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This thesis is an investigation of the use of thrombospondin-1 mimetic peptides
for the treatment of epithelial ovarian cancer. The current standard of care for women
diagnosed with ovarian cancer is surgical de-bulking followed by chemotherapeutics.
Initially, this treatment regimen results in a reduction in the primary tumor,
unfortunately chemoresistance and disease recurrence are problematic. Recent data
has suggested a potential role for anti-angiogenic therapy for the treatment of various
cancers. Therefore, the purpose of this study was to investigate the use of mimetics
consisting of the anti-angiogenic domain of thrombospondin-1 (TSP-1) for the treatment
of epithelial ovarian cancer (EOC) using a mouse model of the disease. The peptides
were applied at various stages of tumor progression and a significant reduction in tumor
size following treatment was observed. We found that not only were the peptides
capable of slowing down tumor progression but they also played a role in reducing the

size of established tumors. Treatment with TSP-1 mimetics also resulted in a significant
reduction in secondary lesions and ascites fluid in the peritoneal cavity of animals. A
significant increase in disease-free survival was also identified following long-term
treatment with the peptide.

Various histological studies revealed that the anti-

angiogenic peptide was in fact inducing apoptosis of the endothelial cells and also reorganizing the vasculature. To determine whether this resulted in increased blood
vessel profusion we applied standard chemotherapeutics in combination with TSP-1
mimetics.

Experiments with radiolabelled and fluorescent chemotherapeutics

demonstrated that pre-treating with TSP-1 mimetics allowed the vasculature to become
normalized and resulted in an increased uptake of chemotherapeutics. Lastly, we
investigated the mechanism of action of anti-angiogenic peptides. Most of the antitumor effects appeared to be due to the apoptotic effects of TSP-1 mimetics on the
vasculature. A direct apoptotic effect on epithelial cells also was observed; however, it
is uncertain how much of a role this plays. In conclusion, this study was important for
identifying TSP-1 mimetic peptides as a potential therapeutic treatment for women
suffering from EOC.
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Introduction and literature review
Ovarian Cancer
Ovarian cancer represents the most lethal gynecological malignancy and the fifth
leading cause of cancer related deaths among women. In Canada, 2600 women are
diagnosed each year and of these 1750 die from the disease. This makes the lifetime
risk of ovarian cancer 1 in 70 women (Ovarian Cancer Canada). Tumors of the ovary are
classified and named according to the cell type from which they originate and whether
they are benign or cancerous. The cell types which have been known to give rise to
tumors include the surface epithelium, germ cells and sex cord-stromal cells. The
epithelial cells constitute 85-95% of ovarian cancers, leaving germ cells (5-8%) and
stromal cells (3-5%) making up the rest (Roett and Evans, 2009). Therefore, the majority
of ovarian cancers arise from the surface epithelium, known as epithelial ovarian cancer
(EOC). There are various subtypes of EOC which are classified according to the World
Health Organization (WHO) based on their histopathogy (Scully, 1975). These subtypes
include, serous, endometroid, mucinous, clear cell, undifferentiated and unclassified.
The most prevalent EOC subtype is high-grade serous adenocarcinoma and it
contributes to over 50% of EOCs (Heintz et al., 2006).
Ovarian cancer is staged based on histopathological findings during surgical
exploration. Staging is determined by the International Federation of Gynecology and
Obstetrics, otherwise known as the FIGO system. In general, the system breaks down
the disease into four stages based on the extent of the primary tumor, involvement of
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metastasis to the lymph nodes and distant metastases (Heintz et al., 2006). For a
detailed description of ovarian cancer staging refer to Table 1. The survival rates for
ovarian cancer vary drastically depending on what stage the disease is diagnosed. If
detected at early stages, the five-year survival rate can be as high as 90% compared to
less than 20% at later stages of the disease (Fiorica et al., 1996;Heintz et al., 2006;Roett
and Evans, 2009).

Unfortunately, EOC often presents at later stages due to the

asymptomatic nature of the disease (Holschneider and Berek, 2000). Based on the fact
that women diagnosed with ovarian cancer in early stages have a significantly better
prognosis compared to those that go undetected, a lot of focus has been given to the
identification of biomarkers that would allow for early detection of disease. These
biomarkers would also allow clinicians to monitor the disease following treatment in
order to reduce recurrence. Despite these efforts, researchers have not successfully
identified a biomarker that can reliably diagnose early stages of ovarian cancer
(Husseinzadeh, 2011).
Ovarian cancer tends to be a disease of older women, affecting those
approaching or in menopause. The majority of women who are diagnosed with EOC are
over the age of 40 and the peak incidence age is 60 (Yancik, 1993). There are various
risk factors which can contribute to ovarian cancer however most of the cases are
sporadic. The most significant risk factor is a family history or genetic syndrome and
contributes to 5-10% of cases diagnosed. Other factors which have been reported to
increase the risk of developing ovarian cancer are exposure to environmental and
pharmacologic agents (Holschneider and Berek, 2000;Roett and Evans, 2009). There are
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also various reproductive factors which can alter a woman’s risk of developing ovarian
cancer. In 1971, it was hypothesized that there was a potential link between ovulatory
cycles and the development of ovarian cancer. Incessant ovulation is major risk factor
(Fathalla, 1971). Various findings have since supported this theory (Casagrande et al.,
1979; La Vecchia et al., 1983).

Epithelial cells must rapidly proliferate following

ovulation which may permit mutations in the surface cells (Bast, Jr. et al., 1992). As
well, various factors which are known to reduce the number of ovulatory events have
been found to decrease a woman’s risk of developing the disease. This includes use of
the oral contraceptive pill, late menarche, early menopause, multiparity and
breastfeeding (Hankinson et al., 1995; Mori et al., 1988; Purdie et al., 1995; Purdie et al.,
2003; Risch et al., 1983; Risch et al., 1994; Rosenblatt and Thomas, 1993).
Despite these known risk factors, the origin and molecular pathogenesis of EOC
is largely unknown. The disease is thought to originate at the ovary, however studies
have found precursor lesions at other sites (Kurman and Shih, 2010). Over the past
decade there have been extensive studies to suggest that the tissue of origin is in fact
the fallopian tube (Crum et al., 2007). In fact, recent studies have reported early lesions
on the fallopian tube in the majority of nonhereditary high-grade ovarian serous
carcinomas (Kindelberger et al., 2007; Przybycin et al., 2010). Other support for this
theory has come from the fact that researchers have successfully created a mouse
model of high-grade serous ovarian cancer that results from a primary tumor on the
fallopian tube following genetic manipulation. The disease spreads in the peritoneal
cavity of the knockout mice which is also characteristic of the human form; interestingly,
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if an oophorectomy is performed at a young age, the mice continue to progress with the
disease but if the fallopian tubes are removed the disease is prohibited (Kim et al.,
2012).
Historically, tumorigenesis was thought to originate in the ovary and spread to
the nearby tissues before disseminating throughout the peritoneal cavity (Cho and Shih,
2009). Despite where the initial tumorigenic events take place, the progression of the
disease seems to follow a similar route. The most common method of metastasis of
ovarian cancer is through the transcoelomic route. Tumor cells become detached from
the primary site and are transported within the peritoneal cavity via the available fluid
(Tan et al., 2006). The cells eventually seed themselves on organs within the peritoneal
cavity and as a result, malignant ascites forms (Barbolina et al., 2009). In contrast,
distant metastases are rare but have been reported at various sites (Roett and Evans,
2009).
There are various hallmarks of cancer which are essential in order for cells to
become tumorigenic. It is thought that once cells have acquired certain mutations they
have the ability to be: self-sufficient in growth signaling via activation of oncogenes or
loss of tumor-suppressor genes, insensitive to anti-growth signals, unresponsive to or
have the ability to evade apoptotic events, capable of limitless replication and can
invade tissues, known as metastasis (Hanahan and Weinberg, 2000). Although all of
these neoplastic properties are necessary for tumor development, they are not
sufficient to become clinically relevant (Naumov et al., 2006). In order for a population
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of tumor cells to grow they require angiogenesis in order to obtain their own blood
supply (Folkman, 1971;Folkman and Klagsbrun, 1987).

Angiogenesis
Physiological Angiogenesis
Angiogenesis is the formation of new blood vessels from existing vasculature and
has been reported to play an essential role in physiological and pathological conditions
(Folkman, 1995). The process was first identified in the placenta and has since received
a lot of attention based on the fact that tumor progression is dependent on
angiogenesis (Folkman, 1971; Folkman, 1972; Folkman and Klagsbrun, 1987).
Angiogenesis begins with capillary proliferation whereby fragmentation of the vessel’s
basement membrane, migration of endothelial cells from the existing vessel towards an
angiogenic stimulus and proliferation of endothelial cells occurs.

Following

proliferation, newly formed vessels differentiate into arterioles and venules which are
necessary for newly formed tissues (Folkman and Klagsbrun, 1987; Klagsbrun and
D'Amore, 1991). Physiological angiogenesis occurs during embryogenesis, tissue repair
and reproductive process, but is otherwise rare in adult tissues (Folkman, 1995). In
contrast, pathological conditions such as inflammation, immune reactions and neoplasia
are all capable of inducing angiogenesis throughout an individual’s lifespan (Denekamp,
1984). Compared to physiological angiogenesis which is a tightly controlled process,
pathological angiogenesis often results in unnecessary bleeding, vascular leakage and
tissue damage (Folkman, 2006).
5

Tumor Angiogenesis
In order to grow beyond 1-2 mm3, tumors must recruit a blood supply (Folkman,
1971), and without adequate perfusion, tumors may become necrotic (Brem et al.,
1976) or apoptotic (Holmgren et al., 1995). Therefore tumors have the ability to
progress from a non-angiogenic to an angiogenic phenotype, a process known as the
angiogenic switch (Folkman et al., 1989). Once tumor cells have transformed to an
angiogenic phenotype they are capable of inducing changes in nearby endothelial cells
or other surrounding cells (Norby et al., 1997; Polverini, 1996). This switch is regulated
by pro- and anti-angiogenic factors and when the balance is disrupted, pathological
conditions such as cancer can result (Carmeliet, 2003). Activation of the angiogenic
switch is accomplished through secretion of growth factors or cytokines, overexpression
of oncogenes, suppression of tumor-suppressor genes and induction of tumorassociated hypoxia.

Regulation of Angiogenesis
Growth factors or cytokines represent pro-angiogenic factors which when produced
in excess induce vessel formation. Numerous growth factors have been implicated in
angiogenesis, including basic fibroblast growth factor (bFGF) (Moscatelli et al., 1988),
platelet-derived growth factor (PDGF) (Nicosia et al., 1994), angiopoietin-1 (Ang-1)
(Pepper et al., 1993), transforming growth factor-beta 1 (TGFB 1) (Gleave et al., 1993)
and epidermal growth factor (EGF) (Yamamoto et al., 2010). The best characterized and
one of the most potent pro-angiogenic growth factors which has been found to be
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overexpressed in a variety of cancers is vascular endothelial growth factor (VEGF)
(Yamamoto et al., 2010; Fujimoto et al., 2001). VEGF is a member of the PDGF family
and functions in vasculogenesis and angiogenesis to promote the growth of blood
vessels through receptor binding (Tischer et al., 1989). There are two VEGF receptors,
VEGF receptor-1 (VEGFR1) and VEGF receptor-2 (VEGFR2) which are located on the
surface of endothelial cells. These receptors belong to a larger family of receptor
tyrosine kinases (RTKs) that function to affect cell proliferation, differention, migration
and metabolism (Mustonen and Alitalo, 1995; McMahon, 2000).

Similar to other

tyrosine kinases, the action of VEGF binding to its receptor results in dimerization and
autophosphorylation of tyrosine residues which activates a signal transduction pathway.
This pathway involves numerous proteins that affect cell survival, cell migration, cell
proliferation and vascular cell permeability which all influence angiogenesis (Carmeliet,
2005; Hubbard, 1999; Neufeld et al., 1999).
VEGF has been shown to induce angiogenesis in a variety of in vivo models (Cao et
al., 1998; Phillips et al., 1994; Plate et al., 1992; Tolentino et al., 1996). It is well known
that increased VEGF expression is characteristic of pathological angiogenesis which
occurs during tumorigenesis. Malignant transformation of cells through various genetic
mutations can also increase VEGF expression and promote angiogenesis (Grugel et al.,
1995; Kieser et al., 1994). The action of VEGF is predominantly mediated in a paracrine
fashion. This is because tumor cells will secrete VEGF however they lack cell surface
receptors needed to elicit a response. Endothelial cells possess these receptors which
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allow the growth factor to bind which ultimately activates angiogenesis within the
tumor. There has also been some data which suggests that VEGF is capable of a more
direct or autocrine mechanism of action. This is based on the fact that some tumors
have been found to express VEGF receptors and also secrete VEGF. It is believed that
the autocrine action of VEGF mediates endothelial cell survival and vascular
homeostasis through binding to VEGFR2 (Alon et al., 1995; Lee et al., 2007).
One of the most critical driving forces of angiogenesis is tumor-associated hypoxia
which is a characteristic of solid tumors. Hypoxia stimulates the production of VEGF
(Minchenko et al., 1994; Shweiki et al., 1992). The process is coordinated by hypoxiainducible factor (HIF) which controls transcription of various hypoxia-sensitive genes.
Hypoxia induces expression of VEGF via HIF-1a and HIF-2a transcription factors
(Forsythe et al., 1996; Semenza, 2003). Oncogene activation of HIF has also been known
to play a role in tumor angiogenesis. Following upregulation of pro-angiogenic factors
such as VEGF, various events take place which promote the stimulation and
maintenance of the newly formed vessels (McMahon, 2000).
Initiation of vessel formation is referred to as endothelial sprouting. It is this
process that allows tumors to recruit blood vessels and become vascularised to meet
their metabolic demands (Dome et al., 2007). Members of the pro-angiogenic family
such as VEGF and Ang permit pericyte detachment from the endothelial cells which
results in vessel dilation. VEGF also plays a role in the activation of matrix degradation
enzymes which make it feasible for new blood vessels to form. In order for blood vessel
maturation to occur, Ang-1 must bind to its receptor Tie-2. These signalling events
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result in the secretion of PDGF from the endothelial cells which stimulates the
recruitment of pericytes to the vessels (Bergers and Song, 2005). Tumor vasculature
however does not undergo blood vessel maturation, as evident by the lack of pericytes
affiliated. It is believed that this is due to the hypoxic regions which occur within tumor
tissue which signals the angiogenic process to be up-regulated and tumor growth to
continue (Holash et al., 1999).
Other differences exist in tumor vasculature that distinguishes them from normal
vessels. The aggressive nature of a tumor and overexpression of pro-angiogenic factors
result in a disorganized network of vessels. There is a lack of vessel hierarchy and their
shape and size is inconsistent (McDonald and Choyke, 2003; Konerding et al., 2001).
The endothelial cells lining tumor vessels are often discontinuous and therefore have
increased fenestrations. This translates to tumor vessels being more permeable than
normal vessels (Carmeliet and Jain, 2000). While the aforementioned pro-angiogenic
factors are essential for angiogenesis, the process is also regulated through the
expression of anti-angiogenic factors such as thrombospondins.

Endogenous Inhibitors of Angiogenesis
Thrombospondins
Thrombospondin was originally identified in the early 1970s and named thrombinsensitive protein based on its secretion from α granules of blood platelets following
thrombin activation (Baenziger et al., 1971).

The protein was later termed

thrombospondin (TSP) (Baenziger et al., 1971; Baenziger et al., 1972). TSPs belong to a
9

family of multifunctional and multidomain glycoproteins. These domains have the
ability to interact with adhesive proteins, cell receptors and enzymes. They are capable
of binding to heparin (Dixit et al., 1986; Gogstad et al., 1983; Lawler and Slayter, 1981),
fibronectin (Lahav et al., 1982 ;Lahav et al., 1984), fibrinogen (Lahav et al., 1984; Leung
et al., 1984; Tuszynski et al., 1985), plasminogen (Silverstein et al., 1985), histidine-rich
glycoprotein (Leung et al., 1984), type IV collagen (Mumby et al., 1984) and calcium
(Lawler and Simons, 1983; Phillips et al., 1980). Combined, these diverse interactions
allow TSP to be involved in cell adhesion, migration, proliferation, cell-to-cell
interactions, angiogenesis, tumor cell metastasis, inflammation, atherosclerosis,
hemostasis and thrombosis and cell-to-matrix communication (Lahav, 1993).
There are five members of the TSP family, TSP-1, -2, -3, -4 and -5 or COMP
(cartilage oligomeric matrix protein) (Adams, 2001; Bornstein and Sage, 1994; Lawler et
al., 1993). The family of proteins can be divided into two subgroups on the basis of their
oligomerization and molecular architecture. TSP-1 and -2 are trimers that have the
same set of structural domains and belong to subgroup A. The protein is a 450 kDA
protein which is composed of three 150 kDA disulfide-linked polypeptide chains
(Baenziger et al., 1972; Bornstein, 1992; Coligan and Slayter, 1984; Lawler et al., 1978;
Lawler et al., 1977; Lawler et al., 1985). Each subunit of the trimer consists of an Nterminal globular domain, a region homologous to procollagen, three types of repeated
sequence motifs (type 1, type 2 and type 3 repeats) and a C-terminal globular domain
(Lawler and Hynes, 1986). TSP-1 and -2 are members of the thrombospondin type-1
repeat (TSR) supergene family whereas the remaining members of the family lack the
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TSR and the procollagen domain, are pentamers and are part of subgroup B (reviewed
by Adams 2001). Therefore, all members of the TSP family have a high degree of
homology at the carboxy-terminal end of the polypeptide. They all contain a variable
number of EGF domains (or Type 2 repeats) and have calcium binding domains (or seven
Type 3 repeats) (Adams and Lawler, 2004).

Thrombospondin-1 (TSP-1)
Thrombospondin-1 (TSP-1) was the first of the five members to be identified as a
major component of blood platelets. Since its discovery, TSP-1 has been implicated in
the regulation of cell growth and proliferation (Majack et al., 1988; Taraboletti et al.,
1990), cell motility (Good et al., 1990; Taraboletti et al., 1987; Vogel et al., 1993),
cytoskeletal organization (Ketis et al., 1988; Ketis and Lawler, 1990), inflammatory
responses (Jaffe et al., 1985; Kreis et al., 1989), development and differentiation of
various cell types (O'Shea et al., 1990), regulation of angiogenesis during wound healing
(Bornstein et al., 2004) and tumorigenesis (Ren et al., 2006); reviewed by (Lahav, 1993).
TSP-1 contains multiple receptor binding domains located throughout the
peptide that are capable of various functions (Lawler, 1986). These receptors include
low density lipoprotein receptor-related protein (LRP), proteoglycans and sulfatides,
CD36, integrins, integrin-associated protein (IAP) and an unidentified receptor for the Cterminus (Figure 1) (Chen et al., 2000). Many membrane proteins can also act as
receptors for TSP-1 and activate downstream signalling pathways (Lawler, 2002). The
anti-angiogenic effects of TSP-1 have been reported to be predominantly mediated by
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the CD36 receptor (Silverstein and Febbraio, 2007). CD36 is a cell-surface membrane
protein that belongs to the scavenger receptor B family (Robson et al., 1988). The
receptor interacts with a specific motif on TSP-1 , as evident by studies that utilized
specific peptides and noted receptor binding inhibition to the anti-angiogenic
compound (Asch et al., 1992).

In vitro studies have demonstrated that CD36 is

responsible for the inhibition of endothelial cell migration and tube formation (Dawson
et al., 1997). Studies that involved mice deficient in the scavenger receptor reported
that both TSP-1 and -2 did not have anti-angiogenic activity (Jimenez et al., 2000;
Simantov et al., 2005). Upon binding of TSP-1 with CD36, a pro-apoptotic response is
elicited which results in an anti-angiogenic response on endothelial cells.

This is

mediated via activation of fyn kinase and subsequent activation of p38 MAP kinase and
caspases. Mice deficient in components of these pathways failed to elicit an antiangiogenic response to TSP-1 (Jimenez et al., 2000).

