the MetaMorph Imaging System. The data include results from 3
separate assays. Representative images are shown for the 48 hour time point in A and
quantitative data are shown for the 24 hour time point in B (*p<.05).

C) DOV 13 cells were added to the Matrigel coated top chamber of the HTS Fluoroblok Insert
System and pre-incubated for 1 hour in the presence or absence of NS-398 as indicated. LPA
(30uM) was added and cells were allowed to invade for 48 hours prior to staining with calcein
AM and quantitation of fluorescence as indicated in Chapter 7. Data represent the average of

three separate experiments (**p<.005).
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Discussion

In ovarian cancer patients, LPA concentrations are elevated in the ascites and range from
1 to 80uM, providing an LPA-rich microenvironment for ovarian tumors (Fang and others
2002a; Fishman and Borzorgi 2002; Mills and others 2002b; Xiao and others 2001; Xu and
others 1995a; Xu and others 1998). LPA promotes the proliferation, survival, and metastasis of
ovarian cancer by inducing the expression of key regulatory genes (Hu and others 2001;
Moolenaar and others 1986; Schwartz and others 2001; Xu and others 1998). Proteinase
regulation is also modulated by LPA in ovarian cancer cells, leading to LPA-dependent changes
in motility and invasive behavior (Fishman and Borzorgi 2002; Fishman and others 2001). The
current data demonstrate that LPA also induces COX-2 expression in premalignant and
malignant ovarian epithelium, indicating a role for COX-2 as a downstream mediator of LPA.
This is supported by analysis of human ovarian tumors, the majority of which exhibit strong
COX-2 immunoreactivity (Ali-Fehmi and others 2003; Denkert and others 2002; Ferrandina and
others 2002a; Klimp and others 2001; Landen and others 2003)[Fig 4.1 and Table 4.1].

While data regarding COX-2 expression in the normal ovary suggest a functional link to
ovulation (Denkert and others 2002; Landen and others 2003; Lim and others 1997; Matsumoto
and others 2001), COX-2 expression is observed in benign, borderline and malignant ovarian
tumors (Ali-Fehmi and others 2003; Denkert and others 2002; Klimp and others 2001; Landen
and others 2003; Li and others 2004). The data in this chapter are in agreement with the
published results. Although the majority of studies report lack of correlation between COX-2
immunoreactivity and tumor stage, grade or histological type, COX-2 positivity has been

proposed as an independent prognostic indicator (Ali-Fehmi and others 2003; Denkert and others
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2002; Ferrandina and others 2002a). Although the data in this dissertation also show a lack

of correlation between COX-2 immunoreactivity and tumor stage, it is interesting to note that 8
of 9 cases with a mucinous histotype were strongly COX-2 positive (2+ or 3+), as previously
reported for two mucinous ovarian tumors in a separate study (Ferrandina and others 2002a).

The current data support a role for LPA in the induction of COX-2 expression in ovarian
carcinoma cells and tumors. This is consistent with the observation that expression of both LPA
and COX-2 is detectable in ovarian cancer patients with early stage disease (Ali-Fehmi and
others 2003; Denkert and others 2002; Ferrandina and others 2002a; Sutphen and others 2004;
Westermann and others 1998). The magnitude of LPA-induced COX-2 expression varied among
the immortalized borderline and malignant ovarian carcinoma cell lines. These cell lines are
derived from distinct patients, accounting for their varying physiological characteristics, and
likely differentially express members of the EDG/LPA receptor family (Mills and others 2002b).
COX-2 induction is blocked by pertussis toxin, implicating LPA signaling through G; protein
coupled receptors in the EDG/LPA receptor family (Xu and others 1998). The data in this
dissertation also further support a mechanism in which LPA transactivates EGFR and
demonstrate that EGFR tyrosine kinase activity is also necessary for maximal LPA-induced
COX-2 expression. EGFR family members (EGFR, ErbB2, and ErbB3) are frequently
overexpressed in ovarian tumors (Ferrandina and others 2002b) and EGFR overexpression is
associated with a more invasive and malignant phenotype in ovarian cancer cells (Alper and
others 2001; Alper and others 2000; Brader and others 1998). In addition, EGFR signaling
mediates COX-2 induction in other cancer cell lines (Kulkarni and others 2001; Ohno and others

2001; Sheng and others 2001; Vadlamudi and others 1999). Crosstalk between EGFR and G;
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protein coupled receptors promotes EGFR transactivation in the absence of EGF (Gshwind

and others 2001). LPA has previously been reported to transactivate EGFR in several different
cells types, including head and neck squamous carcinoma cell lines (Gshwind and others 2002),
PC12 cells (Kim and others 2000), keratinocytes (Daub and others 1997), COS-7 cells (Daub and
others 1997), and Rat-1 fibroblasts (Daub and others 1996). In addition, ErbB-2 has been
reported to associate with a specific sequence in the COX-2 promoter to increase COX-2 gene
expression (Wang and others 2004). Together these data support a mechanism where both LPA-
induced transactivation of EGFR and activation of the EDG/LPA receptor results in upregulated
COX-2 expression in ovarian tumors [Fig 4.7]. It should be noted that in two recent studies,
COX-2 immunoreactivity did not correlate with EGFR expression in ovarian tumors (Ali-Fehmi
and others 2003; Ferrandina and others 2002b). However, the presence of LPA in the ascites or
serum of these patients may lead to amplification of EGFR signaling without altering EGFR
expression status.  Analysis of a potential relationship between EGFR activation (i.e.,
phosphorylation) and COX-2 expression was not yet reported.

LPA-induced expression of COX-2 may contribute to ovarian cancer progression via
multiple mechanisms. COX-2 expression was recently correlated with tumor angiogenesis in
patients with high-grade, advanced stage serous ovarian carcinoma (Ali-Fehmi and others 2003)
and other reported functions of COX-2 include inhibition of apoptosis and promotion of
proliferation and angiogenesis (Dempke and others 2001). Treatment with COX-2 inhibitors
such as NS-398 may block these pathways through COX-2-dependent and —independent
mechanisms (Denkert and others 2003; Grosch and others 2001; Rodriguez-Burford and others

2002). The current data demonstrate that inhibition of COX-2 activity decreases proMMP-2
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expression and LPA-induced proMMP-2 activation and subsequently inhibits LPA-induced

motility and invasive activity [Fig 4.7]. In support of this observation, COX-2-overexpressing
colon carcinoma cells exhibit enhanced proMMP-2 activation and invasiveness that is blocked
by treatment with a COX inhibitor (Tsujii and others 1997) and COX-2 inhibition in lung and
prostate cancer cells leads to decreased MMP-2 expression (Attiga and others 2000; Pan and
others 2001).  Currently very little is known about the mechanisms by which COX-2 or
prostaglandins increase MMP activity and cell invasiveness, but it has previously been shown
that the COX-2 inhibitor NS-398 decreases the transcription of MMP-2, reducing both its
expression and activity (Pan and others 2001). The data in this chapter showing that NS-398
treatment decreases expression of proMMP-2 suggests that MMP-2 activity is decreased in a
similar manner in ovarian carcinoma. A slight increase in COX-2 protein levels is observed
following long term treatment with high concentrations of NS-398 (data not shown), however
LPA-induced COX-2 expression clearly predominates in this system. Further, the decrease in
pro- and active MMP-2 following NS-398 treatment for 24 hours indicates that COX-2 activity
remains inhibited by NS-398 at this time point. Altered COX-2 protein in response to NS-398
was observed in colorectal cancer cell lines at 72 and 96 hours (Elder and others 2000; Elder and
others 2002) and in pancreatic cancer cell lines at 48 hours (Molina and others 1999).

