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ABSTRACT

Ovarian cancer is the most lethal of the gynecologic cancers. The majority of ovarian
cancers arise from the ovarian surface epithelium (OSE). Transforming growth factor
beta (TGFRB) inhibits proliferation of the OSE, which secretes and expresses receptors for
TGFB. Resistance to the anti-proliferative effect of TGFR is demonstrated in numerous
cancers, due to defects in the TGFB signaling pathway. TGF8 signals through a receptor
complex, which activates intracellular signaling molecules known as Smads. Activated
Smads translocate to the nucleus, interact with other transcription factors, and modulate
target gene expression.

This study investigated the TGFf signaling pathway in primary human ovarian
cancer cells. All components of the TGF@ signaling pathway are expressed and
functional in primary ovarian cancer cells. Furthermore, primary ovarian cancer cells
respond to the anti-proliferative effect of TGFf, which is partly mediated by TGF3-

induced up-regulation of p15™<*?

. Although primary ovarian cancer cells respond to the
anti-proliferative effect of TGFR in cell culture, ovarian cancer cells in vivo are exposed
to TGFB but continue to proliferate. Therefore, mechanisms must exist to inhibit the anti-
proliferative effect of TGFB contributing to uncontrolled cellular proliferation in vivo.
Numerous signaling pathways can converge with the TGF8 signaling pathway to
modulate its effects. Epidermal growth factor (EGF) is mitogenic to ovarian cancer cells,
and can modulate TGFB signaling. This study demonstrates that EGF inhibits the anti-
proliferative effect of TGFB in primary ovarian cancer cells. TGFB-induced up-
regulation of p15™"*® is decreased by EGF, which likely accounts for the EGF inhibition
of the anti-proliferative effect of TGFB. Therefore, although the TGFB signaling pathway
remains functional in primary ovarian cancer cells, inhibition of the anti-proliferative

effect of TGF by factors such as EGF may occur in vivo. Inhibition of these factors may

reverse resistance to TGFB and may be a potential therapy for ovarian cancer patients.
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CHAPTER 1

GENERAL INTRODUCTION



1.1 Ovarian Cancer

There will be approximately 2600 new cases of ovarian cancer diagnosed in
Canada in 2003, and about 1550 deaths from this disease (Canadian Cancer Society 2003
Statistics). Ovarian cancer is the leading cause of death among the gynecologic cancers
(Tortolero-Luna et al. 1994). There are no effective early detection methods for ovarian
cancer, therefore, it is typically not diagnosed until late stages, after metastasis has
occurred. The majority of ovarian cancers (~90 %) are epithelial carcinomas, arising
from the ovarian surface epithelial cells (OSE) (Tortolero-Luna et al. 1994). Ovarian
stromal tumors and germ cell tumors account for the remaining incidences of ovarian
cancer.

1.1.1 OSE biology

The majority of ovarian cancers arise from the OSE. The OSE is the layer of
squamous to cuboidal epithelium that covers the surface of the ovary and is a modified
mesothelium, which has mesenchymal and epithelial characteristics (Auersperg et al.
1994; Auersperg et al. 2001). Early in development, the OSE is part of the celomic
epithelium which differentiates to form oviductal, endometrial and endocervical
epithelium, as well as OSE (Auersperg et al. 2001). It appears, however, that the OSE is
less differentiated than these other types of epithelium, due to lack of expression of the
differentiation marker CA-125 (Auersperg et al. 2001). Epithelial ovarian cancers
express CA-125, which therefore indicates that the OSE has the ability to differentiate
(Auersperg et al. 2001).

A basement membrane separates the OSE from the underlying stroma. The OSE
is weakly adhered to the basement membrane, and is easily removed and therefore often

absent in ovarian samples. The epithelial markers keratins 7, 8, 18, 19 as well as the



(9]

mesenchymal marker vimentin are expressed by the OSE (Auersperg et al. 2001). OSE
can also undergo epithelial-mesenchymal transition (EMT), which likely plays a role in
post-ovulatory repair (Auersperg et al. 2001). Functions of the OSE include transport of
materials to and from the peritoneal cavity and repair of the ovarian surface after
ovulation (Auersperg et al. 1994; Auersperg et al. 2001).
1.1.2  Pathology of epithelial ovarian cancer

During ovarian cancer development, the OSE differentiates to resemble the
epithelium of other gynecologic tissues. The majority (80%) of epithelial ovarian cancers
are serous adenocarcinomas. These tumors arise by differentiation of the OSE to
resemble fallopian tube epithelium. Mucinous tumors resemble the epithelium of the
endocervix, endometrioid tumors resemble endometrial epithelium, clear-cell tumors
resemble epithelium of the endometrium during pregnancy, and undifferentiated tumors
do not have characteristics of a particular gynecologic tissue (Scully 1995; Auersperg et
al. 2001). The International Federation of Gynecologic Oncologists (FIGO; 1971)
classifies epithelial ovarian cancer into 4 stages. Stage I tumors are confined to the
ovaries; [A involves one ovary, IB involves both ovaries, and IC also presents with
cancer cells in peritoneal fluid or malignant ascites. Ovarian tumors with pelvic
extension are stage Il tumors, with extension to the uterus, fallopian tubes or other pelvic
organs and the presence or absence of cancer cells within ascites (IIA-IIC). Stage 111
ovarian cancers include tumors outside of the pelvis or positive nodes, and Stage IV
cancers involve distant organs, such as the liver parenchyma or pleural space (FIGO

1971).



1.1.3  Ovarian cancer risk factors

Ovarian cancer risk factors include nulliparity, age, and family history. In 1971,
Dr. M.F. Fathalla proposed the “incessant ovulation” hypothesis to explain the
occurrence of ovarian tumorigenesis (Fathalla 1971). Fathalla hypothesized that
disruption and repair of the ovarian epithelium after repeated ovulations presents a
greater risk for malignant transformation. In accordance with this hypothesis, absence of
ovulation should decrease risk of ovarian cancer. Indeed, risk factors such as nulliparity
and age can be correlated with increased number of ovulations. The majority of
epithelial ovarian cancers occur in women aged 60 — 70 (Tortolero-Luna et al. 1994),
whereas germ cell tumors usually occur in woman aged 15 — 24, and stromal tumors
occur with an age pattern similar to that of the epithelial cancers (Tortolero-Luna et al.
1994). Although family history is a risk factor, only about 5% of ovarian cancers are
familial (Tortolero-Luna et al. 1994).

Multiparity, breast feeding, and oral contraceptive use are all associated with a
decreased risk for ovarian cancer. Parity has been found to decrease risk of ovarian
cancer (Risch et al. 1983; Whittemore et al. 1992; Hanikinson et al. 1995). Women with
one pregnancy had a decrease in risk, and multiparity decreased risk by 45% compared to
nulliparity (Hankinson et al. 1995). A first pregnancy decreases risk to a greater extent
than additional pregnancies, and each additional pregnancy decreases risk by 14%
(Tortolero-Luna et al. 1994). Similarly, breast feeding has also been identified as a
protective factor in ovarian cancer (Risch et al. 1983; Whittemore et al. 1992). Woman
who breast feed have a 40% decreased risk compared to women with children who do not

breast feed, and a 60% decreased risk compared to woman without children (Tortolero-



Luna et al. 1994). Hence, the combination of pregnancy and breast feeding provides
significant protection against ovarian cancer.

Numerous studies have investigated the use of oral contraceptives and incidence
of ovarian cancer, and have all found that risk decreases with use (Weiss et al. 1981;
Rosenberg et al. 1982; Whittemore et al. 1992; Rosenberg et al. 1994). Some studies
have found that extended use decreases risk (Royar et al. 2001; Bosetti et al. 2002),
whereas others have shown that as little as 3 months use decreases risk, and the benefit
continues for 10 — 15 years following discontinuation of use (Rosenberg et al. 1982;
Royar et al. 2001). It has been suggested that low dose oral contraceptive use has a
greater effect on risk reduction compared to high dose (Royar et al. 2001), but an
explanation for this finding was not suggested. In contrast, however, Schildkraut et al.
(2002) found oral contraceptives containing high levels of progestin were more effective
at decreasing risk for ovarian cancer compared to those with low dose progestin; estrogen
dose had no effect (Schildkraut et al. 2002).

Although the incessant ovulation hypothesis offers an explanation as to why oral
contraceptive use is protective against ovarian cancer considering oral contraceptives
inhibit ovulation, this hypothesis has been challenged. Anovulation may not be the cause
of the protective effect of oral contraceptives. Studies suggest that oral contraceptives
induce apoptosis of OSE cells and rid the body of potentially tumorigenic cells
(Rodriquez et al. 1998). Indeed, apoptosis has been found to be induced by progestin in
vivo using a Macaque monkey model (Rodriquez et al. 2002). The induction of apoptosis
in the OSE appears to be mediated by a change in expression patterns of transforming

growth factor beta (TGFB) isoforms, in that, increased expression of TGF32/3 and



decreased expression of TGFR1 in response to the progestin component of oral
contraceptives results in the induction of apoptosis (Rodriquez et al. 2002), which may
contribute to the protective effects of oral contraceptives. Estrogen was not found to
affect OSE apoptosis.
1.1.4 Screening for epithelial ovarian cancer

There are currently no effective early detection methods for ovarian cancer, and
for this reason, greater than 70% of ovarian cancers are diagnosed after metastasis has
occurred (Tortolero-Luna et al. 1994). Bast et al. (1981) initially described an antibody,
OC125, which reacts with a tumor associated antigen on epithelial ovarian cancer cell
lines and ovarian tumor tissue, and did not react with other cancer types (Bast et al.
1981). The tumor associated antigen recognized by OC-125 was later described as CA-
125, which is a high molecular weight serum glycoprotein complex (Davis et al. 1986;
Bast et al. 1983). Although measuring CA-125 levels can be helpful in monitoring
disease progression and response to treatment, its usefulness as a diagnostic method is
limited. Some ovarian tumor types do not express CA-125. For example, CA-125 was
detected 1n 19/23 serous, 2/3 endometrioid, 1/4 clear cell, and 2/2 undifferentiated
ovarian carcinomas, however, CA-125 was not detected in 8 mucinous ovarian
carcinomas (Kabawat et al. 1983). In addition, although levels of CA-125 are increased
in advanced stages of ovarian cancer patients, only 50-60% of stage I patients have
elevated CA-125 levels (Hempling 1994). CA-125 has also been detected in bowel,
breast, lung, and pancreatic cancer, as well as in pregnancy, pelvic inflammatory disease,
endometriosis, cirrhosis, and pancreatitis (Tortolero-Luna et al. 1994). Combining

measurement of CA-125 levels with sonography can enhance specificity (Tortolero-Luna



et al. 1994), but clearly, improved diagnostic methods for early detection of ovarian
cancer are necessary.

Recently, Petricoin et al. (2002) have investigated the use of proteomics to detect
ovarian cancer. A proteomic pattern was identified, and analysis of serum from ovarian
cancer patients and control samples correctly identified all ovarian cancer patients,
including 6 patients with stage I ovarian cancer. Furthermore, 63/66 of the control
samples were correctly detected as non-cancerous (Petricoin et al. 2002). Control samples
included women with no ovarian cysts, benign ovarian cysts, benign gynecological
disease, and non-gynecological inflammatory disorder. The 3 false positives were
samples with no ovarian cysts, and samples with benign cysts <2.5cm. Clearly, the
development of a test to identify a proteomic pattern will be an important development
for early detection of ovarian cancer and will likely improve patient outcome.

1.1.5 Treatment and prognosis

Surgery and chemotherapy are used in the treatment of ovarian cancer. Patients
with early stages of ovarian cancer undergo salpingo-oophorectomy, which may be
bilateral, or unilateral if the woman is of child-bearing age (Gibbs & Gore 2001).
Hysterectomy, oophorectomy, and omentectomy are performed on ovarian cancer
patients at late stages of the disease. Whether chemotherapy is also administered depends
on the stage of the cancer. Low stage and low grade ovarian cancer patients may not
require chemotherapy, but patients with higher stages typically are administered
chemotherapy. Decreasing tumor burden by surgery is also performed on later stage

ovarian cancer patients (Gibbs & Gore 2001).



Traditionally, platinum-containing chemotherapeutic agents are the first-line
treatment for ovarian cancer patients. Recently, however, taxanes have been approved for
the treatment of ovarian cancer, and paclitaxel in combination with platinum is now the
common therapy for ovarian cancer patients (Gibbs & Gore 2001; Ozols 2002). In
addition, cyclophosphamide, topotecan, encapsulated doxorubicin, and gemcitabine have
also been tested for use in ovarian cancer patients, and may also be used in combination
with platinum agents (du Bois 2001; Ozols 2002;).

Unfortunately, the prognosis for ovarian cancers patients is seldom favorable.
Lack of early detection methods and effective treatments for advanced stages of the
disease contribute to the poor prognosis. The five-year survival rate for ovarian cancer is
only about 20%, however, if the ovarian cancer is detected at an early stage, prognosis is
much better. These patients can have a 5-year survival rate of 80% - 90%. The
development of effective early detection methods as well as more useful therapeutics are
critical to enhance patient survival.

1.1.6 Epithelial ovarian tumorigenesis

The “incessant ovulation” hypothesis was widely accepted as the cause of ovarian
tumorigenesis (Falthalla 1971), however, this hypothesis has been challenged based on
studies investigating the occurrence of inclusion cysts. The OSE can form inclusion cysts
in the ovarian stroma, and it has been suggested that these inclusion cysts can be the sites
of ovarian tumor development (Blaustein et al. 1982; Scully 1995). Therefore, if the
incessant ovulation hypothesis were correct, a greater number of cysts would be expected
in nulliparous women. Actually, a greater number of cysts have been found in

multiparous women, as well as in women who have decreased or no ovulation (Scully



1995). Therefore, the formation of inclusion cysts is not dependent on ovulation, which
suggest; that incessant ovulation hypothesis may not be solely responsible for ovarian
tumorigenesis.

Inclusion cysts likely form as a result of proliferation of the OSE and stroma and
pinching off of the OSE to form OSE lined cysts within the stroma (Scully 1995).
Metaplasia can often be found in ovarian inclusion cysts contralateral to cancerous
ovaries (Resta et al. 1993; Scully 1995), and this metaplasia is more common in the OSE
of inclusion cysts, compared to the OSE on the ovarian surface (Resta et al. 1993). In
addition, CA-125 is more commonly expressed in the OSE cells of inclusion cysts,
compared to OSE on the surface of the ovary (Scully 1995). Hence, the OSE within
inclusion cysts 1s likely exposed to factors that promote tumor formation. This may be
due to the fact that OSE within inclusion cysts is not separated from the stroma by the
basement membrane and therefore may be exposed to tumor promoting factors produced
by the stroma acting in a paracrine manner. Furthermore, factors produced by the OSE
may act in an autocrine fashion to promote tumorigenesis, which may be found at higher
levels within the enclosed space of an inclusion cyst, as opposed to factors produced by
the OSE on the surface of the ovary (Auesperg et al. 2001).

Although normal OSE exhibits both epithelial and mesenchymal characteristics,
neoplastic OSE takes on the epithelial phenotype (Auesperg et al. 1998). Normal OSE do
not express the epithelial cell adhesion molecule E-cadherin, however, ovarian cancer
cells can express E-cadherin (Auersperg et al. 1994). In fact, overexpression of E-
cadherin in normal OSE induces epithelial characteristics, such as growth in a

cobblestone monolayer culture and expression of CA-125 (Auersperg et al. 1999).



Hence, E-cadherin may play a role in transformation of OSE. Furthermore, ovarian
cancer cell lines have been developed by transfection of E-cadherin and simian virus 40 T
antigen (SV40 TAg) into normal OSE (Ong et al. 2000), and these cells exhibit
characteristics of other ovarian cancer cell lines, further implying that E-cadherin
expression may play a role in OSE transformation.

Metastasis of ovarian cancer occurs by exfoliation of tumor cells into the
peritoneal cavity, and transportation of the cancer cells through the peritoneal fluid.
Abdominal surfaces are exposed to the cancer cells within the peritoneal fluid, and
ovarian cancer cells attach resulting in the formation of secondary tumors on peritoneal
surfaces (Hoskins 1993). The most common site of ovarian cancer metastasis is the
omentum (Hoskins 1993). Ascites fluid, the excessive amount of peritoneal fluid
containing cancer cells, can be a symptom of late stage ovarian cancer, as well as other
gynecologic disease. Two opposing mechanisms have been proposed to explain ascites
fluid accumulation. First, hyperpermeability of the vasculature of peritoneal surfaces has
been described (Straube 1958; Senger et al. 1983), whereas lymphatic block caused by
proteins and erythrocytes inhibiting drainage of peritoneal fluid is also a proposed
mechanism of ascites accumulation (Straube 1958). Ascites fluid contains cancer cells,
mononuclear cells, and macrophages (Stratton & DiSaia 1981), and is a useful source of
ovarian tumor cells for experimentation.

Ovarian cancer research is conducted using either ovarian cancer cell lines or
primary ovarian cancer cells isolated from either tumor samples of ovarian cancer
patients, or isolated from ascites fluid. The usefulness of ovarian cancer cell lines is

limited due to the genetic changes present in cell lines which may affect results,
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particularly results from experiments examining proliferation. Data obtained from
experiments using cell culture is restricted, however, the lack of'a mouse model of
ovarian cancer has made investigations using cell culture techniques necessary.
Recently, however, Connolly et al. (2003) describe a transgenic ovarian cancer mouse
model. SV40 TAg expressed under control of the mullerian inhibiting substance (MIS)
type II receptor (MISIIR) promoter was utilized to specifically express oncogenic SV40
TAg in the ovary of mice. Epithelial ovarian tumors were developed in 50% of the
transgenic MISIIR-TAg mice and ascites fluid was typically present as well (Connolly et
al. 2003). Clearly, development of an ovarian cancer mouse model will greatly benefit
the field of ovarian cancer research and lead to a better understanding of the processes
that contribute to ovarian tumorigenesis.
1.1.7 Regulation of ovarian cancer cell proliferation

Hormones, growth factors and cytokines play a role in OSE regulation. The OSE
secretes ligands and expresses receptors for various factors which function to modulate
proliferation of the OSE. Normal OSE and ovarian cancer cells express receptors for
lutenizing hormone (LH) and follicle stimulating hormone (FSH), as well as
gonadotropin releasing hormone (GnRH) (Zheng et al. 1996; Mandai et al. 1997; Kang et
al. 2000; Zheng et al. 2000; Auesperg et al. 2001). GnRH is produced by the OSE and
acts in an autocrine manner to inhibit proliferation of normal OSE as well as ovarian
cancer cells (Emons et al. 1993; Kang et al. 2000). LH and FSH have been shown to
stimulate proliferation of rabbit OSE (Osterholzer et al. 1985), and FSH was shown to
stimulate proliferation of primary human ovarian cancer cells, which was inhibited by co-

treatment with LH (Zheng et al. 2000).



Although the estrogen and progesterone receptors are expressed in normal OSE
(Karlan et al. 1995), receptor expression in ovarian cancer cells is unclear. Estrogen
receptor (ER) and progesterone receptor (PR) expression has been described in ovarian
cancer cells, however, inconsistencies are reported. Anderl et al. show 63% of ovarian
tumors express ER and 38% express PR, whereas lower expression is seen in benign
tumors (Anderl et al. 1988). A greater number of serous ovarian cancers were found to
express ER compared to other histologies, and overall, 33% of ovarian cancers expressed
both ER and PR, whereas 40% expressed neither ER nor PR (Harding et al. 1990). Ford
et al. found 50% of well-differentiated serous ovarian cancers expressed ER, whereas no
poorly differentiated cancers expressed ER or PR (Ford et al. 1983). Similarly, 86% of
well differentiated ovarian tumors expressed ER and only 23% of poorly differentiated
ovarian tumors expressed ER (Iverson et al. 1986). Overall, the role that estrogen and
progesterone play in ovarian tumorigenesis is unclear, although it is well established that
oral contraceptive use is protective against ovarian cancer.

Cytokines, such as interleukin-1 (IL-1), [L.-6 and tumor necrosis factor alpha
(TNFa) are produced by normal and tumorigenic OSE (Auesperg et al. 2001). Peritoneal
fluid of ovarian cancer patients contains [L-1, 1L-6, interferon gamma (IFNy) and
transforming growth factor alpha (TGFa), and 1L-6 levels were higher in ovarian cancer
samples compared to other gynecologic cancers (Punnonen et al. 1998). Epithelial
ovarian cancer samples were shown to express IL-1, IL-6, TNFa among other cytokines,
however, [FNy was not expressed (Burke et al. 1996). It has been suggested that [L-1
and [L-6 stimulate proliferation and induce metastasis of ovarian cancer cells, and

therefore may play a role in ovarian cancer progression (Malik & Balkwill 1991;



Auesperg et al. 2001). Although TNFa stimulates proliferation of normal OSE, it has
been shown to inhibit proliferation of ovarian cancer cells (Marth et al. 1996). Due to the
cytokine expression profile in peritoneal fluid of ovarian cancer patients and the
proliferative responses, cytokines likely play a role in ovarian cancer progression.
Hepatocyte growth factor (HGF) may play a role in ovarian tumorigenesis, as it
has been found to be present in ascites fluid of ovarian cancer patients (Sowter et al.
1999). In addition, the HGF receptor, Met, has been shown to be overexpressed in
ovarian cancer (DiRenzo et al. 1994). HGF is mitogenic to both normal OSE and ovarian
cancer, and induces migration of ovarian cancer cell lines (Corps et al. 1997; Ueoka et al.
2000). Other growth factors such as basic fibroblast growth factor (bFGF; Crickard et al.
1994), platelet derived growth factor (PDGF; Henrikson et al. 1993; Dabrow et al. 1998),
insulin like growth factor 1 (IGF-1; Yee et al. 1991; Beck et al. 1994; Conover et al.
1998), and vascular endothelial growth factor (VEGF; Abu-Jawdeh et al. 1996) have
been shown to be expressed and modulate proliferation of ovarian cancer cells.
Epidermal growth factor (EGF) also stimulates proliferation of normal OSE and
ovarian cancer cells (Siemens & Auesperg, 1988; Rodriguez et al. 1991; Crew et al.
1992; Berchuck et al. 1993). EGF was found to be expressed in 25% - 49% of ovarian
cancer samples (Burke et al. 1996), and in 27.6% in an independent study (Owens et al.