TSP-1 in Cancer
Researchers have reported relatively low levels of TSP-1 in various human tumor
cell lines compared to normal or benign lines (Bocci et al., 2003; Bastian et al., 2005). As
well, cell lines with low metastatic potential have been reported to express higher levels
of TSP-1 compared to metastatic lines (Weinstat-Saslow et al., 1994; Zabrenetzky et al.,
1994). The expression of anti-angiogenic molecules has also been reported in malignant
bladder carcinomas (Beecken et al., 2009). Experiments where TSP-1 was transfected
into human cancer cell lines and inhibited primary tumor formation (Sheibani and
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Frazier, 1995;Weinstat-Saslow et al., 1994) and decreased metastasis in vivo (WeinstatSaslow et al., 1994) validated this relationship. It has also been documented that
metastasis is suppressed following administration of TSP-1 in a melanoma model
(Rofstad and Graff, 2001). This suggests that an inverse correlation between TSP-1
expression and tumor aggressiveness whereby malignant progression is associated with
reduced levels of TSP-1 in certain cancers. This has since been supported by more
recent studies where it was determined that low TSP-1 expression was significantly
associated with advanced or late stage disease of clear cell renal cell carcinoma and
non-small cell lung carcinoma (Chen et al., 2009; Zubac et al., 2009).
Overexpression of TSP-1 in cancer cell lines has been shown to suppress tumor
formation by targeting the vasculature (Bleuel et al., 1999; Fontana et al., 2005; Hsu et
al., 1996; Sheibani and Frazier, 1995; Streit et al., 1999; Weinstat-Saslow et al., 1994).
An anti-angiogenic phenotype has been induced following introduction of TSP-1 into cell
lines derived from gliobastoma multiforme. Angiogenesis was measured by in vitro
endothelial cell migration and in vivo corneal neovascularization assays (Hsu et al.,
1996). TSP-1 expression has also been manipulated in human cancer cell lines and
injected into nude mice. Angiogenesis is then assessed based on microvessel density
(MVD) within the tumors which utilizes endothelial cell-specific markers, such as cluster
of differentiation 31 (CD31) in order to identify vessels via immunohistochemistry. MVD
was decreased in primary tumors that formed from the TSP-1 overexpressing cell lines
(Weinstat-Saslow et al., 1994). In a model of human squamous cell carcinoma, TSP-1
overexpression experiments reported similar results in that tumor growth, vessel
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number and size were significantly decreased.

Histological analysis revealed that

tumors derived from TSP-1 stably transfected cells exhibited extensive areas of tumor
cell necrosis which might have been due to the anti-angiogenic effects of TSP-1 on
tumor vasculature (Streit et al., 1999).
Expression of TSP-1 and its correlation with angiogenesis has been investigated
in clinical studies of patients with bladder, papillary thyroid and epithelial ovarian
cancer. This relationship was established based on a significant inverse association
between TSP-1 expression and MVD count. Patients with tumors that expressed high
levels of TSP-1 had low MVD counts and were therefore more likely to exhibit a
decrease in angiogenesis compared to control tissue. A decrease in TSP-1 expression
has also been reported to be accompanied with high MVD counts which may contribute
to an angiogenic phenotype (Alvarez et al., 2001; Grossfeld et al., 1997; Kodama et al.,
2001a; Tanaka et al., 2002; Yao et al., 2000).
The majority of studies that have investigated vascular parameters and related
them to TSP-1 expression have done so through histological examination of endothelial
cell specific markers within tumor tissue. There are however various human carcinomas
with different degrees of vascularization that have been used to determine how
vascularity relates to expression of TSP-1. Increased levels of TSP-1 were found in a
hypovascularized human carcinoma (Kawahara et al., 1998). Results from this study
support that an inverse relationship exists between the degree of vascularization and
TSP-1 expression. It also supports the role of TSP-1 as an anti-angiogenic protein that
regulates tumorigenesis.
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Expression of TSP-1 has also been a predictor of tumor recurrence and overall
survival. Clinical studies of patients with invasive bladder cancer and papillary thyroid
carcinoma reported low TSP-1 expression, as determined by immunohistochemistry,
was associated with an increased probability of disease recurrence and decreased
overall survival (Grossfeld et al., 1997; Tanaka et al., 2002). Likewise, lack of TSP-1 was
associated with poorer prognosis in patients diagnosed with colorectal carcinoma (Kaio
et al., 2003). Tumors from patients that were determined to be TSP-1 negative had a
worse prognosis compared to those who expressed the anti-angiogenic protein (Maeda
et al., 2001). Clinical studies of invasive epithelial and cervical cancer have revealed that
TSP-1 expression might also offer a valuable prognostic factor (Kodama et al., 2001a;
Kodama et al., 2001b). In another study of invasive EOC, tumors that expressed high
levels of TSP-1 was associated with a higher survival rate compared to cases where TSP1 levels were lower (Alvarez et al., 2001). Expression of TSP-1 and good overall survival
has also been documented in gastric cancer (Nakao et al., 2011). The 5-year survival
rate has also shown to be significantly higher in patients with tumors that express high
levels of TSP-1 (Yao et al., 2000).

The evidence mentioned supports that TSP-1

possesses anti-tumor properties in some cancers and may be a useful tool to predict
prognosis. An indirect inhibitory effect might also play a role. TSP-1 and VEGF have
been reported to have an inverse relationship (Kwak et al., 2002); therefore tumors that
express high levels of TSP-1 would presumably have low levels of VEGF.
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Treatment for EOC
A woman who is suspected of having ovarian cancer will initially undergo surgical
treatment which serves two purposes. If the disease is in its early stages, the purpose of
surgery is to confirm diagnosis and surgically stage the patient. On the other hand, if
the disease appears to be more advanced, then the goal is to surgically de-bulk the
tumor as well (Partridge and Barnes, 1999). Women who are diagnosed with early
stages of EOC have a high survival rate following surgery alone. However, less than 30%
of women are diagnosed in early stages of the disease and therefore require adjuvant
treatment (Gonzalez-Martin, 2004). Over the years, the use of chemotherapy for the
treatment of EOC has proven to be successful (McGuire et al., 1989). Ovarian cancers
are highly responsive to cytotoxic agents including alkylating agents, platinum
compounds, anthracyclines and taxanes (Qazi and McGuire, 1995).

Conventional

treatment of ovarian cancer typically involves cyto-reductive surgery followed by
platinum or taxol based chemotherapy (Harries and Kaye, 2001; Morrison et al., 2007).

Chemotherapeutics
Cisplatin

(cis-diamminedichloroplatinum

II)

is

a

platinum-based

chemotherapeutic that has been used to treat various cancers. Platinum complexes
bind to and cause cross-linking of DNA which ultimately induces apoptosis of the cells
(Williams and Whitehouse, 1979). The cytotoxic agent was discovered accidentally in
the mid-1960s when the effect of electric fields on the growth of cells was being
investigated (Rosenberg et al., 1965). Platinum compounds were then tested on cancer
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cell lines and it was determined that they exhibit anti-tumor activity by inhibiting cell
division (Rosenberg et al., 1965). In 1976, one of the first trials (phase II study) of
cisplatin in advanced ovarian adenocarcinoma was conducted which demonstrated a
response rate of survival, or the percentage of patients whose cancer disappeared or
regressed following treatment (Wiltshaw and Kroner, 1976).
Paclitaxel is a mitotic inhibitor that has also been utilized as an anti-cancer agent
since its discovery in 1967 when it was isolated from the bark of the Pacific yew tree
(Wani et al., 1971; Wall and Wani, 1996). It was determined that the compound was
capable of inhibiting proliferation in the cell cycle and therefore blocking mitosis (Fuchs
and Johnson, 1978). Unlike other anti-mitotic agents, paclitaxel stabilizes microtubules
and inhibits depolymerisation to tubulin, disrupting their formation during mitosis
(Schiff et al., 1979). When paclitaxel was entered into phase II clinical trials for the
treatment of advanced ovarian cancer, a response rate of approximately 30% was
observed (McGuire et al., 1989) and these results were very similar to those reported
for cisplatin (Wiltshaw and Kroner, 1976). Since its entry into clinical trials, others have
reported significant activity in patients suffering from ovarian cancer (Einzig et al., 1992;
Thigpen et al., 1994).
The inclusion of cisplatin and paclitaxel in randomized trials demonstrated their
effectiveness based on reports of increased response rate, progression-free survival and
overall median survival (McGuire et al., 1989; McGuire et al., 1996; Omura et al., 1986;
Wiltshaw and Kroner, 1976). Therefore, patients diagnosed with EOC are often treated
with a combination of cisplatin (75mg/m2) and paclitaxel (135mg/m2) every three
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weeks for six cycles following surgical de-bulking (Partridge and Barnes, 1999).
Combining platinum with paclitaxel has been well documented over the years however
recent studies have supported using carboplatin instead of cisplatin (du Bois et al., 2003;
Ozols et al., 2003). Clinical trials have shown that carboplatin is as effective as cisplatin
and is significantly less toxic (Alberts and Mason-Liddil, 1989).

Phase I trials

demonstrated that carboplatin could be combined with paclitaxel without severe
toxicities (Ozols, 1995). In order to combat some of the toxicities associated with a long
duration of infusion and allow for outpatient care, carboplatin and paclitaxel are
currently been tested as a 3 hour infusion (du Bois et al., 1999). Ongoing survival data
will determine if this combination and dosing schedule become the new standard of
care for ovarian cancer.

IV versus IP Chemotherapy
The route of administration of chemotherapy for various cancers is often
intravenous. Due to the fact that ovarian cancer is a disease of the peritoneal cavity, it
is thought that intraperitoneal therapy might be more advantageous. Although the use
of intraperitoneal chemotherapy may seem like a relatively new approach, it has
actually been in practice since the 1950s for the treatment of various diseases
(Weisberger et al., 1955). The pharmokinetic rationale for the use of IP chemotherapy
for cancers of the peritoneal cavity was later evaluated (Dedrick et al., 1978). The first
randomized phase III trial which compared IV and IP therapies was conducted in the
1980s and these results were reported in the New England Journal of Medicine in 1996.
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Results from this study demonstrated for the first time that IP chemotherapy (cisplatin)
had a significant beneficial effect on patient survival and fewer toxic effects (Polyzos et
al., 1999). Therefore, IP chemotherapy appears to be better tolerated by patients and
morbidity due to complications has been reported to be minimal in IP groups compared
to IV (Polyzos et al., 1999). It has also been demonstrated that IP therapy had a slight
improvement in progression-free survival compared to IV treatment (Gadducci et al.,
2000). Based on these results, in 2006 the National Cancer Institute has encouraged the
use of IP chemotherapy as the standard treatment of care for patients with ovarian
cancer following surgical de-bulking. Since this recommendation, various studies have
been conducted using IP chemotherapy and the principles and clinical implications for
the treatment of women with ovarian cancer has been extensively reviewed (Fujiwara
et al., 2007). Patients who responded to IP chemotherapy treatment also demonstrated
a significant decrease in CA125 (tumor biomarker) serum levels (Richardson et al.,
2008).

Standard of Care
Recent studies have reported that cytoreductive surgery combined with
chemotherapy as the standard of care for women with ovarian cancer has resulted in a
slight increase in overall patient survival (Engel et al., 2002; Chan et al., 2010). In
general, this approach initially results in a reduction of the primary tumor however
tumor recurrence and chemoresistance are common (Ozols, 1997). Chemotherapy
plays an important role for women with recurrent disease. Despite the fact that the
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majority of patients with EOC will relapse from first line treatments, chemotherapy is
necessary as a means of palliative care (Harries and Kaye, 2001). In order to avoid these
issues associated with the treatment of diseases such as EOC, research is being focused
on alternative therapeutic options.

Due to the fact that ovarian cancer is often

diagnosed at late stages of the disease, there is a need for treatment options that will
successfully reduce the size of tumors and avoid recurrence or resistance to therapies.

Anti-angiogenic Therapy
The concept of anti-angiogenic therapy was first postulated decades ago by
Judah Folkman (Folkman, 1971). It was hypothesized that solid tumor growth depends
on angiogenesis in order to grow beyond 1-2 mm3. Therefore, he proposed that
inhibiting the tumor vasculature would induce dormancy and essentially result in tumor
regression. There are various fundamental concepts of angiogenesis which support the
potential for anti-angiogenic therapy. It has been well documented that the growth of
normal and malignant tissue requires neovascularization (Folkman, 1971; Folkman,
1995; Folkman, 1998). Most individuals harbor microscopic, nonangiogenic colonies of
cancer cells (carcinoma in situ), yet less than 1% undergo an angiogenic switch and
become malignant (Folkman and Kalluri, 2004). Endogenous inhibitors of angiogenesis
control angiogenesis in physiological and pathological conditions such as ovulation and
tumorigenesis respectively (Folkman, 2004; Nyberg et al., 2005). Lastly, anti-angiogenic
compounds target both cancer cells and endothelial cells derived from tumors
(Folkman, 2006). It is clear that the angiogenic cascade plays a vital role for the growth
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of solid tumors. For this reason, the idea of manipulating this essential process for the
treatment of cancer has been postulated over the years.

Due to the fact that

angiogenesis is regulated by a balance between pro-angiogenic and anti-angiogenic
factors, therapeutics could be designed to decrease or increase these components
respectively.

Anti-VEGF Therapy
Although the idea to utilize anti-angiogenic drugs for the treatment of various
cancers was proposed in the 1970s, it was not until a few decades later that the first
anti-angiogenic drug was developed and approved by the FDA for therapeutic use
(Ferrara, 2004). This drug is a human anti-VEGF monoclonal antibody, otherwise known
as bevacizumab or Avastin (Genentech). Bevacizumab was introduced into Phase I
clinical trials in 1997 where it was determined that single-agent therapy was non-toxic
and combining it with chemotherapy did not worsen the side effects (Gordon et al.,
2001; Margolin et al., 2001). The following year, Phase II studies were conducted
whereby bevacizumab was combined with chemotherapy for metastatic colon cancer
(Hurwitz et al., 2004) and non-small-cell lung carcinoma (Sandler et al., 2006) and a
survival benefit was observed.

The anti-angiogenic drug has since been used in

numerous clinical trials of ovarian cancer where an improvement in progression-free
survival was observed (O'Malley et al., 2011; Burger et al., 2011; Perren et al., 2011).
Support for anti-VEGF therapy comes from the fact that many tumors have been
reported to have high expression of the pro-angiogenic growth factor (Ellis et al., 1998;
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Sowter et al., 1997; Tomisawa et al., 1999; Volm et al., 1997; Yoshiji et al., 1996).
Animal studies involving the use of a VEGF neutralizing antibody demonstrated for the
first time that blocking VEGF suppresses angiogenesis and tumor growth (Kim et al.,
1993; Asano et al., 1999). Since this discovery, other anti-VEGF therapies have been
evaluated. These include dominant negative VEGFR2 mutants (Millauer et al., 1994),
small molecule inhibitors of VEGFR2 (Wood et al., 2000;Wedge et al., 2000), anti-sense
oligonucleotides against VEGF (Oku et al., 1998; Saleh et al., 1996), anti-VEGFR2
antibodies (Prewett et al., 1999) and soluble VEGF receptors (Gerber et al., 2000; Holash
et al., 2002).
Despite some of the success that has been noted to date with respect to the use of
anti-VEGF therapy such as bevacizumab for the treatment of various cancers, various
adverse events have also been reported. These include hypertension, proteinuria,
impaired wound healing, gastrointestinal perforation, haemorrhage and thrombosis. It
is evident that these side effects are consistent with various anti-VEGF therapies
(Carrato et al., 2006; Kamba and McDonald, 2007). Researchers have reported that
mouse models lacking functional VEGF only in the endothelial cells have cardiac defects,
gastrointestinal perforations and thrombotic events (Eskens and Verweij, 2006).
When considering alternatives to conventional anti-cancer therapies, it is important
to acknowledge why they might be a more suitable option. Angiogenesis inhibitors
directly target endothelial cells making them a less toxic means of therapy. Antiangiogenic therapy is most efficacious when administered over a long period and may
be capable of prolonging tumor dormancy by restoring a non-angiogenic phenotype.
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Drug resistance often associated with conventional treatments does not appear to be a
significant factor (Folkman, 1995).

Tumor Vessel Normalization
The use of anti-angiogenic therapy for the treatment of various cancers has been
studied for decades. With that, some concepts with regard to this type of therapy have
emerged. Researchers are currently investigating the idea of vascular normalization
following anti-angiogenic treatment. Although this research topic has been extensively
investigated recently, vessel normalization has been reported since the 1970s (Le Serve
and Hellmann, 1972; Salsbury et al., 1970). It was found that following treatment with
an anticancer agent (ICRF-159), researchers reported significant changes in the tumor
vasculature of a lung carcinoma model. This ultimately negatively impacted metastasis.
Studies have also demonstrated that by blocking VEGF with DC101, the tumor
vasculature can be modified.

Treatment with DC101 resulted in a reduction in

interstitial fluid pressure and this was found to be accomplished based on vascular
normalization as opposed to effects on the lymphatic system (Tong et al., 2004).
It has been well documented that the vessels that are associated with tumors are
abnormal in structure and function compared to physiologically normal vasculature.
Due to the fact that these vessels often grow very rapidly, the result is tumor vessels
that are tortuous, unorganized and leaky (Jain, 1988; Jain, 1994). Tumor vessels are
often referred to as immature due to the lack of perivascular cells affiliated with them.
Therapies that block VEGF have been shown to alter the proportion of blood vessels
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that are associated with perivascular cells or pericytes (Inai et al., 2004; Jain, 1988; Jain,
1994; Tong et al., 2004; Willett et al., 2004). Following blockade of the VEGF pathway,
vessels demonstrated an increase in pericyte coverage. The exact mechanism for the
increase in pericyte coverage remains unknown however it is believed that it is due to
the fact that anti-angiogenic agents preferentially target blood vessels which are
deficient in pericyte-coverage (Benjamin et al., 1999). Therefore, the fact that the
immature vessels lack pericyte coverage may render them more vulnerable to apoptotic
signals compared to mature vessels in the vicinity (Lu et al., 2007).
Abnormal vasculature can impact the delivery of cytotoxic agents to a tumor,
therefore having therapeutics that can effectively alter vascular structure could improve
treatment. In 2001, Jain proposed the idea that the delivery of drugs could be increased
to the tumor following normalization via anti-angiogenic agents (Jain, 2001). The tumor
vasculature

creates

a

hypoxic

environment

which

prohibits

the

flow

of

chemotherapeutics to the tumor core (Jain, 1994). It is believed that there is a window
of opportunity created by anti-angiogenic therapy that will render cytotoxic agents most
effective against cancer cells. This window is characterized by a period of reduced
hypoxia or time when oxygenation to the tumor is increased (Winkler et al., 2004). This
will increase the efficacy of anti-angiogenics in combination with standard therapies
such as radiation seeing as hypoxia has been shown to negatively affect it (Hall et al.,
2000). It has been shown that endogenous inhibitors of angiogenesis can increase the
uptake of chemotherapeutic agents, therefore anti-angiogenic therapy could be used in
conjunction with cytotoxic therapies in order to optimize treatment (Folkman, 1995).
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Combinational Therapy
In 1996, Teicher proposed that anti-angiogenic therapy would be most effective
if used in combination with chemotherapy (Teicher et al., 1996). The rationale was that
the combinatorial effects would diminish the tumor cells as well as the endothelial cells
associated with the tumor.

Tumor vasculature normalization has been extensively

investigated more recently following anti-angiogenic treatment (Jain, 2001). Due to the
abnormal architecture of tumor vasculature (Fukumura and Jain, 2007), perfusion is
restricted which results in increased tumor hypoxia and necrosis. Although it was once
thought that this would obliterate primary tumors, it has since been determined that
reduced blood flow to the tumor impairs the delivery of cytotoxic agents (Fukumura and
Jain, 2007; Jain, 1994; Tozer et al., 2008). Therefore, anti-angiogenic therapy combined
with chemotherapy might be the most effective method to induce apoptosis of the
tumor (Jain, 2001). It has since been reported that agents that inhibit pro-angiogenic
factors alter the tumor vasculature and increase the delivery of chemotherapeutics
when used in combination (Dickson et al., 2007a; Dickson et al., 2007b).
Based on the principles of vessel normalization, it should also permit cytotoxic agents to
be administered at lower doses which would reduce a lot of the toxic side effects
associated with chemotherapy. By normalizing the vasculature instead of eliminating it,
this will avoid the tumor undergoing hypoxia which has been shown to be a potent proangiogenic stimulus. In order to maximize the benefits of combination therapy, careful
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attention will need to be made to the dosing and timing of the administration of the
agents.

TSP-1 Therapeutics
3TSRs
Based on what has been reported in the literature over the years regarding TSP1, various compounds have been created and tested therapeutically. Due to the large
size, multiple domains and the various biological activities that TSP-1 can elicit, agents
that exploit only the anti-angiogenic domain have been generated. It is believed that as
long as these compounds are highly specific and active then they can be an effective
alternative treatment for TSP-1.