Many reports examining the clinical benefits of COX-2 inhibitors and NSAIDs in ovarian
cancer address the role of these compounds in chemoprevention (Akhmendkhanov and others
2001; Mills 2002a; Smith and others 2004; Tavani and others 2001), but their therapeutic
efficacy at modulating progression is yet to be determined. It is possible that COX-2 inhibitors

may have a detrimental effect when administered with other chemotherapeutic agents, as
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demonstrated in an in vitro study showing reduced apoptotic effects of paclitaxel on two

ovarian cancer cell lines co-treated with NS-398 (Munkarah and others 2003). However, COX-2
inhibitor therapy is promising in the treatment of other cancers and recent data suggest that
celecoxib may actually improve the preoperative response to paclitaxel and carboplatin in
patients with non-small cell lung cancer (Altorki and others 2003). Another recent study
suggests that rofecoxib, a specific COX-2 inhibitor, may negatively regulate angiogenesis in
human colorectal cancer liver metastases (Fenwick and others 2003). As of 2005, many clinical
trials investigating the efficacy of celecoxib in breast, cervical, pancreatic, non-small cell lung,
colon, and prostate cancer are underway (www.cancer.gov). Based on the results of the current
study and other published data, it is reasonable to speculate that COX-2 inhibitor therapy may
also prove efficacious for ovarian cancer patients. However many questions regarding the
therapeutic use of COX-2 inhibitors remain, such as the stage(s) of tumor development when
treatment will be most effective and the combination of therapies that can be administered with
COX-2 inhibitors for the greatest benefit. COX-2 overexpression was observed in ovaries
experiencing early preneoplastic changes, leading to speculation that COX-2 may mimic
ovulation by promoting the loss of the basement membrane of the ovarian surface epithelium,
increasing the risk of ovarian tumorigencity (Roland and others 2003; Smith and others 2004);
therefore, COX-2 inhibitors may be more beneficial in the early stages of cancer or as
chemopreventive agents. In addition, preclinical data using the Min mouse model of colon
cancer demonstrated that combination therapy comprised of both a COX-2 and an MMP
inhibitor is more efficacious than either agent alone (Wagenaar-Miller and others 2003),

suggesting combination therapy may be more beneficial in treating stage III and IV ovarian
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cancer. Based on our results, future development of molecular diagnostic techniques that

allow individual characterization of multiple parameters such as the presence and concentration
of LPA in serum or ascites, the expression and activity of EGFR and COX-2, and the presence of
active proteinases such as MMP-2 may allow for the development of more effective ovarian
cancer patient-targeted combination therapies.

Following the publication of the results presented in Chapter 4, a later study has
suggested that COX-1 is a better therapeutic target for EOC treatment (Daikoku and others
2005). This study relies on use of a mouse model where murine OSE containing minimal tumor-
inducing genetic alterations have been used to generate ovarian tumors. The OSE cells and
resulting tumors express high levels of COX-1. Tumor growth is reduced with a specific COX-1
inhibitor, but treatment with a COX-2 inhibitor has no effect. Unfortunately, murine OSE cells
are used to generate EOC models in this study (Daikoku and others 2005). Rodent OSE cells are
more conducive to cellular transformation than human OSE cells (Liu and others 2004). Even
though COX-1 is expressed in many ovarian tumor samples [Table 4.1] (Gupta and others
2003), it is unknown if the same observations would occur in a mouse model using human OSE
cells to generate EOC. In addition, Daikoku and colleagues did not consider the ovarian tumor
microenvironment, which can alter COX-2 expression in ovarian cancer cell lines as
demonstrated in this chapter. As DOV 13 ovarian cancer cells lack COX-1 expression [Fig 4.3],
the effects of the tumor microenvironment on COX-1 expression could not be determined, but
since many ovarian tumors express both COX-1 and COX-2, it would be beneficial to now

consider NSAID treatment for ovarian cancer patients to inhibit both cyclooxygenase isoforms.



196

Figure 4.7
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Figure 4.7: Chapter 4 summary of results
COX-2 protein expression is increased in the DOV 13 ovarian cancer cell line via the
EDG/LPA receptors and transactivation of EGFR. COX-2 then acts as a downstream
mediator of LPA since COX-2-specific inhibitor NS-389 treatment results in decreased

proMMP-2 activation, cell migration, and matrigel invasion.
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Chapter 5: Lysophosphatidic acid regulation of matrix metalloproteinase-9-dependent
E-cadherin cleavage and ectodomain shedding

Introduction and Rationale

Although mutations in the E-cadherin gene are rare in ovarian tumors (Wong and
Auersperg 2002), post-translational modification of E-cadherin function is suggested by data
demonstrating sE-cad in ascites and cystic fluids from ovarian cancer patients (Darai and others
1998a; Sundfeldt and others 2001)(Chapter 3). Due to its elevated concentrations in ovarian
cancer patients, including stage I patients, LPA is identified as an additional factor found in the
ovarian tumor microenvironment that promotes ovarian cancer dissemination. Several studies
have shown that LPA treatment increased proteolytic activity, motility, and invasion in ovarian
cancer cells in vitro (Fishman and Borzorgi 2002; Fishman and others 2001; Li and others 2005;
Pustilnik and others 1999; Ren and others 2006; So and others 2004), but the effects of LPA on
cell-cell adhesion and E-cadherin are largely unexplored. LPA is associated with enhancing
adherens junction dissolution and colony dispersal (Jourquin and others 2006) and with
indirectly promoting an EMT via phosphorylation of Stat5a in a Rho-dependent manner (Benitah
and others 2003). As MMPs are implicated in E-cadherin ectodomain shedding (Covington and
others 2006; Damsky and others 1983; Lochter and others 1997; Maretzky and others 2005; Noe
and others 2001) and LPA is linked to changes in MMP expression (Fishman and Borzorgi 2002;
Fishman and others 2001; So and others 2004), the current study has been proposed to evaluate a
potential functional link between LPA and decreased E-cadherin function. This dissertation now
presents preliminary results showing that LPA increases E-cadherin ectodomain shedding in an

MMP-9-dependent manner. Although EGF also promotes E-cadherin ectodomain shedding,
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LPA-mediated ectodomain shedding is not dependent on EGFR transactivation. Together,

these new data and the results presented in Chapter 3 illustrate the complexity of the ovarian
cancer microenvironment and show how similar processes influencing ovarian cancer cell

dissemination and metastasis can be regulated by unique effectors and pathways.

Results

LPA increases MMP-9-dependent E-cadherin cleavage and ectodomain shedding.

The ability of LPA to increase MMP expression and activation in ovarian cancer cells
(Fishman and Borzorgi 2002; Fishman and others 2001; So and others 2004) identify it as a
potential upstream regulator of MMP-dependent E-cadherin cleavage and ectodomain shedding.
To evaluate the role of LPA in E-cadherin ectodomain shedding, OVCA429 and OVCA433 cells
were treated with 10uM LPA for 24 hours under serum-free conditions. The resulting
conditioned media were examined for the presence of the 80kDa E-cadherin ectodomain using
immunoprecipitation and western blotting. LPA increased the amount of shed 80kDa
ectodomain from both cell lines [Fig 5.1]. In addition, no changes were observed in surface and
net E-cadherin expression following 24 hours of LPA treatment [Fig 5.2]. Surface E-cadherin
expression also remained constant after LPA treatment for 48 and 72 hours (data not shown). To
verify that MMPs cleaved E-cadherin to generate the shed ectodomain, both cell lines were
cotreated with LPA and broad spectrum MMP inhibitor GM6001. GM6001 cotreatment resulted
in reduced ectodomain shedding [Fig 5.1], suggesting LPA-mediated ectodomain shedding is

MMP-dependent.
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The proteinase profile of OVCA429 and OVCA429 cells in response to LPA

treatment was unknown at the beginning of this investigation. In order to identify MMPs that
may cleave E-cadherin, OVCA429 and OVCA433 cells were treated with 30 and 80 uM LPA
under serum-free conditions for 24 hours. The resulting conditioned media was examined via
gelatin zymography for changes in MMP-9 and MMP-2 expression [Fig 5.3A]. An LPA dose-
dependent increase in MMP-9 expression was observed in OVCA429 cells, but a non-dose-
dependent increase in MMP-9 expression was seen in OVCA433 cells. Although previously
reported in the DOV13 ovarian cancer cell line (Fishman and others 2001), LPA treatment did
not increase proMMP-2 activation in OVCA429 and OVCAA433 cells. Due to these observations
and our previous results in Chapter 3 showing integrin-mediated ectodomain shedding was
MMP-9-dependent, OVCA429 cells were then cotreated with 10 uM LPA and a MMP-9
function-blocking antibody (anti-MMP-9) under serum-free conditions. = LPA-mediated
ectodomain shedding was reduced in the presence of anti-MMP-9 [Fig 5.3B]. Because the
MMP-9 blocking antibody inhibits extracellular MMP-9 activity, these data also demonstrate
MMP-9-dependent cleavage of surface-associated, rather than intracellular, E-cadherin. As
reported in Chapter 3, exogenous MMP-9 also increased shedding of the E-cadherin ectodomain

[Fig 3.5B].
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Figure 5.1: LPA promotes E-cadherin ectodomain shedding.