1991a). TGFa 1s an EGF homolog which acts through the EGF receptor. Numerous

studies have found TGFa expression in ovarian cancer samples (Morishige et al. 1991;
Owens et al. 1991a; Kohler et al. 1992; Burke et al. 1996; Chien et al. 1997; Saltzman et

al. 1999), and studies have shown TGFa stimulates proliferation of human ovarian

cancer cells (Morishige et al. 1991; Crew et al. 1992; Stromberg et al. 1992). TGFo was
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expressed in 88.5% and 90% of ovarian cancer samples in independent studies (Owens et
al. 1991a; Burke et al. 1996). The EGF receptor (EGFR) is also expressed in 35% - 75%
of ovarian cancers (Battaglia et al. 1989; Berchuck et al. 1991; Morishige et al. 1991;
Owens et al 1991b; Kohler et al. 1992) and expression can be higher in ovarian tumors
compared to normal OSE and benign tumors (Berns et al. 1992). In addition, the EGFR
homolog, HER2/neu, has been shown to be expressed in over 30% of ovarian cancers but
the association of HER2/neu with poor prognosis is unclear (Slamon et al. 1989; Haldane
et al. 1990). Although Haldane et al. (1990) suggests HER2/neu expression does not
affect patient prognosis, Slamon et al. (1989) suggest that overexpression of HER2/neu is
associated with poor patient prognosis. Overall, based on receptor expression studies and
the proliferative effect, EGF and TGFa signaling may play an important role in ovarian
tumorigenesis.

The OSE has been demonstrated to be growth arrested by TGF (Berchuck et al.
1992). TGFB is produced by the OSE, which also bears receptors for the ligand
(Henriksen et al. 1995). Ovarian cancer cell lines are resistant to the anti-proliferative
effect of TGFB (Berchuck et al. 1992), whereas reports have shown both sensitivity and
resistance in primary ovarian cancer cells (Hurteau et al. 1994; Yamada et al. 1999).
Loss of responsiveness to the anti-proliferative effect of TGF8 occurs in other types of

cancers, and therefore, may contribute to ovarian cancer progression.

1.2  TGFp
TGFB 1s a member of a superfamily of secreted growth factors, which includes activin,

bone morphogenetic proteins (BMP), growth and differentiation factors, as well as the
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distant members MIS and inhibin (Massagué 1998). Monomeric TGFB is 112 amino
acids, which encodes a 12.5 kDa protein (Derynck et al. 1985). TGFB was first identified
due to its transforming activity in rat kidney fibroblast cells (Roberts et al. 1981).
Endothelial cells, epithelial cells and cells of the immune system secrete and are acted on
by TGFB, which has a number of different functions, such as cellular proliferation,
differentiation, immunosuppression, angiogenesis, extracellular matrix (ECM) formation
and wound healing (Roberts et al. 1981; Kerhl et al. 1986; Masui et al. 1986; Roberts et
al. 1986; Yu & Stamenkovic 2000).
1.2.1 TGFf isoforms

There are 3 mammalian TGFf3 isoforms; TGF1-3. These 3 isoforms share
approximately 80% amino acid identity, they are encoded by different genes located on
different chromosomes, and although their activities are similar, their expression patterns
vary (Gold 1999; Piek et al. 1999). TGFf isoform expression varies in development,
regeneration and pathological responses (Roberts & Sporn 1992). TGFB3 is 50 times
more potent at inhibiting proliferation of epithelial cells compared to TGFf1 or TGFB2,
whereas TGFB1 and TGFR3 are both 100 times more potent than TGFB2 at inhibiting
proliferation of vascular endothelial cells (Graycar et al. 1989; Merwin et al. 1991). Mice
deficient in TGFB1 typically are embryonic lethal due to vascular and hematopoietic
abnormalities, however, some survive but die early due to lymphocyte and macrophage
infiltration into organs (Shull et al. 1992; Kulkamni et al. 1993; Diebold et al. 1995).
Multiple developmental abnormalities occur in TGF2 deficient mice, leading to

perinatal death, whereas deficient pulmonary development and palate development occur



in TGFB3 mice, also causing early death (Kaartinen et al. 1995; Proetzel et al. 1995;
Sanford et al. 1997).
1.2.2  Activation of latent TGFf}

TGEFB is secreted as an inactive precursor. Active TGFS is in the form of a 25
kDa homodimer, with the 12.5 kDa TGFB monomers linked by a disulfide bond. Latent
TGFB consists of the 25 kDa TGFB dimer non-covalently associated with latency
associated peptide (LAP) (Assoian et al. 1983; Miyazono et al. 1988; Wakefield et al.
1988; Wakefield et al. 1990; Miyazono et al. 1991). In addition, latent TGFB binding
protein (LTBP) can also be associated with this complex (Figure 1-1). LTBP is linked to
LAP by a disulfide bond, and plays a role in secretion, storage within the ECM, and
activation of TGFB (Assoian et al. 1983; Wakefield et al. 1988; Miyazono et al. 1988;
Miyazono et al. 1991; Nunes et al. 1997; Taipale et al. 1994). LTBP is not required for
retaining TGFB in a latent form; rather it serves to bind TGFB to ECM for proteolysis
(Taipale et al. 1994; Nunes et al. 1997). Latency of TGF8 is achieved by association
with LAP, which inhibits TGFS receptor binding.

In vitro activation of TGFR can be achieved by extreme heat or pH; however, in
vivo activation mechanisms are not thoroughly understood. Dubois et al. (1995)
conducted in vitro assays and showed that furin cleaves pro-TGFRB1 to efficiently produce
active TGFB1. Furthermore, colon carcinoma cells deficient in furin are unable to
process TGFB, whereas introduction of furin into these cells results in increased amounts
of active TGFf31 (Dubois et al. 1995). The adhesion protein thrombospondin 1 (TSP-1)
associates with and can activate TGF8 in vitro and in cell culture (Schultz-Cherry &

Murphy-Ullrich 1993). Experiments stemming from the observation that mice lacking
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TGFB1 displayed a similar phenotype compared to TSP-1 null mice resulted in
pharmacological investigations to show that TSP-1 can activate TGFB1 in vivo (Crawford
et al. 1998). Additional activation mechanisms must be present in vivo however, since
TSP-1 null mice do not die as early as TGF1 null mice (Crawford et al. 1998).

Proteases other than furin have also been shown to activate TGFB. Calpain, a
cysteine protease, can activate latent TGFB in vitro and in cell culture (Abe et al. 1998).
Plasmin and cathepsin are proteases that have been described to activate latent TGFR in
vitro. Plasmin may activate TGFB by releasing the latent TGFB from the ECM, and by
proteolytically cleaving the latent TGFS to form active TGFB (Lyons et al. 1990).
Cathepsin cleaves latent TGF31, and the resulting active TGFB1 inhibits cell growth in
mink lung epithelial cells, indicating that cathepsin can activate latent TGF31 (Somanna
et al. 2002). Although numerous mechanisms have been suggested to activate TGF[
physiologically, an obvious single mechanism is not yet defined, and TGFB is likely
activated physiologically by a combination of factors.
1.2.3 TGEFp receptors

Once latent TGFS has been activated, it is able to bind the TGFB receptors. The
TGEFR receptors are transmembrane serine/threonine kinase receptors, and include TGFf
type I (TBRI) and TGFB type II (TBRII) receptors (Figure 1-2). TBRI is approximately 55
kDa, whereas TBRII is approximately 70 kDa (Massagué 1998). TGFB initially binds to
TBRIL which is a constitutively active kinase. TGFB1 and TGF3 bind TBRII at a higher
affinity than TGFB2 (Massagué 1992). TBRII is phosphorylated at multiple serine
residues by cellular kinases as well as by autophosphorylation, in the presence and

absence of ligand (Wrana et al. 1994). Once ligand binds to TBRII, TBRI is recruited,
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and is phosphorylated by TBRII. TBRII phosphorylates several residues in the GS
domain of TBRI (Figure 1-2). This activates TBRI kinase activity to initiate the TGFB
signaling events downstream, which are mediated by intracellular signaling molecules
known as Smads (Wrana et al. 1994; Souchelnytskyi et al. 1996; Heldin et al. 1997).

Betaglycan is also known as the TGFB type III receptor (TBRIII) and binds all 3
isoforms of TGFB, acting as an accessory to aid in ligand binding to TBRII. TGFB is
presented to TBRII by betaglycan which acts to regulate ligand binding and signaling
(Lopez-Casillas et al. 1993). Interestingly, TGFB2 has low affinity for TBRII, and
actually requires betaglycan for TBRII binding (Rodriguez et al. 1995). Endoglin is
another accessory receptor similar to betaglycan, which binds TGF1 and TGFB33, but not
TGFB2 (Lastres et al. 1996; Cheifetz et al. 1992). Endoglin is highly expressed on
endothelial cells, and requires association of type I and type Il receptors to bind ligand
(Gougos & Letarte 1990; Cheifetz et al. 1992; Yamashita et al. 1994). The role of
endoglin remains unclear, however, endoglin has been shown to modulate TGFR3
signaling, and is associated with altering angiogenesis and mutations in endoglin have
been linked to hereditary hemorrhagic telangiectasia type I (HHT1) (McAllister et al.
1994; Lastres et al. 1996; Barbara et al. 1999).
1.2.4 TGEf receptor down-regulation

TGEFEB receptors are down-regulated by clathrin-mediated endocytosis.
Homomeric receptors are recycled back to the membrane, whereas heteromeric receptors
are degraded by lysosomes/proteosomes (Anders et al. 1997; Doré et al. 2001). TGFB
receptors not bound to ligand are constantly being recycled, but upon ligand binding, the

receptors are degraded (Doré et al 2001). Penheiter et al. (2002) found that endocytosis
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of TGFB receptors was required for signaling. TBRI activation and association with
Smad2 occurs in the absence of endocytosis, however, Smad activation is dependent on
endocytosis (Penheiter et al. 2002). Therefore, receptor endocytosis serves 2 functions;
to degrade receptors to reduce signaling activity, and to transmit the signal (Penheiter et
al. 2002). Recently, however, Lu et al. (2002) explained that Smad2 activation can occur
independently of receptor endocytosis (Lu et al. 2002). TGFB induced Smad?2 activation,
nuclear translocation and transcription are not blocked by inhibition of receptor
endocytosis, however, it remains possible that the Smad2 response is diminished by
blockage of receptor endocytosis (Lu et al. 2002). Recently, it has been shown that
receptor endocytosis by both clathrin-mediated endocytosis and lipid rafts is necessary
for TGFR signaling control (Di Gugliclmo et al. 2003). Activation of TGFf signaling is
mediated by internalization of TGFR receptors in clathrin vesicles, which are associated
with SARA. Internalization of TGFR receptors into lipid rafts is associated with receptor
degradation, which is mediated by Smurf and Smad7. Therefore, levels of clathrin and
lipid rafts likely play a role in regulation of TGFB signaling and receptor down-regulation
(D1 Guglielmo et al. 2003).
1.2.5 TGEJ receptor binding proteins

TGEFR receptor activity can be altered by association with other proteins. Proteins
have been 1dentified using yeast two-hybrid screens which can bind to TGFB receptors to
modulate activity. TGFB receptor interacting protein-1 (TRIP-1) associates with TBRII,
whereas FKBP-12, serine-threonine kinase receptor-associated protein (STRAP),
farnesyltransferase o, BMP and activin membrane-bound inhibitor (BAMBI), and TRI

associated protein-1 (TRAP-1) associate with TBRI to modulate TGF8 signaling. TRIP-1
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associates with TBRII, as well as the TBRII-TARI complex (Chen et al. 1995). TRIP-1
association with TBRII is dependent on kinase activity of TBRIL, since kinase deficient
mutants did not associate with TRIP-1. Furthermore, TRIP-1 is phosphorylated by
TBRII, which suggests TRIP-1 functions in TGFS signaling (Chen et al. 1995). Choy and
Dernyck (1998) conducted further studies to investigate the possible function of TRIP-1.
Overexpression of TRIP-1 resulted in a decrease in TGFB induced reporter gene and
endogenous gene expression, indicating TRIP-1 to be an inhibitor of TGFR signaling
(Choy & Derynck 1998).

The immunophilin FKBP-12 was identified as a TBRI binding protein, and
inhibits TGFR signaling by preventing phosphorylation of TBRI by TBRII (Wang et al.
1996a; Chen et al. 1997). Ligand binding causes dissociation of FKBP-12 from TGRI
allowing phosphorylation and activation of TBRI to proceed (Wang et al 1996a; Chen et
al 1997). Chen et al. (1997) showed that mink lung epithelial cells expressing mutant
FKBP-12 exhibit “leaky” signaling activity, hence, FKBP-12 may regulate TGF3
signaling to prevent inappropriate TBRI phosphorylation (Chen et al. 1997). In addition,
mutant versions of TBRI which are unable to bind FKBP-12 are hypersensitive to
phosphorylaﬁon by TBRII. STRAP interacts with TBRI, which acts synerigistically with
Smad7 to inhibit TGFB signaling (Datta et al. 1998; Datta & Moses 2000).
Farnesyltransferase o associates with TBR1 in the absence of ligand, which 1s
phosphorylated and released in response to ligand binding (Wang et al. 1996b). BAMBI
is a protein related to type I receptors of the TGFB superfamily, and association of
BAMBI with TBRI inhibits TGFf signaling by inhibiting TBRI and TBRII association

(Onichtchouk et al. 1999). TRAP-1 can interact with ligand-activated or constitutively
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active TBRI mutants, but does not bind to wild-type active TBRI (Charng et al. 1998).
Reporter gene assays show TRAP-1 inhibits TGFR signaling, and may also function to
regulate TGFB signaling (Charng et al. 1998). Association of proteins with both type |
and type Il receptors modulate TGFR signaling, and likely act as regulatory mechanisms
to ensure proper activation of Smads and downstream signaling.
1.2.6 Smads

TGFB activation of receptors leads to signaling via intracellular signaling
molecules. These signaling molecules were first described in Drosophila, and are
activated in response to a TGFB related protein known as decapentaplegic (Dpp). In
Drosophila, the intracellular signaling molecules are known as Mothers against Dpp
(Mad). Homologous proteins were identified in C.elegans, and are referred to as Sma.
As such, vertebrate homologs of these intracellular signaling molecules are known as
Smads, for Sma/Mad (Heldin et al. 1997; Massagu¢ 1998; Massagué & Wotton 2000;
Attisano & Wrana 2002). There are 3 classes of Smads; receptor-activated Smads (R-
Smad), a common-mediator Smad (Co-Smad), and inhibitory Smads (I-Smad). The R-
Smads responsible for TGFS signaling are Smad2 and Smad3. TBRI phosphorylates R-
Smads, and once Smad2 and Smad3 are phosphorylated, they interact with the Co-Smad,
Smad4 (Nakao et al. 1997a; Macias-Silva et al. 1996; Zhang et al. 1996). I-Smads,
Smad6 and Smad?7, are activated by members of the TGFS superfamily, and act to
negatively regulate signaling (Heldin et al. 1997; Massagu¢ 1998; Gold 1999).

All Smads contain a Mad-homology 1 (MH1) domain, a Mad-homology 2 (MH2)
domain, and a linker domain (Figure 1-3). The amino-terminal MH1 domain of R-

Smads and Smad4 is responsible for DNA binding, which is essential for gene expression
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(Heldin et al. 1997; Massagué & Wotton 2000). Unlike Smad3, Smad2 contains an insert
within the MH1 domain that causes Smad?2 to be unable to bind DNA (Dennler et al.
1998; Shi et al. 1998; Zawel et al. 1998). All Smads share a similar MH2 domain, which
is responsible for Smad interaction with other proteins, receptor recognition, and Smad
oligomerization (Heldin et al. 1997; Wu et al. 1997; Massagué 1998; Massagué &
Wotton 2000). The MH2 domain of R-Smads contains a carboxy terminal SSXS motif.
The last 2 serines of this motif are phosphorylated by TBRI which is necessary for
signaling (Macias-Silva et al. 1996; Nakao et al. 1997a; Souchelnytskyi et al. 1997). The
MH2 domain of R-Smads also contains the L3 loop which is responsible for substrate
specificity, and associates with the L45 loop of the type I receptor (Lo et al. 1998).
Autoinhibition of the Smads occurs by association of the MH1 and MH2 domains (Hata
et al. 1997). Upon activation by the type I receptor, the autoinhibition is released and the
R-Smads can associate with Smad4, and this Smad4/R-Smad interaction is necessary for
signaling (Lagna et al. 1996; Abdollah et al. 1997; Nakao et al. 1997a; Souchelnytskyi et
al. 1997). The elucidation of the heteromeric Smad complexes that form in response to
TGFf signaling has been difficult and remains controversial. Inman et al. (2002)
examined Smad complex formation, and their data suggests that the Smad2 heteromeric
complex consists of two Smad?2 proteins and one Smad4, whereas the Smad3 complex
contains one Smad3 and one Smad4 (Inman & Hill 2002).

Smad6 and Smad7 are I-Smads. Smad6 is responsible for negative regulation of
the BMP pathway, whereas Smad7 is involved in negative regulation of TGFR signaling
by association with the active receptor complex and interfering with R-Smad

phosphorylation (Hayashi et al. 1997; Nakao et al. 1997b). TGFB enhances Smad7
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expression, causing negative feedback inhibition (Nakao et al. 1997b). Smad7 is
primarily nuclear in the absence of ligand, and upon TGFB signaling activation, Smad7
becomes predominantly cytoplasmic (Itoh et al. 1998). A domain within the MH2
domain of Smad7 is required for nuclear localization and TGFf induced export to the
cytoplasm, since deletion mutations within the MH2 domain produced exclusive
cytoplasmic localization of Smad7 (Itoh et al. 1998).
1.2.7 Smad nuclear shuttling

Once the R-Smads are phosphorylated, they interact with Smad4 and translocate
to the nucleus to modulate target gene expression (Figure 1-4). The mechanisms
involved in nuclear import are diverse for each Smad. Smad4 continuously shuttles
between the nucleus and cytoplasm when the TGFR signaling pathway is not activated by
ligand (Pierreux et al. 2000). A constitutively active nuclear export signal (NES) and a
constitutively active nuclear localization signal (NLS) are responsible for the continuous
shuttling (Inman et al. 2002). The NES is exportin-dependent and is located in the linker
region, whereas the NLS is importin-dependent and localized to the MH1 domain
(Pierreux et al. 2000). Pierreux et al. (2002) suggest that upon activation of TGFf3
signaling, association of Smad2 or Smad3 with Smad4 alters the NES, causing Smad4 to
be retained within the nucleus. Smad3 contains a NLS within the MH2 domain, which if
mutated, results in inhibition of Smad3 nuclear translocation. Xiao et al. (2000a)
proposed that this NLS is masked by the MH1 domain in the autoinhibited Smad3, and
once phosphorylation occurs by TBRI, the conformational change causes the NLS to be
unmasked and nuclear localization to occur (Xiao et al. 2000a). Nuclear localization of

Smad3 is importin-f/ran-dependent (Xiao et al. 2000b; Kurisaki et al. 2001).
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In contrast, similar studies have found that Smad2 nuclear import is ran-
independent. Although a similar NLS sequence occurs in the MH1 domain of Smad2, the
insertions within the MH1 domain of Smad2 interferes with the NLS, and therefore,
Smad?2 enters the nucleus by an alternative pathway (Kurisaki et al. 2001). Two inserts
occur within the MH1 domain of Smad?2, termed GAG and TID, and it was determined
by Kurisaki et al. (2001) that the TID insert prevents association of Smad2 with importin-
3 (Kurisaki et al. 2001). Smad?2 directly associates with the nucleoporins CAN/nup214
and Nup513 on the cytoplasmic and nuclear side of the nuclear pore, respectively (Xu et
al. 2002). Association of a hydrophobic region in the MH2 domain of Smad2 mediates
this interaction, which induces nuclear import or export (Xu et al. 2002). Nuclear import
of Smad2 has been shown to be inhibited by Smad anchor for receptor activation (SARA;
Tsukazaki et al. 1998). Smad2 associates with SARA, which is a FYVE domain protein
and recruits Smad2 to the TGFB type I receptor for activation. Mutation of the FYVE
domain of SARA causes disruption in Smad?2 localization and inhibition of TGFf3
signaling (Tsukazaki et al. 1998). Once Smad2 is phosphorylated by the type I receptor,
the SARA/Smad2 complex dissociates, and Smad2 associates with Smad4 and is
translocated to the nucleus (Xu et al. 2000). Smads are de-phosphorylated in the nucleus,
which causes export to the cytoplasm, and has been shown to be exportin-independent
(Inman et al. 2002). Provided the receptors are still active, the Smads are re-
phosphorylated and signaling continues (Inman et al. 2002).