The anti-angiogenic effects of TSP-1 have been

localized to the procollagen domain and the type-1 repeats or TSRs (Figure 1). There are
three TSRs within TSP-1 and peptides designed based on these regions are known as
3TSRs. Various recombinant proteins have been tested that take advantage of these
domains and it was found that they were capable of inhibiting neovascularisation (Guo
et al., 1997; Iruela-Arispe et al., 1999; Jain, 2001; Tolsma et al., 1993). These proteins
were further tested in vivo to determine their effect on angiogenesis and subsequent
tumor growth. It was determined that TSRs inhibit tumor growth through inhibition of
angiogenesis, induction of tumor cell apoptosis and inhibition of tumor cell proliferation
in multiple animal models (Miao et al., 2001; Yee et al., 2004; Zhang et al., 2005a; Zhang
et al., 2005b).
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3TSRs have also been used in combination with various cytotoxic agents in order
to maximize the anti-tumor effects. Researchers have compared the anti-tumor effects
of 3TSRs to chemotherapeutics such as gemcitabine in a mouse model of pancreatic
cancer (Zhang et al., 2005b). Results from the study demonstrated that the anti-tumor
efficacy of 3TSR is comparable to chemotherapeutics and that no additive or synergistic
effect was noted when combinational therapy was employed (Zhang et al., 2005b). This
data emphasizes the need for specific dosing schedules, especially when anti-angiogenic
therapy is combined with conventional cytotoxic agents. There is a delicate balance
between vessel normalization and regression which needs to be addressed. Support for
this comes from the fact that continuous administration of anti-angiogenic peptides
such as 3TSR resulted in improved anti-angiogenic and anti-tumor efficacy (Zhang et al.,
2007a). Other studies have found that the anti-angiogenic effect of 3TSR can be
amplified if combined with other anti-angiogenic compounds such as endostatin (Zhang
et al., 2007b). 3TSR induced apoptosis of endothelial cells via signalling through CD36
and this resulted in inhibition of tumors derived from human colon cancer cell lines.
When combined with Lexatumumab (tumor necrosis factor-related apoptosis inducing
ligand (TRAIL) receptor agonist antibody), tumor inhibition was greater than that
observed when each of the compounds was applied on their own. Combinational
therapy such as this might be most effective for the treatment of cancers because it
provides a double hit in that both the tumor cells as well as the endothelial cells
associated with it are targeted (Ren et al., 2009).
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TSP-1 Mimetic Peptides
Other TSP-1 peptides which have been generated and tested therapeutically for
various cancers are based solely on the second type-1 repeat. In 1999¸ Dawson and
colleagues demonstrated that the anti-angiogenic activity of TSP-1 can be specifically
found within a structurally modified heptapeptide fragment. This was evident based on
the peptides ability to inhibit VEGF-induced endothelial cell migration and decrease
bFGF-induced neovascularisation in a rat corneal model (Dawson et al., 1999). Despite
these anti-angiogenic properties, development of a more clinically relevant peptide was
necessary because of the very short half life. Abbott laboratories set out to optimize the
pharmacodynamic pharmacokinetic profile for this peptide. Altered compounds were
tested in vitro for inhibition of microvascular endothelial cell migration and tube
formation and induction of apoptosis. Peptides were also subjected to in vivo testing in
order to evaluate the effect on angiogenesis and tumor growth. Through various amino
acid substitutions and insertions, a nonapeptide (ABT-510) was found to be a potent
inhibitor of angiogenesis and have a significantly increased half life compared to the
original heptapeptide (Haviv et al., 2005). Since its discovery, ABT-510 has been applied
to various cancer models.
ABT-510 was administered to canines with naturally occurring cancers and the
clinical study revealed anti-tumor activity of the peptide (Rusk et al., 2006). Those that
responded to the peptide either had a significant reduction in tumor size or had disease
stabilization. As well, no toxicities were observed in any of the treated animals (Rusk et
al., 2006). The anti-angiogenic potential of ABT-510 was also investigated in a mouse
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model of malignant glioma (Anderson et al., 2007). Treatment with ABT-510 resulted in
a significant reduction in tumor growth which was attributed to an inhibition of
angiogenesis as evident by reduced tumor microvessel density and increased proportion
of apoptotic endothelial cells (Anderson et al., 2007). In addition, ABT-510 reduced the
overall incidence of head and neck squamous cell carcinoma in an animal model (Hasina
et al., 2009).

Therefore, anti-angiogenic inhibitors might offer potential as

chemopreventive agents for some cancers.
Similar to other studies, our laboratory has recently demonstrated a significant
reduction in tumor size and vascular remodelling following treatment with ABT-510 in a
mouse model of EOC. Anti-tumor effects are typically the result of anti-angiogenic
activity and induction of endothelial cell apoptosis (Greenaway et al., 2009). In this
study, the anti-tumor effects were also the product of direct epithelial cell apoptosis
within the tumor tissue.

Other researchers have reported direct anti-tumorigenic

effects of TSP-1 therapeutics (Bruel et al., 2005; Li et al., 2003). In these studies, ABT510 induced apoptosis in endothelial cells as well as non-endothelial cells such as cancer
cells.
Although many researchers have reported on the clinical efficacy of ABT-510,
there have been a few studies where a minimal response rate was observed (Baker et
al., 2008; Ebbinghaus et al., 2007; Gordon et al., 2008; Markovic et al., 2007). These
studies involved the application of a range of doses of ABT-510 to advanced carcinomas.
A potential reason for the discrepancy in results observed with ABT-510 might include
the route of administration or the type of cancer being treated. It is important to note
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that although ABT-510 had minimal efficacy in these studies, the peptide could be
administered at high doses without significant toxicity.

Unlike anti-VEGF therapy,

compounds derived from TSP-1 have proven to be safe with minimal adverse effects. A
phase I study of ABT-510 determined that the peptide has a favourable safety profile
and that it should be further investigated in combination with chemotherapeutics. This
study also suggested that the addition of other cytotoxic agents will not result in
pharmacokinetic interactions or enhanced toxic effects (Hoekstra et al., 2005). The
safety of ABT-510 in combination with various chemotherapeutics has been evaluated.
Pharmacokinetic interactions were not observed and toxic effects were not amplified
(Gietema et al., 2006; Hoekstra et al., 2006; Nabors et al., 2010). It has been reported
that anti-angiogenic compounds such as ABT-510 are most effective when used in
combination with chemotherapeutics. Conventional chemotherapeutics enhanced the
anti-angiogenic activity of ABT-510 by inducing endothelial cell death (Yang et al., 2007;
Yap et al., 2005). Combinational therapy of anti-angiogenic compounds with cytotoxic
agents should be further investigated in order to maximize their potential.
Abbott Laboratories have recently modified ABT-510 in an attempt to improve
the peptide’s efficacy in clinical trials. ABT-898 was created by modifying one of the
amino acid bonds which ultimately improved the anti-angiogenic potential by improving
the plasma stability of the peptide. This resulted in a significant increase in the half-life
in humans (Abbott Laboratories). For a detailed overview of how the peptides were
generated refer to Figure 2.
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Mouse Models of EOC
Spontaneous ovarian carcinoma is very rare in animal models with the exception
of the hen (Fredrickson, 1987). Various attempts have been made to create genetically
induced models that represent human ovarian carcinoma (reviewed by (Fong and Kakar,
2009). Not all of these models resulted in tumorigenesis but instead displayed benign
tumors or surface epithelium hyperplasia and inclusion cysts (Chodankar et al., 2005;
Dinulescu et al., 2005; Clark-Knowles et al., 2007; El Naggar et al., 2007; Liang et al.,
2009). Of the models that did result in tumor formation, there were various limitations
associated with them that do not make them conducive for therapeutic application.
These include cumbersome methodologies, the fact that female reproduction was
inhibited because of aggressive tumors (Connolly et al., 2003) and that gene deletion via
adenovirus carrying Cre results in transient expression of various oncogenes (FleskenNikitin et al., 2003; Wu et al., 2007). Lack of an ovarian surface epithelium specific
promoter has also made modeling ovarian cancer difficult. Researchers have utilized
the Mullerian Inhibitory Substance Type II Receptor (MISIIR) promoter but expression
has been leaky and found in the epithelia of other organs of Mullerian origin (Connolly
et al., 2003). The ovarian-specific promoter (OSP-1) has also been investigated however
expression was leaky within the ovary and resulted in granulosa cell tumors (Garson et
al., 2003). Despite advances which have been made over the years with respect to
genetically engineered mice, researchers have not been successful with the creation of
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an ovarian carcinoma transgenic animal with high penetrance. This is largely due to the
fact that the disease itself is not well understood or characterized.
Aside from modeling EOC through transgenic animals, researchers have utilized
various xenograft systems.

Cells can be transplanted into an animal through

subcutaneous (sc), intraperitoneal (ip) and orthotopic routes of administration (Bao et
al., 2002; Fu and Hoffman, 1993; Hamilton et al., 1983; Hamilton et al., 1984; Kiguchi et
al., 1998; Massazza et al., 1989; Ward et al., 1987). Models involving sc injections have
the advantage that they are generally short in duration and researchers can
quantitatively measure the tumor burden. When studying EOC however, it is important
to acknowledge that it is a peritoneal disease and therefore, ip and orthotopic means of
transplantation might generate better models of the disease (Connolly and Hensley,
2009).
Mouse models of human cancer have become an effective tool in research.
Unfortunately, many of the models involve immunocompromised mice which are not
ideal considering the immune system’s role in cancer. In 2000 however, Roby et al.,
demonstrated for the first time that ovarian cancer could be modeled in mice with a
functioning immune system. Murine ovarian surface epithelial cells (MOSECs) were
isolated from female C57BL/6 mice and allowed to spontaneously transform in culture.
Once isolation of cells from a single epithelial layer and a transformed phenotype was
confirmed, the cell line was introduced in vivo via subcutaneous and intraperitoneal
injections to determine its tumorigenicity. It was determined that ID8 cells were
capable of tumor formation (Roby et al., 2000). In 2007, our laboratory generated an
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orthotopic model of EOC which was adapted from the Roby model. Results from this
orthotopic model reported primary and secondary tumors in combination with the
formation of ascites fluid.

Histological analysis revealed that the tumors were

hypervascularized and characterized as serous epithelial which is the most common
subtype of EOC. All these features make the model representative of human EOC and a
good tool for studying the disease. Our laboratory also demonstrated the importance of
epithelial-stromal interactions using this syngeneic mouse model (Greenaway et al.,
2008). Others have also demonstrated the importance of the microenvironment and
orthotopic animal models (Kiguchi et al., 1998). The value of these models becomes
especially apparent when studying disease progression and metastasis. It is well known
that tumors preferentially metastasize and grow on certain organs, referred to as the
seed and soil hypothesis (Paget, 1989).
We have since utilized this model for various studies, especially those involving
therapeutics (Campbell et al., 2010; Campbell et al., 2011; Greenaway et al., 2009).
When applying therapeutics to an animal model it is important to acknowledge the
clinical relevance with respect to commencing treatment. We have characterized tumor
formation at various stages of the model and attempted to compare this to human EOC.
After the ID8s have been injected under the ovarian bursa they will form a distinct
nodule approximately 30 days post-tumor induction (PTI). The cells will continue to
divide and around 60 days PTI the tumor has grown significantly and is no longer
encapsulated. As the tumor grows, secondary lesions will also start to form which
contributes to the development of ascites fluid; these events take place around 80 days
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PTI.

By 90 days PTI, the animals are moribund due to the tumor burden and

accumulation of ascites fluid in the peritoneal cavity. Based on these findings, we
believe that 30, 60 and 80 days PTI represent stage I, II and III of human EOC
(unpublished findings, Figure 3). In the present study this mouse model was used to
investigate the therapeutic potential of TSP-1 mimetic peptides.
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Hypothesis and objectives
We hypothesize that TSP-1 mimetic peptides will significantly inhibit the growth of
epithelial ovarian tumors in a mouse model of EOC and prolong disease-free survival by
inhibiting angiogenesis and altering the tumor vasculature. To test this, the following
objectives were designed:
Objective1:

Examine the effect of TSP-1 mimetics and chemotherapeutics on tumor
size and vasculature.

Objective 2: Determine
chemotherapeutics.

if

TSP-1

mimetics

can

increase

the

uptake

of

Objective 3:

Evaluate the potential for TSP-1 mimetics to prolong disease-free survival
in a mouse model of EOC.

Objective 4:

Investigate the mechanism of action of TSP-1 mimetics.
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Table 1

Ovarian cancer staging according to the International Federation of
Gynecology and Obstetrics (FIGO) staging system

Stage I:

limited to one or both ovaries

o IA – involves one ovary; capsule intact, no tumor on ovarian surface, no
malignant cells in ascites or peritoneal washings
o IB – involves both ovaries; capsule intact, no tumor on ovarian surface;
negative washings
o IC – tumor limited to ovaries with any of the following: capsule ruptured,
tumor on ovarian surface, positive washings
Stage II:

pelvic extension or implants

o IIA – extension or implants onto uterus or fallopian tube; negative
washings
o IIB – extension or implants onto other pelvic structures; negative
washings
o IIC – pelvic extension or implants with positive peritoneal washings
Stage III:

microscopic peritoneal implants outside of the pelvis; or limited to the pelvis
with extension to the small bowel or omentum

o IIIA – microscopic peritoneal metastases beyond pelvis
o IIIB – macroscopic peritoneal metastases beyond pelvis, < 2 cm in size
o IIIC – peritoneal metastases beyond pelvis, > 2 cm or lymph node
metastases
Stage IV:

distant metastases (in the liver, or outside the peritoneal cavity)

Adapted from (Heintz et al., 2006)
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Figure 1. Schematic representation of TSP-1. A. TSP-1 and the receptors that interact
with each domain. B. Generation of TSP-1 mimetic peptides designed from the second
type-1 repeat which is known as the procollagen domain. Amino acid alterations have
been made to ABT-510 and ABT-898 to improve their pharmacodynamic and
pharmacokinetic properties.
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A. NAc – Gly – Val – DIle – Thr – Arg – Ile – Arg – NHEt (original heptapeptide)

B. NAc – Sar – Gly – Val – DalloIle – Thr – Nva – Ile – Arg – Pro NHEt (ABT-510,
nonapeptide)

C. NAc – Sar – Gly – Val – DalloIle – Ser – Gln – Ile – Arg – Pro NHEt (ABT-898,
nonapeptide)

Figure 2. Generation of TSP-1 mimetic peptides by Abbott Laboratories. A. Original
heptapeptide from second type-I repeat of thrombospondin-1 (TSP-1). B. ABT-510 was
generated through the addition of amino acids sarcosine (Sar) and proline (Pro) and
substitution of arginine (Arg) with norvaline (Nva). C. Abbott Laboratories made further
alterations to increase half life of the anti-angiogenic peptide. Threonine (Thr) was
substituted with serine (Ser) and norvaline (Nva) with glutamine (Gln) to generate ABT898.
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Figure 3. Overview of mouse model of epithelial ovarian cancer and relationship to the
human disease. Following orthotopic injection of ID8 cells under the ovarian bursa,
mice are monitored and therapeutics are applied at various stages. At 30 days posttumor induction (PTI) a macroscopic nodule has formed on the ovary (Stage I). By 60
days PTI a primary tumor is established and secondary lesions are seeded in the
peritoneal cavity (Stage II) and by 80 days PTI ascites fluid and secondary lesions
accumulate in the peritoneal cavity (Stage III). Around 90 days PTI the animals are
moribund and are sacrificed for tissue collection.
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Chapter 1: The thrombospondin-1 mimetic ABT-510
increases the uptake and effectiveness of cisplatin and
paclitaxel in a mouse model of epithelial ovarian cancer.
Adapted from Campbell et al., 2010. Neoplasia. 12(3):275-83

Abstract
Epithelial ovarian cancer (EOC) comprises approximately 90% of ovarian cancers
and arises from the surface epithelium. Typical treatment of EOC involves cytoreductive
surgery combined with chemotherapy.

More recent therapeutic approaches have

focused on targeting the tumor vasculature using anti-angiogenic compounds such as
thrombospondin-1 (TSP-1). Mimetic peptides such as ABT-510 have been created and
have been tested in various clinical trials. Previous experiments performed in our
laboratory have determined that ABT-510 reduces abnormal vasculature associated
with tumor tissue and increases the presence of mature blood vessels. It has been
hypothesized that treatment with anti-angiogenic compounds would allow increased
delivery of various cytotoxic agents and enhance treatment.

In this study, we

evaluated the potential role of ABT-510 and various chemotherapeutics (cisplatin and
paclitaxel) on tumor progression, angiogenesis and the benefits of combinational
treatments on tissue uptake and perfusion using an orthotopic syngeneic mouse model
of EOC. Animals were treated with ABT-510 (100mg/kg/day) alone or in combination
with cisplatin (2mg/kg/3days) or paclitaxel (10mg/kg/2days) at 60 days post-tumor
induction. Radiolabelled and fluorescently labelled paclitaxel demonstrated a significant
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increase in tumor uptake following ABT-510 treatment. Combined treatment with ABT510 and cisplatin or paclitaxel resulted in a significant increase in tumor cell and tumor
endothelial cell apoptosis, and resultant decrease in ovarian tumor size. Combined
treatment also regressed secondary lesions and eliminated the presence of abdominal
ascites. The results from this study show that through vessel normalization, ABT-510
increases uptake of chemotherapy drugs and can induce regression of advanced ovarian
cancer.

Introduction
Ovarian cancer represents the most lethal gynecological malignancy. With an
estimated 22,000 new cases and 15,000 deaths annually, ovarian cancer is the fifth
leading cause of cancer deaths among U.S. women (Jemal et al., 2008). Tumors of the
ovary are classified and named according to the cell type from which they originate and
whether they are benign or cancerous. There are various subtypes of EOC according to
the World Health Organization (WHO) based on their histopathogy (Scully, 1975).
Epithelial ovarian cancer (EOC) comprises approximately 90% of ovarian cancers and is
thought to arise from the surface epithelium of the ovary (Holschneider and Berek,
2000). Of these tumors, the most prevalent subtype of EOC is serous adenocarcinoma,
constituting approximately 68% of EOCs. If diagnosed at early stages, the five-year
survival rate is 98% compared to only 25% at later stages of the disease (Heintz et al.,
2006).

Of particular concern with this disease is that the obscure clinical signs

associated with EOC generally preclude early detection or treatment. Conventional
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treatment of ovarian cancer typically involves cytoreductive surgery (de-bulking)
combined with platinum or taxol based chemotherapy (Morrison et al., 2007). Although
this approach generally results in primary tumor shrinkage, tumor recurrence often
occurs and the incidence of EOC chemoresistance is very high (Ozols, 1997). To combat
this chemoresistance and disease recurrence, numerous alternative therapies have
been investigated including those designed to focus on ovarian tumor vasculature.
The concept of anti-angiogenic therapy was proposed decades ago and it was
thought that inhibiting the tumor vasculature would induce dormancy and tumor
regression. Various compounds have since been identified for their ability to inhibit
angiogenesis (Nyberg et al., 2005). Thrombospondin-1 (TSP-1) was the first protein
recognized as an endogenous inhibitor of angiogenesis and has been investigated for its
efficacy in the treatment of various cancers (Good et al., 1990). For therapeutic
interventions, small TSP-1 mimetic peptides have been developed. The mimetic ABT510 exploits the anti-angiogenic domain (second type 1 repeat) of TSP-1 which induces
tumor cell apoptosis through increasing the expression of FasL and inhibiting the
expression of pro-angiogenic factors VEGF and bFGF (Greenaway et al., 2009).
ABT-510 has been tested clinically for the treatment of various cancers alone or
in combination with other cytotoxic agents, with variable results (Baker et al., 2008;
Ebbinghaus et al., 2007; Gordon et al., 2008; Markovic et al., 2007). In studies where
ABT-510 was used as combination treatment, it was found that ABT-510 was well
tolerated and that any side-effects observed were consistent with those of
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chemotherapeutics on their own (Gietema et al., 2006; Hoekstra et al., 2005; Hoekstra
et al., 2006).
In this study we evaluated the effectiveness of the anti-angiogenic mimetic
peptide ABT-510 alone and in combination with chemotherapeutics for treating
epithelial ovarian tumors at various stages in a mouse model of the disease. Single
agent therapies have limited success in cancer treatment and we hypothesize that
combinational treatments of ABT-510 with cytotoxic agents may be more effective.
Animals in this study were treated with ABT-510 alone or in combination with cisplatin
or paclitaxel in order to determine the potential clinical effectiveness of these agents.

Materials and Methods
Cell line
Spontaneously transformed murine surface epithelial cells were generously
donated by Drs. Roby and Terranova (Kansas State University, KS) (Roby et al., 2000).
The ID8 cell line was cultured in DMEM (Gibco, Burlington, ON) supplemented with 10%
fetal bovine serum (FBS) and 1% antibiotic-antimycotic (ABAM) (Gibco) and used for
subsequent in vivo experiments.