OVCAA429 cells and OVCA433 cells were serum starved and preincubated with 50 uM GM6001
or equivalent DMSO prior to treatment with 10uM LPA for 24 hours. The 80kDa E-cadherin
ectodomain was immunoprecipitated from the conditioned media, as described in Chapter 7.
Immunoprecipitates were electrophoresed on a 9% SDS-PAGE gel, transferred to a PVDF
membrane, and immunoblotted with anti-E-cadherin (HECD-1) (1:4000), followed by
peroxidase-conjugated secondary antibody (1:5000) and enhanced chemiluminescence detection.
A representative western blot and densitometric quantification of the 80kDa ectodomain were
shown. Results were normalized against the densitometric reading for untreated cells (first lane,
top band) and represent two independent experiments in the OVCA429 cells and one experiment

in the OVCAA433 cells. Immunoprecipitation (IP) controls are shown in Chapter 3 (Fig 3.2C).
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Figure 5.2: LPA treatment does not affect net or surface E-cadherin expression

OVCA429 and OVCA433 cells were incubated in serum-free media prior to treatment with
30uM LPA for 24 hours. Cells were processed for analysis of whole cell lysates and surface
proteins, as indicated. @ Whole cell lysates (50ug OVCA433; 80ug OVCA429) were
electrophoresed on a 9% SDS-PAGE gel, transferred to a PVDF membrane, and immunoblotted
with anti-E-cadherin (HECD-1) (1:4000), followed by peroxidase-conjugated secondary
antibody (1:5000) and enhanced chemiluminescence detection. Full length E-cadherin (120kDa)
was detected. To evaluate the amount of E-cadherin present on the cell surface, cells were
surface-biotinylated, lysed, and lysates (100pg OVCA433; 150pug OVCA429) incubated with
NeutrAvidin.  Following incubation, the NeutrAvidin-conjugated lysates and resulting
supernatant were electrophoresed on a 9% SDS-PAGE gel, transferred to a PVDF membrane,
and immunoblotted with anti-E-cadherin (HECD-1) (1:4000), followed by peroxidase-
conjugated secondary antibody (1:5000) and enhanced chemiluminescence detection to examine

the surface E-cadherin expression.
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Figure 5.3: MMP-9 promotes LPA-induced E-cadherin ectodomain shedding

A) OVCA429 and OVCA433 cells were serum starved prior to treatment with 30 or 80 uM LPA
for 24 hours. The resulting conditioned media (30ul) were analyzed for MMP-9 and MMP-2
expression using gelatin zymography. Under serum-free conditions, the proenzyme form of
MMP-9 was detected.

B) OVCA429 cells were serum starved and preincubated with anti-MMP-9 (10pg/ml) or control
IgG prior to treatment with 10uM LPA for 24 hours. The 80kDa E-cadherin ectodomain was
immunoprecipitated from the conditioned media, as described in Chapter 7. Immunoprecipitates
were electrophoresed on a 9% SDS-PAGE gel, transferred to a PVDF membrane, and
immunoblotted with anti-E-cadherin (HECD-1) (1:4000), followed by peroxidase-conjugated
secondary antibody (1:5000) and enhanced chemiluminescence detection. A representative
western blot and densitometric quantification of the 80kDa ectodomain were shown. Results
were normalized against the densitometric reading for untreated cells (first lane, top band) and

represent one experiment.
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Characterization of LPA-mediated E-cadherin ectodomain shedding

EGF is an additional factor present in the ovarian cancer microenvironment known to
upregulate MMP-9 expression in ovarian cancer cells (Alper and others 2001; Ellerbroek and
others 1998), implicating it as a mediator of E-cadherin ectodomain shedding. EGF treatment
(20ng/ml) under serum-free conditions also resulted in increased MMP-9 expression in
OVCAA433 cells and OVCA429 cells [Fig 5.4A](Ellerbroek and others 1998). ProMMP-2
activation did not occur after EGF treatment in either cell line. An increase in E-cadherin
ectodomain shedding was also observed in OVCA429 cells after 8§ hours of EGF treatment
(20ng/ml) under serum-free conditions [Fig 5.4A]. Increased E-cadherin ectodomain shedding
did not occur in OVCA433 cells following EGF treatment (data not shown). OVCA429 cells
were also cotreated with EGF and GM6001 to verify that EGF-mediated ectodomain shedding
was MMP-dependent [Fig 5.4B]. EGF-induced ectodomain shedding was reduced in the
presence of GM6001, suggesting MMPs cleave E-cadherin. Due to technical issues with cell
lines and western blotting, it could not be determined if EGF-mediated ectodomain shedding was
MMP-9-dependent at this time. The G protein coupled receptors of the LPA receptor family
have also been shown to transactivate the EGFR in EGF-free conditions in many different cell
types (Daub and others 1997; Daub and others 1996; Gshwind and others 2002; Gshwind and
others 2001; Kim and others 2000). Due to the high basal levels of phospho EGFR in OVCA429
and OVCA433 cells, it could not be determined if LPA transactivated the EGFR in these cell
lines despite pretreatment of cells with an inhibitor of EGFR activity, AG1478, prior to LPA
addition (data not shown). Instead OVCA429 cells were cotreated with LPA and AG1478 to

determine if LPA-mediated ectodomain shedding was dependent on EGFR transactivation [Fig
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5.4C]. LPA-mediated ectodomain shedding was not reduced in the presence of AG1478,

implying that EGFR activity was unnecessary.

OVCAA429 cells were also cotreated with pertussis toxin (PTX), an inhibitor of G protein
coupled receptor activity. LPA-mediated ectodomain shedding was not reduced in the presence
of PTX [Fig 5.5A], but previous studies reported that LPA can mediate its effects via both PTX-
sensitive and —insensitive pathways (Daub and others 1997; Daub and others 1996; Gshwind and
others 2002; Kim and others 2000; Laffargue and others 1999). To verify that LPA mediated-
ectodomain shedding is regulated by the LPA receptor family, this experiment will be repeated
in the presence of Ki16425, a LPA receptor antagonist that displays a preference for LPA1 and
LPA3 receptors (Ohta and others 2003).

It was speculated in Chapter 3 that Src activity is necessary to partially disrupt cell-cell
junctions to permit the access of MMP-9 to the E-cadherin cleavage site [Fig 3.2D]. Because
LPA was also reported to transactivate Src family kinases (Luttrell and others 1996), OVCA429
cells were cotreated with Src kinase family inhibitor PP2 and LPA under serum-free conditions
[Fig 5.5B]. LPA-mediated ectodomain shedding remained unchanged by PP2, suggesting Src
activity was not required for LPA-mediated ectodomain shedding, as it was in integrin-mediated
ectodomain shedding. Together these results and the results presented in Chapter 3 show that
upstream regulation of E-cadherin ectodomain shedding by integrins, LPA, and EGF was far

more complex than initially predicted.
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Figure 5.4: LPA-induced E-cadherin ectodomain shedding is not dependent on EGFR

transactivation.

A) OVCA429 and OVCA433 cells were serum starved prior to treatment with 20ng/ml EGF for
8 hours. The resulting conditioned media (30ul) were analyzed for MMP-9 and MMP-2
expression using gelatin zymography. Under serum-free conditions, the proenzyme form of

MMP-9 was detected.

B) OVCAA429 cells were serum starved and preincubated with 50uM GM6001 prior to treatment
with 20ng/ml EGF for 8 hours. The 80kDa E-cadherin ectodomain was immunoprecipitated
from the conditioned media, as described in Chapter 7. Immunoprecipitates were
electrophoresed on a 9% SDS-PAGE gel, transferred to a PVDF membrane, and immunoblotted
with anti-E-cadherin (HECD-1) (1:4000), followed by peroxidase-conjugated secondary
antibody (1:5000) and enhanced chemiluminescence detection. A representative western blot
and densitometric quantification of the 80kDa ectodomain were shown. Results were
normalized against the densitometric reading for untreated cells (first lane) and represent three

independent experiments.

C) OVCAA429 cells were serum starved and preincubated with 10uM AG1478 or equivalent
DMSO prior to treatment with 10uM LPA for 24 hours. The 80kDa E-cadherin ectodomain was
immunoprecipitated from the conditioned media, as described in Chapter 7. Immunoprecipitates
were electrophoresed on a 9% SDS-PAGE gel, transferred to a PVDF membrane, and

immunoblotted with anti-E-cadherin (HECD-1) (1:4000), followed by peroxidase-conjugated
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secondary antibody (1:5000) and enhanced chemiluminescence detection. A representative

western blot and densitometric quantification of the 80kDa ectodomain were shown. Results
were normalized against the densitometric reading for untreated cells (first lane, top band) and

represent two independent experiments.
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Figure 5.5: LPA-induced E-cadherin ectodomain shedding is not pertussis toxin-dependent
or Src kinase-dependent.
A) OVCA429 and OVCA433 cells were serum starved and preincubated with 100ng/ml PTX
prior to treatment with 10uM LPA for 24 hours. The 80kDa E-cadherin ectodomain was
immunoprecipitated from the conditioned media, as described in Chapter 7. Immunoprecipitates
were electrophoresed on a 9% SDS-PAGE gel, transferred to a PVDF membrane, and
immunoblotted with anti-E-cadherin (HECD-1) (1:4000), followed by peroxidase-conjugated
secondary antibody (1:5000) and enhanced chemiluminescence detection. A representative
western blot and densitometric quantification of the 80kDa ectodomain were shown. Results
were normalized against the densitometric reading for untreated cells (first lane) and represent
one experiment for each cell line.
B) OVCA429 cells were serum starved and preincubated with 10uM PP2 or equivalent DMSO
prior to treatment with 10uM LPA for 24 hours. The 80kDa E-cadherin ectodomain was
immunoprecipitated from the conditioned media, as described in Chapter 7. Immunoprecipitates
were electrophoresed on a 9% SDS-PAGE gel, transferred to a PVDF membrane, and
immunoblotted with anti-E-cadherin (HECD-1) (1:4000), followed by peroxidase-conjugated
secondary antibody (1:5000) and enhanced chemiluminescence detection. A representative
western blot and densitometric quantification of the 80kDa ectodomain were shown. Results
were normalized against the densitometric reading for untreated cells (first lane) and represent

one experiment for each cell line.
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Discussion

Several proteinases have been reported to cleave E-cadherin (Covington and others 2006;
Damsky and others 1983; Lochter and others 1997; Maretzky and others 2005; Noe and others
2001), but with the exception of integrin engagement (Chapter 3), the upstream regulators of the
proteinase(s) that promote ectodomain shedding in ovarian cancer cells are largely unexplored.
The preliminary data presented in this chapter support the hypothesis that LPA-regulated MMP-
9-catalyzed E-cadherin ectodomain shedding may also potentiate metastatic dissemination of
EOC, but via different pathways than integrin- or EGF-mediated E-cadherin ectodomain
shedding [Fig 5.6].