1.2.8 Smad transcriptional responses
Within the nucleus, Smads act as transcription factors and associate with other

transcription factors to modulate target gene expression. Smad3 and Smad4 bind a
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specific DNA sequence, CAGAC, known as a Smad-binding element (SBE) (Shi et al.
1998; Zawel et al. 1998). Efficient transcription of TGFJS target genes occurs by Smad
complex binding to the SBE, in association with other transcription factors binding to
their specific sequences at the promoters of target genes (Heldin et al. 1997; Massagué
1998; Massagué & Wotton 2000). Smad2 and Smad3 associate with a number of
transcription factors, including AP-1, ATF2, TFE3, Sp1, MIZ-1, and FAST (Labb¢ et al.
1998; Zhang et al. 1998; Zhou et al. 1998; Hua ct al. 1998; Sano et al. 1999; Wong C et
al. 1999; Feng et al. 2000; Seone et al. 2001). R-Smads also interact with the co-
activator, CBP/p300, which has histone acetyltransferase activity and can therefore
activate transcription by altering chromatin structure (Feng et al. 1998; Janknecht et al.
1998; Pouponnot et al. 1998; Shen et al. 1998). Smad association with the different
transcription factors determine which TGFR target gene will be modulated by signaling
activity.
1.2.9  Smad association with repressors

In addition to association with transcription factors, Smads also interact with
repressors resulting in inhibition of TGFB-induced transcription. Ski is a transcriptional
repressor that antagonizes TGFB signaling (Akiyoshi et al. 1999; Luo et al. 1999; Sun et
al. 1999). Ski has been shown to associate with Smad2 (Akiyoshi et al. 1999; Luo et al.
1999), Smad3 (Akiyoshi et al. 1999; Luo et al. 1999; Sun et al. 1999), and Smad4 (Luo et
al. 1999) in a ligand-dependent manner. TGF-responsive promoter elements are
repressed by Ski association with the Smad complex at the promoter, via recruitment of
the nuclear co-repressor, N-CoR (Luo et al. 1999), and association of histone deacetylase

1 (HDAC1) (Akiyoshi et al. 1999). Furthermore, overexpression of Ski causes resistance
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to the anti-proliferative effect of TGFB (Luo et al. 1999, Sun et al. 1999). Ski alone does
not bind DNA, but requires association with Smads to bind DNA at SBE’s to repress
TGFR transcriptional responses (Luo et al. 1999). SnoN, a transcriptional repressor
related to Ski, interacts with Smad2, Smad4, and to a lesser extent, Smad3, resulting in
TGEFB transcriptional repression by recruitment of N-CoR (Stroschein et al. 1999).

TGIF, a transcriptional co-repressor, associates with Smad2 causing TGIF to be
recruited to TGFB target genes to inhibit transcription (Wotton et al. 1999a; Wotton et al.
1999b). TGIF caused inhibition of transfected TGFR target genes in mink lung epithelial
cells, and inhibition of TGIF by antisense resulted in an increase in endogenous TGFf3
target gene expression (Wotton et al. 1999a). Wotton et al. (1999a) also determined that
in response to TGFB, a protein complex containing TGIF, Smad2, Smad4, the
transcription factor FAST2, and HDAC1 formed. They further determined that TGIF
association was dependent on Smad2, and HDAC association was dependent on TGIF
(Wotton et al. 1999a). The recruitment of HDAC likely induces the transcriptional
repression, and the authors propose a model in which TGIF competes with transactivators
for binding with Smad2 (Wotton et al. 1999a). Hence, within the nucleus competition for
Smad binding occurs between co-activators and co-repressors, with the outcome
dependent on levels of co-activators or co-repressors (Wotton et al. 1999a), thus adding
to the regulation of TGFB signaling activity. A further study by the same group found
transcriptional repression of TGFB target genes by TGIF is mediated by different
repression domains of TGIF (Wotton et al. 1999b). Mutational analysis reveals that
partial repression can still occur when the region of TGIF that interacts with HDAC is

deleted. Although partial repression can occur independent of HDAC, the repressive
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effects of TGIF are highly dependent on HDAC activity (Wotton et al. 1999b). TGIF has
also been shown to interact with the transcriptional co-repressor mSin3 in response to
TGFB (Wotton et al. 2001), which may contribute to HDAC association and repression of
TGFB transcription. Another transcriptional co-repressor related to TGIF, TGIF2, has
been identified (Imoto et al. 2000; Melhuish et al. 2001) that also interacts with Smads to
inhibit TGFB transcriptional responses (Melhuish et al. 2001). In addition, TGIF2 is
amplified and overexpressed in ovarian cancer cell lines, thereby suggesting a role for
TGIF in ovarian tumorigenesis, although this has not yet been investigated (Imoto et al.
2001). Smad association with transcriptional repressors likely serves to regulate TGFf3
signaling.
1.2.10 Smad degradation

Following transcriptional activation of TGFB target genes by Smads, degradation
of the Smads may occur. Smads are degraded by ubiquitination, a process that adds
ubiquitin to proteins by a series of enzymatic steps. Ubiquitin-activating enzyme (E1)
activates ubiquitin in an ATP-dependent mechanism. Ubiquitin is then transferred to
ubiquitin-conjugating enzyme (E2), which may require the activity of ubiquitin ligase
(E3) resulting in ubiquitin linked to the target protein. Multiple ubiquitin proteins are
conjugated to the target protein, which is recognized by a complex of proteases known as
the 26S proteosome, resulting in protein degradation (Yamao 1999). Smad ubiquitination
regulatory factor (Smurf) is an E3-type, Hect-domain ubiquitin ligase that interacts with
Smads to target them for degradation (Lin et al. 2000). Smurfl has been shown to target
the BMP Smad, Smadl, for degradation (Zhu et al. 1999), whereas Smurf2 interacts with

Smad2, as well as the Smadl (Lin et al. 2000; Zhang et al. 2001). Although Smurf2 can
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interact with Smad3, Smurf2 does not mediate Smad3 degradation (Zhang et al. 2001).
Smad3 degradation also occurs by ubiquitination, however, SCF/Rocl E3 ligase mediates
Smad3 ubiquitination (Fukuchi et al. 2001). Fukuchi et al. (2001) also demonstrate that
Smad2 is not degraded by the same SCF/Roc1 ubiquitin ligase complex, hence,
degradation of the Smads occur by independent mechanisms. Interestingly, Smad3 is
degraded in the cytoplasm, following transcriptional activation. Hence, the ubiquitin
ligase may contribute to nuclear export of Smad3, since the mechanism of Smad nuclear
export is yet unidentified (Fukuchi et al. 2001). Smad4 degradation occurs by
ubiquitination by Jab1, followed by degradation by the 26S proteosome (Wan et al.
2002). In addition, Xu and Attisano (2000) describe ubiquitination of mutant Smad2 and
Smad4. A missense mutation in the MH1 domain of Smad2 and Smad4 occurs in
colorectal and pancreatic cancers, which induces rapid degradation by induction of
ubiquitination by UbcHS5 ubiquitin ligase (Xu & Attisano 2000).

In addition to Smad degradation, Smurf2 has additional roles in regulation of
TGEFB signaling. Smurf2 binds Smad?7 constitutively, which is targeted to TGFf3
receptors following ligand activation to degrade TGFB receptors (Kavsak et al. 2000). In
addition, Smurf2 associates with SnoN in a Smad2 dependent manner (Bonni et al. 2001).
Association of Smurf2 with SnoN causes degradation of SnoN, leading to enhancement
and regulation of TGFf} signaling (Bonni et al. 2001).
1.2.11 TGFf regulation of cell cycle progression

TGEFB signaling modulates expression of a number of target genes that play roles
in various cellular processes. Regulation of cellular proliferation by TGFB occurs by

modulation of cell cycle regulatory genes (Figure 1-5), such as p1 5B (Hannon &
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Beach 1994), p21(‘”)l (Datto et al. 1995a; L1 CY et al. 1995), p27K") (Polyak et al. 1994a;
Polyak et al. 1994b; Reynisdottir et al. 1995), and myc (Coffey et al. 1998). p1 SINKAB,
p21<""' and p27""" are cyclin-dependent kinase inhibitors (CKI) which associate with
specific cyclin-dependent kinases (Cdk) to inhibit their kinase activity. This results in
inhibition of phosphorylation and subsequent activation of proteins necessary for cell

cycle progression (Sherr 1994). TGFB induces up-regulation of p15™**?

expression
(Hannon & Beach 1994), which is mediated by association of the transcription factor Sp1
at Sp1 binding sites on the p15™"**" promoter (Li JM et al. 1995). Feng et al. (2000)
describe that Smad2, Smad3 and Smad4 complex with Sp1 to induce transcription of
plSINK4B in response to TGFB (Feng et al. 2000).

Similarly, p21°""! expression is up-regulated by TGFB treatment (Elbendary et al.
1994; Datto et al. 1995a). Up-regulation of p21°™" causes inhibition of Cdk4/6 and
Cdk2, which results in growth inhibition (Datto et al. 1995a; Li CY et al. 1995). p53 also
up-regulates p21(‘IPI expression, however, the TGFB induced up-regulation of p21<"" is
pS53-independent (Datto et al. 1995a). TGFB-induced up-regulation of p21¢"" occurs

similar to that of plS'NMB, by association of Smads and Sp1 at the p21"" promoter

(Datto et al. 1995b).

K4B Pl

The effect of TGFB on p27°"" expression is unlike that of p15™**® or p21

The CKI, p27*", is not up-regulated in response to TGEB, but the association of p27°'"
with Cdk2 is substantially increased by TGFS treatment in mink lung epithelial cells
(Reynisdottir et al. 1995). Human keratinocytes (HaCaT) cells also have enhanced

p27"" -Cdk2 complex formation, but this complex formation only occurred after 24h

following TGFS treatment, as opposed to only 4-8h in Mv1Lu cells. Additionally,



HaCaT cells increase p27<'"" levels in response to TGFB (Reynisdottir et al. 1995). The
increase in p27<" -Cdk2 complex formation in response to TGFB was correlated with a

loss of p27°'"" -Cdk4 and p27""" -Cdk6 complex formation, thereby freeing Cdk4/6 for

INK4B

association and inhibition by p15 (Reynisdottir et al. 1995). p15™ " expression

itself can cause a decrease in p27*"" association with Cdk4/6, and enhance p27<'"" -Cdk2
formation (Reynisdottir et al. 1995).

Myec is a protein that can either activate or repress transcription, depending on its
associated factors (Facchini and Penn 1998; Dang 1999). A related protein, max,
assoclates with myc to activate target genes (Staller et al. 2001). TGFB down-regulates
expression of myc, thereby causing inhibition of cell proliferation (Pietenpol et al. 1990;

Zentella et al. 1991). Warner et al. (1999) found that forced expression of myc inhibits

INK4B

the TGFB induced up-regulation of p15 expression and suggest this inhibition may

INK4B

be due to myc repression at the p15 promoter (Warner et al. 1999). Indeed, Staller et

al. (2001) found that in the absence of TGFB, myc and max are associated with miz-1 at

INK4B INK4B

the p15 promoter. Miz up-regulates p15 expression, however the presence of

INK4B

myc and max block miz activity causing inhibition of p15 expression allowing cell

cycle progression to occur. TGFf causes down-regulation of myc, thereby releasing miz-
1 and p15™"*® transcription is up-regulated resulting in cell cycle arrest (Staller et al.

2001). Furthermore, Seoane et al. (2001) show that both Smad transactivation and down-

INK4B

regulation of myc are required to control p15 expression in response to TGF3

(Seoane et al. 2001). Recently, Feng et al. (2002) show that myc can interact directly

with Smad2 and Smad3 in HaCaT cells. Overexpression of myc repressed TGFB-

INK4B
5

induced p1 expression in mink lung epithelial cells (Feng et al. 2002). Myc binds
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to the Smad and Sp1 complex at the p15 promoter to inhibit TGFB-induced p15
expression (Feng et al. 2002). Clearly, regulation of cell proliferation by TGFf involves
a number of cell cycle regulatory genes that are modulated by TGFRB.

1.2.12 Other TGEJ target genes

Additional target genes modulated by TGFER play roles in various cellular
processes, contributing to the diversity of TGFR cellular effects. TGFRB can induce
transcription of a number of genes that contain TPA-response elements (TRE), such as
collagenase I, by association of Smads with AP-1 (Zhang et al. 1998; Wong C et al.
1999). TGFB functions in ECM stabilization by inducing expression of protease
inhibitors, such as plasminogen activator inhibitor type I (PAI-1) (Lund et al. 1987;
Keski-Oja et al. 1988a). PAI-1 inhibits both tissue type plasminogen activator (tPA) and
urokinase plasminogen activator (uPA), and multiple TGF-responsive elements were
suggested to play a role in TGFf induced expression of PAI-1 (Westerhausen et al.
1991). Indeed, Smad interaction with the transcription factor TFE (Hua et al. 1998), and
the Smad-Sp1 interaction (Datta et al. 2000) play a role in up-regulation of PAI-1
expression in response to TGFB.

Smad7 expression is up-regulated in response to TGF3 which participates in
negative feedback inhibition of signaling (Nakao et al. 1997b). Smad3 and Smad4 are
necessary for TGFB induced up-regulation of Smad7 (von Gersdorff et al. 2000). TFE
association with a Smad3 complex is also necessary for TGFB induced Smad7 expression
(Hua et al. 2000). Additional TGFB target genes exist, and TGFf target gene expression
depends on interaction of Smads with specific transcription factors to appropriately

regulate transcription.
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1.2.13 TGFf signaling crosstalk

TGFB signaling can be modulated by other signaling pathways that converge with
the TGFB signaling pathway to alter its effects. Depending on the cell context, interferon
gamma (IFNy), hepatocyte growth factor (HGF), epidermal growth factor (EGF) and
oncogenic ras have all been shown to modulate TGF signaling (de Caestecker et al.
1998; Kretzschmar et al. 1999; Ulloa et al. 1999, ten Dijke et al. 2000; Funaba et al.
2002).

Enhanced TGFRB signaling was demonstrated in studies by de Caestecker et al.
(1998) and Funaba et al. (2002). HGF induced phosphorylation of Smad2 increased
Smad nuclear translocation in mink lung epithelial cells (Mv1Lu), and it is suggested that
EGF would have a similar effect (de Caestecker et al 1998). The site of Smad2
phosphorylation in response to HGF was found to be at the same site which TGFf
phosphorylates at the carboxy terminal domain. This may indicate that HGF can enhance
TGEFB signaling, although the kinase responsible for HGF phosphorylation is not TBRI
(de Caestecker et al. 1998). Funaba et al. (2002) also show enhanced TGFf signaling in
COS-7 and Mv1Lu cells as a result of EGF-induced phosphorylation of Smad2, which is
mediated by Erk1. The phosphorylation site was found to be in the amino terminal
domain of Smad2, and it was further determined that this phosphorylation event extended
the half-life of Smad2, which would thereby enhance Smad2 mediated responses (Funaba
et al. 2002). These studies suggest that signaling via Erk kinases can enhance TGF

signaling.
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In contrast to the studies demonstrating enhanced TGFB signaling by MAPK
signaling, inhibition of TGFB signaling by Ras signaling has been described. Ras-
transformed murine mammary epithelial cells demonstrate inhibition of the TGFR3
signaling pathway, and these cells are resistant to the anti-proliferative effect of TGFS
(Kretzschmar et al. 1999). TGFB-induced Smad2 and Smad3 nuclear translocation was
inhibited by oncogenic ras, which likely explains the inhibition of TGFR cellular response
by Ras in murine mammary epithelial cells (Kretzschmar et al. 1999). The inhibition of
Smad nuclear translocation by Ras and EGF was due to phosphorylation of residues in
the linker region of Smad2 and Smad3 by EGF (Kretzschmar et al. 1999).

[FNy has also been shown to inhibit TGFB signaling, however, the mechanism of
TGFB signaling inhibition by IFNy involves a different stage in the TGFR signaling
pathway. Smad3-Smad4 complex formation and subsequent nuclear translocation are
inhibited by IFNy in a human fibrosarcoma cell line (Ulloa et al. 1999). IFNy up-
regulates Smad7, which acts to negatively regulate the TGFB signaling pathway.
Furthermore, the IFN-y induced up-regulation of Smad7 blocked Smad3-TBRI complex
formation and Smad3 phosphorylation (Ulloa et al. 1999). Therefore, Smad7 induction
by alternative signaling pathways may contribute to TGFB signaling inhibition.

TGFf signaling has also been shown to be inhibited by androgen and estrogen
(Evangelou et al. 2000; Matsuda et al. 2001; Chipuk et al. 2002). Sa-dihydrotestosterone
(DHT) down-regulates TGFS receptors in ovarian cancer cell lines, which may inhibit
TGFS signaling (Evangelou et al. 2000). Chipuk et al. (2002) found that the androgen
receptor inhibits Smad3 interaction with SBE, thereby inhibiting TGFR signaling in a

prostate cancer cell line (Chipuk et al. 2002). Similarly, the estrogen receptor was found
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to associate with Smad3 in kidney carcinoma cells to inhibit TGFR signaling (Matsuda et
al. 2001).

Studies examining factors that can affect TGFR signaling show both enhancement
and inhibition of TGFf signaling, and the effect of these other signaling pathways on
TGFB signaling is likely cell type dependent. Clearly, numerous factors involved in other
signaling pathways may act to modulate the various stages of the TGFB signaling
pathway, which may contribute to the altered response to TGFB typically seen in cancer.
1.2.14 TGFp in cancer

TGF8 is a bifunctional protein which plays a role in normal tissue homeostasis via
its anti-proliferative role, which is also the role TGF8 plays early in tumorigenesis.
During tumor progression, however, factors produced by cancer cells likely cause TGF
to switch from being a tumor suppressor, to function as a tumor promoter (Akhurst 2002).
Late in tumor progression TGF( plays a role in tumorigenesis by promoting
angiogenesis, immunosuppression, and metastasis (Oft et al. 1998; Yu and Stamenkovic
2000).

The proliferative and metastatic properties of TGFB are affected by ras activation.
Non-metastatic transformed murine fibroblasts are growth inhibited by TGFf, whereas
metastatic murine fibroblasts transformed with H-ras are growth stimulated by TGFf3
(Schwarz et al. 1988). Similarly, TGFf induced invasive properties in ras-transformed
murine mammary epithelial cells, but not non-transformed normal cells (Oft et al. 1996).
Furthermore, Janda et al. (2002) demonstrate that TGFB-induced metastasis is dependent
on oncogenic ras. Therefore, oncogenic ras appears to be required for the tumor

promoting properties of TGFB.
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TGFB signaling defects commonly occur in cancer, resulting in resistance to the
anti-proliferative effect of TGFB. Mutations in receptors and Smads have been
implicated in pancreatic, colorectal, lung, and gastric cancers. TRRI mutations have been
described in chronic lymphocytic leukemia (CLL), prostate, breast, cervical and gastric
cancer (Kim et al. 1996; DeCoteau et al. 1997; Chen et al. 1998; Chen et al. 1999; Kang
et al. 1999). One-third of CLL patients are resistant to the anti-proliferative effect of
TGEFB, and thus were examined for TGFB receptor mutations. In contrast to primary CLL
cells from patients that are sensitive to the anti-proliferative effect of TGFB, cells from
TGEFR resistant patients show loss of expression of TBRI protein, thereby suggesting type
I receptor loss to be the mechanism of TGF0 resistance (DeCoteau et al. 1997). The
TGFB resistant prostate cancer cell line LNCaP was found to have loss of expression of
TBRI mRNA and protein, and demonstrate a genetic alteration in the TBRI gene.
Sensitivity to TGFB was restored by addition of TBRI to these cells by transient
transfection (Kim et al. 1996). Breast cancer cell lines are typically resistant to the anti-
proliferative effect of TGF0, and in one study 2/31 primary breast cancers and 5/21
lymph node metastases had a TBRI receptor kinase mutation, which resulted in loss of
signaling activity (Chen et al. 1998). Primary cervical cancer samples were examined for
both type I and type II receptor mutations, and 13/16 samples either exhibited a
polymorphism or a deletion in TBRI, which may contribute to the decreased
responsiveness to TGFB (Chen et al. 1999). Hypermethylation of TBRI was found to be
the cause of decreased TBRI expression in gastric cancer cell lines and primary gastric
tumors (Kang et al. 1999). Hence, TBRI mutations may contribute to resistance to the

anti-proliferative effect of TGFB in some cancers.



TBRI receptor mutations are more common than TBRI receptor mutations, due to
the presence of repeated sequences that are susceptible to mutation (Markowitz et al.
1995), and have been described in lung, gastric, and colon cancers (Park et al. 1994;
Markowitz et al. 1995; Myeroff et al. 1995; Osada et al. 2001). Markowitz et al. (1995)
found TBRII mutations in colon cancer cell lines and decreased or loss of TBRII
expression was found, which correlated with loss of TGFB binding (Markowitz et al.
1995). Further characterization of these mutations revealed all cell lines with reduced or
loss of TBRII expression carried the same mutation, which 1s associated with colon
cancers exhibiting microsatellite instability (Markowitz et al. 1995). These TBRII
mutations were later identified in gastric cancers as well (Myeroff et al. 1995). A
previous study had found TBRII receptor mutations in gastric cancer cell lines that were
resistant to the anti-proliferative effect of TGFB (Park et al. 1994). The mechanism of
loss of TBRII expression in lung cancer cell lines is different than that of colon and
gastric cancers. Lung cancers typically do not exhibit microsatellite instability, therefore,
this inactivating mutation is unlikely. Osada et al. (2001) found that loss of TBRII
expression in lung cancer cell lines occurred due to epigenetic mechanisms; specifically,
enhanced methylation of DNA within the TBRII promoter region and histone
deacetylation (Osada et al. 2001).