Animal model
We have previously generated an orthotopic, syngeneic mouse model of EOC
that closely replicates ovarian serous adenocarcinoma in women (Greenaway et al.,
2008). Briefly, 1.0 x 106 ID8 cells in 5µl phosphate buffered saline (PBS) are injected
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directly under the ovarian bursa of C57BL/6 mice. As the ID8 cells were derived from a
C57BL/6 mouse, this syngeneic model allows for an intact immune system and
orthotopic placement of the epithelial cells in their normal microenvironment. In this
model, mice develop large primary tumors, numerous secondary peritoneal lesions, and
abdominal ascites approximately 90 days post-tumor induction. Primary tumors were
collected and measured for subsequent analysis and secondary tumors were assessed
based on a lesions scoring system as previously described (Greenaway et al., 2008).

Drugs
ABT-510 was obtained from Abbott Laboratories (Abbott Park, IL). Cisplatin
(Calbiochem, Gibbstown, NJ) and Paclitaxel (Sigma-Aldrich, Oakville, ON) were
purchased commercially.
Tumor induction was performed as described previously (Greenaway et al.,
2008) and tumors were allowed to grow for 60 days before ABT-510, cisplatin and
paclitaxel individual or combination treatments began. Animals received intraperitoneal
(IP) injections of vehicle (5% dextrose, D5W; 200uL) alone or containing drug (ABT-510
100mg/kg daily, cisplatin 2mg/kg every 3 days, paclitaxel 10mg/kg every 2 days).
Cisplatin and paclitaxel were reconstituted in D5W or 50% cremophor and 50% ethanol
respectively just prior to injections. The animals continued to receive IP injections of the
various agents until the control mice became moribund which occurred approximately
90 days post-tumor induction. All animals were euthanized and serum, ascites fluid and
ovarian tissue were collected and processed.
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VEGF ELISA
Serum was collected (BD vacutainers, Franklin Lakes, NJ) at the time of
euthanasia from treated animals and expression of VEGF was determined using
sandwich enzyme-linked immune-sorbent assays (RnD Systems, Inc., Minneapolis, MN)
according to the manufacturer’s instructions. Briefly, serum samples were diluted 1/100
and added to the pre-coated wells. Unbound substrate was washed away and an
enzyme-linked polyclonal antibody specific for VEGF was added to the wells followed by
subsequent washes and addition of colour substrate. Individual well absorbance was
measured at 450nm using an EL 800 Universal Microplate Reader (Bio-Tek Instruments,
Winooski, VT).

Immunoblot analysis
Flash

frozen

primary

ovarian

tumors

were

homogenized

in

radioimmunoprecipitation assay (RIPA) buffer with protease and phosphatase inhibitors
and protein concentrations were determined using a DC protein assay (Bio-Rad
Laboratories, Hercules, CA). All western blots were performed using an XCell II™ Blot
Module System (Invitrogen, Burlington, ON). Samples (40µg of total protein) were
reduced and subjected to sodium dodecyl sulfate polyacrylamide gel electrophoresis
(SDS-PAGE) using either 8% or 15% resolving gels.

Proteins were transferred to

polyvinylidene fluoride (PVDF) membranes (Bio-Rad Laboratories, Hercules, CA) and
blocked at room temperature for 1 hour in 5% skim milk with tris-buffered saline with
tween (TBST).
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Membranes were probed overnight at 4°C for VEGF and VEGFR2

(SantaCruz, Burlingname, CA). Following washes with TBST, membranes were incubated
for 1 hour at room temperature (RT) with anti-rabbit IgG HRP-linked secondary
antibodies (Cell Signaling Technology, Inc., Beverley, MA). Expression of VEGF and its
receptor were detected using Western Lightning Chemiluminescence Reagent Plus
(PerkinElmer BioSignal, Inc., Montreal, QC) and visualized using medical x-ray film
(Konica Minolta Medical Imaging Inc., Wayne, NJ). To ensure equal loading of samples,
β-actin (Cell Signaling Technology, Inc., Beverley, MA) was probed for 1 hour at RT
followed by anti-rabbit IgG secondary antibody for 1 hour at RT. Computer assisted
densitometry was performed using AlphaEase FC software (AlphaInnotech, San Leandro,
CA) and results were quantified and reported as integrated densitometry values (IDV)
relative to β-actin.

Immunohistochemistry
Ovarian tissue was formalin-fixed, processed using a paraffin tissue processor
(Ventana Medical Systems, Tuscon, AZ) and 5µm sections were cut and mounted onto
slides.

Sections were de-paraffinized in xylene and rehydrated in graded alcohol

solutions. Immunohistochemistry (IHC) was performed to determine localization and
expression of the endothelial cell marker CD31 within the ovarian tissue. Endogenous
peroxidase activity was inhibited using 1% hydrogen peroxide for 10 minutes at RT.
Antigen retrieval was achieved by immersing slides in 10mM citrate buffer at 90°C for 12
minutes. Tissues were blocked using 5% BSA for 10 minutes at RT and incubated with
anti-CD31 primary antibody (BD Biosciences Pharmingen, San Diego, CA) overnight at
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4°C in a humidity chamber. The following day, sections were incubated with anti-mouse
biotinylated secondary antibody (Sigma-Aldrich Canada Ltd., Oakville, ON) for 2 hours at
RT. Tissues were then exposed to ExtrAvidin (Sigma-Aldrich Canada Ltd., Oakville, ON)
for 1 hour at RT and antibodies were visualized using 3’ 3’-diaminobenzidine
tetrahydrochloride (DAB) (Sigma-Aldrich Canada Ltd., Oakville, ON).

Tissue was

counterstained with Carazzi’s Hematoxylin, dehydrated and mounted on coverslips.
Slides were imaged using brightfield microscopy.

Evaluation of microvessel density and vessel maturity
To evaluate tumor vessel area and microvessel density, tumor sections
immunostained for CD31 were imaged at 200x magnification and microvessel density
and blood vessel area were quantified using Metamorph integrated morphometry
software (Metamorph, Burlingname, CA). For the determination of vessel density, a
minimum of 4 fields of view per tissue section were used, with n=6 per group. To
evaluate blood vessel maturity, tissue sections were subjected to immunofluorescence
co-localization of CD31 and alpha smooth muscle actin (SMA). Briefly, slides were
processed as above and incubated with CD31 antibody for 1 hour at RT. After washing
in PBS, anti-mouse secondary antibody conjugated to Alexa Fluor 594 (Invitrogen,
Burlington, ON) was applied for 1 hour at room temperature. Tissue sections were then
rinsed in PBS and incubated for 1 hour at RT with anti-SMA primary antibody (Fitzgerald
Industries International, Concord, MA). Secondary antibody, conjugated to Alexa Fluor
488 (Invitrogen, Burlington, ON) was applied for 1 hour.
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Tissue sections were

counterstained with 4’ 6-diamidino-2-phenylindole (DAPI), mounted with Prolong Gold
anti-fade (Invitrogen, Burlington, ON) and allowed to dry overnight before image
analysis with integrated morphometry software.

Mature blood vessels were

characterized as having pericyte coverage (SMA positive vessels) and were quantified as
a percentage of total CD31 positive vessels.

Paclitaxel incorporation and localization
To determine if treatment with ABT-510 would increase the uptake of
chemotherapeutic drugs, animals were injected with ID8 cells (as outlined in our animal
model) and given daily IP injections of ABT-510 (or D5W the vehicle control) for 21 days
starting at 60 days post-tumor induction. Following the last dose of ABT-510 treatment,
animals were injected IP with tritiated paclitaxel (40uCi; Moravek Biochemicals and
Radiochemicals, Brea, CA) and were euthanized 12, 24 and 48 hours later. Ovaries were
harvested from all animals, homogenized in scintillation fluid and radioisotope was
quantified with a Tri-carb Liquid Scintillation Counter (Perkin Elmer, Waltham, MA). To
localize chemotherapy uptake, control and ABT-510 treated animals (n=6 per group)
received an IP injection of paclitaxel conjugated to Oregon Green® 488 (Invitrogen,
Burlington, ON) and were euthanized 24 hours later. The ovaries were formalin-fixed
and sectioned and immunofluorescence was performed to visualize blood vessels (using
an anti-CD31 antibody) and to localize paclitaxel uptake. Slides were mounted and
images were captured using an epi-fluorescent microscope.
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Cisplatin uptake
Accumulation of tissue platinum (Pt) was quantified using flameless atomic
absorption spectroscopy (Straathof et al., 1998). Frozen control and ABT-510 treated
tumor samples collected at 90 days post tumor induction (after 30 days IP cisplatin
treatment) were homogenized in deionized water and evaporated at 70oC for 2 hours.
Tumor tissue was then digested with 200µl nitric acid (65%) for 2 hours at 75oC.
Samples were diluted 10x in water before injection into the spectrometer.

Tumor and endothelial cell death
To visualize and quantify tumor cell death, TUNEL assay was performed using an In
Situ Cell Death Detection Kit (Roche, Laval, QC, Canada) according to the manufacturer’s
instructions. Animals received vehicle, or ABT-510 treatment alone, or in combination
with the chemotherapy drugs cisplatin and paclitaxel as described above.

After

treatment, tissues were extracted, fixed in 10% buffered formalin and processed and
sectioned onto glass slides. Following membrane permeabilization, cells were washed
with PBS and incubated with the TUNEL reaction mixture (label solution and enzyme
solution) for 60 minutes at 37°C in the dark. Slides were rinsed with PBS, nuclei were
stained with DAPI and coverslips were mounted onto slides as previously described.
Negative and positive controls were generated according to kit instructions. All slides
from immunofluorescence experiments were visualized using a fluorescent microscope
and quantification of the percent immunopositve cells was performed using integrated
morphometry software (Metamorph, Burlingname, CA). For evaluation of endothelial
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cell apoptosis, CD31 immunofluorescence was performed on tumor sections as
described above.

Following addition of the AlexaFluor 594 conjugated secondary

antibody, slides were washed and subjected to the TUNEL protocol according to
manufacturer’s instructions. Tissue sections were counterstained with DAPI and slides
were mounted. Cells in which CD31 and TUNEL stain were co-localized were considered
apoptotic endothelial cells and were quantified as the percentage of total endothelial
(CD31-positive) cells.

Cancer associated morbidity
At euthanasia following ABT-510 and chemotherapy drug treatment, animals were
evaluated for the presence of ascites fluid and the number of secondary lesions were
scored. For secondary lesions, animals were given a score of 0 for no lesions within the
peritoneal cavity, a score of 1 if there were 1-2 lesions, a score of 2 if there were 3-10
secondary peritoneal lesions, and a score of 3 if there were greater than 10 lesions in
the peritoneum. For ascites fluid, animals were scored based on the presence or
absence of abdominal ascites.

Statistical analysis
All in vitro and in vivo experiments contained three replicates and animals in
each treatment group respectively. Results from immunoblots, immunohistochemistry,
TUNEL assay, ovarian tumor weights and blood vessel density were analyzed using
student’s t-test and ANOVA with a Fisher post-hoc test.
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Results
ABT-510 decreases local and systemic levels of VEGF and VEGFR-2
At 60 days post-tumor induction, mice received daily IP treatment with vehicle or
100mg/kg ABT-510 for 30 days. Western blot analysis showed that ABT-510 treatment
significantly (p<0.05) reduced the levels of VEGF in ovarian tumor homogenate lysates
(Figure 4). Levels of VEGFR2 were also decreased within the tumors, however this
difference was not significant. ELISAs were performed on serum samples from control
mice without tumors and from tumor bearing mice following 30 days treatment with
vehicle or ABT-510. Vehicle treated mice had a 3-fold increase in circulating VEGF levels
compared to control non-tumor bearing animals (p<0.05; Figure 4). Treatment with
100mg/kg ABT-510 significantly decreased VEGF serum levels, compared to vehicle
treated animals (p<0.05; Figure 4).

ABT-510 alters ovarian tumor vascular morphology
Ovarian tumor tissue collected from mice treated with ABT-510 had significantly
(p<0.05) reduced microvessel density and tumor blood vessel area, compared to vehicle
treated controls (Figure 5 A,B). To determine whether there was a change in vessel
maturity, tumor sections were co-stained for CD31 and SMA. ABT-510 treatment
caused a significant (p<0.01) increase in the percentage of pericyte-covered, mature
blood vessels, compared to vehicle treated controls (Figure 5 C,D).
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ABT-510 facilitates vascular uptake of paclitaxel and cisplatin in ovarian
tumors
Mice being treated IP with either vehicle or 100mg/kg ABT-510 for 21 days
received an IP injection of [3H] Paclitaxel and ovarian tumor tissue was harvested 12,
24, and 48 hours later. Tumors from mice treated with ABT-510 had a significant
(p<0.05) increase in paclitaxel incorporation at all timepoints, compared to vehicle
treated controls (Figure 6 A). To localize the uptake of paclitaxel, mice received an IP
injection of paclitaxel conjugated to oregon green and immunofluorescence
colocalization for blood vessels (CD31 positive staining) and conjugated paclitaxel was
performed. Mice treated with ABT-510 had a greater uptake of paclitaxel compared to
controls (Figure 6 B). The majority of the conjugated paclitaxel was localized in the
proximity of the blood vessels, and appeared to diffuse into the tumor tissue from the
vessels (Figure 6 B).

Mice being treated with both ABT-510 and cisplatin had

significantly increased (p<0.05) incorporation of platinum into ovarian tumor tissue
compared to mice treated with cisplatin and D5W (Figure 6 C).

ABT-510 increases the tumor and endothelial cell apoptotic effects of
cisplatin and paclitaxel
After 60 days of ovarian tumor growth, mice were treated intraperitoneally with
ABT-510, cisplatin, and paclitaxel, alone or in combination. Individual treatment with
ABT-510, cisplatin, and paclitaxel caused a significant (p<0.05) reduction in ovarian
tumor weight compared to vehicle treated control mice (Figure 7 A). When ABT-510
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was combined with either cisplatin or paclitaxel, there was a further reduction (p<0.05)
in ovarian tumor weight which was greater than each compound alone (Figure 7 A).
TUNEL assay was performed to quantify tumor cell apoptosis in response to individual
or combination IP treatments of ABT-510, cisplatin, and paclitaxel. ABT-510 and both
chemotherapy drugs caused a significant (p<0.05) increase in tumor cell apoptosis, and
there was a further significant (p<0.05) increase in tumor cell apoptosis when ABT-510
was combined with either drug (Figure 7 B). To identify whether these compounds
induced endothelial cell death, immunofluorescence colocalization of CD31 to visualize
endothelial cells and TUNEL was performed.

ABT-510, cisplatin, and paclitaxel

treatment each significantly increased ovarian tumor endothelial cell death (Figure 7 C).
ABT-510, when combined with either cisplatin or paclitaxel had an additive effect, with
significantly (p<0.05) increased endothelial cell apoptosis compared to controls or to
treatment with individual compounds (Figure 7 C).

ABT-510, cisplatin, and paclitaxel alter tumor associated morbidity
Mice receiving IP therapy of ABT-510, cisplatin, and paclitaxel alone or in
combination were scored for the presence of secondary lesions within the peritoneal
cavity and also for the presence of abdominal ascites.

Vehicle treated controls

universally had greater than 10 peritoneal secondary lesions at the time of euthanasia
(Table 2). ABT-510 treatment reduced the number of secondary lesions, as did cisplatin
and paclitaxel treatment.

When ABT-510 was combined with either cisplatin or

paclitaxel, there was a complete absence of peritoneal lesions (Table 2). In D5W treated
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controls, 6 of 7 mice exhibited abdominal ascites and 1 of 6 in ABT-510 treated mice.
However, when ABT-510 was combined with either cisplatin or paclitaxel, none of the
mice had ascites fluid in the abdomen.
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Table 2

Presence of Secondary Lesions and Abdominal Ascites in Mice Treated with
ABT-510, Cisplatin, and Paclitaxel Alone or in Combination, 60 days Post
Tumor Induction

Lesion
Score

D5W

ABT-510

Cisplatin

ABT/CIS

Paclitaxel

ABT/PAC

0

None

**

*

******

*

******

1

None

**

*

None

**

None

2

None

*

***

None

**

None

3

***

None

*

None

*

None

# Animals
with Ascites

6/7

1/6

1/6

0/6

1/6

0/6

*: refers to an animal
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Figure 4. Effect of ABT-510 on VEGF and VEGR-2 levels. Serum and tumor tissue was
collected from mice treated with vehicle (D5W) or ABT-510 and subjected to ELISA or
Western Blot analysis respectively. A. D5W treated mice had increased circulating VEGF
compared to non-tumor bearing mice (control) while ABT-510 decreased VEGF levels
compared to vehicle controls. B. ABT-510 treatment at 60 days post tumor induction
caused a decreased expression of VEGF protein in ovarian tumors. C. No significant
change in VEGFR2 expression between D5W and ABT-510 treatment groups. Bars with
different letters are statistically different, and bars with asterisks are statistically
different from D5W controls. p< 0.05
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Figure 5. ABT-510 alters tumor vasculature. Ovarian tumors were collected from mice
treated with vehicle or ABT-510 60 days post tumor induction. ABT-510 caused a
significant decrease in blood vessel density (A) and tumor vessel area (B). C. ABT-510
treatment resulted in more pericyte covered blood vessels, evidence by positive staining
for CD31 and smooth muscle actin. D. Quantification of the percentage of mature,
pericyte covered blood vessels. Bars with asterisks are statistically different (p<0.05)
compared to D5W treated controls.
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Figure 6. (Continued on next page)
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Figure 6.

Treatment with ABT-510 increases the uptake of paclitaxel and cisplatin in

ovarian tumors. A. Mice were injected intraperitoneally with tritiated paclitaxel and
tumors were harvested 12, 24, and 48 hours later. Tumors from mice treated with ABT510 (white bars) had significantly increased drug uptake at all timepoints compared to
D5W treated controls (black bars). Bars with asterisks are statistically different (p<0.05)
than vehicle controls.
paclitaxel

and

B. Mice were also injected with fluorochrome-conjugated

immunofluorescence

was

performed

on

tumor

tissue.

Immunofluorescence colocalization showed that there was increased paclitaxel
incorporation (green staining) which was localized near blood vessels (red staining for
endothelial cells). C. Following combined treatment with cisplatin and ABT-510,
platinum accumulation in tumor tissue was significantly increased (p<0.5) compared to
D5W treated controls.
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Figure 7. (Continued on next page)
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Figure 7. ABT-510 in combination with cisplatin and paclitaxel reduces tumor size and
induces tumor and endothelial cell apoptosis. A. After 60 days of tumor growth, mice
were treated with ABT-510, cisplatin and paclitaxel, alone and in combination. All 3
drugs reduced tumor size, compared to D5W treated controls. When ABT-510 was used
in combination with paclitaxel or cisplatin tumor size was decreased to a greater extent
than either of the drugs alone. B. Tumor cell apoptosis was significantly increased
when ABT-510 was combined with either cisplatin or paclitaxel, as indicated by the
percentage of TUNEL (green stain) positive cells. C. Endothelial cell apoptosis (as
indicated by CD31 (red) and TUNEL (green) co-stained cells was significantly higher in
mice treated with ABT-510 and cisplatin or paclitaxel. For all graphs, bars with different
letters are statistically different (p<0.05).
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Discussion
The concept of anti-angiogenic therapy was first proposed in the 1970s when
Judah Folkman highlighted the necessity of this process for tumor growth.

He

hypothesized that if angiogenesis was essential for the growth of solid tumors then
diminishing this blood supply might be an effective therapy (Folkman, 1972). Since then
numerous agents have been developed and tested in various cancers which either
inhibit pro-angiogenic factors or up-regulate anti-angiogenic factors. Many studies have
focussed on decreasing pro-angiogenic factors such as VEGF through the use of
monoclonal antibodies. With respect to ovarian cancer, studies have shown prolonged
survival following anti-angiogenic treatment (Mabuchi et al., 2008); however serious
toxicities have also been reported with angiogenic and cytotoxic combinations (Azad et
al., 2008; Nimeiri et al., 2008; Richardson et al., 2008). More recently, compounds that
increase expression of anti-angiogenic compounds such as TSP-1 have been developed.
Specific TSP-1 mimetic peptides have been designed to exploit the anti-angiogenic Type
I repeats within the gene. To date, various clinical studies have utilized these peptides
as a single-agent therapy (Baker et al., 2008; Ebbinghaus et al., 2007; Gordon et al.,
2008; Markovic et al., 2007). In our studies we evaluated the use of the TSP-1 mimetic
ABT-510 in combination with chemotherapeutic drugs cisplatin and paclitaxel for the
treatment of EOC. The potential for ABT-510 as an anti-angiogenic therapy has been
previously documented in our laboratory in which animals were treated daily with ABT510 immediately following tumor induction, and the results demonstrated a significant
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decrease in ovarian tumors, ascites fluid production and secondary lesion formation
(Greenaway et al., 2009). In the current study we evaluated the effects of ABT-510 alone
or in combination with chemotherapeutics at a late stage of EOC.