Very few similarities are observed among integrin- and LPA-mediated ectodomain
shedding. For example, endogenous MMP-9 appears to be the only common regulator of LPA-
and integrin-mediated ectodomain shedding. Src activity is required to promote integrin-
mediated E-cadherin ectodomain shedding, but it is not necessary for LPA-induced E-cadherin
ectodomain shedding [Fig 3.2D and 5.5B]. It is currently unknown if Src activity is necessary
for EGF-mediated ectodomain shedding. Although EGF increases ectodomain shedding, it is
also surprisingly to find that crosstalk did not occur between EGFR and integrins or between
EGFR and the LPA receptors [Fig 3.2E and 5.4] when both integrins and LPA have previously
been reported to transactivate EGFR (Daub and others 1997; Daub and others 1996; Gshwind
and others 2002; Gshwind and others 2001; Kim and others 2000; Yu and others 2000). The
potential for crosstalk between integrins and the LPA receptors has not been considered in this
investigation, although two recent reports suggest it may occur. Engagement of fibronectin-

binding integrins increases nuclear localization of the receptor LPA1 (Waters and others 2006).
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Nuclear localization of LPA1 is constitutive in some cell types, but is also increased upon

LPA treatment. Nuclear LPA1 may also participate in intranuclear regulation of cell signaling to
regulate COX-2 expression (Gobeil and others 2003; Waters and others 2006). LPA also
enhances cell viability via Rho kinase (ROCK) in cells where fibronectin-binding integrin
expression or fibronectin exposure is limited (Valenick and Schwarzbauer 2006). Although
LPA-mediated ectodomain shedding is pertussis toxin insensitive, it can still be regulated via an
LPA receptor (Daub and others 1997; Daub and others 1996; Gshwind and others 2002; Kim and
others 2000; Laffargue and others 1999). This could be verified with the LPA receptor
antagonist Ki16425, provided OVCA429 and OVCAA433 cells express LPA1 and/or LPA3. The
LPA receptor profile for these two cells lines is currently unknown, but ovarian cancer cells have
previously been shown to generally express elevated levels of LPA3 and LPA2 and variable
levels of LPA1 (Mills and others 2002b; Mills and Moolenaar 2003). It is essential to determine
which LPA receptor mediates ectodomain shedding before crosstalk between integrins and LPA
receptors can be evaluated in this system.

Unlike integrin signaling, LPA likely plays an earlier role in ovarian cancer metastasis,
specifically in the promotion of primary tumor cell exfoliation and ascitic cell survival. Because
LPA levels are elevated in the ascites of stage I ovarian cancer patients, LPA likely increases E-
cadherin ectodomain shedding in the primary tumor, which feeds back to promote initial cell
exfoliation from the primary tumor. In contrast, integrin signaling likely increases ectodomain
shedding only in ascitic cells and peritoneal metastases after cells already separated from the
primary tumor and encounter collagen fragments or the collagen-rich submesothelial ECM. This

hypothesis is supported by the observation that two stage I ovarian cancer patients express the E-
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cadherin ectodomain in ascites [Fig 3.1B,C]. In addition, based on results examining the role

of fibronectin-binding integrins and LPA from Valenick and Schwarzbauer (Valenick and
Schwarzbauer 2006), LPA may enhance survival of ascitic cells when their integrins are partially
engaged by collagen fragments. LPA has also been shown to increase adhesion of ovarian
cancer cells to type I collagen in vitro (Fishman and others 2001; Ren and others 2006),
suggesting it may have the same effect after cells disrupted the mesothelial monolayer. Because
LPA may increase ectodomain shedding early in ovarian cancer progression often before a
diagnosis is sought, the identification of potential drug targets to prevent ectodomain shedding
and its downstream effects is more complicated. In order to effectively prevent E-cadherin
ectodomain shedding, a combinational therapy that inhibits MMP-9 in addition to several other
effectors of ectodomain shedding would need to be administered to reduce ectodomain shedding
and subsequent ovarian cancer metastases. The results presented in this chapter and in the
previous chapters illustrate the complexities of microenvironmental regulation of ovarian cancer

cell dissemination and metastasis and the difficulties of treating ovarian cancer metastasis.
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Figure 5.6: Chapter 5 summary of results

Additional factors in the tumor microenvironment, LPA and EGF, also increase MMP-dependent
E-cadherin ectodomain shedding. These results illustrate the complexity of E-cadherin
ectodomain shedding regulation because few common effectors were identified among the
integrin-, LPA-, and EGF-mediated pathways and crosstalk between the LPA receptors and

EGFR did not occur.
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Chapter 6: Conclusions and Future Directions

Due to the lack of reliable early detection methods and the high percentage of ovarian
cancer patients initially diagnosed with metastases present, it is imperative to understand the
processes that govern ovarian cancer metastasis. This dissertation uncovers and dissects several
novel mechanisms regulated by the ovarian tumor microenvironment that influence E-cadherin
function, proteinase expression and activity, and subsequent increases in ovarian cancer cell
dissemination and invasion. The results presented in the previous four chapters better illustrate
the complexity of tumor microenvironment regulation of ovarian cancer metastasis and provide
more insight about the events that may govern the following three sequential steps of ovarian
cancer metastasis: primary tumor cell exfoliation, ascitic multi-cellular aggregate maintenance,
and peritoneal cavity adherence and implantation.

These new results describe key events that may independently or jointly facilitate ovarian
cancer metastasis at different points of the three sequential steps of metastasis. The steps where
integrin engagement and LPA may regulate cell dissemination and metastasis are presented in
the following model [Fig 6.1]. Collagen-binding integrin-mediated signaling is simply limited to
when ovarian tumor cells encounter collagen; therefore, collagen-binding integrin engagement is
restricted to ascitic tumor cells and invasive tumor cells adhering to the collagen-rich
submesothelial ECM and integrin-mediated ectodomain shedding mainly occurs at these two
stages. The shed ectodomain then may disrupt cell-cell adhesion in the ascitic cells to enhance
the “seeding” of the peritoneal cavity or in the primary tumor to promote exfoliation of

additional tumor cells. Increased E-cadherin internalization may then be necessary to break and
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reform cell-cell junctions that facilitate adherence to peritoneal mesothelial cells. The

resulting increase in B-catenin-mediated transcription and proteinase expression likely enhances
invasion in the peritoneal cavity. While the effects mediated by integrin engagement are limited
to collagen exposure, it is possible that LPA acts at all three sequential steps to enhance ovarian
cancer metastasis as LPA is elevated in ovarian cancer patients stages I to IV. In contrast to
integrin-mediated ectodomain shedding, LPA-mediated ectodomain shedding may additionally
disrupt cell-cell adhesion in the primary tumor to promote the initial exfoliation of tumor cells,
allowing the shed ectodomain to act in an autocrine fashion at this stage. LPA may also promote
increased proMMP-9 expression and proMMP-2 activation to instigate invasion of the
mesothelial monolayer, which may also promote exposure of the submesothelial ECM to
encourage integrin engagement.