Smad mutations have also been implicated in cancer. Smad4 was originally
identified as DPC4 (deleted in pancreatic carcinoma), which is deleted in the majority of
pancreatic cancers (Hahn et al. 1996). The function of DPC4 was not known at this time,
but was identified as a tumor suppressor (Thiagalingam et al. 1996) and suggested to play

arole in TGFf signaling. DPC4 was later found to be mutated in lung cancers (Nagatake
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et al. 1996). A subsequent study demonstrated that DPC4 mutations or deletions were
not a common event in other types of cancers (Schutte et al. 1996), however, Takagi et al.
(1996) demonstrated that DPC4 was also mutated in colorectal cancer (Takagi et al.
1996). These studies also suggested that another tumor suppressor must be involved, due
to the fact that allelic loss at 18921 was often seen in these cancers, however, DPC4
mutations did not occur in all cases (Nagatake et al. 1996; Takagi et al. 1996). Indeed,
Smad? is also located at chromosome 18g21, and has also been implicated as a tumor
suppressor (Eppert et al. 1996; Riggins et al. 1997). Eppert et al. (1999) found
inactivating mutations in Smad2, then known as MADR?2, in colorectal cancer (Eppert et
al. 1999), and Smad2 mutations were also identified in lung cancer (Uchida et al. 1996;
Riggins et al. 1997). Although Smad3 mutations have not been described, Zhu et al.
describe a Smad3 knockout mouse which develops metastatic colorectal cancer (Zhu et
al. 1998), although tumor formation has not been reported in other Smad3 null mice
(Ashcroft et al. 1999; Datto et al. 1999; Yang et al. 1999). Mutations in components of
the TGFB signaling pathway clearly play a role in tumorigenesis in a variety of cancers.
1.2.15 TGFg in ovarian cancer

Due to the role that TGFB signaling defects play in other cancer types, TGFf3
signaling mutations and altered responses to TGFB cellular effects have been studied in
ovarian cancer. Henriksen et al. (1995) found TGFB ligand was overexpressed in ovarian
tumor samples compared to normal ovarian epithelial cells, however, no change in the
levels of TBRI or TBRII was found (Henriksen et al. 1995). Similarly, another study also
found increased expression of TGFB ligand, however, reduced expression of TBRI was

found in ovarian cancer samples compared to normal ovarian tissue (Bristow et al. 1999).
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Chen et al. (2001) also examined TBRI in ovarian cancer samples, and found 33% of
ovarian cancers have TBRI mutations (Chen et al. 2001). TBRII mutations have also been
identified. Decreased or loss of TBRII expression was found in 15/22 ovarian tumor
samples (Lynch et al. 1998). An independent study also found TBRII mutations, which
were significantly correlated with histology (Francis-Thickpenny et al. 2001). The
majority of TBRII mutations occurred in clear cell carcinomas (Francis-Thickpenny et al.
2001). An additional study examined mutations in TBRI, TBRII, Smad2 and Smad4 in
ovarian tumor samples, and found 65.6% harbored a mutation in one of these components
of the TGFB signaling pathway (Wang et al. 2000). Mutations in TBRI, TBRII, and
Smad?2 were identified in this study, however, no Smad4 mutations were detected.

Proliferation of primary ovarian cancer cells and ovarian cancer cell lines in
response to TGFB has been investigated, considering resistance to the anti-proliferative
effect of TGFB is a common occurrence in other cancer types. Ovarian cancer cell lines
have been found to be resistant to the anti-proliferative effect of TGFf. Berchuck et al.
(1992) examined the anti-proliferative effect of TGFf3 in normal ovarian epithelial cells
and ovarian cancer cell lines. Using [*H] thymidine incorporation assays to measure
proliferation, normal OSE was found to be sensitive to the anti-proliferative effect of
TGEFB (Berchuck et al. 1992). Although one ovarian cancer cell line (OVCA420) was
found to respond to the anti-proliferative effect of TGFB, 4 other cell lines were either
unaffected or showed only a slight decrease in thymidine incorporation in response to
TGFB (Berchuck et al. 1992). The effect of TGFf on primary ovarian cancer cells was
not assessed in this study. The ovarian cancer cell lines CaOV3 and OVCAR3 were

found to be growth inhibited by TGFR using MTT assays (Zhou and Leung 1992).



Hence, contradictory reports exist in the literature regarding the effect of TGF@3 on
proliferation of ovarian cancer cell lines. Additionally, the reports investigating the anti-
proliferative effect of primary ovarian cancer cells are also contradictory. Yamada et al.
(1999) measured proliferation using a MTT assay with primary ovarian cancer cells
isolated from ovarian tumor explants. The majority of primary ovarian cancer cells
(78%) were resistant to the anti-proliferative effect of TGFB (Yamada et al. 1999). In
contrast, Hurteau et al. (1994) found 95% of primary ovarian cancer cells to be sensitive
to the anti-proliferative effect of TGFB. This study measured proliferation using [3 H]-
thymidine incorporation, and used primary ovarian cancer cells isolated from ascites fluid
(Hurteau et al. 1994). Assay method or source of tumor cells may be the cause of these
contradictory results.

Clearly, the role of TGFB signaling in ovarian cancer remains controversial.
Contradictory results regarding TGFB receptor expression and mutations, as well as
conflicting studies examining the response of ovarian cancer cells to the anti-proliferative
effect of TGFB elicit the need to further examine this pathway to define its role in ovarian

tumorigenesis.
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1.3 Hypothesis and Objective

Although studies exist that examine the TGFf signaling pathway and TGFf3
cellular responses in ovarian cancer cells, the results are contradictory. Considering other
types of cancers exhibit defects in the TGFB signaling pathway and are resistant to the
anti-proliferative effect of TGFA, it is likely that TGFB signaling defects occur in ovarian
cancer and that ovarian cancer cells do not respond to the growth inhibitory effect of
TGFB. The growth inhibitory effect of TGFf could be modulated in a number of ways.
Mutations in TGFB receptors or Smads could cause the TGFB signaling pathway to be
non-functional. Similarly, defects in TGFB target gene expression could occur to inhibit
cellular responses to TGFB. Furthermore, the presence of other growth factors could
inhibit TGFB signaling by modulating various steps within the TGFB signaling pathway.

Clearly, ovarian cancer cells in vivo are resistant to the anti-proliferative effect of
TGFB considering they continue to proliferate. My hypothesis is that primary ovarian
cancer cells contain defects within the TGFB signaling pathway, allowing uncontrolled
cellular proliferation. The primary objective of this study was to determine whether the
TGFB signaling pathway was intact and functional in primary ovarian cancer cells
isolated from ascites fluid and grown in monolayer culture, and whether primary ovarian
cancer cells respond to the anti-proliferative effect of TGFB. Either TGFf signaling
defects or modulation by other factors could cause resistance to the growth inhibitory
effect of TGFB, and these possibilities were explored in this study. A possible
mechanism by which ovarian cancer cells could be resistant to the anti-proliferative effect

of TGFB in vivo is suggested.
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Figure 1-1: Latent TGFRB structure. Latent TGFf is
secreted as an inactive precurser. Latent TGFB binding
protein (LTBP) functions to target latent TGFB to the
ECM. Following secretion, mature TGFf} remains non-
covalently associated with latency associated peptide
(LAP), which may remain associated with LTBP.
Activation of TGFB by proteases or TSP-1 releases mature
TGFS, which is now able to bind to the TGFf receptor.
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Figure 1-2: TGFB receptor subtypes. Type | and
type Il receptor subtypes are serine/threonine
transmembrane kinase receptors. Both type [ and type
11 subtypes have an extracellular domain, a
transmembrane domain, and a serine threonine kinase
domain. The TGFB type I receptor contains the GS
domain which is the site of phosphorylation by the
type Il receptor, and the L45 loop, which is the site of
association with the receptor-activated Smads. The
type Il receptor is constitutively phosphorylated.
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Figure 1-3: Smad functional domains. A) All Smads have
an amino-terminal MH1 domain, a linker domain and a
carboxy-terminal MH2 domain. The MH1 domain contains
the DNA binding domain, and interacts with CAGAC DNA
sequences. The linker domain contains residues that can be
phosphorylated by MAP Kinases. Protein interactions with
other Smads and transcription factors occur via regions within
the MH2 domain. The MH2 domain also contains the L3
loop, which interacts with the L45 loop of the type I receptor.
The last 2 serines within the SSXS motif are phosphorylated
by the type [ receptor. B) Autoinhibition of receptor-
activated Smads occur by interaction of the MH1 and MH2
domains. Once the SSXS domain is phosphorylated by the
Type I receptor, this autoinhibition is released, and the R-
Smads can interact with the Co-Smad.




>

TBRI] TBRII

Figure 1-4: The TGF8 signaling pathway. A TGF8 dimer (T)
binds to a dimer of TBRII, which is constitutively phosphorylated.
Binding causes recruitment of TBRI, which is phosphorylated (p) by
TBRIL. A Smad2/3 (Sm2/3) homo or heterodimer is then
phosphorylated by the type I receptor. The activated Smad
hetero/homodimer then associates with Smad4 (Sm4), and this
heteromeric Smad complex translocates to the nucleus. In the
nucleus, the Smad complex interacts with other transcription factors
(TF) to modulate TGER target gene expression.
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Figure 1-5: TGFR effects on cell cycle regulators in G1 phase of the
cell cycle. Progression through G1 phase of the cell cycle occur via a
series of cdk/cyclin interactions. Cyclins associate with Cdk’s to form
an active kinase which then phosphorylates retinoblastoma (Rb), which
causes release of a transcription factor (TF) necessary for transcription of
S-phase genes. Cyclin D (D) associates with cdk4/6 (4) in early G1, and
cyclin E (E) associates with cdk2 later in G1 phase. TGFB (T) induces
expression of p153™4B p2 1€ "and p2 7% which act to inhibit kinase
activity of cdk’s. This results in inhibition of Rb phosphorylation and

Gl cell cycle arrest.
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2.1 Primary human ovarian cancer cells

Prior to initiation of these studies, approval was obtained for research on human
materials (QEII Health Sciences Center, Research Ethics Committee, no. QE-RS-99-
016). Table 2-1 indicates ovarian cancer number (OC#) of all patient samples used in
this study. Approximately 2-4 litres of ascites fluid was obtained from patients at late
stage ovarian cancer. Ascites fluid was mixed 1:1 with growth medium (MCDB105
(Sigma)/M199 (Invitrogen) supplemented with 10% fetal bovine serum (FBS; CanSera)
and 1X penicillin/streptomycin) in T75 tissue culture flasks. Cells were allowed to
adhere for 3-4 days, washed 2 times with phosphate buffered saline (PBS), and fed fresh
growth medium. All experiments using primary human ovarian cancer cells were
performed at passages 1-8. Alternative DMEM/F12 (Invitrogen) culture medium
supplemented with 3% FBS, 5 pg/ml insulin, 0.05 mM ethanolamine, 5 ng/ml EGF,
10 pg/ml transferrin and 1X penicillin/streptomycin (DMEM/F12 mix) was tested to
assess whether passage number could be enhanced.
2.2 Cell lines

Human ovarian cancer cell lines used for this study include SkOV3 and CaOV3
cells. SkOV3 and CaOV3 cells are derived from patients with ovarian adenocarcinoma.
Ovarian cancer cell lines were maintained in DMEM (Invitrogen) supplemented with 5%
FBS and 0.1 mM nonessential amino acids. Mink lung epithelial cells (Mv1Lu) are used
as a positive control for TGFp responsiveness. Mv1Lu cells were maintained in DMEM

supplemented with 5% FBS.
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2.3 Transient transfections and luciferase assays

Ovarian cancer cell lines were plated at a density of 4 x 10* cells/well in 12 well
plates on day 0. On day 1, cells in triplicate wells were transfected with 300ng reporter
plasmid. Positive control wells were transfected with pCMV-luc, and negative controls
included pCMV, pGL2-modified and pGL2-basic. The TGF{ responsive reporter
plasmid, p3TP-lux (Carcamo et al. 1995) was used to assess TGF[3 responsiveness. Cells
were transfected using FuGENE®G6 transfection reagent (Roche Molecular Biochemicals,

Laval, Quebec) in normal growth medium. FuGENES6 transfection reagent (3 pl) was

mixed with serum free medium (50 pl), and incubated for 5 min at room temperature.
300 ng of either pCMV, pGL2-basic, pGL2-mod, or p3TP-lux, in combination with 300
ng of pCMV-fgal was added to the FUGENEG mix, and incubated for 15 min at room
temperature. Cells were fed fresh complete growth medium, and the FuGENE6G:DNA
mix was added to each well. On day 2, cells were serum starved (0.2 % FBS) for
approximately 8h, and treated with TGFp (Sigma-Aldrich Corp., Oakville, Ontario,
Canada). An initial dose response was conducted using 0.1 ng/ml, 1 ng/ml and 10 ng/ml
TGFB. Approximately 20h after treatment, cells were harvested for luciferase assay
using the Enhanced luciferase assay kit (BD Pharmingen, Mississauga, Ontario). Cells
were washed 3 times with PBS, and lysed using Luciferase lysis buffer (Roche), and
assayed for luciferase activity using a Luminometer (Lumat LB 9507, Berthold
Technologies). Transfection results were normalized by a 3-galactosidase (3gal) assay.
Cell lysate was added to buffer Z (60 mM Na,HPO,, 40 mM NaH,PO,, 10 mM KCl,

ImM MgSOQy,), and o-Nitrophenyl 3-D-galactopyranoside (ONPG) substrate in 0.1M

Phosphate buffer. The reaction was incubated at 28°C until formation of a yellow color,
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at which time, the reaction was stopped with 1M Na,CO;. Absorbance of samples was
read at 420 nm. Results shown are representative from at least 3 independent
experiments.
2.4 Total RNA extraction

Total RNA for reverse transcription polymerase chain reaction (RT-PCR) was
either isolated using the guanidinium isothiocyanate method (Chomczynski P and Sacchi
N 1987), or isolated using the Sigma GenElute total RNA isolation kit (Sigma) followed
by DNasel treatment to remove potential genomic DNA contamination. RNA used for
Northern blots was isolated using the Sigma GenElute total RNA kit. Primary ovarian
cancer cells and cell lines grown to 70-80% confluence were treated with 0.1 ng/ml
TGFB, 1 ng/ml TGF8, 10 ng/ml EGF alone or in combination for 4h, as indicated in
figure legends, prior to harvesting for RNA isolation.
2.5 RT-PCR

cDNA synthesis was conducted using 3 pg of total RNA isolated from primary
ovarian cancer cells and ovarian cancer cell lines. Total RNA (3 pg) was incubated with
oligo d(Ti,.15) (0.5 pg), 10mM dNTPs, 0.1M DTT, and reverse transcriptase (200 ug;
Superscript IT; Invitrogen) for 50 min at 42°C. PCR was then conducted using 1 pl of
cDNA as template and the primer sets indicated in Table 5. PCR reactions were done for
30cycles: 35 sec at 94°C, 35 sec at 59.5°C, 35 sec at 72°C, with the exception of E-

cadherin, which was done for 30 cycles: 60 sec at 94°C, 90 sec at 60°C, 120 sec at 72°C.

2.6 Northern analysis
Ten micrograms of total RNA was separated on 1.5% formaldehyde gels and

transferred to Brightstar plus membrane (Ambion Inc., Austin, TX). Blots were pre-
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incubated in hybridization buffer (see below) for 2-4h followed by incubation with 1 x
10° cpm/ml probe overnight in hybridization buffer. Signals were visualized by
autoradiography and loading controlled by normalization to the GAPDH signal. Data
shown is representative of at least 2 independent experiments.

2.6.1 cRNA probes: l1solated PCR products (see section 2.5) were subcloned into
pCRII-TOPO , orientation determined by restriction enzyme analysis, followed by
linearization with EcoRV or Xbal. **P-labeled antisense cRNA probes (p15™**?) were
generated by incubation of the cDNA fragment with the SP6 RNA polymerase, 10mM
NTP (ATP, CTP, GTP), transcription buffer (MBI), RNase inhibitor, and 32p_UTP for 1h
at 37°C. *’P-labeled probes were purified by polyacrylamide gel electrophoresis and
counted by scintillation. Blots were incubated with cRNA probes overnight at 60°C in
hybridization buffer (400mM sodium phosphate, ImM EDTA, 0.5% SDS, 1 mg/ml BSA,
50% formamide) and washed at 2 x 1h at 60°C and 1 x 15 min at 75°C in wash solution
(0.1%SDS, 0.1X SSC, ImM EDTA).

2.6.2 c¢DNA probes: Isolated PCR products (see Section 2.5) were subcloned into
pCRII-TOPO, digested with EcoRI to isolate the fragment. Following purification of the
fragments (Geneclean II; Bio101, Rutherford, CA), **P-labeled cDNA probes were
generated using the StripEZ DNA probe synthesis kit (Ambion Inc., Austin, Tx), purified
using Sephadex G50 spin columns (Roche) and counted by scintillation. Blots were
incubated with cDNA probes (Smad7, PAI-1, GAPDH) overnight at 42°C in ULTRAhyb
buffer (Ambion Inc., Austin, Tx) and washed 2 x 5 min at 42°C in low stringency wash
solution (0.1% SDS, 2X SSC) and 2 x 15 min in high stringency wash solution

(0.1%SDS, 0.1X SSC).
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2.7 Protein extraction

Whole cell protein extracts or nuclear and cytoplasmic protein extracts were
prepared from primary ovarian cancer cells and cell lines grown to about 70-90%
confluence. Ovarian cancer cells were serum starved (growth medium supplemented
with 0.2% FBS) overnight followed by treatment for Smad Western blots. Cells were
treated with 0.1 ng/ml TGFB and/or 10 ng/ml EGF for 1h (for all Smad Westerns) or 4h
(p15™*® Westerns) prior to harvesting protein. Protein extracted for phospho-Smad2
and phospho-Smad3 Western blots were prepared by lysing cells in cell lysis buffer
containing 50mM HEPES, 150mM NaCl, 10% glycerol, 1.5mM MgCI2, ImM EGTA,
ImM sodium vanadate, 10mM sodium pyrophosphate, 10mM NaF, 1% triton X-100, 1%
sodium deoxycholate, 0.1% SDS, ImM PMSF and 1X protease inhibitor cocktail (Roche

INK4B Western blots

Molecular Biochemicals, Laval, Quebec). Protein extracted for p15
were prepared by lysing cells in cell lysis buffer containing SOmM Tris-HCI (pH 7.6),
150mM NaCl, ImM EDTA, 0.5% NP40, 0.1% triton X-100 and 1X protease inhibitor
cocktail. For some experiments, nuclear and cytoplasmic protein was isolated separately.
Cytoplasmic protein was isolated by lysing the cytoplasmic membrane with lysis buffer
containing 10mM HEPES, 1.5mM MgCl,, 10mM KCI, 1X protease inhibitor cocktail and
ImM PMSF. The cytoplasmic protein was separated from the nuclei by centrifugation
(1310 xg for 10min at 4°C), and nuclear protein was isolated by lysing the nuclei in lysis
buffer containing 20mM HEPES, 25% glycerol, 0.42M NaCl, 1.5mM MgCl,, 0.2mM

EDTA, 1X protease inhibitor cocktail, and ImM PMSF. Concentrations of all protein

extracts were quantified using a Bradford assay, with BSA as a standard.
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2.8 Western analysis

2.8.1 Smads: Twenty micrograms of whole cell protein or 10pg of nuclear protein from
primary ovarian cancer cells and cell lines were separated on 12% polyacrylamide gels.
Protein was transferred to nitrocellulose membranes, and blocked for 1h in 5% milk in
TBS-T. Protein was detected using specific rabbit anti-human antibodies against Smad2
(1:1000; Zymed Laboratories Inc, South San Fransisco, CA), phospho-Smad2 (1:1000;
Upstate biotechnology Inc, Lake Placid, NY), Smad3 (1:500; Zymed Laboratories Inc),
phospho-Smad3 (1:2000; gift from Edward Leof, Mayo Clinic Cancer Center ) and Actin
(1:1000; Sigma, St. Louis, MO). Following incubation with peroxidase (POD)-
conjugated anti-rabbit antibody (1:5000; Boerhinger Ingelheim), signals were detected
using enhanced chemiluminescence (ECL; Perkin-Elmer corp., Markham, ON). Blots
were stripped (62.5mM Tris pH 6.8, 2% SDS, 0.1M B-mercaptoethanol) for 15 min at
55°C, blocked, and re-probed. Blots were initially probed with Smad2 or Smad3
antibodies, followed by re-probing with the phospho-specific antibodies, and lastly
probed with anti-actin. Data is representative of at least 2 independent experiments.
2.8.2 pl 5"NK4B. Ten micrograms of whole cell protein was separated on 16%
polyacrylamide gels and transferred to nitrocellulose membranes. Following blocking
(1h at room temperature in 5% milk/TBS-T), membranes were incubated with rabbit
polyclonal antibody specific for pt5™**" (1:200; Santa Cruz Biotechnology, Inc., Santa
Cruz, CA). Following incubation with POD-conjugated anti-rabbit antibody (1:5000;
Boerhinger Ingelheim), signals were detected using ECL. Data is representative of at

least 2 independent experiments.
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2.9 Immunofluorescence

Primary ovarian cancer cells (OCS, OC15, OC24, OC32) were plated on glass
coverslips in 12 well plates at a density of 4 x 10* cells/ well and allowed to adhere for
24h. Cells were then serum starved overnight and the following day, cells were treated
with TGFB (1 ng/ml) and EGF (10 ng/ml) for 1h. Cells were fixed with 4%
paraformaldehyde, blocked in 5% horse serum, and incubated with primary antibody
overnight at 4°C. Rabbit anti-Smad2 (2.5 pg/ml) and anti-Smad3 (10 pg/ml) antibodies
were used to detect cellular localization of Smad2 and Smad3 protein. Fluorescent
conjugated anti-rabbit IgG Alexa Fluor 488 (Molecular Probes, Eugene OR) was used to
detect protein expression and intracellular localization by immunofluorescence. Data is
representative of 2 independent experiments.
2.10  Growth curves

Primary ovarian cancer cells and ovarian cancer cell lines were plated at a density
of 4 x 10" cells/well in a 6 well plate on day 0. On day 1 and every third day, cells were
treated with the various ligands in normal growth media. Treatments included serum
starvation (0.2% FBS), control (10% FBS), TGFp (0.1 ng/ml or 1 ng/ml), and EGF (1
ng/ml, 5 ng/ml or 10 ng/ml), alone and in combination. Cells were counted over a 6-9
day period using a hemacytometer. Data is representative of at least 3 independent
experiments.
2.11  Trypan blue exclusion

Trypan blue exclusion was used to determine if cell viability was affected by the
various treatments. Primary ovarian cancer cells (OC3, OCS5, OC7) were plated at 2 x

10* cells/well in 12 well plates, and treated with 0.1 ng/ml TGFB the following day. On
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d4, cells were lifted and mixed 1:1 with 0.4% trypan blue and counted using a
hemacytometer. Viable cells do not retain the trypan blue and remain clear, whereas non-
viable cells have altered membrane integrity and will stain blue. Percent viability was
assessed by determination of the number unstained cells versus total number of cells.
2,12 ELISA

TGFP was measured in ascites fluid obtained from ovarian cancer patients using
Quantikine human TGF1 Immunoassay (R&D Systems, Minneapolis, MN). Ascites
samples were either activated to detect both latent and active TGFB1, or left untreated to
detect only active TGFf31. Activation was done by acidification, followed by
neutralization according to manufacturer specification. Samples and standards (0 — 2000
pg/ml recombinant TGFRB) were added to wells of a 96-well plate precoated with type 11
TGEFS receptor (TBRIT). Wells were washed, and horse radish peroxidase (HRP)-
conjugated polyclonal antibody against TGF1 was added. Following incubation, wells
were washed, and substrate solution was added. After stop solution was added, the
optical density was determined at 450nm, and TGFB31 concentrations were determined
using a standard curve.