For these

experiments, we initiated treatment at 60 days post-tumor induction, at which time an
established ovarian tumor has developed and the animals have started to produce
secondary lesions and ascites fluid. The morbidity seen at 60 days post tumor induction
replicates Stage II of the disease in women, according to the International Federation of
Obstetricians and Gynaecologists (FIGO) classification. It is at this stage of disease at
which most women are diagnosed and treatment is initiated (Jacobs et al., 1999).
Animals were treated for 30 days with ABT-510 alone or in combination with cisplatin or
paclitaxel in order to evaluate the effects of the peptide on established tumors which
are at a clinically relevant stage women would receive treatment.
Results from some initial anti-angiogenic trials have led some to hypothesize that
these compounds prune back the immature, disorganized tumor vasculature, while
leaving the normal vasculature intact. We have previously shown that if mice are
treated with ABT-510 at the time of tumor induction, that ovarian tumor growth is
significantly reduced, and there is a reduction in expression of cytoprotective and
angiogenic factors such as VEGF and VEGFR-2 (Greenaway et al., 2009). In our study,
treatment with ABT-510 reduced the tumor blood vessel density, but increased the
proportion of mature, functional blood vessels. As a result, the tumors were better
perfused and allowed for an increased uptake of chemotherapy drug. The mechanism
by which ABT-510 induced this vessel normalization was through direct apoptotic
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effects on endothelial cells of immature blood vessels. This apoptotic effect, coupled
with the induction of apoptosis on tumor cells, likely was responsible for the decreased
tumor size in mice treated with the compound. The vessel normalization and increased
tumor perfusion have led some researchers to postulate that antiangiogenic therapy
would be most effective when used in combination with chemotherapeutics (Jain, 2005;
Kerbel, 2006; Ma and Waxman, 2008). Indeed, in our study, the effects of either
cisplatin or paclitaxel were significantly increased when combined with ABT-510
treatment.
It appears from the results of this study that the additive effectiveness of ABT510 and the chemotherapeutics was due to increased uptake of the drugs.

Animals

that were treated for 3 weeks with ABT-510 daily before they were injected with
radiolabelled paclitaxel exhibited a significant increase in paclitaxel incorporation within
the ovaries at all time points compared to animals that did not receive the mimetic.
Similarly, ABT-510 also facilitated an increased uptake of cisplatin in ovarian tumor
tissue. We also injected a group of animals with fluorescently labelled paclitaxel in
order to localize the cytotoxic agent in the ovarian tumors. We found that animals pretreated with ABT-510 had increased paclitaxel uptake in the peri-vascular areas of the
tumor. This localization suggests that the chemotherapy drug uptake was facilitated by
the normalized vasculature resulting from ABT-510 treatment. In in vitro experiments in
our laboratory, we found that treatment of ID8 cells with ABT-510 and the
chemotherapy drugs in combination did not result in increased apoptosis compared to
single agent conditions (data not shown). These data suggest that the enhanced anti-
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tumor effects of ABT-510 and the chemotherapy drugs were due to increased uptake
rather than by additive apoptotic effects on tumor cells directly. The anti-VEGF antiangiogenic drug bevacizumab has been shown to reduce overall blood vessel density
while simultaneously decreasing interstitial pressure, increasing tumor tissue perfusion,
and increasing the effectiveness of radiation and chemotherapy in patients with rectal
cancer (Willett et al., 2004). Of considerable interest is the ability of TSP-1 mimetics to
increase tissue perfusion and facilitate chemotherapy drug uptake. Intuitively, this
would suggest that by increasing the efficiency of drug delivery, patients may require
significantly lower dosages of chemotherapy drug to receive the same, or improved
effects. Also, increased delivery of chemotherapeutic drugs to tumor cells may increase
the pro-apoptotic effects of these drugs, resulting in a more efficient chemical debulking
of the tumor and decreased drug resistance. As approximately 90% of patients with
metastatic disease succumb to the disease for issues related to drug resistance (Agarwal
and Kaye, 2003), any strategy to reduce chemotherapy drug resistance could have
tremendous benefit.
The size of the primary tumors were significantly reduced in animals treated with
ABT-510 and even more reduced when combined with either cisplatin or paclitaxel. An
important observation as well, was the complete absence of macroscopic secondary
metastatic peritoneal lesions within the peritoneal space, as well as a lack of ascites
fluid when mice were treated with combination of ABT-510 and cisplatin or paclitaxel.
These data are significant as treatment with these compounds were not initiated until
mice were already suffering from metastatic disease, indicating that ABT-510 treatment
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combined with chemotherapy caused regression of the disease. The clinical importance
of these data is highlighted by the fact that the majority (approximately 75%) of women
are not diagnosed with the disease until the tumor has developed and spread within the
abdomen (Ozols, 1997).
TSP-1 appears to have important effects both on the tumor vasculature as well
as direct apoptotic effects on tumor cells themselves. Trastuzumab is an effective antiangiogenic molecule that has been reported to normalize tumor vasculature.
Interestingly, the reported mechanism by which Trastuzumab decreases pro-angiogenic
factor expression and induces tumor cell apoptosis is via an upregulation of TSP-1 (Izumi
et al., 2002).

Low dose metronomic cheomotherapy is known to elicit a strong anti-

angiogenic influence (Bocci et al., 2008; Kamat et al., 2007), and increased expression of
TSP-1 is an important mediator of this effect (Bocci et al., 2003).
In conclusion, we have shown that the TSP-1 mimetic peptide ABT-510 causes
tumor and endothelial cell apoptosis. The pruning of abnormal tumor vasculature
appears to leave healthier, normalized blood vessels that facilitate uptake of
chemotherapeutic drugs and increase their effectiveness. These results suggest that
combined anti-angiogenic treatment with TSP-1 mimetics and chemotherapy drugs may
significantly improve the outcome of patients with EOC.

66

Chapter 2: ABT-898 induces tumor regression and prolongs
survival in a mouse model of epithelial ovarian cancer
Adapted from Campbell et al., 2011. Mol Cancer Ther. 10(10):1876-85

Abstract
Epithelial ovarian cancer (EOC) is the most lethal gynecologic malignancy and is
often not diagnosed until late stages due to its asymptomatic nature. Women
diagnosed with EOC typically undergo surgical debulking followed by chemotherapy,
however disease recurrence often occurs. In this study, we evaluated the ability of the
thrombospondin-1 (TSP-1) mimetic peptide, ABT-898, to regress established, late stage
tumors in a mouse model of human EOC. Ovarian tumors were induced and ABT-898
treatment was initiated at time points that were representative of late stages of the
disease to study tumor regression. ABT-898 induced tumor regression and reduced the
morbidity of treated animals compared to controls. Analysis of tumors from ABT-898
treated animals demonstrated reduced abnormal tumor vasculature, decreased
expression of the pro-angiogenic compound vascular endothelial growth factor (VEGF),
and reduced tumor tissue hypoxia. ABT-898 treatment initiated at late-stage disease
also significantly prolonged disease-free survival compared to control animals. Results
from this study demonstrate that ABT-898 is capable of regressing established ovarian
tumors in an animal model of the disease. As most women are detected at advanced
stage EOC, ABT-898 may improve our treatment of ovarian cancer.
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Introduction
Epithelial ovarian cancer (EOC) is the most common malignancy of the female
reproductive tract and is the most lethal gynecologic cancer. Ovarian cancer is detected
at a late clinical stage in more than 80% of the cases partly due to diffuse, non-discrete
clinical signs and the lack of effective screening techniques.

Current treatment

modalities for EOC involves surgical debulking followed by platinum and taxol based
chemotherapy (Harries and Kaye, 2001). Patients typically respond favourably to this
initial treatment regimen, however the majority of women will experience disease
recurrence that is characterized by chemoresistance (Chan et al., 2010; Perez et al.,
1990). The outcome of current treatment modalities demonstrates the necessity for
improved therapeutic options that will successfully treat late stage ovarian tumors and
prevent chemoresistance that will ultimately prevent disease recurrence.
Clinically relevant tumor growth is dependent upon formation of new blood
vessels from pre-existing vasculature, a process termed angiogenesis. In their early
growth phase, tumors will undergo an angiogenic switch in which expression of proangiogenic factors is enhanced, while angiogenesis inhibitors are suppressed (Carmeliet,
2003; Folkman, 1972). VEGF is a potent pro-angiogenic growth factors and is highly
predictive of poor prognosis in numerous cancer types (Yamamoto et al., 2010). In
contrast, thrombospondin-1 (TSP-1) is an endogenous inhibitor of angiogenesis that is
often inversely expressed with VEGF and increased TSP-1 expression is associated with a
favourable prognosis (Zabrenetzky et al., 1994).
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Use of compounds that target angiogenic pathways and regress tumor
vasculature to ultimately inhibit growth and metastasis of tumors have resulted in
variable outcomes (reviewed by Sanchez-Munoz et al., 2009). Initially, the goal of antiangiogenic agents was to decrease tumor vascularity in an effort to impede nutrient
delivery and decrease metastasis, however, numerous studies have suggested that
tumor vasculature undergoes normalization.

Tumor vessel normalization involves

pruning back the abnormal, torturous tumor vasculature while leaving the mature,
healthy parental vessels intact (reviewed by Jain, 2005). This ultimately results in
increased tissue perfusion and decreased tumor hydrostatic pressure which can
facilitate increased uptake of cytotoxic agents when used in combination therapy. We
have previously reported that the TSP-1 mimetic peptide ABT-510 decreases blood
vessel density and increases the proportion of mature blood vessels allowing for
enhanced tissue uptake of paclitaxel and cisplatin (Campbell et al., 2010).

The

thrombospondin mimetic peptide, ABT-510, (Abbott Laboratories) is a nonapeptide (AcSrc-Gly-Val-D-AlloIle-Thr-Nva-Ile-Arg-Pro-NHEth) related to a sequence from the antiangiogenic second Type I domain of TSP-1 (…GVITRIR…). The type I repeat region (TSR)
binds and activates CD36, a scavenger receptor found on endothelial and other tumor
cells to mediate the anti-angiogenic effects of TSP-1 such as increased apoptosis and
impaired migration and chemotaxis (Primo et al., 2005; Sun et al., 2009). We have
demonstrated in a mouse model of EOC, that ABT-510 is capable of decreasing the size
of ovarian tumors and inhibiting the formation of peritoneal lesions and ascites fluid
(Campbell et al., 2010; Greenaway et al., 2009). A second generation TSP-1 mimetic
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peptide, ABT-898 has been generated (Ac-Gly-Val-D-AlloIle- Ser-Gln-Ile-Arg-Pro-NHEth)
which has enhanced pharmacodynamic and pharmacokinetic stability. Replacement of
the Thr-Nva bond of ABT-510 with Ser-Gln results in significantly improved plasma
stability and an increased half-life of 4-5h for ABT-898. Compared to other antiangiogenic agents, the TSP-1 mimetics offer minimal side effects or toxicities (Baker et
al., 2008; Gordon et al., 2008). In this study we utilized ABT-898 to determine its effects
on late stage epithelial ovarian tumors and its ability to induce tumor regression and
prolong disease-free survival.

Materials and Methods
Reagents and Cell Lines
In this study, we used the TSP-1 mimetic peptide ABT-898 (Abbott Labs, Abbott
Park, IL) and evaluated its effect on murine and human endothelial and ovarian
epithelial cells. Murine microvascular endothelial cells (mEC) were obtained from ATCC
and were cultured in DMEM with 10% FBS and 1% ABAM and human endothelial cells
(HUVEC) were cultured in F-12K (ATCC) supplemented with 0.1mg/ml heparin (Sigma),
0.03mg/ml ECGS (Sigma), 10% FBS and 1% ABAM.

The following epithelial cell lines

were also cultured with the appropriate media: ID8 cells (DMEM), normal human
ovarian surface epithelial cells (NOSE; generously donated by Dr. Jinsong Liu (MD
Anderson Cancer Center, Houston, TX)), OVCAR-3 (RPMI with 20% FBS) and SKOV3
(McCoys 5A, supplemented with 10% FBS and 1% ABAM).

70

Mouse Model
All animals were purchased from Charles River Laboratories and housed and
treated in accordance with the Canadian Council on Animal Care. An orthotopic,
syngeneic mouse model of EOC was used to evaluate the pre-clinical efficacy of ABT898. This model replicates high grade ovarian serous adenocarcinoma in women and has
been previously described (Greenaway et al., 2008). Briefly, spontaneously transformed
murine surface epithelial cells from C57BL/6 mice (ID8; 1.0 x 106) were injected directly
under the ovarian bursa of syngeneic mice. In this model, 60 days post tumor induction
(PTI), mice form primary ovarian masses and by 90 days PTI, there are large ovarian
tumors, numerous secondary peritoneal lesions, and abdominal ascites. The ability of
ABT-898 to induce regression of established epithelial ovarian tumors was assessed in
our animal model. Tumors were allowed to develop for 60 or 80 days PTI, at which time
treatment of animals was initiated with intraperitoneal (IP) once daily injections of ABT898 (25mg/kg) or D5W vehicle control (200uL). ABT-898 has not shown any toxicity or
immune response in this syngeneic mouse model. Mice were euthanized 90 days PTI,
which corresponded to 30 days of treatment in the 60 day PTI group and 10 days of
treatment in the 80 day PTI group. Primary tumors were collected and measured and
peritoneal tumors were assessed for metastatic spread based on a lesions scoring
system in which mice were categorized as having no observable abdominal lesions, 1-2
lesions, between 3-10 lesions, or greater than 10 lesions as a way to quantify the extent
of abdominal disease as we have done previously (Greenaway et al., 2008).
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Survival
In a second cohort of mice, daily treatments with ABT-898 were initiated at 60 or
80 days PTI (n=12 animals per group) and animals continued to receive treatment until
they became moribund which was assessed based on the visible accumulation of ascites
fluid. Animals with noticeable ascites and an increased weight gain of 20% of their pretumor induction body weight were euthanized. All remaining animals were euthanized
at 150 days post-tumor induction and those which were free of morbidity (had not
developed ascites fluid) were recorded accordingly. The ovaries of these animals were
assessed histologically to ensure that the surgical injection of ID8 cells was successful
and created the presence of a focal necrotic region indicating where original tumors had
regressed.

In Vitro Endothelial and Epithelial Cell Death
ABT-898-induced apoptosis in endothelial and epithelial cells was evaluated with
a terminal deoxynucleotidyl transferase dUTP nick end labeling (TUNEL) assay (In Situ
Cell Death Detection Kit; Roche, Laval, Quebec, Canada) according to the manufacturer’s
instructions and by immunofluorescence staining for caspase-3. Endothelial and ovarian
tumor cells were cultured in serum-free media alone or with ABT-898 (50nM) or vehicle
control (5% dextrose in PBS) for 24 hours, and were then fixed in 10% buffered formalin
for 1 hour and permeabilized with 0.2% Triton-X for 5 minutes. For detection of
apoptosis, cells were washed with PBS and incubated with the TUNEL reaction mixture
(label solution and enzyme solution) for 60 minutes at 37°C in the dark. Cells were
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rinsed with PBS, nuclei were stained with DAPI, and coverslips were mounted onto
slides with Prolong Gold anti-fade (Invitrogen, Burlington, ON) and allowed to dry
overnight.

Negative and positive controls were generated according to the kit

instructions. All slides were visualized using an Olympus BX-61 fluorescent microscope,
and quantification of the percent immunopositive cells was performed by a blinded
individual using integrated morphometry software (Metamorph, Burlingname, CA). For
fluorescence detection of caspase-3, cells were incubated in the presence of a rabbit
anti-human caspase-3 antibody (Cell Signaling, 1:200 dilution) overnight at 4oC, then
rinsed and incubated with rabbit Alexa Fluor 488 secondary antibody (Molecular Probes,
1:100 dilution) for 2 hours at RT. Brightfield and fluorescence images were captured
with an Olympus phase contrast fluorescence microscope and overlayed using
integrated morphometry software (Metamorph, Burlingname, CA).

Immunohistochemistry
Immunohistochemistry (IHC) was performed to quantify expression of the
endothelial cell marker CD31 and a marker of hypoxia, carbonic anhydrase (CA). At 90
days PTI, following 30 days of treatment with ABT-898, ovarian tissue was harvested
from animals and immediately formalin-fixed. Tissues were then processed using a
paraffin tissue processor (Ventana Medical Systems, Tuscon, AZ) and 5μm sections were
cut and mounted onto slides. Paraffin-embedded sections were de-paraffinized,
rehydrated and endogenous peroxidases were blocked by incubation with 1% hydrogen
peroxide for 10 minutes at room temperature (RT). Antigen retrieval was conducted by
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immersing sections in 10mM citrate buffer at 90°C for 12 minutes. Tissues were blocked
for 10 minutes at RT with 5% normal serum and incubated with anti-CD31 (BD
Biosciences Pharmingen, San Diego, CA) or CA (Abcam) overnight at 4°C in a humidity
chamber. Slides were incubated with anti-mouse biotinylated secondary antibody
(Sigma-Aldrich Canada Ltd., Oakville, ON) for 2 hours at RT followed by ExtrAvidin
(Sigma-Aldrich Canada Ltd., Oakville, ON) for 1 hour at RT. The primary antibodies were
visualized using DAB (Sigma-Aldrich Canada Ltd., Oakville, ON) and counterstained with
Carazzi’s Hematoxylin. After slides were dehydrated and mounted on coverslips, they
were imaged by an individual blinded to the treatments using brightfield microscopy.

Evaluation of microvessel density and vessel maturity
Microvessel density was evaluated in tissue sections that were immunostained
for CD31 as mentioned above. Images were obtained at 200x magnification and 4 fields
of view per section were used. Microvessel density (number of vessels per field and
blood vessel area) was quantified using Metamorph integrated morphometry software
(Metamorph, Burlingname, CA). In order to evaluate vessel maturity, a marker for
mature vessels was co-localized with endothelial cells using immunofluorescence in
tumor sections. Immunostaining was performed with CD31 and SMA, a pericyte marker.
Briefly, slides were processed as mentioned above and incubated with the CD31
antibody for 1 hour at RT. Tumor sections were washed with PBS and anti-mouse
secondary antibody conjugated to Alexa Fluor 594 (Invitrogen, Burlington, ON) was
applied for 1 hour at room temperature. Following another series of washes, slides were
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incubated for 1 hour at RT with anti-SMA primary antibody (Fitzgerald Industries
International, Concord, MA) and secondary antibody conjugated to Alexa Fluor 488
(Invitrogen, Burlington, ON) was applied for 1 hour. Tissues were counterstained with
DAPI and mounted using Prolong Gold as an antifade medium (Invitrogen, Burlington,
ON). SMA positive vessels indicated mature blood vessels and they were quantified as a
percentage of total CD31 positive vessels. Images were captured by an individual
blinded to the treatments with an Olympus BX-61 microscope at room temperature
using integrated morphometry software. SMA positive vessels indicated mature blood
vessels and they were quantified as a percentage of total CD31 positive vessels.

In Vivo Determination of Epithelial and Vascular Endothelial Cell
Apoptosis
Following treatment with D5W or ABT-898 in vivo from 60 days PTI, tissues were
collected at 90 days PTI and processed for immunofluorescence and apoptosis. For
determination of epithelial tumor cell apoptosis, tissues from D5W or ABT-898 treated
animals were analyzed using the TUNEL assay according to manufacturer’s instructions
(Roche, QC). For evaluation of vascular endothelial cell apoptosis, two adjacent tissue
sections were placed on each slide, and one was immunofluorescently stained for CD31,
while the other was probed for SMA as above. Following incubation with Alexa-Fluor
594-conjugated secondary antibodies, tissues were rinsed and subjected to TUNEL
analysis as described above. Following the TUNEL procedure, images of CD31, SMA, and
TUNEL were collected and images of adjacent sections were oriented and overlaid using
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image processing software. This approach allowed us to determine the incidence of
apoptosis in the endothelium of vessels with and without pericyte coverage.