This dissertation also reveals that E-cadherin ectodomain shedding is mediated by three
different upstream regulators: collagen-binding integrins, LPA, and EGF. Future experiments
will likely test two possible scenarios addressing the combined effects of LPA, EGF, and integrin
signaling on ectodomain shedding to gain a better understanding of microenvironment regulation
of metastasis. First, integrin-, LPA-, and EGF-mediated ectodomain shedding may
independently increase MMP-9 expression and ectodomain shedding, resulting in a larger net
increase in the shed ectodomain and delayed E-cadherin replenishment. It is expected that cell
dissemination will be amplified as the disruption of cell-cell junctions in the primary tumor and
ascitic cell aggregates will be increased. An alternative possibility is unidentified additional
regulation occurs to ensure integrins, LPA, and EGF each mediate ectodomain shedding at

distinct steps of the ovarian cancer metastasis process to prevent a net loss of E-cadherin. For
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example, downregulation or sensitization of the LPA receptors and/or EGFR upon increased

signaling may downregulate LPA- and EGF-mediated ectodomain shedding, possibly limiting
this event to the primary tumor cells. Integrin-mediated ectodomain shedding will then be
restricted to ascitic tumor cells and tumor cells invading the mesothelial monolayer. Since this
dissertation only fully investigates the disruption of cell-cell adhesion by the shed ectodomain, it
will also be beneficial to further investigate the preliminary data presented in Chapter 3 to
determine the effects of the shed ectodomain on ovarian cancer cell migration, invasion, and
proteinase expression and peritoneal mesothelial cell wound closure and subsequent ovarian
metastasis.

Based on the results from previous studies (Covington and others 2006; Damsky and
others 1983; Hayashido and others 2005; Lochter and others 1997; Maretzky and others 2005;
Noe and others 2001), it is also possible that other proteinases, including MMP-7 and MT1-
MMP, may cleave E-cadherin to promote integrin- or LPA-mediated ectodomain shedding.
Unfortunately, only the role of MMP-9 is considered because it has not been investigated in
these other studies. Compared to MMP-7 and MT1-MMP, MMP-9 is likely the predominant
MMP in the ovarian tumor microenvironment as it is secreted by tumor cells and stromal cells.
E-cadherin is also cleaved by both endogenous and exogenous MMP-9. MMP-7 expression is
limited to tumor cells (Ii 2006), suggesting MMP-7 levels are lower than MMP-9 levels in the
tumor microenvironment, but it is also possible that MMP-7 plays a minor role in E-cadherin
cleavage both directly and indirectly. Upon integrin engagement, MMP-7 may cleave E-
cadherin to generate a small population of shed ectodomain. Alternatively, MMP-7 may

participate in ectodomain shedding indirectly by activating proMMP-9 to cleave E-cadherin,
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which occurs in the conditioned media from immortalized OSE cells (Wang and others

2005). The role of MT1-MMP in E-cadherin ectodomain shedding is not considered because
MTI1-MMP overexpression in OVCA433 cells caused cells to lift off tissue culture plates as
cellular sheets (personal communication, Yueying Liu). Although the resulting conditioned
media have not been examined for the shed ectodomain, these results suggest that when MT1-
MMP is the predominant proteinase expressed in OVCA433 cells, it downregulates cell-matrix
adhesion by an unknown mechanism, but does not affect cell-cell adhesion. It will be interesting
to further investigate the roles of both MTI-MMP and MMP-7 in integrin- and LPA-mediated
ectodomain shedding. Future studies will also address the role of ADAMI10, uPA, and MMP-2
in E-cadherin cleavage and ectodomain shedding as preliminary investigations yielded
inconclusive results (data not shown) and it would be informative to identify additional
proteinases that enhance ectodomain shedding in ovarian cancer models.

The new data in this dissertation also show that integrin aggregation results in two
different cellular observations involving E-cadherin, but unlike E-cadherin ectodomain shedding,
less information has been uncovered regarding E-cadherin internalization. Future experiments
will be planned to determine if E-cadherin is recycled back to the cell surface or degraded and
resynthesized. Other than the unexpected ability to promote the upregulation of B-catenin-
mediated transcription and proteinase expression, the purpose of E-cadherin internalization
remains a mystery. It is interesting to speculate that E-cadherin internalization also regulates the
breaking and re-forming of cell-cell junctions to support cell exfoliation from the primary tumor,
maintenance of ascitic cellular aggregates, and adhesion of ovarian cancer cells to the peritoneal

mesothelial cells. It will also be valuable to test the hypothesis that ectodomain shedding and E-
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cadherin internalization are two separate events. This has been implied due to speculation in

Chapter 3 suggesting E-cadherin cleavage occurs on the cell surface to facilitate ectodomain
shedding. This hypothesis will be tested in the future since both observations may potentially
lead to changes in B-catenin-mediated transcription (Chapter 2)(Maretzky and others 2005).
Studies presented in Chapter 2 and 3 have also been designed to mimic ovarian cancer cells
adhering to the collagen-rich submesothelial matrix; however, it would be extremely valuable to
determine if integrin clustering also produces the same observations in ascitic multi-cellular
aggregates or spheroids. It is best to continue this investigation in a 3D spheroid tissue culture
model to gain a better physiological representation of ovarian cancer. This would also permit
examination of interactions with peritoneal mesothelial cells in order to determine the purpose of
E-cadherin internalization.

In conclusion, this dissertation identifies new additional details about the
microenvironment regulation of the processes that may foster ovarian cancer cell dissemination
and metastasis based on both in vitro data derived from 2D monolayer tissue culture models and
patient data obtained from tumor and ascites samples. These results generate a strong foundation
for the future studies of ovarian cancer metastasis in more physiologically relevant models,
including 3D organotypic spheroid models, mouse models, and drosophila border cell migration
models. The results presented in the four previous chapters may someday contribute to the
development of more effective and targeted treatment for the thousands of stage III and IV

ovarian cancer patients.
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Figure 6.1: Summary of thesis results

This figure shows when the data in this dissertation may be relevant during the three steps
necessary for ovarian cancer metastasis: exfoliation of primary tumor cells, maintenance of
ascitic multi-cellular aggregates, and adherence and invasion of the peritoneal cavity. LPA may
play a role at all three stages, but the effects of integrin engagement are limited to when cells
encounter collagen. This likely occurs when ascitic cels are exposed to collagen fragments and
when tumor cells disrupt the mesothelial monolayer and expose the collagen-rich submesothelial
ECM. The results presented in Chapter 4 suggest COX-2 promotes aggressive and invasive

behavior during and after disruption of the peritoneal mesothelial monolayer.
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Chapter 7: Experimental Procedures and Reagents

I) Cell Lines and Patient Tumor and Ascites Samples

A) Cell Culture

DOV13 cells were used for experiments presented in Chapter 4 because a previous
investigation showed LPA treatment resulted in increased proMMP-2 activation in this cell line
(Fishman and others 2001). This serous type tumor-derived cell line expressed N-cadherin, but
lacked E-cadherin and proMMP-9 expression. DOV13 cells were generously provided by Dr.
Robert Bast (M.D. Anderson Cancer Center, Houston, TX), and were maintained in MEM
(Gibco Invitrogen, Carlsbad, CA), 10% fetal bovine serum (Gibco Invitrogen),
penicillin/streptomycin (Cellgro by Mediatech, Herndon, VA), amphotericin B (Cellgro by
Mediatech), non-essential amino acids (Cellgro by Mediatech), sodium pyruvate (Cellgro by
Mediatech), and insulin from bovine pancreas (10mg/L) (Sigma Aldrich, St. Louis, MO) at 37°C
in 5% CO:..

OVCA433 and OVCA429 cells were chosen for experiments described in Chapters 2,3,
and 5 due to their high levels of E-cadherin and proMMP-9 expression, identifying them a better
model for the investigation of MMP-9-mediated E-cadherin cleavage and ectodomain shedding.
Both cell lines displayed very low or absent levels of N-cadherin, which simplified the studies in
Chapter 2 as N-cadherin also binds to B-catenin. These cell lines were derived from serous type
tumors, which are most commonly observed in ovarian cancer patients. In addition, E-cadherin
expression in these cells also identified them as an ovarian tumor relevant model as E-cadherin
expression was often upregulated as ovarian cancer develops and progresses. OVCA429 and

OVCA433 cells were generously provided by Dr. Robert Bast (M.D. Anderson Cancer Center,
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Houston, TX) and were maintained in MEM, 10% fetal bovine serum, penicillin/

streptomycin, amphotericin B, non-essential amino acids, and sodium pyruvate at 37° in 5% CO..

A variety of other ovarian cancer cell lines were also used in Chapter 4 to screen for their
ability to upregulate COX-2 expression in response to LPA. Immortalized human borderline
ovarian epithelial cells (HulOSBT-1.5, HulOSBT-2.2, and HuIOSBT-3.3) were generated by Dr.
Nelly Auersperg (University of British Columbia, Vancouver, B.C.) using SV40 and were
maintained in a 1:1 mixture of media 199 (Sigma Aldrich) and MCDB105 (Sigma Aldrich), 5%
fetal bovine serum, and 50pg/ml gentamicin (Sigma Aldrich). SKOV-3, OVCAR-3, and CaOV-
3 cells were purchased from ATCC (Manassas, VA). SKOV-3 cells were maintained in
McCoy's media (Cellgro by Mediatech), 10% fetal bovine serum, penicillin/streptomycin,
amphotericin B, non-essential amino acids, and sodium pyruvate at 37°C in 5% CO,. OVCAR-3
cells were maintained in RPMI-1640 (ATCC), 20% fetal bovine serum, penicillin/streptomycin,
amphotericin B, non-essential amino acids, sodium pyruvate, and insulin from bovine pancreas
(10mg/L) at 37°C in 5% CO,. CaOV-3 cells were maintained in DMEM (ATCC), 10% fetal
bovine serum, penicillin/streptomycin, non-essential amino acids, and sodium pyruvate. With
the exception of CaOV-3 cells, all ovarian carcinoma cell lines described above were known to
be ascites derived.