EGF was measured in ascites fluid obtained from ovarian cancer patients using
the Quantikine human EGF Immunoassay (R&D Systems). Standards (0 — 250 pg/ml)
and samples (1:20 dilution, 200 ul) were added to wells of a 96-well plate precoated with
anti-EGF antibody. Wells were washed, and HRP-conjugated polyclonal antibody
specific for EGF was added. Following incubation, wells were washed, and substrate

solution was added. After the reaction was stopped by the addition of the stop solution,
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the optical density was measured at 450nm and EGF concentrations were determined
using a standard curve.
2.13  [H]-thymidine incorporation assay

Mv1Lu cells were plated at a density of 3 x 10 cells/well in 24 well plates on d0.
On d2, cells were treated with ascites fluid (0.1ng/ml and 0.5ng/ml ascitic TGFRB) or
recombinant TGFB (0 — 2.5 ng/ml) and [*H]thymidine (1 pCi/well) in serum free medium
for 36-48h at 37°C. Cells were rinsed with PBS, and incubated with 10% trichloracetic
acid (TCA) to precipitate DNA. TCA was removed, cells were rinsed with absolute
ethanol and allowed to dry. 0.1M NaOH was used to dissolve the monolayer, and
incorporated [’H]thymidine was measured by scintillation.
2.14 TGFf neutralization

TGFB activity was neutralized in some experiments to confirm that activity was
dependent on TGFB present in ascites fluid, and not due to other factors. Antibody
specific for TGFB (5 pg/ml — 20 ug/ml) (R&D systems) was pre-incubated with ascites
fluid or TGFR for 30 min at 37°C. Following incubation, the antibody and ascites was
added to ovarian cancer cells or Mv1Lu cells, and activity assessed by [*H]-thymidine
incorporation or Western analysis.
2.15  Statistical analysis

Statistical analysis of growth curves was done using a repeated measures two-way
ANOVA with Tukey’s post hoc test (P < 0.05). Statistical analysis of the transfection

data was done using an unpaired t-test (P < 0.05).
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Table 2-1:

OC number, histology and stage of ovarian cancer samples.
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Product S’ primer 3’ primer Product
E-cadherin ggetgactacaaaatcaatc |gggggeagtaagggctcttt 250
TGFB cgecttagegeecac aggcgcccgggttat 400
TBRI gagcatg-gatccctttttga aacatc gt;gagcaatttcc 397
TORII ataaggccaagclgaageag jgagetctigaggteectgtg 373
Smad?2 cgaaatgccacggtagaaat |fctgecticggtattetgete 327
Smad3 atattccagagaccccacce |ctccgatgtagtagagecge 378
Smad4 ct gccaa&ttcccaacatt gatctcctccaga;gggtcc 450
Smad7 caacttcttctggagectgg Eﬁagctgatctgcacggta 451
SARA gtgtgttggattggcagatg jgcaccaccaaaaggaacact 423
p15MKaB ggactagtggagaaggtecg Jaaataaagtegttgtggece 381
p21¢™! gacaccactggagggtgact |ctcttggagaagatcageeg 318
PAI-1 caacgtggtttictcaccct  [gggcgtggtgaactcagtat 559
TGIF tggcagigagactgaggatg |gcgggaaattgtgaactgat 304
GAPDH tggaaatcccatcaccatct  |gtcttetgggtggcagtgat 351

Table 2-2: Primers and product sizes for RT-PCR
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CHAPTER 3

PRIMARY HUMAN OVARIAN CANCER CELLS MAINTAIN AN INTACT
TGFB SIGNALING PATHWAY
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3.1 SUMMARY

Defects in the TGFB signaling pathway occur in numerous types of cancer. Mutations in
components of the TGFR signaling pathway have been described in cancer, resulting in
resistance to the anti-proliferative effect of TGFB. TGFB signals through a receptor
complex, consisting of type I and type II subunits, which upon activation by ligand
binding, activate intracellular signaling molecules known as Smads. TGFB signaling
defects have been described in ovarian cancer cells, however, the functional significance
of these defects is unknown. Furthermore, studies examining the anti-proliferative effect
of TGFB in ovarian cancer cells have been contradictory. The hypothesis of this study is
that TGFB signaling defects occur in ovarian cancer cells, resulting in resistance to the
anti-proliferative effect of TGFB. Expression of TGFf type I and type II receptors as
well as the Smads responsible for TGFf signaling was assessed, and all components are
expressed. Furthermore, the components are functional, considering TGFR is able to up-
regulate endogenous and transfected target genes in primary ovarian cancer cells and cell
lines. In addition, primary ovarian cancer cells respond to the anti-proliferative effect of
TGFB, which is likely mediated by TGFB induced up-regulation of p15™**® expression.
In contrast, ovarian cancer cell lines are resistant to the anti-proliferative effect of TGFS,

which is likely due to a p15™*P

gene deletion. Therefore, disruptions in the TGF(
signaling pathway appear to be an uncommon event in ovarian cancer, however,

mechanisms must exist to modulate TGFB signaling since ovarian cancer cells continue

to proliferate in vivo.
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3.2 INTRODUCTION

TGF$ inhibits proliferation of normal epithelial cells, including the OSE.
Resistance to the anti-proliferative effect of TGFR has been reported in a number of
different cancers. Colorectal, lung, and pancreatic cancers commonly have defects in
TGFB signaling components, contributing to uncontrolled cellular proliferation of cancer
cells. Mutations in THRI (Kim et al. 1996; DeCoteau et al. 1997; Chen et al. 1998; Chen
et al. 1999; Kang et al. 1999), TBRII (Park et al. 1994; Markowitz et al. 1995; Myeroff et
al. 1995; Osada et al. 2001), Smad2 (Eppert et al. 1996; Uchida et al. 1996; Riggins et al.
1997; Prunier et al. 1999) and Smad4 (Hahn et al. 1996; Nagatake et al. 1996; Takagt et
al. 1996) have been detected in cancer, causing signaling defects.

Receptor and Smad mutations have been described in ovarian cancer, however, it
1s unclear whether these mutations result in signaling defects (Chen et al. 2001; Francis-
Thickpenny et al. 2001; Lynch et al. 1998; Wang et al. 2000). Furthermore, studies
examining the anti-proliferative effect of TGFB on ovarian cancer cells have been
contradictory. Both resistance and sensitivity to the anti-proliferative effect of TGFS in
ovarian cancer cells have been reported. Berchuck et al. (1992) showed that established
ovarian cancer cell lines are resistant to the anti-proliferative effect of TGFf (Berchuck et
al. 1992). Research conducted using primary ovarian cancer cells have shown both
resistance to the anti-proliferative effect of TGFB (Yamada et al. 1999), as well as
sensitivity to the anti-proliferative effect of TGF (Hurteau et al. 1994).

Since TGFB signaling defects are implicated in other types of cancer, this study
hypothesized that TGFf signaling defects may contribute to ovarian tumorigenesis.

Moreover, due to the contradictory results in the literature, further examination of the
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TGFR signaling pathway is necessary to determine if primary ovarian cancer cells and
ovarian cancer cell lines respond to the anti-proliferative effect of TGF. The TGFR
signaling pathway was found to be intact in primary ovarian cancer cells and ovarian
cancer cell lines. Primary ovarian cancer cells were found to respond to the anti-
proliferative effect of TGFB, which is in part mediated by an increase in p1 SINKAE MRNA
expression in response to TGF. Conversely, ovarian cancer cell lines and OC1 do not
INK4B

respond to the anti-proliferative effect of TGFS, and this is likely due to the p15

gene deletions that occur in the ovarian cancer cell lines, as well as OC1.

3.3 MATERIALS AND METHODS

All methods were done according to those described in Chapter 2. Primary
ovarian cancer cells used for growth curves, protein and RNA extraction were grown in
complete MCDB105/M199 medium. Only for the purpose of characterization were

primary ovarian cancer cells grown in the DMEM/F12 mix.

34 RESULTS
3.4.1 Primary ovarian cancer cell characterization

The typical cobblestone morphology of primary ovarian cancer cells grown in
monolayer culture is shown in Figure 3-1A, however, a larger cellular phenotype can also
occur (Figure 3-1B). Occasionally, stromal contamination occurs (Figure 3-1C) and
these cells will eventually over grow any epithelial cells present. Primary ovarian cancer

cells grown in the MCDB105/M199 culture medium consistently displayed a phenotype
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of epithelial cells, whereas cells grown in the DMEM/F12 mix underwent a phenotypic
change and exhibited a spindle shaped cell type.

E-cadherin mRNA expression was analyzed to distinguish primary ovarian cancer
cells from potential mesothelial contaminants, which do not express this marker
(Schofield et al. 1997; Kitazume et al. 2000). E-cadherin mRNA was expressed in
primary ovarian cancer cell samples OC3-7, OC11, OC12, OC14, OC25 (Figure 3-2 and
data not shown).

3.4.2 Histology and stage of primary ovarian cancers

Table 2-1 indicates the OC numbers, histology and stage of ovarian cancer. The
age range of the patients is 36-86, however the majority of patients are 60-80. Serous
adenocarcinoma is the most common histology, and although stage was not available for
all patients, the majority are at late stages (3B, 3C).

3.4.3  All known components of the TGFf signaling pathway are expressed in
primary ovarian cancer cells and cell lines

To determine whether all known components of the TGFB signaling pathway are
expressed in primary ovarian cancer cells and cell lines, RT-PCR analysis was done using
RNA extracted from these cells. TGFB31, TBRI, TARII, Smad2, Smad3, Smad4 and
SARA are expressed in primary ovarian cancer cells and ovarian cancer cell lines (Figure
3-3). Results are shown for OC1, and identical results were found for all primary ovarian
cancer cells and cell lines tested (OC1-12, OC31, OC33-37).

3.4.4 The TGFJ signaling pathway is functional in ovarian cancer cell lines
In order to determine whether the components of the TGF8 signaling pathway

were functional in ovarian cancer cell lines (CaOV3 and SkOV3) and OC1, transfections
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using a TGFR responsive reporter gene, p3TP-lux were done. Ovarian cancer cell lines
and OC1 were transfected with p3TP-lux, treated with 0.1 ng/ml TGF8, and luciferase
activity was assessed. Following transfection and treatment with TGFB, a significant
increase in luciferase activity was seen in SkOV3 cells (Figure 3-4A) and results were
similar for CaOV3 and OC1 (data not shown). Dose response using 0.1 ng/ml to 10
ng/ml TGFB (Figure 3-4B) shows the response seen with 0.1 ng/ml TGFS is similar to
that seen with 10ng/ml TGFS, therefore 0.1 ng/ml TGFf was used for all future
experiments.
3.4.5 The TGF}J; signaling pathway is functional in primary ovarian cancer cells

We determined that primary ovarian cancer cells are unable to be efficiently and
consistently transfected following attempts with several transfection methods. FuGENE®,
calcium phosphate, lipofectamine, and Effectene were all tested, and either resulted in
cell death (Effectene) or inconsistent transfection efficiency. Therefore, endogenous
TGFB target gene expression was used to assess the TGF pathway. Northern analysis of
the TGFB target genes PAI-1 and Smad7 indicates that TGFB increases expression of
both target genes in primary ovarian cancer cells (Figure 3-5). PAI-1 and Smad7 mRNA
expression is minimal in untreated primary ovarian cancer cells, and is increased by
TGEFB treatment.
3.4.6 Primary ovarian cancer cells respond to the anti-proliferative effects of TGFf

Growth curves were conducted on the primary ovarian cancer cell cultures to
determine whether they responded to the anti-proliferative effects of TGFB. Primary
ovarian cancer cells grown under normal growth conditions (growth medium

supplemented with 10% FBS) have a normal rate of proliferation, and serum starved cells
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(normal growth medium with 0.2% FBS) stop growing. Proliferation is inhibited in
primary ovarian cancer cells treated with 0.1ng/ml TGFB (Figure 3-6). Results are shown
for OC2, OC3, OC35, and OC7, and similar results were obtained for OC4 and OCO.
3.4.7 Cell viability is not affected by TGFf

Trypan blue exclusion was used to assess viability of primary ovarian cancer
cells. Viable cells do not retain trypan blue and remain clear, whereas non-viable cells
have altered membrane integrity and retain the blue color. Viability was similar in
untreated and TGFB (0.1ng/ml) treated primary ovarian cancer cells OC3, OCS and OC7
(Figure 3-7).
3.4.8 Primary ovarian cancer cells up-regulate p1 5"™NKB (W RNA and protein
expression in response to TGFf

The anti-proliferative effect of TGFB is partially mediated by up-regulation of the

INK4B INK4B
. pl5

cell cycle regulator p15 mRNA expression is limited in untreated cells (-),

and TGFB treatment (+) strongly enhances p15™*®» mRNA expression in OC2, OC8-10,
and a normal OSE sample, NOSE1 (Figure 3-8A). In contrast SkOV3 and OC1 cells do

not appear to express p15™ <> mRNA. OC2 and OC3 cells up-regulate p15™**®

protein
expression in response to TGFR treatment, whereas SkOV3 and OC1 cells do not express
p135"™%*B protein (Figure 3-8B).
3.4.9 Ovarian cancer cell lines and OCI are resistant to the anti-proliferative effect of
TGFf

Since ovarian cancer cell lines and OC1 have deleted the gene for p1l gINKaB

(Watson et al. 1999; Dunfield et al. 2002), the anti-proliferative effect of TGFB was

tested in these cells to determine if p15™"*® deletions affected the TGFB response.
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Ovarian cancer cell lines and OC1 have a normal rate of proliferation when grown under
normal growth conditions, as well as when grown in the presence of 0.1 ng/ml TGFR3
(Figure 3-9A). Increasing doses (0.1 ng/ml — 10 ng/ml) of TGFR does not alter this

response (Figure 3-9B).

3.5 DISCUSSION

This study characterizes primary ovarian cancer cells isolated from ascites fluid of
late stage ovarian cancer patients and grown in monolayer culture and investigates the
TGEFB signaling pathway in these cells. Primary ovarian cancer cells have an intact and
functional TGFB signaling pathway, and they respond to the anti-proliferative effect of

TGFB, partially by TGFB-induced up-regulation of p15™*<*®

expression.

Primary ovarian cancer cells isolated from ascites fluid exhibit the typical
cobblestone morphology of ovarian cells grown in monolayer culture (Auersperg et al.
1994; Figure 3-1). In our experience, the cobblestone epithelial cells grow well and are
most useful for experimentation. Ovarian cancer cells have a limited growth potential (6-
8 passages) and will eventually exhibit the phenotype of senescent cells that fail to
divide. Therefore the optimal time to conduct most experiments is when the cells are at a
low passage number. An alternative growth medium for primary ovarian cancer cells
was tested to determine whether passage number could be increased. Evangelou et al.
(2000) grow primary ovarian cancer cells in DMEM/F12 supplemented with 3% FBS,
ethanolamine, insulin, EGF, transferrin and penicillin/streptomycin (Evangelou et al.

2000). We found, however, that the morphology of primary ovarian cancer cells is

altered when grown under these conditions. These cells are spindle shaped, and no
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longer have an epithelial phenotype. This altered phenotype is likely due to the EGF
present in this medium, which has been shown to alter phenotype and cell characteristics
(Siemens and Auersperg 1988). Furthermore, cell passage number was not extended
under these conditions and therefore this type of medium was not used for further
experiments. Histology and stage of the ovarian cancer (Table 2-1) is not correlated with
the various phenotypes.

CA-125 is a high molecular weight serum glycoprotein complex present in >80%
of epithelial ovarian cancer patients (Hempling 1994). CA-125 is a common marker used
for ovarian cancer detection and prognosis, however, results using this marker are
inconsistent and unreliable (Kabawat et al. 1983; Hempling 1994; Tortolero-Luna et al.
1994). Hence, usefulness of CA-125 to confirm identity of ovarian cancer cells is
limited. Normal OSE is a simple mesothelium, which differentiates to a more epithelial
phenotype during neoplastic progression (Auesperg et al. 1998). E-cadherin is an
epithelial marker which is never expressed in mesothelial cells and can be used to
distinguish reactive mesothelium from cancer cells (Scholfield et al. 1997). E-cadherin is
expressed in ovarian epithelial cancer and normal OSE from patients at high risk for
ovarian cancer (Maines-Bandiera and Auersperg 1997; Sundfeldt et al. 1997, Wong et al.
1999). All primary ovarian cancer cells tested express E-cadherin mRNA (Figure 3-2).
Potential mesothelial contaminants would not express E-cadherin (Scholfield et al. 1997),
and demonstrate a smaller morphology compared to the ovarian cancer cells (Dr.S.
Murray, Dept. of Pathology, QEII Health Science Centre, personal communication). In
addition, contaminating stromal cells will quickly outgrow the ovarian epithelial cancer

cells (Figure 3-1C), and these samples are discarded. Therefore, based on E-cadherin
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expression and morphology we conclude that the cells isolated from ascites fluid are
indeed primary ovarian cancer cells and not reactive mesothelial cells or stromal
contaminants.

This work shows that expression of all components of the TGFR signaling
pathway are expressed in ovarian cancer cell lines and primary ovarian cancer cells as
analyzed by RT-PCR (Figure 3-3). TGFB81, TBRI, TBRIL, Smad2, Smad3, Smad4 and
SARA are expressed in all primary ovarian cancer cell samples tested (OC1-12, OC31,
0(C33-37) and ovarian cancer cell lines (SKOV3, CaOV3). As all components of the
TGFB signaling pathway were expressed, we next determined whether these components
were functional and could transmit a TGFS signal. The TGF8 signaling pathway was
found to be intact in ovarian cancer cell lines, as measured by luciferase activity of a
TGFB-responsive reporter gene, p3TP-lux (Figure 3-4). SkOV3, CaOV3, and OC1 cells
all up-regulate p3TP-lux activity in response to TGFB. TGFf signaling was measured in
primary ovarian cancer cells by examination of the endogenous target genes Smad7 and
PAI-1 (Figure 3-5). TGFB treatment up-regulates Smad7 and PAI-1 mRNA in all ovarian
cancer cells tested, indicating that the TGF signaling pathway is intact in primary
ovarian cancer cells.

To determine whether primary ovarian cancer cells would respond to a cellular
effect of TGFB, growth curves were done to assess the proliferative response of primary
ovarian cancer cells to TGF. TGFB induces growth arrest in normal OSE (Berchuck et
al. 1992). Primary ovarian cancer cells were found to respond to the anti-proliferative
effect of TGFB (Figure 3-6). In agreement with this study, Hurteau et al. (1994) also

demonstrated that primary ovarian cancer cells are sensitive to the anti-proliferative



68

effects of TGFB. In contrast, Yamada et al. (1995) showed that primary ovarian cancer
cells are resistant to the anti-proliferative effect of TGFB. The study by Hurteau et al.
used primary ovarian cancer cells isolated from ascites fluid, and examined changes in
proliferation using a [*H]-thymidine incorporation assay. Yamada et al. (1999) studied
proliferation of primary ovarian cancer cells isolated from tumor extracts, and used an
MTT assay to examine changes in proliferation. The origin of the primary ovarian cancer
cells (ascites vs. solid tumor explants) may account for these contradictory results. In
addition, Yamada et al. studied proliferation using a MTT assay over a 48h period,
whereas the present studied used cell counts over a 6-9d period. Indeed, little effect on
proliferation was seen at the shorter time points, and significant differences in
proliferation were only seen after 4-5d (Figure 3-6). Therefore, it is likely that the time
course of the study by Yamada et al. was not sufficient to see significant changes in
proliferation.