Expression of Vascular Endothelial Growth Factor (VEGF)
Protein levels of pro-angiogenic VEGF was determined in vitro and in vivo using
Western blot analysis. In vitro, ID8 cells were cultured in the presence of 50mM ABT898 in serum-free DMEM, supplemented with 1% ABAM (Gibco, Burlington, ON) for 24
hours. For in vivo experiments, tumor tissue was collected at 90 days PTI from mice
treated with ABT-898 for 10 days (80 day PTI group) or 30 days (60 day PTI group) and
was flash frozen. Cells were lysed and tumor tissues were homogenized in RIPA buffer
with protease and phosphatase inhibitors and protein concentrations were determined
using a DC protein assay (Bio-Rad Laboratories, Hercules, CA). All western blots were
performed using an XCell II™ Blot Module System (Invitrogen, Burlington, ON). Samples
(20 µg of total protein) were reduced and subjected to SDS-PAGE. Proteins were
transferred to PVDF membranes (Bio-Rad Laboratories, Hercules, CA) and blocked at
room temperature for 1 hour in 5% skim milk with TBST. Membranes were probed for
overnight at 4°C with primary antibody against VEGF (SantaCruz, Burlingname, CA).
Following washes with TBST, membranes were incubated for 1 hour at RT with antirabbit IgG HRP-linked secondary antibodies (Cell Signaling Technology, Inc., Beverley,
MA). Expression of VEGF was detected using Western Lightning Chemiluminescence
Reagent Plus (PerkinElmer BioSignal, Inc., Montreal, QC) and visualized using medical xray film (Konica Minolta Medical Imaging Inc., Wayne, NJ). Computer assisted
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densitometry was performed using AlphaEase FC software (AlphaInnotech, San Leandro,
CA) and results were quantified and reported as integrated densitometry values (IDV)
relative to β-tubulin.

Statistical Analysis
All in vitro experiments contained three biological replicates and all in vivo
experiments consisted of at least six animals per group. Results from cell apoptosis,
ovarian tumor weight, blood vessel density and maturity were evaluated by analysis of
variance with a Fisher post hoc test. To analyze secondary lesions and ascites fluid a chisquared test was performed. In order to evaluate survival in our model, a Kaplan-Meier
estimator was performed and significance was determined using the log-rank test.
Significance threshold was set at 0.05 and the error bars within the graphs are based on
standard deviation of the mean.

Results
ABT-898 induces apoptosis in endothelial and epithelial cells and
significantly reduces the size of epithelial ovarian tumors

In the present study, animals were allowed to develop epithelial ovarian tumors
for 60 or 80 days which replicates late stage human disease, before being treated with
ABT-898. We evaluated the apoptosis inducing effect of ABT-898 on cells comprising the
vascular and epithelial compartments of ovarian tumors.

Various endothelial and

epithelial cell lines that were treated with ABT-898 in culture for 24 hours exhibited a
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significant increase in cell death compared to untreated controls (Figure 8 A,B). In
human and murine endothelial and epithelial cancer cells, treatment with 50nM ABT898 for 24hr resulted in approximately a 5-fold increase in apoptosis. Cancer cells
showed an increase in expression of caspase-3 following treatment with the peptide
(Figure 8 C).
Animals that received daily IP injections of ABT-898 for 30 days (60 days PTI) or
10 days (80 days PTI) had a significant reduction in tumor size compared to the size of
the tumors at the start of treatment, and in comparison to the vehicle (D5W) treatment
controls also collected at 90 days PTI (Figure 9).

ABT-898 reduces the number of peritoneal lesions and prevents formation
of ascites fluid
The number of peritoneal lesions and the presence of ascites fluid was
determined in animals following treatment with ABT-898 as described above (n=6 mice
per treatment group). 4/7 animals that received treatment at 80 days PTI had less than
2 visible lesions in their peritoneal cavity compared to 1 / 6 animals that exhibited a
similar frequency of lesion formation in the D5W control group (Figure 10). Examination
of the 60 day PTI group revealed treatment of ABT-898 significantly lowered the
abdominal or extraovarian lesion formation compared to controls. The majority of
animals (5 / 6) had 0-2 detectable metastatic lesions and 3 had no lesions while among
controls 5 / 6 animals had >2 lesions and none of the controls were lesion free. All 6
animals that received the vehicle control developed ascites fluid during the study,
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however treatment with ABT-898 reduced the number of animals that developed
ascites. In the 80 day PTI group, 2 / 6 animals had no ascites, a significant reduction
compared to controls. Most interestingly, there was a complete absence of ascites in
mice whose treatment began at 60 days PTI (30 days of ABT-898 treatment) (Figure 10).

ABT-898 remodels the vasculature and reduces tumor tissue hypoxia
The effect of ABT-898 on tissue hypoxia and tumor vasculature was evaluated in
vivo. ABT-898 treatment reduced the levels of tumor tissue hypoxia compared to
controls, as indicated by the proportion of tissue positive for CA (Figure 11 A). Blood
vessel maturity was measured as the percentage of blood vessels associated with SMA
positive pericytes. Immunoflurescence co-localization of CD31 and SMA showed that in
late-stage disease, ABT-898 increased the proportion of mature vessels compared to
vehicle treated controls (Figure 11 B). ABT-898 treatment resulted in a significant
decrease in tumor vessel area and blood vessel density. Treatment for 30 days resulted
in statistically significant reduction in vessel area compared with both controls (p < 0.05)
and 10 day treatment (p < 0.05) (Figure 11 C).

ABT-898 reduces expression of VEGF in vitro and in vivo
ID8 cells treated with 50mM ABT-898 for 24 hours expressed lower levels of
VEGF compared to the untreated controls (Figure 11 D). Protein was collected from
whole tumor tissue homogenates from mice who received ABT-898 for 10 days (80d PTI
group) or 30 days (60d PTI group) or who received D5W vehicle control. Western blot
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analysis showed a decrease in VEGF protein levels after 10 days of treatment with ABT898 and a further reduction in VEGF protein in the 60d PTI group (Figure 11 E).

ABT-898 induces apoptosis in endothelial cells of immature but not
mature blood vessels
Double-labeling immunofluorescence, coupled with TUNEL analysis allowed us to
view endothelial cell apoptosis in immature (without pericyte coverage) and mature
(pericyte covered) tumor vessels. ABT-898 induced apoptosis predominantly in vessels
that were void of pericytes, as indicated by a lack of α-SMA co-staining (Figure 12).
Endothelial cells from mature, pericyte-covered vessels were typically resistant to
apoptosis (Figure 12).

ABT-898 prolongs survival in a mouse model of epithelial ovarian cancer
ABT-898 treatment caused a significant reduction in the size of ovarian tumors
(Figure 9).

To determine whether this treatment had an impact on survival, we

continued treatment and assessed for signs of morbidity. Treatment began at 60 or 80
days PTI and continued until animals became moribund, which was defined as
abdominal distension due to ascites fluid accumulation. Animals whose treatment
began at 80 and 60 days PTI had a significantly longer survival compared to controls.
Mice that received ABT-898 at 80 days had a mean survival of 108 days PTI compared to
98 days for controls. Treatment that started at 60 days PTI resulted in the animals living
on average 130 days compared to 94 days PTI. The experiment was terminated at 150
days PTI and all animals were euthanized independent of any signs of morbidity.
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Approximately 27% of mice with treatment started at 80 days and 46% of mice starting
at 60 days PTI had no sign of disease such as abdominal distension, coat condition
deterioration, or lethargy and at 150 days PTI and had no grossly observable ovarian
tumors at euthanasia (Figure 13 A,B).

Long-term treatment of ABT-898 significantly reduces the number of
peritoneal lesions
Mice involved in the survival study were scored for the presence of peritoneal
lesions at the time of necropsy. Mice, in which treatment was initiated at either 60 or 80
days PTI continued to receive treatment until they became moribund (or until the
experiment was terminated at 150 days PTI). Animals that received treatment had
significantly fewer lesions when sacrificed compared to untreated controls. The 80 days
PTI group had a reduction in the number of lesions while the 60 day PTI group had
greater than 50% with no signs of peritoneal disease (Figure 13 C,D).
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Figure 8. (Continued on next page)
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Figure 8. ABT-898 induces apoptosis in endothelial and epithelial cells. A. Murine and
human cell lines were treated with 25nM ABT-898 for 24 hours and apoptosis was
measured via TUNEL. Treatment with ABT-898 increased the percentage of apoptotic
cells in both murine endothelial (mEC) and human umbilical vein endothelial cells
(HUVEC). B. Transformed murine surface epithelial (ID8), human normal ovarian surface
epithelial (NOSE) and human ovarian carcinoma cell lines (OVCAR-3 and SKOV-3) were
also treated with ABT-898. All of these cell lines demonstrated an increase in apoptosis
following treatment with ABT-898 compared to serum-free or vehicle controls. C. Relief
contrast imaging showed an increase in expression of caspase-3 following 24 hour
treatment with ABT-898 in murine and human EOC cells. In vitro experiments were
performed in triplicate and the assays were repeated three times. * p < 0.01
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Figure 9. Treatment with ABT-898 induces regression of epithelial ovarian tumors.
Tumors were allowed to progress without intervention for 60 or 80 days post tumor
induction (PTI). Animals were treated with 25mg/kg/day of ABT-898 or the vehicle
control D5W resulting in treatment for 30 or 10 days respectively. At 90 days PTI ABT898 treated tumors were significantly smaller compared to pre-treatment or D5W
treatment. (n=6 animals per group; * p < 0.05; ** p < 0.01)
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Figure 10. (Continued on next page)
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Figure 10. ABT-898 reduces the number of secondary lesions and prevents formation of
ascites fluid. A. The number of secondary lesions and the presence of ascites fluid was
assessed in the animals at 90 days PTI following treatment with ABT-898. Mice treated
for 10 days (80 days PTI) and 30 days (60 days PTI) demonstrated a significant reduction
in the number of secondary lesions compared to D5W treated controls. A significant
reduction was also observed between the 60 and 80 day PTI groups. B. All of the
animals treated with the vehicle control (D5W) had developed ascites fluid at 90 days
PTI. There was a significant reduction in the number of mice with ascites following
treatment with ABT-898. Approximately 40% of mice treated for 10 days (80 days PTI)
did not present with ascites fluid. Animals treated at 60 days PTI did not show any signs
of ascites fluid production demonstrating the ability of ABT-898 to inhibit its formation.
(n=6 animals per group; In panel A, * - p<0.05 compared to D5W control, in Panel B,
bars with different symbols are statistically different p < 0.05)
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Figure 11. (Continued on next page)
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Figure 11. Treatment with ABT-898 reduces tumor tissue hypoxia, alters the vascular
profile, and decreases VEGF protein levels in vitro and in vivo. A. Ovaries harvested
from mice treated with ABT-898 for 30 days (ABT-898 60d PTI group) were
immunostained for carbonic anhydrase to evaluate tumor hypoxia.

There was a

significant reduction in the percent of immunopositive staining in tumors from animals
that were treated daily with ABT-898 compared to controls.

B. Co-localization

experiments performed with CD31 (red) and SMA (green) revealed that following
treatment with ABT-898 there was an increase in the proportion of pericyte-covered
mature blood vessels at 60 and 80 days PTI. (n=6 animals per group). Bars A – 150µm; B
- 120µm. C. Ovaries were collected from animals treated with ABT-898 for 30 (60 days
PTI) and 10 (80 days PTI) days and immunohistochemical analysis investigated
vasculature parameters. Treatment with ABT-898 significantly (p<0.05) reduced the
blood vessel density [top] and tumor vessel area [bottom] at both time points. A further
significant reduction in tumor vessel area was noted in the 60 day PTI group compared
to 80 days PTI. (n=6 animals per group; bars with different symbols are statistically
different p < 0.05).
VEGF expression was evaluated through western blotting in ID8 cells and ovarian tumor
tissue following treatment with ABT-898. D. ID8 cells were either untreated (Cntrl) or
treated with 50nM ABT‐898 for 24hr in serum‐free media. E. Ovarian tumor tissue was
collected at 90 days post tumor induction (PTI) from untreated mice (Cntrl) or mice in
which ABT‐898 (25mg/kg) treatment was initiated at 60 or 80 days PTI.
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In vitro

experiments were performed in triplicate and repeated three times while in vivo
experiments included 6 mice per treatment group. The above western blots depict an
average representative from each group.
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Figure 12. (Continued on next page)
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Figure 12. ABT-898 induces apoptosis in tumor cells and in endothelial cells from
immature blood vessels. At 90 days PTI, tissues from control, and ABT-898 treated mice
were subjected to brightfield TUNEL analysis (A) or immunofluorescence co-localization
of markers for endothelial cells (CD31), pericytes (SMA), and apoptosis (TUNEL) (B).
ABT-898 treatment caused a significant increase in tumor cell apoptosis. Endothelial cell
death typically was observed in blood vessels that were not associated with pericytes
and ABT-898 treatment resulted in fewer blood vessels with apoptotic endothelial cells.
Bar = 120µm. n=6 mice per group; * - statistically significant difference between groups
(p < 0.05).
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Figure 13. (Continued on next page)
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Figure 13. ABT-898 prolongs disease-free survival and reduces the number of secondary
lesions. A. In a separate cohort of mice, animals continued to receive daily IP injections
of ABT-898 until they became moribund.

Animals treated at 80 days PTI had a

significant increase in survival compared to D5W controls. The mean survival in this
group was 108 days compared to 98 days for the controls. At 150 days PTI, 27% of the
mice did not exhibit signs of disease. B. There was also an overall increase in survival in
animals treated at 60 days PTI. These mice were disease-free for 130 days on average
compared to 94 days PTI for the controls. At the completion of the study, 46% of the
mice in this group did not display signs of disease. (n=15 animals per group)
C. Animals that commenced treated at 80 days PTI had a significant reduction in the
number of secondary lesions compared to controls. On average, treated mice had a
score of 2-10 lesions compared to >10 lesions which the controls exhibited. D. There
was also a significant reduction in the number of secondary lesions in the 60 day PTI
group. Over 50% of treated mice did not have any lesions compared to controls which
had around 10 lesions. (n=15 animals per group; * p < 0.05)
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Discussion
We have shown that the TSP-1 mimetic peptide, ABT-898 can induce regression
of advanced-stage EOC in mice and that it induces apoptosis of tumor cells and
endothelial cells of immature tumor blood vessels. Since the field of anti-angiogenic
therapy was first pioneered in the 1970s, various studies have looked at its role in
treating cancer, with many focusing on targeting the VEGF pathway (reviewed by Rosen,
2005). Anti-VEGF agents have been used for the treatment of ovarian cancer and have
shown some clinical efficacy (Burger, 2010), along with some toxicities (Randall and
Monk, 2010; Cannistra et al., 2007). Other anti-angiogenic agents which have been
effective for the treatment of various cancers are peptides derived from the TSR antiangiogenic domain of TSP-1 (Dawson et al., 1999). Numerous studies have shown the
anti-angiogenic and anti-tumor effects of 3TSR (Ren et al., 2009; Zhang et al., 2005a;
Zhang et al., 2007a) and ABT-510 (Anderson et al., 2007; Greenaway et al., 2009; Hasina
et al., 2009). These endogenous inhibitors of angiogenesis have demonstrated efficacy
and safety and are well tolerated in both animal models and human studies (Baker et
al., 2008; Ebbinghaus et al., 2007; Gordon et al., 2008; Markovic et al., 2007). We have
previously evaluated ABT-510 as a single-agent and in combination with various
chemotherapeutics in the treatment of EOC and reported a decrease in primary tumor
size and a reduction in the clinical signs of the disease, as well as an increase in the
uptake of the chemotherapy drugs cisplatin and paclitaxel through vascular
normalization (Campbell et al., 2010).

94

Due to the relatively asymptomatic nature of EOC, approximately two thirds of
women are not diagnosed until advanced stages (Stage III, IV) (Holschneider and Berek,
2000) at which time disease has spread throughout the peritoneum and the 5-year
survival rate is only approximately 37% (Heintz et al., 2006; Nguyen et al., 1993). In our
animal model, we can allow the mice to develop late-stage disease before beginning
treatment, which replicates the current clinical situation. In the current study, we
evaluated the ability of ABT-898 to regress established ovarian tumors and prolong
disease-free survival. ABT-898 induced apoptosis in both in vascular endothelial and
tumor cells, resulting in reduced tumor size and decreased tumor microvessel density.
This combined anti-angiogenic and anti-tumor effect may explain the potent regression
of advanced tumors following relatively short treatment periods of 10 or 30 days.
Recently, ABT-898 has been shown to have a similar combined anti-angiogenic and proapoptotic influence on ovarian cells, where it inhibits follicular angiogenesis and
concomitantly induces atresia of antral follicles (Garside et al., 2010). Anti-angiogenic
therapies may act to “prune” tumor vessels, removing the immature and abnormal
tumor vessels resulting in vessel normalization and an increased perfusion pressure of
the residual tumor tissue (Jain, 1998; Jain, 2001). In our study, ABT-898 specifically
induced endothelial cell death in immature tumor vessels that were not associated with
pericytes and following treatment, tumor tissue had better perfusion, suggesting that
the remodelled blood vessels were more functional and vascular supply was enhanced.
Vessel pruning by ABT-898 is supported by other studies that have demonstrated a proapoptotic effect of TSP-1 on endothelial cells in vitro and in vivo (Hasina et al., 2009;
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Rege et al., 2009; Ren et al., 2009). By specifically targeting immature tumor vessels,
ABT-898 appears to have limited impact on established vasculature and may explain
why we have not see changes in the vasculature in other peritoneal organs that are
exposed to this TSP-1 mimetic. ABT-898 also exerts a pro-apoptotic effect on the
epithelial cell compartment, which likely contributed to the significant decrease in
tumor mass seen at both the 60 and 80 day PTI groups. TSP-1 has also been shown by
us and others to induce apoptosis in non-endothelial leukemias and ovarian cancer
cells, which may provide an important contribution to its anti-tumor activity in addition
to its anti-angiogenic effects (Bruel et al., 2005; Campbell et al., 2010; Greenaway et al.,
2009; Li et al., 2003). We have previously shown that through vessel normalization in a
mouse model of EOC, ABT-510 facilitates an increased uptake of chemotherapeutic
drugs commonly used to treat women (Campbell et al., 2010). Tumor vasculature
exhibits inefficient flow causing numerous hypoxic areas with limited blood supply
(Fukumura et al., 2001; Winkler et al., 2004). Due to this limited blood flow, it is difficult
to get cytotoxic drugs to the tumor core, which can result in suboptimal drug delivery
which can facilitate drug resistance, allowing the tumor to persist and grow (Browder et
al., 2000; Cosse and Michiels, 2008). By increasing vascular supply to a smaller tumor,
ABT-898 may increase the delivery and uptake of chemotherapy drugs, enhancing their
effectiveness and reducing drug resistance.
As the ovarian tumor grows, tumor cells typically begin to shed from the surface,
a process known as transcoelomic metastasis (Tan et al., 2006). These cells will then
seed throughout the peritoneal cavity and attach to the abdominal wall, the surfaces of
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peritoneal organs, and mesenteries. The cells will coalesce and form well-differentiated
secondary tumors with recruitment of an independent blood supply.

The pro-

angiogenic drive from the primary tumor, along with the multiple secondary peritoneal
lesions often present generate significantly increased expression of pro-angiogenic VEGF
(Fujimoto et al., 2001; Gadducci et al., 2003; Yamamoto et al., 1997). We have shown
that tumor-bearing mice have a significant increase in the levels of VEGF in serum and
ascites fluid (Campbell et al., 2010; Greenaway et al., 2008). In addition to its proangiogenic effect, VEGF is a potent stimulator of vessel permeability (Behzadian et al.,
2003; Senger et al., 1983). It is thought that increased tumor vessel permeability
contributes to fluid extravasation in primary and secondary ovarian tumors, and
ultimately the accumulation of abdominal ascites. In our study, ABT-898 reduced VEGF
protein levels in ID8 cells cultured in vitro and in collected tumor tissue, which would
contribute to the reduced blood vessel density and increased tumor cell apoptosis
observed in this model. The mechanism for this reduction in VEGF expression is not
clear, although we have shown previously that TSP-1 binds VEGF, then associates with
the LRP-1 receptor, where the complex is internalized and degraded (Greenaway et al.,
2007). Mice that were treated with ABT-898 at 60 and 80 days post-tumor induction
had a significant reduction in the number of secondary lesions compared to controls.
The reduced number of peritoneal lesions was also associated with reduced ascites
following treatment. Most notable was the fact that the animals in the 60 day PTI group
had a complete absence of ascites fluid.
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Based on the reduction we observed in ovarian tumor weight, decreased
peritoneal lesions and reduced ascites fluid formation following treatment with ABT898, we hypothesized that the peptide would significantly extend survival in our mouse
model of EOC. Animals in which treatment was initiated at 60 or 80 days post-tumor
induction continued to receive daily injections until moribund. Treatment with ABT-898
significantly prolonged disease-free survival in both groups and resulted in a number of
animals that did not present with any signs of disease at 150 days. Of the animals that
did present with morbidity before 150 days, survival may have been enhanced by
periodic draining of abdominal ascites or a combinational therapy including
chemotherapy drugs such as cisplatin or taxol, which are procedures performed
clinically. Although some of the mice in the 60 day PTI treatment group had to be
euthanized early due to accumulation of ascites fluid, more than half of these animals
did not display peritoneal lesions. It appears that ABT-898 treatment in these animals
eliminated the peritoneal lesions, but ascites was still being generated from the residual
primary tumor. In these mice, treatment was encouraging as most women succumb to
EOC due to peritoneal disease, rather than primary tumor burden.
Currently, the standard of care for patients with EOC involves cytoreductive
surgery followed by chemotherapy. Over the past few decades, optimization of this
treatment regime has resulted in a slight overall increase in survival (Chan et al., 2010),
however the long term survival rate remains low. Results from this study suggest that
ABT-898 may be beneficial in the treatment of late-stage EOC and may improve survival
for women diagnosed with this disease.
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Chapter 3: Investigating the mechanism of action of ABT-898 in a
mouse model of epithelial ovarian cancer.
Abstract
The current standard of care for women diagnosed with epithelial ovarian cancer
(EOC) is surgical de-dulking followed by chemotherapeutics. This approach has some
success, but often is associated with disease recurrence and resistance to
chemotherapeutics. Recently, strategies have focused on inhibiting tumor vasculature
through the use of anti-angiogenic agents. Members of the thrombospondin-1 (TSP-1)
family signal through the CD36 receptor to induce endothelial cell apoptosis and cause
blood vessel regression. It has also been proposed that these agents have a direct
apoptotic effect on epithelial cells.