LP-9 cells were obtained from Coriell Cell Repositories (Camden, NJ). These normal
human peritoneal mesothelial cells were isolated from an ovarian cancer patient. LP-9 cells were
maintained in Ham’s F12 medium/Medium 199 (1:1 mixture), penicillin/streptomycin, 2mM L-
glutamine, 10% fetal bovine serum, 10ng/ml recombinant epidermal growth factor, and 0.4pg/ml

hydrocortisone.
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B) Ascites Samples

Ascites were collected from women undergoing surgical procedures at Prentice Women’s
Hospital (Chicago, IL) for gynecological indications with institutional review board-approved
consent. Preoperative and intraoperative ascites were collected under sterile conditions and
frozen at -20°C. Samples were generously provided by Dr. David Fishman (now at New York

University, New York, NY).

C) Immunohistochemistry (COX-2, E-cadherin, MMP-9)

Immunohistochemical analysis was performed retrospectively on tumor tissue microarrays
prepared by the Pathology Core Facility of the Robert H. Lurie Comprehensive Cancer Center at
Northwestern University assembled from tissue originally taken for routine diagnostic purposes.
The microarray tissue specimens included human ovarian carcinomas and borderline tumors.
Samples were cut 3 to 4 microns thick and deparaffinized. The cores were 1mm in diameter.
The tissue microarray was divided into two blocks, one containing 106 cores and the other
containing 87 cores. Antigen retrieval was accomplished by heat induction at 99°C for
approximately 45 minutes. Immunohistochemical staining with antibodies to COX-1 (Cayman
Chemical; 1:50 dilution), COX-2 (Cayman Chemical; 1:100 dilution) and cytokeratin-7
(DakoCytomation, Carpinteria, CA; 1:200 dilution) was performed according to standard
procedures. Colon adenocarcinoma was used as a positive control for COX-1 and COX-2.
Immunohistochemical staining with antibodies to MMP-9 (1:200 dilution) (Lab Vision, Fremont,
CA) and E-cadherin (1:200 dilution) (clone NCH-38, Dako Cytomation, Carpinteria, CA) was

performed according to standard procedures. Breast carcinoma and colon carcinoma were used
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as positive controls MMP-9 and E-cadherin, respectively. Analysis of tissue sections was

done by light microscopy by a pathologist (Dr. Brian Adley, Northwestern University) without
prior knowledge of the clinical parameters. Scoring of COX-1, COX-2, E-cadherin, and MMP-9
was assigned according to the intensity of the staining and graded 0, 1+ (weak), 2+ (moderate),
or 3+ (strong). Statistical analyses were performed by Dr. Alfred Rademaker of the Biostatistics

Core Facility of the Robert H. Lurie Comprehensive Cancer Center.

II) Experimental Methods

A) Western Blot Analysis

Details on the cell and experimental conditions prior to western blot analysis were indicated in
the figure legends. After experimental treatment, cells were lysed in mRIPA lysis buffer (S0mM
tris pH 7.5, 150mM NacCl, 0.1% SDS, 1% triton X-100, 5SmM EDTA). Protein concentrations of
the resulting lysates were determined using the BioRad protein assay. Lysates (concentration
indicated in figure legend) were electrophoresed on an 8-12% SDS-polyacrylamide gel
(Laemmli 1970), electroblotted to a PVDF membrane (Matsudaira 1987), and blocked in 5%
milk/TBST (25mM tris pH 7.5, 150mM NaCl, 0.1% tween 20) or 3% bovine serum albumin
(BSA)/TBST at room temperature for 1 to 3 hours. Blots were incubated overnight with 1:1000
dilution of the primary antibody. The immunoreactive bands were visualized using peroxidase-
conjugated anti-mouse or rabbit IgG (1:5000 in 3% BSA/TBST) and enhanced
chemiluminescence. To evaluate loading controls, blots were stripped of primary antibody using
a low pH buffer (400mM glycine pH 2.5), blocked again in 3% BSA/TBST, and reprobed with

primary antibody. Western blots were quantified using Image] (U.S. National Institutes of
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Health, Bethesda, Maryland). P-values were determined using the T-test function (two

sample, unequal variance, one tailed distribution) on Excel (Microsoft Corporation, Redmond,

WA).

B) Gelatin Zymography

Details on the cell and experimental conditions were indicated in the figure legends. Serum-free
conditioned media (25-30ul) was electrophoresed under non-reducing conditions on a 9% SDS-
polyacrylamide gel containing approximately 0.1% gelatin (Heussen and Dowdle 1980). The gel
was washed for 1-2 hours in 2.5% Triton X-100, incubated at 37°C in 20mM Tris pH 8.3, 10mM
CaCl,, 1uM ZnCl, for 48 to 72 hours, and stained with Coomassie Blue. Enzyme activity was
indicated by zones of gelatin clearance in the gel. Under serum-free conditions, MMP-9 was
detected in the proenzyme form. Active MMP-9 is often not observed in conditioned media
from cultured cells even though the cells may express potential proMMP-9 activators. It is
possible that cell culture media may dilute physiologically relevant soluble activators of MMP-9,
such as plasminogen and MMP-3, that are normally abundant in the serum or ascites (Fridman

and others 2003).

C) MMP-2 ELISA
DOV13 cells were serum starved overnight, and pretreated with COX-2 inhibitor NS-398 (50-
100uM) or DMSO vehicle control for 2 to 3 hours prior to incubation with 30uM LPA for 24

additional hours. Conditioned media was then analyzed with the Quantikine human/mouse
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MMP-2 (total) immunoassay kit (R&D Systems, Minneapolis, MN) according to

manufacturer’s specifications. The data included normalized values from four separate

experiments.

D) In Vitro Wound Scratch Assay

Cells were plated in 8 well plates, cultured to confluence, and serum starved overnight. One to
two scratch wounds were made in each well using a micropipette tip and cells were treated as
indicated in the figure legend. Two points were randomly selected and marked for each scratch,
then photographed using a digital camera at 0, 24, and 48 hours. For assays using DOV13 cells
(Chapter 4), five relative measurements were taken for each point for each experimental
condition using the MetaMorph Imaging System (Universal Imaging Corporation, Downington,
PA). For assays using OVCA433 cells and LP9 cells (Chapter 3), a picture of each scratch was
printed out and five relative measurements of the scratch width were taken using a ruler. These
resulting five measurements for each point were averaged and then normalized based on the
initial measurement for that point at 0 hours. The normalized values were then averaged for each

experimental condition.

E) Matrigel Invasion Assay (Chapter 4)

Matrigel (50ul of 0.1 mg/ml) was added to each chamber of the Falcon HTS Fluoroblok Insert
System and left to dry overnight. DOV13 cells were serum starved overnight in serum-free
MEM, trypsinized and resuspended in phenol red-free medium at a concentration of 500,000

cells/ml in the presence of NS-398 or DMSO as indicated. Cells (250,000 cells in 500ul) were
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then added to the top chamber of the HTS Fluoroblok Insert System with serum-free, phenol

red-free MEM (500ul) in the bottom chamber. After one hour, LPA (30uM) was added and
chambers incubated for 48 hours prior to labeling with calcein AM (100ul, final concentration 5
ug/ml) for 30 minutes at 37°C in 5% CO,. Relative invasion was quantified by analysis of the
fluorescent signal for the bottom chamber using a Wallac 1420 Victor2 multilabel plate reader
(Perkin Elmer, Shelton, CT). Assays were performed in triplicate and analyzed relative to blank

wells containing only medium.

F) Matrigel Invasion Assay (Chapter 2)

Matrigel (50ul of 0.1 mg/ml) was added to the top chamber of a Boyden chamber filter (§um
size) and left to dry for 1 hour at room temperature. OVCA433 cells were transiently transfected
with either pFLAG-CMV-2 control vector (Flag) and pFLAG-CMV-2-ICAT vector (ICAT)
using Fugene 6 Transfection Reagent according to the manufacturer’s specifications. Twenty-
four hours after transfection, OVCA433 cells were serum starved overnight, trypsinized, and
resuspended in serum-free medium at a concentration of 500,000 cells/ml. Cells (250,000 cells
in 500ul) were then added to the top chamber of the Boyden filter with serum-containing MEM
(750ul) in the bottom chamber and allowed to invade for 24 hours. Non-invading cells were
removed from the top chamber using a cotton swab, filters were stained with Diff-Quick Stain,
and invading cells adherent to the bottom side of the filter were counted under the microscope
(10X magnification). The results represent the total number of invading cells per filter and

include three independent experiments done in triplicate.
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G) E-cadherin ELISA

Ascites samples from 47 patients were diluted in phospho buffered saline (PBS) and were
analyzed using a Human E-cadherin EIA Kit (Invitrogen Corporation, formerly Zymed

Laboratories Inc.) according to manufacturer’s specifications.