TGFS can induce apoptosis in normal and cancer cells (Havrilesky et al. 1995;
Choti et al. 2001). Therefore, to ensure the results seen in Figure 3-6 were due to growth
arrest, and not an induction of apoptosis, cell viability was assessed. Although apoptosis
was not measured directly, trypan blue exclusion was used to assess viability of primary
ovarian cancer cells treated with TGFB. Viability of primary ovarian cancer cells was not
affected by TGFB treatment, indicating that TGF3 does not induce apoptosis in these cells
(Figure 3-7) and the growth inhibitory response seen in Figure 3-6 is due to cell cycle
arrest.

The anti-proliferative effect of TGFB is partially mediated by up-regulation of the

cell cycle regulator, plS'NK4B (Hannon and Beach 1994). Northern blots examining
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INK4B
15

p mRNA expression in the primary ovarian cancer cells indicates that TGFf

INK4B mRNA expression in these cells, which likely contributes to the anti-

induces p15
proliferative effect of TGFB. In contrast to the primary ovarian cancer cells, ovarian
cancer cell lines and OC1 do not express pl 5B MRNA (Figure 3-8A). SkOV3 cells
are known to have deleted the gene for p15lNK4B (Watson et al. 1999), therefore CaOV3
cells as well as OC1 were tested and found also to have deleted the gene for p15™"*"
(Dunfield et al. 2002). p15™**® protein expression was also assessed and OC2 and OC3

5™K4B protein in response to TGEB treatment, whereas SkOV3 and OC1

up-regulate pl
cells do not express plSINK‘lB protein (Figure 3-8B). Although OC1 cells are primary
ovarian cancer cells, they appear to have spontaneously immortalized in culture, and

exhibit characteristics of an ovarian cancer cell line. Initially OC1 had a typical

phenotype of the primary ovarian cancer cells, and ovarian tissue from the same patient

INK4B INK4B

has the p15 gene, therefore, deletion of the gene for p15 in vitro may be the

cause of the immortalization of OC1.

INK4B .
, the anti-

Since the ovarian cancer cell lines and OC1 do not express p15
proliferative effect of TGFB was examined in these cells. SkOV3 and OC1 cells are
resistant to the anti-proliferative effect of TGFB (Figure 3-9A). Previous studies have
shown that SkOV3 cells and other ovarian cancer cell lines are resistant to the anti-
proliferative effect of TGFB (Zeinoun et al. 1999; Berchuck et al. 1992), therefore, our
data for the ovarian cancer cell lines is in agreement with the literature. Furthermore,
increasing doses of TGFB had no effect on proliferation in SkOV3 cells (Figure 3-9B).

This study demonstrates the importance of using primary ovarian cancer cells as

opposed to ovarian cancer cell lines for studies investigating proliferative responses.
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Ovarian cancer cells lines have deleted genes necessary for proper growth regulation, and
hence, are a poor model to investigate the TGFB signaling pathway. Moreover, OC1 has

INK4B

also deleted the p15 gene, and this primary ovarian cancer cell sample appears to

have spontaneously immortalized in culture, likely due to this deletion. A previous study

shows that p15™**P

was not deleted in tumor tissue isolated from this patient (Dunfield et
al. 2002) and therefore, is likely not a factor in the development of ovarian cancer.
Interestingly, OC1 now behaves like SkOV3 and CaOV3 cells, in that it it resistant to the
anti-proliferative effect of TGFB, and like the cell lines, is able to be transfected in
contrast to all other primary ovarian cancer cell samples. Due to the immortalization, this
primary ovarian cancer cell sample was not used in further studies.

Although defects in the TGFf signaling pathway have been implicated in other
types of cancers, the TGFB signaling pathway remains intact and functional in primary
ovarian cancer cells. The anti-proliferative effect of TGFJ is partially mediated by the

INK4B

up-regulation of p15 , and ovarian cancer cell lines that are resistant to the anti-

proliferative effect of TGFB have deleted the gene for p15™**® indicating this deletion to
be a cause for TGFR resistance. This study demonstrates that primary ovarian cancer
cells grown in monolayer culture are sensitive to the growth inhibitory effect of TGF0,
suggesting TGFB may not play a role in ovarian tumorigenesis. This may not be the case,
however, since TGFB 1s present in vivo and ovarian cancer cells continue to proliferate.

In addition, TGFR can promote tumorigenesis and perhaps factors produced in vivo alter

the TGFB response.



Figure 3-1. Primary ovarian cancer cell morphology. A) Typical cultures
yield a cobblestone epithelial morphology (400X). B) Another common
morphology is the larger, flattened epithelial cells (400X). C) Stromal
contamination (s) can also occur, and these cells will eventually overtake the
epithelial cells (e) (100X).
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Figure 3-2: E-cadherin mRNA expression. RT-PCR analysis
shows expression of E-cadherin mRNA in primary ovarian cancer
cells OCS, 3, 14, 25,7, 12. No E-cadherin mRNA expression is
present in the no cDNA control (neg).
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Figure 3-3: Expression of components of the TGFB signaling
pathway. RT-PCR analysis shows expression of TGFB1, TBRI, TBRII,
Smad2, Smad3, Smad4 and SARA in primary ovarian cancer cells and
ovarian cancer cell lines. Representative data from OCI1.
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Figure 3-4: Ovarian cancer cell lines have an intact TGFB signaling
pathway. A) SKOV3 cells transfected with pCMV35 have little luciferase
activity (0.43 x10° RLU), which is not affected by treatment with
0.1ng/ml TGFB (T). Transfection with a promoterless luciferase construct
(pGL2-mod) results in little luciferase activity, which is unchanged with
treatment. Untreated SKOV3 (UT) cells transfected with p3TP-lux have
some luciferase activity, which is significantly increased by treatment
with TGFB (T). B) A dose response using 0.1ng/ml (0.1T), 1ng/ml (1T)
and 10ng/ml (10T) TGFB results in a similar increase in luciferase activity
with all concentrations of TGFB. Bars represent standard error of the
mean (SEM). Statistical analysis was done using a t test (¥, P < 0.05)

RLU/Meta-gal (x10 ©)
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Figure 3-5: Primary ovarian cancer cells have an intact TGFB signaling
pathway. Untreated (-) primary ovarian cancer cells have PAI-1 mRNA
expression, which is increased with TGFB (+) treatment (A). Smad7 mRNA
expression 1is also increased by TGFB treatment in primary ovarian cancer
cells (B). GAPDH mRNA expression is shown for loading control.
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Figure 3-6: Primary ovarian cancer cells respond to the anti-
proliferative effect of TGFB. Untreated (UT) primary ovarian cancer cells
have a normal rate of proliferation, which is decreased in cells that are serum
starved (SS; 0.2%FBS). Proliferation of primary ovarian cancer cells treated
with 0.1ng/ml TGFB (T) is inhibited. The graphs show representative data
from three separate experiments. Bars represent SEM. (* = significant
difference between untreated and TGFB treated cells; P<0.05)
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Figure 3-7: Viability of primary ovarian cancer cells is not affected
by TGFB. Untreated primary ovarian cancer cells (UT) are over 90%
viable, as measured by trypan blue exclusion. TGFB treatment (T) does
not affect viability.
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Figure 3-8: p15"™K4B expression is increased in response to TGFB in
primary ovarian cancer cells, and is not expressed in SkOV3 cells and
OC1. A) Untreated cells (-) have no p15™%B mRNA expression, and
TGFB treatment (+) strongly induces p15™&® mRNA expression in the
primary ovarian cancer cells. pl15™*E mRNA is not expressed in untreated
or TGFB treated SkOV3 cells or OC1. B) p15™B protein is not expressed
in SkOV3 or OCI1 cells. p15™&4B protein expression is increased in
response to TGFB treatement in OC2 and OC3.
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Figure 3-9. OC1 and SkOV3 cells are resistant to the anti-
proliferative effect of TGFB. A. OC1 and SkOV3 cells have the
same rate of proliferation when left untreated (UT) or treated with
TGFB (T). Serum starved (SS) cells have a slower rate of
proliferation. B. Increasing doses of TGF[} does not affect
proliferation in SkOV3 cells. Cells left untreated, treated with
0.1ng/ml TGFB (0.1T), Ing/ml TGFB (1T), or 10ng/ml TGFB (10T)
have the same rate of proliferation. Bars represent SEM.
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CHAPTER 4

EGF INHIBITS THE ANTI-PROLIFERATIVE EFFECT OF TGF8
IN PRIMARY OVARIAN CANCER CELLS
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4.1 SUMMARY

TGFB inhibits proliferation of primary ovarian cancer cells in culture, which is partially
mediated by up-regulation of the TGFf3 target gene plSIN'<4B. Although primary ovarian
cancer cells in culture are growth inhibited by TGFB, ovarian cancer cells in vivo are
exposed to TGFB yet continue to proliferate. Therefore, mechanisms must exist to inhibit
the anti-proliferative effect of TGFS to allow uncontrolled cellular proliferation of
ovarian cancer cells. Numerous signaling pathways can converge with the TGFB
signaling pathway to modulate its effects. Depending on the cell context, EGF signaling
can inhibit TGFS signaling by altering R-Smad phosphorylation, R-Smad nuclear
translocation, or target gene expression. The hypothesis of this study is that EGF
signaling will inhibit the anti-proliferative effect of TGFS, contributing to uncontrolled
cellular proliferation. Indeed, the anti-proliferative effect of TGFB is inhibited by EGF in
primary ovarian cancer cells. EGF does not mediate this effect at the level of R-Smad
phosphorylation or nuclear translocation, however, EGF does inhibit the TGFf induced
up-regulation of p15™**® expression. EGF-induced stabilization of Smad transcriptional

co-repressors may mediate the inhibition of p15INK4B

expression by TGFB. /n vivo, the
presence of growth factors such as EGF may prevent the TGFB cellular responses,
contributing to the uncontrolled cellular proliferation of ovarian cancer cells.

Furthermore, inhibition of these converging pathways may restore the TGFB response

and provide therapeutic targets for ovarian cancer patients.
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4.2 INTRODUCTION

Primary ovarian cancer cells respond to the anti-proliferative effect of TGFf3
(Hurteau et al. 1994; Dunfield et al. 2002). Ovarian cancer cells in vivo are exposed to
TGFB (Abendstein et al. 2000), however these cells continue to proliferate. Therefore,
mechanisms must exist to allow for uncontrolled cellular proliferation of ovarian cancer
cells in vivo. Numerous signaling pathways can converge with the TGFR signaling
pathway to modulate TGFR signaling. HGF, IFNy, and EGF have all been shown to alter
TGFB signaling in certain cell types (de Caestecker et al. 1998; Kretzschmar et al. 1999;
Ulloa et al. 1999; ten Dijke et al. 2000; Funaba et al. 2002).

EGF is a mitogen, and has been shown to be mitogenic to normal OSE and
ovarian cancer cells (Siemens & Auesperg, 1988; Berchuck et al. 1993; Rodriguez et al.
1991; Crew et al. 1992). The EGF receptor has been shown to be expressed in ovarian
cancer (Battaglia et al. 1989; Berchuck et al. 1991; Morishige et al. 1991; Owens et al
1991b; Kohler et al. 1992) and the related receptor HER2/neu has been shown to be
overexpressed in ovarian cancer and may contribute to poor prognosis (Slamon et al.
1989; Haldane et al. 1990). Because of the expression of EGF receptors in ovarian
cancer, the mitogenic effect of EGF in normal OSE, and the EGF inhibition of TGFf
signaling in other cell types, EGF may play a role in ovarian cancer.

This study examined whether EGF could modulate TGFB signaling in vitro to
alter the anti-proliferative effect of TGF3 and determined that EGF inhibits the anti-
proliferative effect of TGFB in primary ovarian cancer cells. To further investigate this
result, the effect of EGF on the different steps of the TGFB signaling pathway was

examined. EGF does not inhibit TGFB signaling at the level of receptor activity, or Smad
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nuclear translocation. Rather, EGF inhibits specific TGFB target gene expression.
Whereas EGF does not modulate the TGF effect on the target genes Smad7 or ID1, EGF
has a synergistic effect with TGFf in increasing uPA mRNA expression. Importantly,

EGF is shown to inhibit the TGFB induced up-regulation of p15™**"

mRNA expression,
which likely contributes to the EGF inhibition of the anti-proliferative effect of TGFS in

primary ovarian cancer cells.

4.3 MATERIALS AND METHODS
All methods were conducted as described in Chapter 2. Primary ovarian cancer

cells were maintained in complete MCDB105/M199 medium.

44  RESULTS
4.4.1 EGF inhibits the anti-proliferative effect of TGFf;

Previously, we have shown that TGFB can inhibit proliferation of primary ovarian
cancer cells which was correlated with a TGFB induced increase in p15™**®* mRNA and
protein production. To determine whether EGF could modulate the anti-proliferative
effect of TGFB, primary ovarian cancer cells were grown in the presence of TGF and
EGF, alone and in combination, and proliferation was assessed by counting cell number.
TGFB (T) (0.1 ng/ml or 1 ng/ml) inhibits proliferation of primary ovarian cancer cells,
whereas EGF (E) (10 ng/ml) treated cells have a normal or higher than normal rate of
proliferation compared to cells grown under normal growth conditions (UT; Figure 4-1).
Cells treated with 0.1 ng/ml TGFB and 10 ng/ml EGF (ET) have a rate of proliferation

significantly higher than TGFR treated cells and similar to untreated cells (UT) (Figure 4-
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1A). Data is shown for OCS5, OC17, OC19, OC28 and similar results were obtained for
OC15, 0OC20, and OC23. In contrast, EGF is less effective at inhibiting the anti-
proliferative effect of 1 ng/ml TGFB (OC28 and OC23) (Figure 4-1B and data not
shown), however, the trend for EGF inhibition is apparent for OC17 (Figure 4-1B).
4.4.2 EGF effect on TGFfi-induced Smad2 and Smad3 phosphorylation

To determine whether EGF could modulate activity of the TGFR receptor
complex directly, phosphorylation of the R-Smads, Smad2 and Smad3, was determined
by Western blot analysis. Results are shown for OCS5 (Figure 4-2) and similar results
were found for OC14-OC17 (data not shown). Phosphorylation of Smad2 (Figure 4-2A)
and Smad3 (Figure 4-2B) was strongly induced by 0.1 ng/ml TGFf} compared to
untreated cells, whereas EGF (10 ng/ml) did not affect phosphorylation of Smad2 and
Smad3. Co-treatment of cells with TGF3 and EGF resulted in variable phospho-Smad?2
and phospho-Smad3 levels comparable to TGFR treatment alone. In three independent
experiments either no effect (Figure 4-2A) or a decrease in Smad2 phosphorylation
(Figure 4-2C) was observed in co-treated compared to TGFf treated cells, and this
differential Smad phosphorylation was seen in the same cells of identical passage
number. A complete blockade of Smad2 phosphorylation was never observed. Smad3
phosphorylation was typically unaffected by co-treatment (Figure 4-2B), although slight
decreases were observed in one experiment for two of the five ovarian cancer samples.

Although it appears that total Smad2 levels are increased by TGFf treatment
(Figure 4-2A), this effect is due to the ability of the total Smad2 antibody to recognize

both phosphorylated and unphosphorylated forms of Smad2, which can be seen when the
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2 forms of Smad?2 are further resolved (Figure 4-2C). A similar effect was observed for
Smad3 (data not shown).
4.4.3 EGF does not affect TGFfi-induced nuclear localization of Smad2 and Smad3

Post-receptor activation of R-Smads leads to nuclear translocation, therefore,
immunofluorescence was done to determine if EGF affected the TGFB-induced nuclear
translocation of Smad2 and Smad3 in primary ovarian cancer cells. Cellular localization
of Smad2 and Smad3 in OC24 is shown (Figure 4-3A and 4-3B, respectively), and
similar results were found with OC35, OC135, and OC32. Untreated cells have diffuse
nuclear and cytoplasmic localization of Smad2 and Smad3, however, treatment with
TGFS induces Smad2/3 nuclear translocation (Figure 4-3). Treatment with EGF has no
observable effect on Smad nuclear translocation and co-treatment resulted in Smad
nuclear translocation comparable to cells treated with TGFR alone.
4.4.4 EGF effect on TGEf target gene expression

EGF does not modulate the TGFf5-induced up-regulation of Smad7 mRNA:
Smad7 transcription is up-regulated in response to TGF[ signaling (Nakao et al. 1997b).
In order to determine whether EGF could modulate the TGF response at the
transcriptional level, Northern analysis was done to examine Smad7 mRNA expression in
OC15 - OC17 (Figure 4-4A). Untreated samples express low levels of Smad7 mRNA,
which is induced by TGFB treatment. EGF has been shown to up-regulate Smad7 mRNA
in mink lung epithelial cells (Afrakhte et al. 1998), however, EGF treatment either has no
effect or only slightly increases Smad7 mRNA expression in primary ovarian cancer

cells. Co-treatment with EGF does not cause a decrease in TGFB-induced Smad7 mRNA
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levels. GAPDH mRNA expression was used as a loading control for normalization of the
signal.

EGF synergistically increases TGFf3-induced uPA mRNA expression: uPA
expression can be increased or decreased in response to TGFB, depending on cell type
(Lund et al. 1987; Kieki-Oja et al. 1988b). Previous work from this lab has shown TGFf
increased uPA expression in ovarian cancer cell lines (Dr. Y.Fu; personal
communication). EGF has also been shown to up-regulate uPA expression (Grimaldi et
al. 1986; Niedbala et al. 1989). Primary ovarian cancer cells (OC15-OC17) have a slight
increase in uPA mRNA expression in response to TGFB3, and EGF enhances uPA mRNA
expression (Figure 4-4B). Interestingly, uPA mRNA expression is synergistically up-
regulated in response to TGF and EGF co-treatment.

EGF has no effect of TGFj3-induced down-regulation of IDI mRNA expression:
Ovarian cancer cell lines up-regulate inhibitor of differentiation 1 (ID1) mRNA
expression in response to TGFB (Dr. T. Shepherd, personal communication), however,
the basal level of ID1 mRNA in untreated primary ovarian cancer cells is decreased with
TGEFB treatment in OCS5, OC15, OC16 (Figure 4-4C). EGF has no effect on ID1 mRNA
expression alone, and levels of ID1 mRNA in TGF and EGF co-treated primary ovarian
cancer cells 1s the same compared to that of TGFS treatment alone.

4.4.5 EGF modulates TGFf-induced p15™ KB mRNA expression

Since EGF can abrogate the anti-proliferative effect of TGF3, we examined
whether EGF could modulate TGFB-induced expression of p15™**® mRNA. p15™**"
mRNA expression is shown for OC15 (Figure 4-5), and similar results were found for

0OCS5, OC14, OC16 and OC17 (data not shown). Untreated samples of asynchronously
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5'NK4B MRNA, whereas TGFB strongly induces

growing cells express little or no pl
p15™ B mMRNA expression (Figure 4-5). EGF alone has no effect on p1 5B MRNA
levels, however, co-treatment of EGF with TGFB reduces pl 5™NK4B HRNA levels below
that of TGFB treatment alone. GAPDH signal was used to control for loading.
Normalized data is shown in Figure 4-5B, and the expression levels and percent reduction

(39.1% - 61.4%) for co-treated samples compared to TGFf treated samples are shown in

Figure 4-5C.

4.5 DISCUSSION

Modifications to TGFB signaling have been indicated in numerous types of
cancers, including ovarian (Lynch et al. 1999; Wang et al. 2000; Chen et al. 2001),
however, we previously found that the TGFB signaling pathway was intact and functional
in primary ovarian cancer cells (Dunfield et al. 2002). Since ovarian cancer cells produce
and are exposed to TGFB (Abendstein et al. 2000; Auersperg et al. 2001), inhibition of
the anti-proliferative effect of TGFB must exist to allow for the uncontrolled cellular
proliferation of ovarian cancer cells in vivo. We show that EGF inhibits the anti-
proliferative effect of TGFB in primary ovarian cancer cells, and suggest that it may be
one factor of many that can modulate TGFf cellular responses in vivo.

Alterations in TGFB signaling by EGF and related factors have been demonstrated
in a number of studies, examining modulation of TGFB-induced R-Smad nuclear
translocation by EGF, HGF or oncogenic ras. Studies by Kretzschmar et al. (1999) have
shown that oncogenic ras and EGF can phosphorylate residues in the linker region of

Smad2 and Smad3 (Kretzschmar et al. 1999), which results in inhibition of TGF3-
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induced Smad nuclear translocation in mouse mammary epithelial cells. Studies by de
Caestecker et al. (1998) show that HGF can phosphorylate Smad2, resulting in increased
Smad?2 nuclear translocation in a breast cancer cell line, and further speculate that EGF
will have the same effect (de Caestecker et al. 1998). In contrast, we find that EGF does
not affect TGFB-induced Smad2 or Smad3 nuclear translocation in primary human
ovarian cancer cells (Figure 4-3), suggesting that crosstalk between the TGFf and EGF
signaling pathways may be cell type dependent.

In order for R-Smads to translocate to the nucleus, they must be phosphorylated
by an activated receptor complex. We found that EGF co-treatment did not result in loss
of R-Smad phosphorylation (Figure 4-2) which is in agreement with our results that show
R-Smad nuclear translocation is unaffected by EGF co-treatment. Because decreased
levels of phosphorylated Smad2 and Smad3 were occasionally observed with EGF co-
treatment, the possibility that EGF can modulate TGFR signaling at the receptor level
cannot be ruled out. Our data strongly suggests however, that EGF has minimal effects
on TGFS signaling at the level of R-Smad phosphorylation in ovarian cancer cells.
Furthermore, complete blockade of TGFB-induced R-Smad phosphorylation by EGF was
never observed.