In order to apply these agents alone or in

combination with traditional cytotoxic agents it is necessary to have a better
understanding of their mechanism of action. In this study we attempted to determine
the effect of ABT-898 on endothelial and epithelial cells in vitro and in vivo. No
significant changes in tumor size were identified in CD36 null mice treated with ABT-898
relative to control animals. However, when cells with low CD36 expression were
injected into wild type mice a significant reduction in tumor size with ABT-898
treatment was observed. These results suggest that the apoptotic effects of ABT-898
occurred primarily in endothelial cells. Understanding exactly how TSP-1 mimetics
reduce tumor size is critical for knowing which types of tumors will respond to the
treatment and how to avoid drug resistance.
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Introduction
Women who are diagnosed with epithelial ovarian cancer (EOC) will typically
undergo surgical de-bulking followed by treatment with chemotherapeutics (Harries and
Kaye, 2001;Morrison et al., 2007). Studies have demonstrated the effectiveness of this
standard of care (McGuire et al., 1989; McGuire et al., 1996; Omura et al., 1986;
Wiltshaw and Kroner, 1976) and overall patient survival has slightly increased over the
years (Chan et al., 2010; Engel et al., 2002); but the development of alternative
therapeutic strategies is a necessity. This is especially true for cancers such as EOC
where the majority of patients are not diagnosed until later stages (Holschneider and
Berek, 2000) and disease recurrence and resistance to standard chemotherapeutics are
problematic (Ozols, 1997).
A novel class of therapeutics which aims to overcome some of the shortcomings
of standard cytotoxic agents is one that interferes with angiogenesis. Angiogenesis is an
essential process for tumorigenesis, without which tumor growth would be prohibited
beyond a certain size (Folkman, 1971). It was therefore proposed in the early 1970s by
Judah Folkman that manipulating the angiogenic process would interfere with the
metabolic demands of tumors and ultimately result in regression and dormancy.
Angiogenesis is regulated by a balance between expression of pro- and anti-angiogenic
compounds (Iruela-Arispe and Dvorak, 1997). Since it was hypothesized that altering
angiogenesis might be a feasible therapeutic option, various compounds have been
developed that either reduce the expression of pro-angiogenic compounds (such as
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anti-VEGF compounds) or increase expression of anti-angiogenic compounds (such as
thrombospondin).
Thrombospondin-1 (TSP-1) is a large extracellular glycoprotein comprised of various
domains. These include the amino-terminal heparin binding domain, the procollagen
domain, three type I repeats, three type II repeats, seven calcium-binding type II repeats
and the carboxy-terminal domain (Adams, 2001; Bornstein, 1992). The anti-angiogenic
properties of TSP-1 have been isolated within the procollagen domain and the type I
repeats, otherwise known as the TSRs (Tolsma et al., 1993). Various peptides derived
from TSP-1 have demonstrated anti-angiogenic activity and this has been specifically
located to the GVITRIR sequence of TSR (Dawson et al., 1999). ABT-510 and ABT-898
(Abbott Laboratories) are examples of peptides that are derived from this region and
have shown anti-angiogenic effects in vitro and in vivo (Campbell et al., 2010; Garside et
al., 2010; Greenaway et al., 2009). The molecular mechanism by which TSP-1 exerts its
anti-angiogenic effect is through binding to the cell-surface membrane protein CD36, a
member of the scavenger receptor B family (Febbraio et al., 2001). It has been well
documented that the binding of TSP-1 to CD36 induces apoptosis in endothelial cells
(Armstrong and Bornstein, 2003). More specifically, the GVITRIR sequence within the
TSRs binds to CD36 which in turn activates p59 Fyn, a member of the Src kinase family.
P38 and JNK are then phosphorylated which stimulates transcription of FasL (Jimenez et
al., 2000; Jimenez et al., 2001). Upon ligand binding, Fas will activate caspases and
induce apoptosis of endothelial cells (Volpert et al., 2002).
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It has therefore been assumed that the apoptotic event following treatment with
TSP-1 mimetic peptides is based on their effect on endothelial cells. More recently, it
has been suggested that these anti-angiogenic compounds may have an effect on the
tumor cells directly (Bruel et al., 2005; Campbell et al., 2010; Greenaway et al., 2009; Li
et al., 2003). To date, a dual effect on tumor cells and endothelial cells has not been
extensively investigated.

The current study aimed to evaluate if TSP-1 mimetics

function to induce apoptosis in both endothelial and epithelial cells, and also delineate a
mechanism through which this occurs.

Materials and Methods
Generation of stable cell lines
The ID8 cell line was cultured in DMEM with 10% FBS and 1% ABAM. Stable cell
lines were generated to knockdown expression of CD36 in an inducible manner by
utilizing a Tet-On Advanced expression system (Clontech, Mountain View, CA). ID8 cells
were first transfected with pTet-On Advanced Expression vector and stably transfected
cells were selected for with G418. Multiple clones were identified and transiently
transfected with a TRE-based vector in order to determine the inducibility of the cotransfectants. Once a positive clone was identified, these cells were transduced with
mouse CD36 shRNA lentiviral particles (Gentarget, San Diego, CA). Transduced cells
were selected using blasticidin and clones were propagated.

In order to achieve

knockdown of the desired gene in this system, doxycycline (10ug/mL Sigma-Aldrich
Canada Ltd., Oakville, ON) was applied to the cells. Protein was collected from six of the
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CD36 clones (with and without doxycycline) and western blot analysis was performed to
determine the level of knockdown (see below). The clone with the highest degree of
CD36 knockdown (CD36-6) was used for subsequent in vitro and in vivo experiments.

Animal models
The current study involved the use of wild type and transgenic animals. All
animals were of a C57BL/6 background and were handled according to the guidelines of
the Canadian Council on Animal Care. The transgenic animals used were CD36 null mice
and were a generous gift from Dr. Arend Bonen at the University of Guelph. Wild type
and CD36 null breedings were established in order to obtain homozygous female mice.
Ovarian tumors were surgically induced in adult wild type and CD36 null mice (at least 3
months of age). The model used to study the disease is an orthotopic syngeneic mouse
model of EOC and has been a useful tool for the application of various therapeutics
(Greenaway et al., 2008; Campbell et al., 2010; Campbell et al., 2011). Primary ovarian
tumors develop by 60 days post tumor induction (PTI) and by 90 days PTI, mice have
advanced stage cancer with numerous metastatic peritoneal tumors and abdominal
ascites. Orthotopic injections were performed on 40 mice (20 wild type and 20 CD36
null) and the mice were divided into groups based on +/- doxycline (10 mice per group)
and +/- ABT-898 treatment (5 mice per group). For doxycycline administration, the
antibiotic was added to the rodent chow at a concentration of 2mg/kg (Bio-Serv Inc.,
Frenchtown, NJ).
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Drug administration
Following orthotopic injection, the cells colonize and grow, resulting in an
ovarian tumor. Previous studies in our laboratory have determined that an established
tumor is equivalent to a stage II tumor in the human disease, occurring around 60 days
post-tumor induction. Therefore, we administer therapeutics at this time point in order
to replicate the human disease as closely as possible. Prior to drug administration, CD36
was inducibly knocked down. Based on preliminary in vitro studies, we determined that
CD36 was knocked down within 72 hours. We initiated knockdown at 55 days PTI. At 60
days PTI the animals received either ABT-898 or the vehicle control D5W daily for 30
days.

Immunoblot analysis
CD36 clones were treated with or without doxycycline (10μg/mL) as previously
stated for 72 hours before protein lysates were collected. Cells were lysed using RIPA
buffer with protease and phosphatase inhibitors and concentrations were determined
using a DC protein assay (Bio-Rad Laboratories, Hercules, CA). Samples (20µg of total
protein) were reduced and subjected to SDS-PAGE using 10% resolving gels. Proteins
were transferred to a nitrocellulose membrane (Bio-Rad Laboratories, Hercules, CA) and
blocked at room temperature for 1 hour in 5% skim milk with TBST. The membrane was
probed for CD36 (Santa-Cruz Biotechnologies, Santa-Cruz, CA) overnight at 4°C.
Following washes with TBST, the blot was incubated for 1 hour at RT with an anti-rabbit
IgG HRP-linked secondary antibody (Cell Signaling Technology, Inc., Beverley, MA).
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Expression of the proteins was detected using Western Lightning Chemiluminescence
Reagent Plus (PerkinElmer BioSignal, Inc., Montreal, QC) and visualized using medical xray film (Konica Minolta Medical Imaging Inc., Wayne, NJ). In order to control for equal
loading, the membranes were re-probed with β-actin (Cell Signaling Technology, Inc.,
Beverley, MA) overnight at 4°C followed by anti-rabbit IgG secondary antibody for 1
hour at RT.

Computer assisted densitometry was performed using AlphaEase FC

software (AlphaInnotech, San Leandro, CA) and results were quantified and reported as
integrated densitometry values (IDV) relative to β-actin.

Isolation and culture of ovarian surface epithelial cells
Surface epithelial cells were isolated from the ovaries of adult female C57BL/6
mice (wild type and CD36 knockout strains). The ovaries from 5-6 mice were harvested
using aseptic techniques and placed in culture dishes containing sterile PBS. The ovarian
bursa was removed from the ovaries and they were washed with PBS until the
supernatant was clear. Ovaries were transferred to a 15mL falcon tube and 10mL of
0.2% trypsin was added and incubated at 37°C for 30 mins in a water bath. After the
incubation, serum was added to a final concentration of 10% in order to inactivate the
trypsin. The mixture was inverted 4-6 times and the supernatant was decanted and
transferred to a new tube. The cells were subjected to a 4 minute spin at 2400rpm and
the supernatant was discarded. The cellular pellet was resuspended with media and
plated in a 6 well dish. Briefly, the MOSEC media consisted of alpha-MEM (Lonza Inc.,
Mapleton, IL) supplemented with 4% FBS (Gibco, Burlignton, ON), 2ng/mL EGF (R&D
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Systems Inc., Burlington, ON), 10ug/mL ITSS (Roche Applied Sciecnes, Laval, QC),
40ng/mL gentamicin (Invitrogen, Burlington, ON) and 5.5U/mL PenStrep (Lonza Inc.,
Mapleton, IL). The following day, the media was changed and any cellular debris was
therefore removed from the culture dish. Once cells reached confluency, they were
passaged and set up for experiments to ensure a homogenous epithelial population.
Following epithelial confirmation by cytokeratin immunohistochemistry, the cells were
plated for subsequent survival assays.

Immunohistochemistry
Immunohistochemistry (IHC) was performed to quantify expression of Ki67, a
marker of cellular proliferation. Ovarian tissue was harvested from animals and
immediately formalin-fixed.

Tissues were then processed using a paraffin tissue

processor (Ventana Medical Systems, Tuscon, AZ) and 5μm sections were cut and
mounted onto slides. Paraffin-embedded sections were de-paraffinized, rehydrated and
endogenous peroxidases were blocked by incubation with 1% hydrogen peroxide for 10
minutes at room temperature (RT). Antigen retrieval was conducted by immersing
sections in 10mM citrate buffer with 0.05% Tween at 90°C for 12 minutes. Tissues were
blocked for 10 minutes at RT with 5% normal serum and incubated with anti-Ki67
(Abcam, Cambridge, MA) for 1 hour at RT in a humidity chamber. Following PBS washes,
slides were incubated with anti-rabbit biotinylated secondary antibody (Sigma-Aldrich
Canada Ltd., Oakville, ON) for 2 hours at RT followed by ExtrAvidin (Sigma-Aldrich
Canada Ltd., Oakville, ON) for 1 hour at RT. The primary antibodies were visualized
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using DAB (Sigma-Aldrich Canada Ltd., Oakville, ON) and counterstained with Carazzi’s
Hematoxylin. After slides were dehydrated and mounted on coverslips, they were
imaged using brightfield microscopy. Hematoxylin and Eosin (H&E) staining was also
performed on tumor sections through a series of rehydration, staining and dehydration
steps.

Immunofluorescence
ABT-898 induced apoptosis in endothelial and epithelial cells was evaluated with
the terminal UDP Nick end labelling (TUNEL) assay using an In Situ Cell Death Detection
Kit (Roche, Laval, QC) according to the manufacturer’s instructions. Following treatment
with or without ABT-898 (50nM) for 24 hours, cells were fixed in 10% buffered formalin
for 1 hour and permeabilized with 0.2% Triton-X for 5 minutes. Cells were then washed
with PBS and incubated with the TUNEL reaction mixture (label solution and enzyme
solution) for 60 minutes at 37°C in the dark. Cells were rinsed with PBS, nuclei were
stained with DAPI, and coverslips were mounted onto slides with Prolong Gold anti-fade
(Invitrogen, Burlington, ON) and allowed to dry overnight.

Negative and positive

controls were generated according to the kit instructions. All slides were visualized
using an Olympus BX-61 fluorescent microscope, and quantification of the percent
immunopositive cells was performed using integrated morphometry software
(Metamorph).
Primary cells cultured from wild type and CD36 null C57BL/6 mice were plated
on glass coverslips and fixed in order to perform immunofluorescent analysis as
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previously mentioned. Briefly, the cells were stained for epithelial markers such as
cytokeratin 8 and 18 (Fitzgerald Industries International, Concord, MA) as well as
mesenchymal markers with vimentim (Sigma-Aldrich Canada Ltd., Oakville, ON)
overnight at 4°C. The following day, cells were rinsed with PBS and incubated with
Alexa Fluor secondary antibodies (Invitrogen, Burlington, ON) for 1 hour at RT. Nuclei
were stained with DAPI and coverslips were mounted onto slides with Prolong Gold
anti-fade (Invitrogen, Burlington, ON). ID8 cells and fibroblasts were also cultured and
stained as a positive and negative control respectively of epithelial cells.

Cell Survival
In order to assess survival in the various cell lines involved in this study, we
performed a WST-1 colorimetric assay which measures the metabolic activity of cells.
Cell survival in ID8 and CD36-6 cells as well as surface epithelial cells isolated from wild
type and CD36 null ovaries was determined following treatment with ABT-898. In
general, cells were plated (ID8 and CD36-6, 1000 cells/well; WT and KO primary cells,
5000 cells/well) in 96 wells in full growth medium and were serum-starved the following
day. In order to knockdown CD36 in the transduced cells, doxycycline was applied to
the serum-free culture medium for 48 hours before treatment commenced. Cells were
treated with ABT-898 for 48 hours before the WST-1 substrate was added to the wells.
The colorimetric assay was assessed on a plate reader at 24 and 48 hours.
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Statistical Analysis
All in vitro experiments contained three replicates while in vivo studies were
comprised of four to six animals per group.

Results from survival assays,

immunohistochemistry and ovarian tumor weights were analyzed using an ANOVA with
a Fisher post-hoc test and the immunoblots were analyzed using a student’s t-test.

Results
Generation of ID8 cells that inducibly knock down expression of CD36
ID8 cells transfected with the rtTA construct from the pTET-ON advanced system
were isolated and propagated in culture. The ID8 clone expressing the highest level of
rtTA was identified using real-time PCR (data not shown).

This clone was then

transduced with CD36 shRNA lentiviral particles and a sub-clone population was
selected. Following treatment with doxycyclin, western blotting identified a clone which
demonstrated successful knockdown of CD36 expression in the ID8 cells (Figure 14 A).
Densitometry results (Figure 14 B) revealed that the clone had on average 72 % less
CD36 expression (CD36-6) compared to native ID8 cells.

Tumor growth in animals injected with CD36-6 clone cells
Animals injected with CD36-6 cells became moribund as early as 45 days PTI
(prior to doxycycline administration), indicating that these cells are more aggressive
than the native ID8 cells. In vitro, WST-1 assay revealed that the CD36-6 (without
doxycycline) clone had a significantly higher rate of survival compared to native ID8 cells
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(Figure 14 C). When these cells were administered doxycyline and treated with ABT-898
(50 and 100nM) there was no significant difference in survival compared to the controls
(Figure 14 D).
Because of the aggressive nature of these cells, animals continued to become
moribund throughout their treatment schedule and had to be euthanized. Tumor size
was evaluated in the animals that were remaining at the end of the trial however there
was a lot of variation in the groups, making it difficult to interpret the findings (Figure
15). Due to inconsistencies in the model with CD36-6 clones, tissues were not used in
subsequent experimentation.
In general, animals injected with cells that expressed CD36 and were treated
with ABT-898 did not have significant reductions in tumor size compared to their D5W
control groups (Figure 15). The size of the tumors that developed in CD36 null mice
were not different in size compared to wild type controls. No changes were observed
when these animals were treated with ABT-898 either (Figure 15). Whether or not
CD36 was knocked down in the cells (CD36-6) did not appear to have an effect on
ovarian tumor development. There was however a significant reduction in ovarian
tumor size between D5W and ABT-898 treatment groups in wild type and CD36 null
animals injected with CD36-6 cells (Figure 15).

Tumor growth in wild type and CD36 null animals
Wild type animals that were injected with ID8 cells had comparable sized tumors
to previous experiments (Campbell et al., 2010;Campbell et al., 2011;Greenaway et al.,
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2009). Animals that received D5W vehicle control injections had some differences in
tumor size depending on the tissue and cellular status of CD36. CD36 null animals that
were injected with ID8 cells had significantly smaller tumors compared to wild type
C57BL/6 mice (Figure 16 A). Mice that were treated with ABT-898 at 60 days PTI had
significantly smaller tumors compared to those that received D5W vehicle control
injections. This result is consistent with our previous findings (Campbell et al., 2011).
There was a small decrease in tumor weight in CD36 null animals that were treated with
ABT-898 compared to D5W controls however these results were not statistically
significant. Tumors that formed in CD36 null mice (vehicle controls) were similar in
weight compared to those from wild type animals that were treated (Figure 16 A).

Secondary lesions and ascites fluid in wild type and CD36 null mice
Secondary lesions were scored and whether or not the animals had ascites fluid
was recorded. Similar to what we have previously reported with our model we found
that the majority of wild type D5W controls had secondary lesions and were starting to
develop ascites fluid. Wild type animals that received daily ABT-898 treatment had
fewer lesions and most of the animals had no signs of ascites fluid (Table 3). CD36 null
mice that received the vehicle control had fewer lesions than the wild type controls
however ascites fluid was present in most mice. Most of the null mice that were treated
with ABT-898 had no lesions in their peritoneal cavity but they were starting to develop
ascites fluid (Table 3).
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Decreased tumor cell proliferation and decreased apoptosis following
treatment of ABT-898 in CD36 null mice

Cellular proliferation was assessed by IHC staining of Ki67. Sections revealed a
significant decrease in the percent of proliferative cells in ovarian tumors of CD36 null
mice compared to wild type controls in both treatment groups.

No significant

difference was observed between D5W and ABT-898 treatment groups in the wild type
mice which is consistent with previous findings (Greenaway et al., 2009)(Figure 16 B).
Immunofluorescent TUNEL staining revealed a significant increase in apoptosis between
D5W and ABT-898 treatment groups in wild type mice. A significant decrease was
reported for wild type and CD36 null mice treated with ABT-898 (Figure 16 C).

Characterization of ovarian surface epithelial (OSE) cells from mice
H&E staining revealed that the surface epithelial cells had been removed from
the ovary compared to control ovaries where this layer was still intact (Figure 17). OSE
cells from wild type and CD36 null mice stained positive for cytokeratin 8 and 18,
indicating they were in fact epithelial cells.

These cells also stained negative for

vimentin, which is expressed in mesenchymal cells.