H) MMP-9 (total) ELISA
Ascites samples from 35 ovarian cancer patients and women with benign ovarian cysts were
diluted 1:100 in phospho buffered saline (PBS) analyzed using a human MMP-9 (total)

Immunoassay (R&D Systems) according to manufacturer’s specifications.

I) Biotin Surface Labeling

Details on the cell and experimental conditions were indicated in the figure legends. Following
experimental treatment, cells were incubated with Sulfo-NHS-LC-Biotin (1mg/ml) for 25
minutes on ice. Cells were washed three times in cold 100mM glycine in PBS and one time in
cold PBS before lysis in mRIPA buffer (50mM tris pH 7.5, 150mM NacCl, 1% triton X-100,
5SmM EDTA). Equivalent amounts (50-100ug) of lysate, as determined by the BioRad Protein
Assay, were incubated with 25-30ul NeutrAvidin Protein overnight at 4° with gentle agitation.
The supernatant was saved to analyze the levels of non-labeled/non-surface proteins in the
lysates in some experiments. The NeutrAvidin-biotin labeled lysate complex was washed five
times in mRIPA lysis buffer, resuspended in mRIPA lysis buffer plus sample dilution buffer with

2-mercaptoethanol and prepared for western blot analysis.
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J) E-cadherin Ectodomain Immunoprecipitation

Cells were plated in 6 well plates at 60-70% confluence. Details on the cell and experimental
conditions are described in the figure legends. At the appropriate time point, the total volume of
conditioned media (Iml) was collected and centrifuged for 5 minutes. The conditioned media
(1ml) was incubated with 2.5ug of anti-E-cadherin (HECD-1) for 3 hours at room temperature or
overnight at 4°C and then with 20ul sepharose 4B FastFlow recombinant protein G for an
additional hour at room temperature. The antibody-sepharose protein G complex was washed
five to seven times in PBS, resuspended in mRIPA lysis buffer plus sample dilution buffer with

2-mercaptoethanol and prepared for western blot analysis.

K) Immunofluorescence (Chapter 3)

Cells were plated at 60-70% confluence on 22-mm” glass coverslips placed in 6 well tissue
culture plates. Cells were cultured in serum-free MEM overnight and then treated with 12pug/ml
hEcad-Fc, mouse IgG, or exogenous MMP-9 the next day for 24 to 48 hours. Cells were gently
washed in PBS, fixed in ice-cold Methanol at -20°C for 5 minutes, gently washed in PBS, and
blocked in PBS/1% BSA for 1 hour at room temperature followed by the addition of anti-E-
cadherin (clone 4A2C7), anti-E-cadherin (clone HECD-1), or anti-B-catenin (1:300 dilution in
PBS/1% BSA) for 90 minutes at 37°C. After two washes in PBS, coverslips were incubated
with Alexa Fluor 488 goat anti-mouse IgG (1:500 dilution in PBS/1% BSA) in the dark at room
temperature for 30 minutes. Coverslips were washed in PBS twice and in distilled water once,
fixed using Vectashield Mounting Medium for Fluorescence with DAPI (Vector Laboratories,

Burlingame, CA), and visualized using a Zeiss Axiovert 200 microscope.
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L) Immunofluorescence (Chapter 2)

Cells were plated on 22-mm? glass coverslips coated with thin layer type I collagen placed in 6
well tissue culture plates. Control cells were plated on uncoated glass coverslips. Cells were
gently washed in PBS, fixed in paraformaldehyde (10%) at room temperature for 10 minutes,
washed in PBS, and blocked in PBS/1% BSA for 1 hour at room temperature followed by the
addition of anti-E-cadherin (HECD-1 clone)(1:500 dilution in PBS/1% BSA) for 90 minutes at
37°C. After two washes in PBS, coverslips were incubated with Alexa Fluor 488 goat anti-
mouse IgG (1:500 dilution in PBS/1% BSA) in the dark at room temperature for 30 minutes.
Coverslips were washed in PBS twice and in distilled water once, fixed using gelvatol, and

visualized using a fluorescence microscope.

M) Analysis of Internalized E-cadherin

OVCAA433 cells were plated at 60-70% confluence in 6 well plates. The next day, cells were
labeled with a cleavable form of biotin (Sulfo-NHS-SS-Biotin at Img/ml) for 25 minutes on ice.
Cells were then washed three times in cold 100mM glycine in PBS and one time in cold PBS.
Warm cell culture media (37°C) was added to the cells with 20ul of magnetic beads coated with
B1 integrin antibody. After a one hour incubation at 37°C, cells were treated with MESNA
(100mM in PBS) for 30 minutes and iodoacetamide (Smg/ml in PBS with 1%BSA) for 10
minutes at room temperature to strip off any biotin still remaining on the cell surface. The cells
were then lysed and incubated with NeutrAvidin to isolate the labeled surface proteins that had

been internalized following integrin engagement. The NeutrAvidin-biotin labeled lysate



237
complex was washed five times in mRIPA lysis buffer, resuspended in mRIPA lysis buffer

plus sample dilution buffer with 2-mercaptoethanol and prepared for western blot analysis. In
control experiments, the MESNA step was not included, allowing analysis of total labeled
protein (internalized and cell surface pool). Cells were also kept on ice during the course of the

experiment to determine the efficiency of surface stripping with MESNA.

N) TOPflash TCF Reporter Assay

OVCAA433 cells were plated at 40-50% confluence in 6 well plates. Approximately 8 hours after
plating, cells were cotransfected with a Renilla luciferase reporter construct (pRL-CMV) and
either the firefly luciferase TOPflash TCF Reporter Plasmid or the FOPflash TCF mutant
Reporter Plasmid using Fugene 6 Transfection Reagent according to the manufacturer’s
instructions. Approximately 18 hours after transfection, cells were cultured in low calcium
(0.ImM CaCl,) serum-containing MEM [S-MEM (Invitrogen), 10% fetal bovine serum,
penicillin/ streptomycin, amphotericin B, non-essential amino acids, glutamine, and sodium
pyruvate] for 1 hour before the addition of latex beads coated with TS2/B1 integrin antibody or
control IgG for an additional 30 hours. Cells were then lysed in passive lysis buffer (Promega).
Both Renilla and Firefly Luciferase readings were taken on a Veritas Microplate Luminometer
(Turner Biosystems, Sunnyvale, CA) using the reagents and protocol provided by Promega in the
Dual Luciferase Reporter Assay System. Firefly luciferase readings were first normalized to the
reading for the corresponding Renilla luciferase reading to account for transfection efficiency.

The adjusted TOPflash reading was then normalized to the corresponding adjusted FOPflash
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reading to account for background reading of the TOPflash construct to yield the ratios

presented in Figure 2.3C.

O) uPA Activity Assay

Details on the cell and experimental conditions were indicated in the figure legends. Net
plasminogen activator activity in serum-free conditioned media was quantified using a coupled
colorimetric assay to monitor plasminogen activation and the resulting plasmin hydrolysis of a

colorimetric substrate (D-Val-Leu-Lys-p-nitroanilide; Sigma Alrich)(Stack 1990).

III) Materials: Source and Preparations

A) Magentic Bead-immobilized Antibody Preparation

Antibodies were passively absorbed onto Dynabeads M-450 Epoxy magnetic beads (Invitrogen
Corporation, formerly Dynal Biotech ASA) using the procedure for coating of
antibodies/proteins provided by the manufacturer described below. Beads were washed and
resuspended in Buffer A (0.1M phosphate buffer pH 7.0-8.5) prior to overnight incubation with
100pg of antibody and BSA (0.1-0.5%) at room temperature with gentle agitation. The beads
were then washed in Buffer B (isotonic phosphate buffered saline pH 7.2-7.6) three times and

stored in Buffer B at 4°C.



239
B) Latex Bead-immobilized Antibody Preparation

Integrin subunit specific antibodies and purified IgG were passively absorbed onto 3.0 micron
diameter latex beads (Polysciences, Inc.) using the reagents in The Glutaraldehyde Kit for
Amino Beads and Blue Dyed Beads (Polysciences, Inc.) and the following modifications of the
protocol described by Ellerbroek and colleagues (Ellerbroek and others 1999). Beads were
resuspended in 8% glutaraldehyde in PBS and incubated at room temperature with gentle
agitation for 4 to 6 hours. The beads were washed and resuspended in PBS with 100ug of the
appropriate antibody overnight at room temperature with gentle agitation prior to incubations in
0.2M Ethanolamine in PBS for 45 minutes followed by incubation in BSA Solution for an

additional 45 minutes at room temperature. The beads were then resuspended in Storage Buffer.