Smad7 is an inhibitory Smad protein that can negatively regulate the TGFB
pathway by inhibiting R-Smad phosphorylation by the activated receptor complex
(Hayashi et al. 1997; Nakao et al. 1997b), and it has been shown that EGF can up-
regulate expression of Smad7 in mink lung epithelial cells (Afrakhte et al. 1998). In
comparison to the strong induction of Smad7 mRNA expression in response to TGF, we

observed minimal induction of Smad7 mRNA by EGF in primary ovarian cancer cells,
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and thus, it is unlikely that EGF induces a negative effect on TGFB signaling via Smad7
(Figure 4-4A). Indeed, our results show that EGF co-treatment does not affect TGF
signaling activity from the receptor to the nucleus. In addition to Smad7, TGFB effects
on Id1 were also not modulated by EGF. 1d genes are up-regulated by BMP (Ogata et al.
1993), and Id1 has been shown to be up-regulated by TGFB in ovarian cancer cell lines
(Dr. T. Shepherd, personal communication). In contrast, TGFB decreases [d1 mRNA
expression in primary ovarian cancer cells, and this was not modulated by EGF co-
treatment (Figure 4-4C). Conversely, uPA is both a TGFB and an EGF target gene
(Grimaldi et al. 1986; Lund et al. 1987; Keski-Oja et al. 1988; Niedbala et al. 1989).
Whereas EGF strongly induced uPA mRNA expression, TGFB only slightly up-regulated
uPA mRNA expression. Interestingly, EGF and TGFf co-treatment resulted in a
synergistic increase in UPA mRNA expression (Figure 4-4B). The uPA promoter
contains Sp1 and AP1 sites (Nerlov et al. 1991; Nerlov et al. 1992; lbanez-Tallon et al.
2002). Smads up-regulate other TGFR3 target genes that contain these sites by association
with Sp1 and AP-1 transcription factors, and EGF can induce AP-1 expression.
Therefore, the synergistic increase in response to EGF and TGFf co-treatment may
reflect the need for association of AP-1, Spl and Smads at the uPA promoter in order to
efficiently induce transcription. Overall, since EGF modulation of TGFB-induced target
gene expression is clearly not a general effect, but rather, specific to the target genes, this
particularly implies that EGF modulation of TGFB signaling does not occur prior to target
gene expression.

In studies of TGFB and EGF on normal bovine OSE cells, Vigne et al. (1994)

found that EGF stimulated proliferation of bovine OSE, and this effect was partially
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decreased by TGFB co-treatment (Vigne et al. 1994). They did not observe an effect of
TGFf alone on bovine OSE proliferation and suggest that TGFf inhibits the mitogenic
effect of EGF. These results were obtained using a ["H]-thymidine incorporation assay
after 24h of treatment. The lack of a TGFR response may be due to the short time course
of treatment or possibly species differences. In the present study, primary ovarian cancer
cells were treated and counted over a period of 7 days, and the maximal responses were
seen at the later time points. Although the possibility exists that TGFR inhibits the
mitogenic effect of EGF, our observation that EGF inhibits the TGFB induced up-

regulation of p15'™**?

mRNA expression strongly suggests that EGF inhibits the anti-
proliferative effect of TGFB in human ovarian cancer cells.

EGF can inhibit the anti-proliferative effect of 0.1 ng/ml TGFf in all primary
ovarian cancer cells tested (n=7; Figure 4-1A), however, inhibition of 1 ng/ml TGFB by
EGF is less consistent (Figure 4-1B). This is not surprising, considering other studies
have shown differential effects of TGFf and EGF on Smad nuclear translocation in mink
lung epithelial cells depending on the dose of TGFB (Kretzschmar et al. 1999).

Although a trend for EGF inhibition of the anti-proliferative effect of 1 ng/ml TGFf was
seen in primary ovarian cancer cells, this effect was not statistically significant, and
appeared to be cell sample and passage number dependent. Although a maximal dose of
EGF (10 ng/ml) was used in the present study, 1 ng/ml EGF inhibited the anti-
proliferative effect of TGF at the same level compared to 10 ng/ml EGF. Higher doses

of EGF were not tested to determine whether EGF could fully inhibit the anti-

proliferative effect of TGFS.
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Although we show that EGF can partially inhibit the anti-proliferative effect of
TGFB in ovarian cancer cells, other signaling pathways may also contribute to abrogation
of the TGFB signal. HGF and oncogenic ras have been shown to alter TGFf signaling in
human breast cancer cells and mouse mammary epithelial cells, respectively (de
Caestecker et al. 1998; Kretzschmar et al. 1999). In addition, IFNy can inhibit nuclear
translocation of Smad3 in a mutant human fibrosarcoma cell line (Ulloa et al. 1999),
which could interfere with TGF@ transcriptional responses. These factors may also be
present and act to inhibit TGFB signaling in vivo, contributing to uncontrolled cellular
proliferation. Indeed, HGF was found to be present in ascites fluid of ovarian cancer
patients (Sowter et al. 1999).

EGF inhibits TGFB-induced p15™*® mRNA expression, which likely accounts
for the EGF inhibition of the anti-proliferative effect of TGFR in primary ovarian cancer
cells. A possible mechanism for EGF inhibition of the TGFS induced up-regulation of
p15™“P expression is via EGF stabilization of the Smad transcriptional co-repressor
TGIF (Figure 4-6). EGF signaling phosphorylates TGIF, resulting in TGIF stabilization
and interaction with Smad2 (Lo et al. 2001). TGIF binding to Smad2 induces formation
of a complex at TGFf target gene promoters and inhibition of gene expression through
recruitment of histone deacetylases (HDACs) (Wotton et al. 1999a). Indeed, over-

INK4B

expression of TGIF in HaCaT cells has been shown to inhibit p15 mRNA expression

(Lo et al. 2001). We found that TGIF mRNA 1s expressed in primary ovarian cancer

cells (Figure 4-7). Future work could examine whether stabilization of TGIF results in

INK4B INK4B

recruitment of HDAC to the p15 promoter and inhibition of TGFB induced p15

mRNA expression in primary ovarian cancer cells.
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Although the TGFB signaling pathway is intact in primary ovarian cancer cells,
mechanisms must exist to alter cellular responses to TGFB and contribute to uncontrolled
cellular proliferation. We show that EGF hinders the TGFB-induced up-regulation of
p15™%*® “and this likely contributes to inhibition of the anti-proliferative effect of TGFf
In primary ovarian cancer cells. /n vivo, the presence of additional growth factors may
prevent TGFB cellular responses, and it is likely a combination of factors that act to
modulate cellular responses. Inhibition of these signaling pathways may therefore help to

restore the anti-proliferative effect of TGFB, and therapeutics that block these other

pathways may be important treatment options for ovarian cancer patients.
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Figure 4-1. EGF inhibits the anti-proliferative effect of TGFB A) Primary
ovarian cancer cells (OC) treated with 0.1ng/ml TGFB (T) are growth inhibited.
EGF (10ng/ml) treated cells (E) have a normal or slightly higher than normal
rate of proliferation compared to cells grown under normal growth condition
(UT). The rate of proliferation of cells treated with EGF and TGFB (ET) have a
rate of proliferation significantly higher than that of TGFB treated cells. B)
Primary ovarian cancer cells treated with Ing/ml TGFRB are also growth
inhibited. EGF i1s less effective at inhibiting the anti-proliferative effect of
Ing/ml TGFB (ET). The graphs show representative data from three separate
experiments. Bars represent SEM. (* = significant difference between
untreated and TGFB treated cells; 1 = significant difference between TGFf3
treated compared to EGF and TGF8 co-treated cells; P<0.05)
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Figure 4-2: EGF effect on TGFB-induced Smad2 and Smad3
phosphorylation. Untreated (UT) primary ovarian cancer cells
(OCS) have little or no phosphorylated Smad?2 (P-Sm2) or Smad3
(P-Sm3) protein. TGFB (T) strongly induces phosphorylation of
both Smad? (A) and Smad3 (B). EGF (E) alone does not affect
levels of Smad2 or Smad3 phosphorylation, whereas cells co-treated
with TGFB and EGF (ET) have similar levels of phosphorylated
Smad2 and Smad3 compared to cells treated with TGF8 alone. The
apparent increase in total Smad?2 levels in response to TGF
treatment (A) is actually a result of the total Smad2 antibody
recognizing both phosphorylated and non-phosphorylated forms of
Smad2, which can be seen when the proteins are further resolved (C;
middle panel). Actin protein levels were assessed to control for
loading.




Figure 4-3: EGF does not affect TGFB induced R-Smad nuclear translocation.
Untreated (UT) primary ovarian cancer cells (OC24) have diffuse nuclear and
cytoplasmic localization of Smad?2 (A) and Smad3 (B). Treatment with TGFS (T)
induces R-Smad nuclear translocation, and this is not inhibited by co-treatment with
EGF (ET). EGF treatment (E) alone does not induce Smad2 or Smad3 nuclear
translocation.
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Figure 4-4: EGF effect on TGFB target gene expression. A) Untreated
(UT) primary ovarian cancer cells exhibit basal Smad7 mRNA expression
which is increased by TGFB treatment (T). EGF (E) alone has little effect,
and EGF co-treatment (ET) does not inhibit TGFB-induced Smad7 mRNA
levels. B) TGFB only slightly increases uPA mRNA expression, whereas
EGF increases uPA mRNA expression. EGF and TGFB co-treatment results
in a synergistic increase in uPA mRNA expression. C) Basal ID1 mRNA
expression 1s decreased by treatment with TGFS, and EGF has no effect.
TGFB and EGF co-treated cells have the same ID1 mRNA expression
compared to TGFS treatment alone. GAPDH mRNA levels were assessed
to control for loading.
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Figure 4-5: EGF inhibits the TGFB induced up-regulation of
p15™NK4B (OC15 cells were either untreated (UT), treated with TGFB
(T), or EGF (E), alone or in combination (ET). A) Untreated cells
and cells treated with EGF have little or no p15™&4B mRNA
expression (3.2kb and 2.2kb mRNA). TGFB induces p15™K4B
expression, whereas co-treatment with EGF reduces levels of TGF3-
induced p15™&B mRNA expression. B) Quantification of the
p15™K4B gional shown in (A) was done by densitometry of the 3.2kb
mRNA signal and normalized to GAPDH mRNA. C) Expression
levels and percent reduction of p15™**8 mRNA in co-treated

compared to TGFB treated cells.
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Figure 4-6: Proposed mechanism of EGF inhibition of the
TGFB induced up-regulation of p15S mRNA expression. TGF3
signaling results in p15™%4B mRNA transcription via Smad2/3
(Sm2/3) and Smad4 (Sm4) binding to the p15™**B promoter in
association with other transcription factors (TF). EGF may cause
recruitment of the Smad transcriptional co-repressor TGIF, which
recruits histone deacetylase (HDAC). HDAC protein could then
modify chromatin structure to turn off p15™%48 mRNA expression.
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Figure 4-7: TGIF mRNA expression in ovarian cancer cell lines
and primary ovarian cancer cells. RT-PCR using cDNA from
SkOV3 and CaOV3 cells, and OC1-3, OC5, OC7, OC13, and OC22

show expression of TGIF mRNA.
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CHAPTERS

CONCENTRATION AND ACTIVITY OF
TGF3 AND EGF IN ASCITES FLUID

100



101

5.1 SUMMARY

Although studies have demonstrated that TGFf and EGF have effects on normal OSE as
well as ovarian cancer cells, the concentration of these growth factors in the ascites fluid
of ovarian cancer patients is largely unknown. TGFf concentrations have been measured
in peritoneal fluid of ovarian cancer patients, however, it is unknown whether active or
total TGFB was measured. The objective of this study was to determine the concentration
of TGFB and EGF in ascites fluid. Immunoassays were used to measure levels of total
(active + latent) and active TGFB, as well as EGF in clarified ascites samples from
ovarian cancer patients. Active TGFf ranged from 1.5 — 3.5 ng/ml, with an average of
2.3 ng/ml and total TGFB levels ranged from 4.7 — 12.4 ng/ml, with an average of 7.3
ng/ml. Functional analysis of the active TGFR present in ascites fluid revealed that the
TGFB present in ascites fluid is able to signal, however, signaling activity is much lower
than what would be expected if all TGF[ present in ascites was able to signal. Therefore,
only a fraction of the TGFB present is actually able to transmit a TGFR signal, and hence
must be inhibited prior to activation of the signaling pathway. EGF was also measured in
ascites fluid, and found to range from only 23 — 38.8pg/ml, with an average of 30.5pg/ml.
Although EGF levels were low, other factors that signal in a manner similar to EGF could
account for inhibition of TGFB signaling. The remaining TGFB signal may therefore be
inhibited by EGF or factors that signal in a similar manner resulting in an overall

inhibition of the anti-proliferative effect of TGFB.
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5.2 INTRODUCTION

Ascites is the accumulation of fluid in the peritoneum, which can be a
complication of late stage gynecologic cancers (Hirabayashi and Graham 1970; Stratton
and DiSaia 1981). The ascites fluid is produced by non-cancerous surfaces of the
peritoneum (Hirabayashi and Graham 1970) and contains tumor cells, serum protein,
mononuclear cells, and macrophages (Stratton and DiSaia 1981). Purification of tumor
cells from ascites fluid 1s a common method of isolating primary ovarian cancer cells
from late stage ovarian cancer patients (Hirte et al. 1992).

The levels of TGFB present in ascites fluid were assessed by Abendstein et al.
(2000), and found to have a mean concentration of 5.443 ng/ml (range 0.737 ng/ml —
14.687 ng/ml). TGFB is secreted as a latent precursor, which must be activated in order
to bind the type II TGFB receptor (Assoian et al. 1983; Miyazono et al. 1988; Wakefield
et al. 1988; Wakefield et al. 1990). The Abendstein study did not distinguish between
active and latent TGFB, therefore, their measurements may include both active and latent
TGFB. An immunoassay utilizing the type II TGFB receptor was used in the present
study to determine the concentration of active TGFB present in ascites fluid.
Furthermore, assays were done to examine TGF0 signaling activity of ascites fluid. The
mean level of active TGFB was found to be 2.3 ng/ml, however, the activity of this TGF
in ascites fluid is lower than what is expected if all active TGFS present in ascites fluid is
able to transmit the signal. Levels of EGF in ascites fluid were also assessed in this

study.



5.3 MATERIALS AND METHODS
All methods were conducted as described in Chapter 2. Ascites fluid samples
were clarified by centrifugation (15 min at 4000 rpm) at the time the samples were

obtained, and the supernatants were stored at -80°C.

54  RESULTS
5.4.1 Concentration of TGFf and EGF in ascites fluid

To measure the concentration of active TGF and EGF in ascites fluid,
commercial enzyme linked immunosorbent assays (ELISAs) were used. Active TGF
ranged from 1.5 — 3.5 ng/ml, with an average of 2.3 ng/ml (Table 5-1A). Total TGFf
was also measured by activating the latent TGFB that may be present in ascites fluid
through an acidification process. The concentration of total TGFf3 ranged from 4.7 ng/ml
- 12.4 ng/m], with an average of 7.3 ng/ml. EGF levels in ascites fluid ranged from 23
pg/ml — 38.8 pg/ml, with an average of 30.5 pg/ml (Table 5-1B).
5.4.2 Ascites fluid does not inhibit DNA synthesis

[*H]-thymidine incorporation in response to ascites fluid was assessed to
determine if ascites fluid (0.1 ng/ml — 0.5 ng/ml ascitic TGFB) could inhibit DNA
synthesis in the TGF-sensitive mink lung epithelial (Mv1Lu) cells. Inconsistent results
were observed for 3 independent experiments when cells were treated with ascites fluid,

however, a decrease in DNA synthesis was not seen, with the exception of ascites

samples A24 and A25 (Figure 5-1A).
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5.4.3 TGFg in ascites fluid does not inhibit DNA synthesis

A neutralizing antibody against TGF} was used to determine whether it is the
TGFB present in ascites samples A24 and A25 that inhibits DNA synthesis in Mv1Lu
cells. The decrease in ["H]-thymidine incorporation in response to A24 and A25 (0.5
ng/mi ascitic TGF) was not affected by co-treatment with neutralizing antibody (25
ug/ml; Figure 5-1B). Initial experiments were done to confirm blocking ability of the
antibody against TGFB, and found the inhibition of DNA synthesis in response to TGF[
in Mv1Lu cells was completely abolished by co-treatment with neutralizing antibody.
5.4.4 Exogenous TGFf is inhibited by ascites fluid

Co-treatment of Mv1Lu cells with ascites samples and recombinant TGFf3 was
done to assess the possibility that a component in ascites fluid can inhibit exogenously
added TGFB. Treatment with TGFB (0.5 ng/ml) caused a decrease in [*H]-thymidine
incorporation (Figure 5-1C). Ascites fluid had little effect alone and co-treatment of cells
with ascites fluid and TGFB (0.1 ng/ml — S ng/ml) resulted in similar levels of [*H]-
thymidine incorporation compared to treatment with ascites fluid alone.
5.4.5 Ascites fluid induces Smad2 phosphorylation

SkOV3 cells were treated with ascites fluid (0.74 ng/ml — 1.73 ng/ml ascitic
TGEFB) and total cellular protein was analyzed by Western blot to determine whether
ascites fluid induces Smad?2 phosphorylation. Western analysis indicates an increase in
phosphorylation of Smad?2 in response to treatment of SkOV3 cells with ascites fluid,

however, the level of Smad2 phosphorylation is lower compared to cells treated with 0.1

ng/ml recombinant TGFB (Figure 5-2).
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5.4.6 TGFf in ascites fluid induces Smad2 phosphorylation

SkOV3 cells were treated with ascites fluid and TGFB neutralizing antibody to
determine whether 1t is the TGFRB present in ascites fluid that is responsible for the
phosphorylation of Smad2. The increase in Smad2 phosphorylation seen with ascites

fluid treatment is inhibited by co-treatment with TGFB neutralizing antibody (Figure 5-3).

5.5  DISCUSSION

The concentration of active TGF8 in ascites fluid was measured by immunoassay.
Previous studies have measured TGFB in ascites fluid and found the concentration of
TGEFB in ascites fluid to be 5.4 ng/ml, however, this study did not distinguish between
active and latent TGF3 (Abenstein et al. 2000). By using an immunoassay that utilizes
the type II TGFB receptor to recognize TGFB, active TGFB can be measured. We found
the concentration of active TGFf to range from 1.5 ng/ml to 3.5 ng/ml, with an average
of 2.3 ng/ml (Table 5-1A). Acidification of ascites fluid was done to activate any latent
TGEFB present in order to measure total (active + latent) TGF. Total TGFf
concentrations ranged from 4.7 ng/ml to 12.4 ng/ml, with an average of 7.3 ng/ml.

To examine the signaling activity of TGFB in ascites fluid, DNA synthesis and
phosphorylation of Smad2 in response to ascites fluid were examined. Mv1Lu cells were
used to assess DNA synthesis, since these cells are known to respond to the anti-
proliferative effect of TGFf which has been measured using [*H]-thymidine
incorporation assays (Cheifetz et al. 1987; Boyd and Massague 1989). MviLu cells were
treated with ascites fluid, and DNA synthesis was measured using [*H]-thymidine

incorporation assays. It was expected that the TGFB present in ascites fluid would inhibit
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DNA synthesis in Mv1Lu cells, however, no inhibition of DNA synthesis occurred in
response to ascites fluid (Figure 5-1A). Although this may indicate that the TGF
present in ascites fluid is not active, it may simply be inhibition of TGFS activity by
another factor also present in ascites fluid. Results from the [*H]-thymidine assays
treating Mv1Lu cells with ascites fluid were inconsistent. The initial experiment showed
an increase in DNA synthesis in response to ascites fluid. Additional growth factors
present may enhance DNA synthesis in Mv1Lu cells, which may be masking an anti-
proliferative response of TGFB. The proliferative response to ascites fluid in the first
experiment was lost in the later experiments, which may be due to loss of activity of
some components in ascites fluid, such as growth factors, related to repeated freeze thaw
cycles or extended storage time.

The exception in the DNA synthesis assays is A24 and A25, which inhibited
DNA synthesis in all 3 experiments. Although A24 and A25 consistently inhibit DNA
synthesis in Mv1Lu cells, neutralizing antibody against TGF3 did not reverse this effect
(Figure 5-1B). Therefore, the TGFf present in ascites fluid is not responsible for the
inhibition of DNA synthesis, but rather another component present in ascites fluid.

TGFB is known to inhibit DNA synthesis in Mv1Lu cells and treatment of Mv1Lu
cells with recombinant TGFB inhibits DNA synthesis in this study; however, this effect is
blocked by treatment with ascites fluid (Figure 5-1C). This result suggests that there may
be components present in ascites fluid that can inhibit TGFB. The potential presence of
these components may also account for the lack of inhibition of DNA synthesis in

response to the TGFR present in ascites fluid.
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The activity of TGFB in ascites fluid was also tested by examining the
phosphorylation status of Smad2 in SkOV3 cells treated with ascites fluid. Treatment of
SkOV3 cells with ascites fluid (0.74 ng/ml — 1.73 ng/ml ascitic TGFB) results in
phosphorylation of Smad2 (Figure 5-2). Because other components are present in ascites
fluid which may induce Smad2 phosphorylation, neutralizing antibodies against TGFf3
were used to confirm that it is the TGFB present in ascites fluid that is responsible for
phosphorylation of Smad2. The phosphorylation of Smad? in response to ascites fluid
was reversed by co-incubation with TGFf neutralizing antibody, indicating this Smad2
phosphorylation is indeed due to the TGFB present in ascites fluid (Figure 5-3). The level
of Smad?2 phosphorylation, however, is lower than what s expected if all TGFB present
in ascites fluid is able to signal. A concentration of 0.1 ng/ml recombinant TGFB is able
to strongly induce Smad2 phosphorylation, however, a greater concentration of TGFS in
ascites fluid (1.5 ng/ml) results in lower levels of Smad2 phosphorylation. This response,
however, was greater in the earlier experiments (Figure 5-2) compared to a later
experiment (Figure 5-3) even though higher concentrations of ascitic TGF was used in
the later experiment (Figure 5-3). Like the DNA synthesis experiments, this decreased
response may be due to repeated freeze thaw cycles and prolonged storage time, resulting
in 1nactivation of components present in ascites fluid. In addition, cells were incubated in
a total volume of 4 ml. The addition of higher ascitic TGFf levels causes the amount of
medium used in these experiments to be lower, thus, the cells may be less responsive due
to alterations in the cellular environment. In general, although some TGF8 is able to
transmit a TGFB signal, there is inhibition of TGFf signaling activity in ascites fluid,

possibly by other factors acting to inhibit TGFB receptor activity.
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The level of EGF in ascites fluid was determined to range from 23 pg/ml to 38.8
pg/ml, with an average of 30.5 pg/mL Although low levels of EGF were detected in
ascites fluid, EGF signaling may still affect the anti-proliferative effect of TGFB, via
ligand independent signaling associated with overexpression of HER2/neu, or alternative
ligand binding to the EGF receptor. HER2/neu is a member of the EGF family of
receptors, and can heterodimerize with the EGF receptor. Overexpression of HER2/neu
results in ligand independent signaling, and has been correlated with poor prognosis in
breast and ovarian cancer (Slamon et al. 1989; Haldane et al. 1990). HER2/neu receptor
is overexpressed in over 30 % of ovarian cancers, and thus, may result in EGF signaling
events that may contribute to inhibition of TGFf signaling. In addition, TGFa signals
through the EGF receptor. TGFa is expressed in ovarian cancer cell lines, as well as
normal, benign and malignant ovarian samples and has been shown to induce
proliferation of primary human ovarian cancer cells (Morishige et al. 1991) and ovarian
cancer cell lines (Crew et al. 1992; Stromberg et al. 1992). Therefore, TGFo may
contribute to inhibition of the anti-proliferative effect of TGF8 in ovarian cancer in vivo.
Although TGFa was not measured in this study, other studies have examined and
detected TGFa in ovarian cancer cell lines, primary ovarian cancer cells, and ovarian
tumor samples (Morishige et al. 1991; Owens et al. 1991a; Kohler et al. 1992; Burke et
al. 1996; Chien et al. 1997; Saltzman et al. 1999). Saltzman et al. measured TGFa levels
in serum and peritoneal fluid of ovarian cancer patients. Serum levels of TGFa were
found in half of the ovarian cancer patients, however, only 6/36 of the ascites samples

contained detectable levels of TGFa (Saltzman et al. 1999). Although detectable TGFa
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(10.2 pg/ml — 24.7 pg/ml) was only found in a small number of ascites samples, TGFo
may contribute to inhibition of TGFB signaling.

Oncogenic ras may also contribute to the inhibition of the anti-proliferative effect
of TGFB in vivo. Metastasis and invasion induced by TGFB is dependent on the presence
of oncogenic ras (Janda et al. 2002). Furthermore, ras transformed cells are growth
stimulated by TGFB, whereas the normal and non-metastatic counterparts are growth
inhibited by TGFB (Schwarz et al. 1988). Activating ras mutations have been implicated
in mucinous ovarian carcinomas (Enomoto et al. 1990; Enomoto et al. 1991, Garrett et al.
2001) and therefore, ras activation may contribute to inhibition of the anti-proliferative
effect of TGFB as well as metastasis and invasion in ovarian cancer.

Although high concentrations of active TGF[} were found to be present in ascites
fluid, there is inhibition of TGFB in ascites fluid. The increase in Smad2 phosphorylation
in response to ascites is inhibited by neutralizing antibody against TGFB and therefore,
TGEFB present in ascites fluid is able to signal. The level of phosphorylation, however, is
much lower than what 1s expected if all TGF8 present in ascites fluid is able to signal,
therefore, other factors present in ascites fluid likely cause inhibition of TGFB signaling
activity. In addition, the residual signaling induced by TGF3 may be inhibited by other
factors present in ascites fluid, such as TGFa and EGF, resulting in an overall inhibition

of the anti-proliferative effect of TGFB.



conc (ng/ml

conc

ascites # |OC # |active|total
AlS5 |OC15 1.7] 9.0
Al6 {OC16 2.3] 4.8
A21 (0OC21 1.0[12.4
A22 [0C22 2.8 7.7
A23 {0C23 1.5 7.5
A24 10C24 311 7.8
A25 |0C25 1.6 7.0
A26 10C26 3.0 4.7
A28 1OC28 1.8] 9.0
A30 JOC30 3.0 6.0
A32 |0C32 351 5.8
AVG 2417 7.3

Table 5-1: TGFB and EGF levels in ascites fluid. A)

ascites # |OC # | (pg/ml)
Al5 |OC15 29.3
Al6 |OC16 29.9
Al17 [OC17 31.0
A21 [OC21 28.8
A22 10C22 28.8
A23 |0C23 332
A24 (0C24 29.3
A25 [O0C25 29.3
A26 [0C26 343
A28 ]OC28 27.7
A31 |OC30 31.5
A32 [0C32 27.2
A38 10C38 39.3
A39 [OC39 27.7
Ad40  [OC40 29.3
A41 [OC41 299
A42 10C42 38.8
A43 |0C43 31.5
Ad4 10C44 23.0
Ad5 |OC45 30.4
AVG 30.5

Active and total (active + latent) TGFB was measured in 11
ascites samples. B) EGF levels were measured in 20 ascites

samples.
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Figure 5-1. DNA synthesis of Mv1Lu cells in response to ascites fluid.
Results shown are fold increase DNA synthesis compared to untreated
(UT)Mvl1Lucells (set at 1). A) Inconsistent results were obtained in 3
experiments investigating DNA synthesis in response to ascites fluid.
Experiment 1 (Exp.1) resulted in enhanced DNA synthesis, with the
exception of A24 and A25. Experiment 2 (Exp.2) and experiment 3
(Exp.3) resulted in no change in DNA synthesis, again with A24 and A25
being exceptions. B) Neutralizing antibody against TGFB (Ab) did not
reverse the inhibition of DNA synthesis in response to A24 and A25,
although co-treatment with antibody (T-Ab) does reverse the inhibition of
DNA synthesis seen with treatment with 0.5ng/ml TGF8 (0.5T). C) The
inhibition of DNA synthesis seen with 0.5ng/ml TGFB is inhibited by
treatment with ascites fluid (A16). Increasing amounts of TGFS (1T and
5T) do not inhibit DNA synthesis when ascites fluid is present.
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Figure 5-1. DNA synthesis of Mv1Lu cells in response to
ascites fluid.
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Figure 5-2: Phosphorylation of Smad2 in response to ascites fluid in
SkOV3 cells. Western blot analysis of SkOV3 cells treated with ascites
samples examining Smad2 phosphorylation (P-Sm2) levels. Untreated cells
(UT) have little phosphorylated Smad2, which is strongly induced by

treatment with 0. 1ng/ml TGFB (T). Treatment with ascites (A) induces
Smad2 phosphorylation.
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Figure 5-3: Phosphorylation of Smad2 in response to ascites fluid is
blocked by TGFB neutralizing antibody. A) Untreated SkOV3 cells (UT)
have little phosphorylated Smad?2 protein (P-Sm2), and TGFB (T) treatment
strongly induces phosphorylation of Smad2, which is completely blocked by
co-treatment with TGFB neutralizing antibody (T-Ab). A slight increase in
phosphorylated Smad? is seen with ascites (A16, A28, A25) treatment, which
is decreased by co-treatment with neutralizing antibody (Ab). B) Phospho-
Smad?2 (P-Sm2) levels normalized to B-actin protein levels.
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SUMMARY, SIGNIFICANCE AND FUTURE STUDIES
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6.1 SUMMARY

This study investigated the TGFB signaling pathway in primary ovarian cancer
cells, to determine whether modifications in TGFf signaling may contribute to ovarian
tumorigenesis. Although TGFB signaling defects are apparent in other types of cancer,
such as colorectal, lung and pancreatic, no signaling defects were detected in ovarian
cancer. Upon further investigation of the pathway, however, it can be suggested that
other signaling pathways present in vivo may alter TGFR signaling, and contribute to
uncontrolled proliferation of ovarian cancer cells.

TGEFEB1, TBRI, TBRIL, Smad2, Smad3, Smad4 and SARA were found to be
expressed in all primary ovarian cancer cell samples and ovarian cancer cell lines tested.
Endogenous and transfected TGF[B target genes were up-regulated in response to TGFB in
primary ovarian cancer cells and cell lines, indicating the TGFf signaling pathway is
functional. Moreover, primary ovarian cancer cells respond to the anti-proliferative
effect of TGFB, which is likely mediated by up-regulation of the cell cycle regulator,
p15™*BIn contrast, ovarian cancer cell lines and OC1 were found to be resistant to the
anti-proliferative effect of TGF. Ovarian cancer cell lines and OC1 have deleted the

15™K4B gene, and therefore, this deletion is likely the mechanism of resistance to the

p
anti-proliferative effect of TGFB. Although the TGFB signaling pathway was found to be
intact and functional in primary ovarian cancer cells, these cells continue to proliferate in
vivo, and therefore, mechanisms must exist to inhibit TGFB signaling in vivo.

Other growth factor signaling pathways, such as the EGF pathway, have been

shown to converge with the TGFB signaling pathway to modulate its effects. EGF

receptor is expressed on OSE and ovarian cancer cells, and EGF is mitogenic to these
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cells. Therefore, the effect of EGF signaling on the TGFR signaling pathway was tested.
EGF inhibits the anti-proliferative effect of TGFB in primary ovarian cancer cells.
Multiple steps within the TGFB pathway could be inhibited by EGF, and these
possibilities were explored. EGF does not inhibit TGF8 induced Smad phosphorylation
or nuclear translocation, however, EGF does inhibit specific target gene expression. EGF
had no effect on the TGFB-induced modulation of Smad7 or Id1, but did inhibit the

INK4B

TGFB-induced up-regulation of p15 . Therefore, the EGF inhibition of the anti-

proliferative effect of TGFS is likely mediated by modulation of p15™**®

expression. A
possible mechanism is via EGF stabilization of Smad transcriptional co-repressors, such
as TGIF, which could inhibit TGFB-induced p15™**? expression.

Although TGFRB and EGF are likely present in ascites fluid of ovarian cancer
patients, the levels were undetermined. Therefore, ELISAs were used to measure levels
of active TGFB and EGF. TGFB was found to be present at high levels within ascites
fluid, however, signaling activity of the TGF} was dampened. TGFB in ascites fluid was
able to transmit a TGFB signal, however, the level of signaling was much lower than
expected if all TGFR present is able to transmit a signal. Therefore, a significant portion
of TGFB signaling must be inhibited prior to Smad activation, and the remaining
intracellular signal may be inhibited by crosstalk from other factors, such as EGF. The
levels of EGF, however, were found to be much lower than expected. Hence, other
factors that signal in a manner similar to EGF, such as TGFa or oncogenic ras, could
account for the inhibition of TGF8 signaling.

Overall, this study demonstrates that primary ovarian cancer cells respond to the

anti-proliferative effect of TGFR in cell culture, but this effect can be inhibited by EGF.
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Although EGF levels are low in ascites fluid, other related factors may have a similar
effect and contribute to uncontrolled cellular proliferation of ovarian cancer cells in vivo
by altering the TGFB effect. Hence, although ovarian cancer cells in culture respond to
the anti-proliferative effect of TGFB, the effect of TGFB in vivo is likely altered by

additional signaling pathways resulting in ovarian cancer progression.

6.2  SIGNIFICANCE

Lack of early detection methods and effective therapies are factors that contribute
to the high mortality rate of ovarian cancer. Understanding processes that lead to ovarian
tumorigenesis and factors associated with disease progression are necessary to develop
better detection methods and treatment options. This study investigates the role of TGFf3
in ovarian cancer, and processes that could alter TGFB signaling to enhance proliferation
of ovarian cancer cells.

Considering TGFf signaling defects are implicated in other types of cancer,
investigating this signaling pathway in ovarian cancer is a rational approach to better
understand factors that contribute to ovarian cancer development. The contradictory
reports in the literature examining TGFR signaling defects in ovarian cancer further
provided incentive to investigate this pathway. Previous studies suggesting that
mutations in components of the signaling pathway were responsible for resistance to the
anti-proliferative effect of TGFB in other types of cancer did not correlate with this study.
The TGFB signaling pathway is intact and functional in primary human ovarian cancer

cells, which respond to the anti-proliferative effect of TGFB.
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The bi-functional role that TGFB plays in tumor progression is of great
importance to this study. Early in tumor development, TGFR acts as a tumor suppressor
(Akhurst 2002; Tang et al. 1998), and cancer cells are sensitive to the anti-proliferative
effect of TGFB. Later in tumor progression, however, TGFf} switches from playing a role
as a tumor suppressor, to acting as a tumor promoter by enhancing metastasis and
angiogenesis (Akhurst 2002). Therefore, if the tumor promoting role of TGFB could be
inhibited by therapeutic intervention, perhaps the tumor suppressor role would not be
suppressed and cancer cells could be growth inhibited by TGF8.

Other factors produced by cancer cells likely cause this switch in the role of TGFf3
(Akhurst 2002). This study has shown that EGF signaling can inhibit the anti-
proliferative effect of TGFB, and hence in vivo, factors such as EGF may cause ovarian
cancer cells to be resistant to the anti-proliferative effect of TGFB and may also further
contribute to tumorigenesis. TGFa, oncogenic ras, or HER2/neu would likely signal in a
manner similar to EGF, and therefore, may contribute to inhibition of the anti-
proliferative effect of TGFB in vivo.

Inhibition of the EGF signaling pathway may restore the anti-proliferative effect
of TGFB, and be a potential therapeutic option for ovarian cancer patients. Targeted
therapeutics are increasingly being developed and tested as cancer therapeutics. ZD1839
(Iressa; AstraZeneca) is an orally active selective EGFR tyrosine kinase inhibitor, that is
currently being tested for use in other types of cancers, such as non small cell lung
cancer, colorectal, breast and prostate cancer (Barker et al. 2001; Baselga and Averbuch
2000, Ciardiello 2000). ZD1839 does not affect other tyrosine kinase receptors, such as

the receptors for VEGF or FGF and because ZD1839 does not completely block EGFR
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activity, side effects for this drug are limited (Wakeling et al. 2002, Baselga and
Averbuch 2000). In addition, oral bioavailability and half-life of this drug are good,
making it a useful therapy (Barker et al. 2001, Baselga and Averbuch 2000). Perhaps
inhibition of EGFR activity by ZD1839 or a similar drug could alter ovarian cancer cell
responsiveness to TGFB, and be a useful therapy for ovarian cancer patients.

Due to the tumor promoting properties of TGFB, treatment with TGF8 could have
detrimental effects, and may not merely cause cancer cell growth arrest but may actually
enhance tumor promotion. In fact, studies have suggested that inhibition of the TGF3
signaling pathway using soluble TGFB type 1l receptors may have clinical applications,
by inhibiting TGFB induced invasion and metastasis. Muraoka et al. (2002) and Yang et
al. (2002) investigated the use of soluble TBRII, and found metastasis of breast cancer
cells was inhibited in mice. Furthermore, it was suggested that although metastasis was
inhibited, proliferation of the primary tumor was not affected, indicating that there was a
specific effect on metastasis (Muraoka et al. 2002, Yang et al. 2002). TGFB inhibitors
may be useful to prevent metastasis of cancer, however, inhibition of the tumor
suppressive functions of TGF must be avoided. Metastasis of ovarian cancer is very
different from metastasis of breast cancer, and therefore, the same effects may not be
seen.

The inhibition of the anti-proliferative effect of TGF3 by EGF appears to be

NK4B . :
5NK4B oxpression. One proposed mechanism of

partially mediated by decreased pl
inhibition is via TGIF stabilization by EGF (Figure 4-6). With the increased

development of small molecule inhibitors as therapies for cancer, it would be rational to

suggest that an inhibitor of a molecule within this proposed mechanism could be
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inhibited, which may restore the TGFf induced up-regulation of p1 5INKaB

and growth
arrest. Inhibition of TGIF or HDAC may be feasible. HDAC inhibitors have been
suggested to be potentially useful in cancer treatment (Yoshida et al. 2001), however, one
problem is the general inhibition of a number of genes. Indeed, treatment of primary
ovarian cancer cells with the HDAC inhibitor trichostatin A (TSA) results in cytotoxicity
(L.D.D., data not shown). Therefore, treatment with a general HDAC inhibitor may not
be a useful option, however, inhibition of TGIF as a therapeutic option remains possible.
These studies suggest a mechanism by which ovarian cancer cells may be
resistant to the anti-proliferative effect of TGFS in vivo, and may provide insight into
methods to overcome this resistance. Overall, better treatment strategies are required for
ovarian cancer patients, and perhaps these studies will lead to clinical applications of

current treatments such as ZD1839 or the development of other strategies to enhance

ovarian cancer patient prognosis.

6.3 FUTURE STUDIES

6.3.1 The role of TGIF in EGF inhibition of the anti-proliferative effect of TGFf
One of the possible mechanisms by which EGF inhibits the anti-proliferative

effect of TGFB is by stabilization of the Smad transcriptional co-repressor TGIF. In

order to determine whether TGIF plays a role in this inhibition, studies investigating the

K4B

interaction of TGIF and Smads at the p15™"*® promoter are necessary. Electromobility

shift assays, DNasel protection assays, and chromatin immunoprecipitation could be used

INK4B
5

to determine complex formation at the p1l promoter in response to TGFB and EGF,

alone and in combination. Supershifts using antibodies against TGIF and the Smads will
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indicate whether these proteins are part of a complex. These studies will show whether

INK4B

EGF enhances formation of a TGIF/HDAC/Smad complex at the p15 promoter,

which would cause inhibition of p15™**®

expression.
6.3.2 ZDI1839 treatment of primary ovarian cancer cells in combination with EGF
and TGFf

Cell proliferation analysis of primary ovarian cancer cells treated with TGFB,
EGF, and ZD1839, alone and in combination will determine whether specific inhibition
of EGF signaling will recover the effects of TGFS. It is expected that treatment with
TGFB, EGF and ZD1839 will result in growth arrest, due to the inhibition of the
mitogenic effect of EGF and restoration of the anti-proliferative effect of TGFS.
6.3.3 EGFR and HER2/neu expression

RT-PCR analysis indicates EGFR is expressed in primary ovarian cancer cells
(data not shown). Further analysis to examine expression of HER2/neu is also necessary,
to determine whether expression of HER2/neu may play a role in inhibition of TGFB
signaling. Overexpression of HER2/neu in primary ovarian cancer cells may result in
ligand independent signaling, which may function in a manner similar to EGF signaling
to inhibit the anti-proliferative effect of TGFB. Levels of EGFR and HER2/neu
expression can be determined in primary ovarian cancer cells using Northern and
Western analysis. Expression of these receptors in primary ovarian cancer cells will
further suggest signaling via these receptors may act to alter TGF8 signaling.
6.3.4 Mechanism of inhibition of ascitic TGFf}

Although high levels of active TGF were present in ascites fluid, minimal

signaling activity was seen with the TGFB in ascites fluid. This study suggests that the
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TGFR present in ascites fluid is inhibited prior to R-Smad phosphorylation, which may be
at the level of ligand binding or receptor activation. The ELISA utilized TBRII to
‘capture’ active TGFB, thus it seems unlikely that TGFB is associated with an inhibitory
protein preventing it from binding to TBRII. Hence, TGFR present in ascites fluid likely
is able to bind TBRIL. The possibility does exist however, that during the ELISA
protocol, TGFB is released from inhibitory binding proteins and is able to bind TBRIL. A
possible TGFB binding protein that may inhibit TGFB binding to TBRII is fetuin. Fetuin
1s a serum component that shares homology with TBRII, and 1s able to bind TGFf31
(Demetriou et al. 1996). Studies have demonstrated inhibition of TGFB activity by
fetuin, including inhibition of the anti-proliferative response (Demetriou et al. 1996).
Hence, fetuin may be present in ascites fluid, thereby binding TGF31 and inhibiting
binding to TBRII and further signaling. In addition, a2-macroglobulin as been shown to
bind TGFB resulting in inhibition (O’Connor-McCourt & Wakefield 1987), and hence,
the presence of a2-macroglobulin in ascites fluid may act to inhibit TGFf signaling.

The other possibility by which signaling of ascitic TGFB is inhibited is by
modulation of receptor activation. Kinase activity of TBRII or TBRI could be inhibited,
which would prevent phosphorylation of TBRI or the R-Smads respectively. In vitro
kinase assays to determine receptor activity could be conducted to determine if ascites
fluid inhibits activity of either TBRI or TBRIL. These future experiments would provide
further insight into the mechanism of inhibition of the anti-proliferative effect of TGFB in
primary ovarian cancer cells that may lead to novel therapeutics for the treatment of

ovarian cancer.
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