C) Antibody Purification (TS2/p1 integrin antibody)

TS2/16.2.1 hybridoma cells were obtained from ATCC (Manassas, VA) and maintained in
RPMI-1640 (Invitrogen), 10% heat inactivated, low IgG fetal bovine serum (Invitrogen), sodium
pyruvate, glutamine (Cellgro by Mediatech, Herndon, VA), and penicillin/streptomycin at 37°C
in 5% CO;. The resulting conditioned media was filtered and loaded onto a HiTrap Protein G
HP column (GE Healthcare, Piscataway, NJ) at 4°C using a Fast Protein Liquid Chromatography
(FPLC) system. The column was washed with 100mM Tris pH 8. The antibody was eluted
using 150mM Glycine pH 3. Fractions were collected and buffered in 1M Tris pH 8, 1mM
CaCl,. Antibody concentration was determined using the BioRad Protein Assay. Antibody

specificity was determined by immunofluorescence microscopy.
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D) Activation of Recombinant proMMP-9

Purified recombinant proMMP-9 was generously provided by Dr. Rafael Fridman (Wayne State
University, Detroit, MI). It was activated by 1mM 4-aminophenylmercuric acetate (APMA)
(Sigma Aldrich) at 37°C for 1 to 3 hours and then dialyzed in collagenase buffer (50mM Tris,
150mM NaCl, 5SmM CaCl,, 0.02% Brij-35, pH 7.5) at 4°C for 8 hours to overnight. The
concentration of recombinant MMP-9 was determined using the BioRad Protein Assay. The

presence of the active form of MMP-9 was determined using gelatin zymography.

E) Purification of Recombinant Cadherin Ectodomain-F¢ Chimeric Protein (hEcad-Fc)

CHO cells stably expressing recombinant E-cadherin ectodomain-Fc chimeric protein were
generously provided by Dr. Barry Gumbiner (University of Virginia, Charlottesville, VA)
(Niessen and Gumbiner 2002) via Dr. Cara Gottardi (Northwestern University, Chicago, IL) and
maintained in Ham’s F12 media (Invitrogen), 10% low IgG FBS, and penicillin/streptomycin at
37°C in 5% CO,. The resulting condition media was filtered and loaded onto a column
containing rProtein A Sepharose Fast Flow (GE Healthcare) at 4°C and was washed, eluted, and
collected according to the manufacturer’s specifications. Fractions containing protein, as
determined by SDS-PAGE analysis, were combined then desalted and concentrated using
Microcon centrifuge tubes YM-10. Concentration was determined using the BioRad Protein

Assay.
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F) LPA Preparation

LPA [1-Oleoyl-2-Hydroxy-sn-Glycero-3-Phosphate (sodium salt)] was purchased from Avanti
(Alabaster, AL) in solution in chloroform. The chloroform was allowed to evaporate at room
temperature and the LPA was reconstituted in PBS (Cellgro by Mediatech, Herndon, VA) at a

concentration of 2mM. Aliqouts were then stored at —80°C.

G) Thin Layer Collagen Coating of Tissue Culture Plates

Collagen Type I Rat Tail (BD Biosciences) was dissolved in 0.02N acetic acid at a concentration
of 100pg/ml and added to tissue culture plates. Plates were incubated at room temperature for 1
hour and then washed three times in PBS and one time in cell culture media before cells were

plated.

H) Antibodies

Mouse Anti-E-cadherin (clone HECD-1) and Mouse Anti-E-cadherin (clone 4A2C7) were
purchased from Invitrogen Corporation (Carlsbad, CA), formerly Zymed Laboratories Inc.
Mouse anti-human integrin 1 (clone P5D2), mouse anti-human integrin a3 (clone P1B5), mouse
anti-human integrin a2 (clone P1E6) monoclonal antibodies, and purified mouse IgG, were
purchased from Chemicon International (Temecula, CA). Anti-MMP9 (Ab-1) mouse mAb (6-
6B) was purchased from Calbiochem (San Diego, CA). COX-2 and COX-1 monoclonal
antibodies as well as COX-2 (ovine) and COX-1 (ovine) electrophoresis standards were
purchased from Cayman Chemical (Ann Arbor, MI). EGF receptor antibody and a PhosphoEGF

Receptor Antibody Sampler Kit were purchased from Cell Signaling Technology (Beverly, MA)
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and a mixture of the four phosphoEGFR antibodies (specific to residues Tyr845, Tyr992,

Tyr1045, and Tryl1068) was used for detection of activated EGFR. Total ERK 1 and 2
antibodies were purchased from Santa Cruz Biotechnology Inc. (Santa Cruz, CA). Mouse
monoclonal anti-Tubulin was purchased from Sigma-Aldrich (St. Louis, MO). Active B-catenin
(clone 8E7) was purchased from Upstate (Lake Placid, NY). Purified Mouse Anti-B-catenin
monoclonal antibody was purchased from BD Transduction Laboratories (San Jose, CA).
Phospho GSK-3f (Ser9) Antibody and GSK-3f (27C10) Rabbit mAb were purchased from Cell
Signaling Technology.  Anti-Matrix Metalloproteinase-14 Hinge Region Antibody was
purchased from Sigma-Aldrich. Monoclonal Anti-human MMP-7 Antibody (clone 111433) was
purchased from R&D Systems (Minneapolis, MN). Cyclin D1 (HD11) Antibody was purchased
from Santa Cruz Biotechnology, Inc. Peroxidase-conjugated anti-mouse IgG and Peroxidase-
conjugated anti-Rabbit IgG were purchased from Sigma-Aldrich. Anti-rabbit IgG HRP-
conjugated antibody was purchased from Cell Signaling. Alexa Fluor 488 goat anti-mouse IgG

(H+L) was purchased from Molecular Probes (Eugene, OR)

I) Pharmacological inhibitors

GM6001 were purchased from Chemicon International. Cycloheximide in solution was
purchased from Sigma-Aldrich. COX-2 inhibitor, NS-398, was purchased from Cayman
Chemical and suspended in DMSO at a concentration of 50mM. Pertussis toxin was purchased
from Biomol (Plymouth Meeting, PA) and was reconstituted in sterile water at a concentration of
100ng/pul. AG1478 was purchased from Calbiochem and suspended in DMSO at a concentration

of 10mM. AG1478 In Solution was also purchased from Calbiochem. PD58059 was purchased
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from Calbiochem and suspended in DMSO at a concentration of S0mM. MG-132 was

purchased from Calbiochem and suspended in DMSO at a concentration of 20ug/ul. PP2 In

Solution was purchased from Calbiochem

J) Plasmids

TOPflash (TCF Reporter Plasmid) and FOPflash (TCF Mutant Reporter Plasmid) were
generously provided by Dr. Hans Clevers (Hubrecht Laboratory and Utrecht University, Utrecht,
the Netherlands) via Dr. Cara Gottardi (Northwestern University, Chicago, IL). The Renilla
luciferase vector, pRL-CMV, was purchased from Promega (Madison, WI). The pFLAG-CMV-
2 control vector and pFLAG-CMV-2-ICAT vector were generously provided by Dr. Cara

Gottardi (Gottardi and Gumbiner 2004b).

K) Other Reagents

EZ-link Sulfo-NHS-LC-Biotin and EZ-link Sulfo-NHS-SS-Biotin was purchased from Pierce
(Rockford, IL) and resuspended in Dulbecco’s phosphate buffered saline (DPBS) with calcium
(Cellgro by Mediatech). Ultralink Immobilized NeutrAvidin Protein was also purchased from
Pierce. Protein G-sepharose 4B FastFlow, recombinant protein G was purchased from Sigma-
Aldrich. Matrigel was purchased from Becton Dickinson (San Jose, CA). Falcon HTS
Fluoroblok Insert Systems (8uM pore size) were purchased from Becton Dickinson. Calcein
AM was purchased from Molecular Probes. A Quantikine Human/Mouse MMP-2 (total)
Immunoassay kit was purchased from R&D Systems. Collagen Type I Rat Tail was purchased

from BD Biosciences (San Jose, CA). lodoacetamide and MESNA (2-mercaptoethanesulfonic
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acid) were purchased from Sigma-Aldrich. Polybead Amino 3.0 micron microspheres

(2.59% solids-latex) and The Glutaraldehyde Kit for Amino Beads and Blue Dyed Beads were
purchased from Polysciences, Inc (Warrington, PA). Epoxy magnetic beads were purchased
from Invitrogen Corporation, formerly Dynal Biotech ASA (Oslo, Norway). FuGENE 6
Transfection Reagent was purchased from Roche Diagnostics (Mannheim, Germany). Dual-
Luciferase Reporter Assay System was purchased from Promega. Human MMP-9 (total)
Immunoassay kit was purchased from R&D Systems. Recombinant human EGF was provided

as a supplement to keratinocyte SFM media from Invitrogen.
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