ID8 cells stained positive for

cytokeratin 8 and 18 and negative for vimentin while fibroblasts stained negative for
cytokeratins and positive for vimentin and negative for (data not shown).
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Treatment with ABT-898 has no effect on survival of CD36 null OSE cells
compared to wild type controls
ABT-898 treatment (50 and 100nM) significantly decreased the survival of wild
type OSE cells compared to no treatment controls (Figure 18). When cells obtained
from mice null of the CD36 gene were subjected to the same ABT-898 treatment they
did not respond the same way. At doses of 50 and 100nM ABT-898 there were no
significant changes in cell survival compared to wild type cells indicating that OSE cells
from CD36 null mice are unresponsive to ABT-898 treatment.
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Table 3

Secondary Lesion Scoring and Abdominal Ascites in Mice injected with ID8 cells and
Treated with ABT-898 in wild type and CD36 null animals

Lesion Score

D5W

D5W

ABT-898

ABT-898

Wild type

CD36 null

Wild type

CD36 null

0 (no lesions)

none

***

*

****

1 (1-2 lesions)

**

*

***

none

2 (2-10 lesions)

****

none

*

*

3 (>10 lesions)

none

none

none

none

4/6

3/4

1/5

4/5

# Animals with Ascites

*: refers to an animal
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Figure 14. (Continued on next page)
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Figure 14. CD36 expression is reduced in ID8 cells and renders them unresponsive to
ABT-898 treatment. A. Inducible knockdown of CD36 in ID8 cells. rtTA ID8 cells were
transduced with CD36 lentiviral particles and expression of the gene was knocked down
following treatment with doxycycline. Western blotting illustrated a reduction in CD36
expression when doxycycline was added to the culture medium.

B. Following

densitometric analysis, this significant knock down was determined to be approximately
72% (*p<0.05). C. CD36-6 cells (without doxycycline) had a significantly higher rate of
survival compared to ID8 cells (*p<0.05). rtTA ID8 cells that were transduced with an
inducible system for knocking down CD36 were treated with ABT-898 with or without
doxycycline. D. WST-1 assay revealed that ABT-898 treatment (50 and 10nm) did not
have an effect on cell survival. Whether or not CD36 was expressed in the cell did not
play a role either.
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Figure 15. Treatment with ABT-898 reduced the size of ovarian tumors when CD36
expression was decreased in the cells (+ doxycycline). No significant changes in tumor
size were reported in animals injected with cells that expressed CD36 following
treatment. A significant reduction in tumor size was observed between D5W and ABT898 treatments when CD36 expression was low in the cells, regardless of the tissue
status (p<0.05).
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Figure 16. (Continued on next page)
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Figure 16. Lack of CD36 expression in the ovary reduces the size of ovarian tumors by
altering proliferation and apoptosis. A. Expression of CD36 affects tumor growth in our
orthotopic model of ovarian cancer. Tumors that developed in CD36 null mice from ID8
cells were significantly smaller than those in wild type animals. ABT-898 significantly
reduced the size of ovarian tumors compared to D5W wild type controls (p<0.05), *
denotes a significant reduction in tumor size in all groups compared to D5W wild type
controls. No significant changes were observed between the treatment groups in CD36
null mice. B. Decreased cell proliferation depending on the tissue status of CD36.
Proliferation was assessed in ovarian tumors by Ki67 staining.

No change in

proliferation was observed between treatment groups of the same genetic background.
Significant decreases were seen between wild type and CD36 animals in both treatment
groups (p<0.05). C. Apoptosis was assessed in ovarian tumors by TUNEL fluorescence.
A significant increase in tumor cell apoptosis was detected in ABT-898 treated mice
compared to controls in wild type animals. There was also a significant decrease in
apoptosis between wild type and CD36 null mice treated with ABT-898 (p<0.05). No
change in apoptosis was observed when CD36 expression was knocked down in the
ovary.
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Figure 17. Isolation of surface epithelial cells from the ovaries of wild type and CD36
null mice.

Following isolation of OSE cells, ovaries were fixed and processed for

immunohistochemical analysis. H&E staining revealed an intact (A) and stripped (B)
ovarian surface epithelium in control and trypsinized ovaries respectively.
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Figure 18. Relative cell survival of OSE cells isolated from wild type and CD36 null
ovaries following treatment with ABT-898. A significant decrease in cell survival was
observed when OSE cells from wild type mice were treated with ABT-898 (50nm and
100nm)(p<0.05). When the same treatments were applied to OSE cells from CD36 null
mice, there was essentially no change in cell survival.
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Discussion
We have previously reported that TSP-1 mimetic peptides are capable of slowing
down tumor progression and inducing regression of advanced-stage epithelial ovarian
tumors (Campbell et al., 2010; Campbell et al., 2011; Greenaway et al., 2009). The
significant reductions in ovarian tumor size we reported led us to believe that these
anti-angiogenic peptides also have a direct apoptotic effect on the epithelial cells. Other
researchers have reported that anti-angiogenic agents have a cytotoxic effect on nonendothelial cells (Li et al., 2003). The apoptotic influence of anti-angiogenic agents such
as TSP-1 mimetics in endothelial and non-endothelial compartments has not been
extensively studied to date. In order to effectively use anti-angiogenic compounds in
combination with conventional cytotoxic agents it is essential to have an understanding
of the mechanisms involved.

It would also be beneficial to know whether anti-

angiogenic agents have direct apoptotic effects in tumors that are not highlyvascularized. Here we attempt to determine the proportion of direct (epithelial cell)
and indirect (endothelial cell) apoptosis in our model of EOC following treatment with
ABT-898.
TSP-1 mimetics induce endothelial cell death by binding to the CD36 receptor
which activates a cascade of apoptotic events (Jimenez et al., 2000; Volpert et al., 1995).
In order to study the role of the TSP-1/CD36 interaction in inducing tumor and
endothelial cell death in our model, we utilized an inducible lentiviral transduction
system. Viral transductions have a high efficiency for infecting cultured cells and provide
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stable, long-term gene expression compared to transfections (Anson and Limberis,
2004). This method allowed for the inducible knockdown of CD36 through the addition
of doxycycline, after the clonal selection process.
Following the selection process we decided to assess the survival of CD36 inducible
knockdown clones and found an overall increase in cell viability compared to native ID8
cells with or without induction of CD36 knockdown. Because the transduction process
has a high efficiency (~95%) and the cells were subjected to minimal selection pressures
we would assume that an increase in survival is associated with changes that occurred
during the initial transfection of the rtTA construct. In order to determine if the
transfection or transduction process had an effect on the cells we would need to assess
the ID8 rtTA clones in the assay. We previously reported that TSP-1 mimetics such as
ABT-510 and ABT-898 are capable of inducing epithelial cell apoptosis in vitro (Campbell
et al., 2011; Greenaway et al., 2009). Here we tested whether cells in which CD36
expression was low responded to the TSP-1 mimetic ABT-898. We reported no change
in survival at concentrations of ABT-898 (50 and 100 nm) in cells where CD36 expression
was reduced. Based on the mechanism of action of TSP-1 we expected that the mimetic
peptide ABT-898 would have little or no effect on survival upon downregulation of
CD36.
Ultimately we wanted to evaluate the effect of ABT-898 on endothelial versus
epithelial cells in vivo. To do this, we injected wild type and CD36 null mice with ID8
cells expressing high or low levels of CD36.
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If TSP-1 mimetics act solely on the

vasculature we would expect tumors from CD36 null mice to not respond to ABT-898
treatment and tumors from mice injected with cells with reduced CD36 to be responsive
to treatment. If however a dual apoptotic effect exists, the tumor profiles from CD36
null mice and mice injected with CD36 knockdown cells would be very similar following
treatment.
Animals injected with ID8 cells transduced with an inducible CD36 shRNA
construct became moribund by 45 days PTI, rather than 90 days typically seen in our
model. This accelerated rate of disease progression was similar to the survival data we
observed in vitro. The remaining animals were administered doxycycline in their rodent
chow at 55 days PTI and injections commenced at 60 days PTI. Of the animals that were
remaining there was considerable variability and no significant differences in tumor size
was reported for most groups. The tissue and cellular status of CD36 appeared to affect
the growth of ovarian tumors and the effectiveness of ABT-898. When CD36 null mice
were treated with ABT-898 no significant difference in tumor size was observed,
indicating CD36 is necessary for the anti-angiogenic effects of ABT-898. However when
wild type mice were injected with cells where CD36 was knocked down there was a
significant reduction in tumor size. This suggests that the anti-angiogenic role of
treatment with ABT-898 is largely responsible for the decreased tumor size. In order to
draw any conclusions, the model first needs to be evaluated using the CD36 knockdown
cells to determine the optimal time for commencing treatment to avoid drop outs. As
well, different clones should have their proliferative index tested before trials.
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To address these apparent inconsistencies, we repeated part of the experiment
by injecting ID8 cells into CD36 null mice. Tumors that formed in CD36 null were
significantly smaller than those of wild type D5W controls.

Based on a similar

experiment that was performed in our laboratory involving TSP-1 null mice we would
have expected untreated tumors in CD36 null mice to be larger than those in wild type
mice (Greenaway et al., 2009). Because CD36 is a receptor that is capable of interacting
with various ligands (Ge and Elghetany, 2005), there could be other effects related to
tumorigenesis that are prohibited. To date, the role of CD36 expression in tumor
formation has not been extensively studied. Researchers have reported an association
between advanced cancer cells and decreased CD36 expression (Uray et al., 2004).
Microarray data has also demonstrated decreased gene expression of CD36 in tumor
versus normal tissue (Pau, I et al., 2010). As well, it has been shown that disrupting a
receptor that belongs to the same family as CD36 inhibits proliferation of breast cancer
cells which is in accordance with our current findings (Cao et al., 2004).
Wild type mice that received ABT-898 treatment had a significant decrease in
ovarian tumor size compared to D5W controls. However, treating CD36 null mice with
ABT-898 did not have an effect on tumor weights compared to vehicle controls. Based
on the fact that ABT-898 is a TSP-1 mimetic which functions through the CD36 receptor
(Silverstein and Febbraio, 2007), it is not surprising that no significant differences were
observed. This also suggests that the role of anti-angiogenics on tumor cell survival is
predominantly through endothelial cell apoptosis. The small decrease in tumor size that
was observed in CD36 knockout mice might be attributed to the direct apoptotic effect
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of ABT-898 on the epithelial cells themselves. This trend was not apparent when
examining ascites fluid formation and secondary lesions. Our results demonstrate that
the majority of CD36 null mice had ascites fluid despite the fact that they had very few if
any secondary lesions. Malignant ascites forms in the peritoneal cavity as the result of
primary tumorigenesis and or metastasis (Tamsma et al., 2001). It is possible that the
lesions that developed in CD36 null mice were microscopic and therefore we could not
detect them but their presence contributed to the formation of ascites fluid. We have
previously shown that TSP-1 signaling reduces VEGF levels in the ovary (Greenaway et
al., 2007), therefore without expression of CD36 this mechanism would not occur. It is
well known that one of VEGF’s important roles is to increase vessel permeability
(Neufeld et al., 1999). Therefore, the increased ascites fluid in CD36 null could be
attributed to the fact that there are more leaky vessels within the primary tumor due to
increased VEGF expression.
Ovarian tumors were subjected to histological analysis of Ki67 and TUNEL to
investigate proliferation and apoptosis respectively.

When considering wild type

animals, ABT-898 had the same effect on proliferation and apoptosis that we have
previously reported (Greenaway et al., 2009). Low expression of CD36 in the ovary
results in a reduction of tumor cell proliferation in D5W and ABT-898 treatment groups.
This is what we expected based on the tumor profiles of CD36 null mice. Knocking down
CD36 in the ovary abolished the apoptotic effect of ABT-898.
Regardless of the means by which gene expression is manipulated, selection
pressures exist and there are residual levels of the gene being expressed. Therefore, we
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decided to obtain a surface epithelial cell line from the ovaries of CD36 null mice. OSEs
from wild type mice displayed a significant reduction in survival when treated with ABT898 which is what we expected to see based on previous findings where TSP-1 mimetics
induced epithelial cell apoptosis (Campbell et al., 2011; Greenaway et al., 2009). When
OSEs from CD36 null mice were treated with ABT-898 we did not observe the same
difference in survival suggesting that the apoptotic effects of anti-angiogenics on
epithelial cells are mediated through the CD36 receptor. Future experiments should
involve allowing these cells to spontaneously transform in culture and applying them to
our mouse model of EOC followed by treatment with TSP-1 mimetics.
In conclusion, based on our findings, the tissue and cellular status of CD36 does
appear to play a role in tumorigenesis and influences the response to TSP-1 mimetics.
Our data suggests that the previously observed reduction in tumor volume upon
administration of such compounds is mediated in large part through inhibition of tumor
angiogenesis through the interaction with the CD36 receptor. While these compounds
also seem to act on epithelial cells, this apoptotic effect also appears to be mediated
through the CD36 receptor. Further experiments are required to confirm these findings.
Understanding the mechanism through which these compounds act will ultimately
determine what types of tumors can be treated with TSP-mimetics and also predict
ways in which tumors will become resistant to such treatments.
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General Discussion
It has been well documented that there are essential changes in the
physiological state of cells which must occur during malignant transformation. These
alterations are referred to as the hallmarks of cancer (Hanahan and Weinberg, 2000).
One of the hallmarks which has been studied extensively is sustained angiogenesis,
known to be crucial for tumorigenesis. Because it has been proposed that cells within a
tissue must be in close proximity with a blood supply, tumor cells must ultimately
acquire the ability to hijack the normal physiological process of angiogenesis (Folkman,
1995). Due to the high mortality rate associated with EOC and the likelihood of
resistance to standard chemotherapeutics, it is essential that novel therapeutic
strategies are developed. Based on our knowledge of tumor angiogenesis, it is easy to
appreciate the therapeutic potential of agents that disrupt this process (Folkman, 1990).
Various experiments have linked neovascularization to the development and
metastasis of ovarian cancer. Gynaecological malignancies are one of the most well
documented cancers for recruiting lymphatic and blood vessels (Schoppmann et al.,
2002). Vascular endothelial growth factor (VEGF) is thought to be the most potent
mitogen capable of inducing angiogenesis (Ferrara, 1999) and researchers have shown
that VEGF has a high specificity for endothelial cells (Jakeman et al., 1992). In most
adult tissues, the vasculature architecture does not change significantly. It is therefore
not dependent on expression of VEGF for survival, stability and normal function, which
is the case with pathological angiogenesis such as that seen in tumor development
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(Denekamp, 1984). For these reasons, it was believed that anti-VEGF agents would be a
reasonable therapeutic strategy because they should preferentially target the
pathological vasculature within tumors and have negligible effects on the normal vessels
(Longo et al., 2002). Anti-VEGF agents include monoclonal antibodies against VEGF or
its receptor, VEGFR tyrosine kinase inhibitors and small molecule inhibitors (Rosen,
2005). The efficacy of bevacizumab, a VEGF monoclonal antibody has been extensively
studied with respect to ovarian cancer (reviewed by Delli et al., 2010). Researchers have
reported an increase in survival following VEGF therapy in both animal models (Mabuchi
et al., 2008; Mesiano et al., 1998) and phase II clinical trials of the human disease
(Burger et al., 2011; Cannistra et al., 2007; Garcia et al., 2008; Nimeiri et al., 2008).
Unfortunately, there have also been numerous adverse effects reported with anti-VEGF
therapy such as hypertension, proteinuria, impaired wound healing, gastrointestinal
perforation, haemorrhage and thrombosis (Cannistra et al., 2007; Garcia et al., 2008;
Kamba and McDonald, 2007; Nimeiri et al., 2008). Although there has been success
with anti-VEGF therapy to date, more research needs to be focussed on the appropriate
dosing schedule alone or in combination with cytotoxic agents in order to achieve the
maximum response rate with the minimum adverse effects.
We know that angiogenesis is a balance between expression of pro- and antiangiogenic factors (Carmeliet, 2003).

Therefore, another means of targeting and

disrupting the tumor vasculature is through administration of anti-angiogenic
compounds. Various TSP-1 mimetics have been developed and applied to pre-clinical
and clinical studies (Miao et al., 2001; Yee et al., 2004; Zhang et al., 2005a). Depending
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on the model or type of cancer, there have been varying degrees of success reported to
date (Anderson et al., 2007; Hasina et al., 2009; Rusk et al., 2006). More interestingly,
there does not appear to be the same degree of adverse effects compared to anti-VEGF
therapeutics. TSP-1 therapeutics are well tolerated at various dosages and schedules
(Baker et al., 2008; Ebbinghaus et al., 2007; Gordon et al., 2008; Markovic et al., 2007).
Despite the fact that anti-VEGF agents and TSP-1 mimetics both interfere with the
tumor vasculature, it is apparent that the latter may have fewer side effects. We
speculate that the difference in safety profiles is largely due to the fact that TSP-1
therapeutics are based on endogenous compounds and signalling pathways.

In

contrast, anti-VEGF agents such as monoclonal antibody-based therapies and small
molecule inhibitors disrupt various essential cellular processes.

By administering

mimetic peptides of TSP-1 we are simply activating the anti-angiogenic cascade as
opposed to disrupting the pro-angiogenic arm through addition of agents that interfere
with VEGF signalling.
Investigating the potential of novel therapeutics relies on an appropriate preclinical model in order to evaluate efficacy and safety. Over the years, various attempts
have been made to model EOC in mice (reviewed by Connolly, 2009). Briefly, these
include spontaneous models such as the aging hen, xenograft models such as
subcutaneous, intraperitoneal and orthotopic routes of administration, chemically
induced models, immortalization and transformation of oncogenic viruses, spontaneous
immortalization and transformation and transgenic animals. Like any model, these
systems have various insufficiencies that reduce their usefulness in the study of EOC.
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For example, we know the importance of the immune system in various cancers,
therefore using immunocompetent mice for xenograft models is not ideal. It has also
been determined that the microenvironment plays a role in tumorigenesis (Greenaway
et al., 2008) which means that performing subcutaneous and intraperitoneal injections
have their drawbacks as they do not allow for interaction between the tumorigenic
epithelial cells and the tumor environment. Mouse models have become a popular tool
in cancer research and a critical step in drug screening because they can predict
whether therapeutics will have success in human clinical trials (Vignjevic et al., 2007).
In order to study anti-angiogenic therapy for the treatment of EOC we chose to
use an orthotopic syngeneic mouse model of EOC which was developed and extensively
characterized in our laboratory (Greenaway et al., 2008). This model was developed
based on the original findings that surface epithelial cells that were allowed to
spontaneously transform in culture were capable of inducing tumors when injected into
immunocompetent mice (Roby et al., 2000).

Characterization of this model has

revealed numerous advantages with regards to the degree it mimics human EOC.
Briefly, mice become moribund due to primary tumorigenesis, secondary lesion
formation and accumulation of ascites fluid in the peritoneal cavity (Greenaway et al.,
2008). Other aspects of the model which make it an excellent research tool are the ease
of use and the consistency of the results. For tumor formation to occur in this model,
mice only require a single injection of transformed cells under the ovarian bursa and biweekly monitoring. Following surgical induction of ovarian tumors the rate at which
tumorigenesis progresses is highly consistent.
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Histological analysis of the ovarian

tumors revealed high-grade serous carcinoma (Greenaway et al., 2008). The majority of
these tumors are morphologically and genetically homogeneous (Kurman and Shih,
2010), validating the use of a single population of transformed epithelial cells in our
model. Combined, these factors make studying various aspects such as therapeutic
interventions of EOC using this mouse model extremely relevant.
As mentioned in the document herein, we have investigated the effectiveness of
TSP-1 mimetic peptides for the treatment of EOC in an animal model of the disease.
Abbott Laboratories have generated various TSP-1 mimetics and our studies focussed on
the use of ABT-510 and ABT-898. These peptides were applied alone or in combination
with standard chemotherapeutics at various stages of tumor development. Using these
mimetics and this model we were able to inhibit tumor formation, secondary lesions,
and ascites fluid. This occurred largely through targeting the vasculature which resulted
in an increase in uptake of chemotherapeutics when used in combination (summarized
in Table 4).
The results from the studies mentioned provide pre-clinical support for the use
of TSP-1 mimetics for patients with EOC. The anti-angiogenic compound has proven to
be a safe and effective means for targeting the vasculature and reducing the tumor
burden. There are various factors about the endothelium which make it a unique and
ideal therapeutic target. Because the endothelium represents a collection of genetically
stable cells, therapeutics which target the vasculature are thought to reduce the chance
of developing resistance (Kerbel, 1991; Boehm et al., 1997). This is especially of interest
in a disease where chemoresistance is problematic (Ozols, 1997).
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Structural and

molecular differences between the endothelium of normal and tumor tissue exist. The
vessels that result from tumor angiogenesis are often torturous, leaky and unorganized
(Jain, 2003; St Croix et al., 2000). Aside from these differences, there is also a lack of
perivascular cells associated with the endothelium of tumors (Benjamin et al., 1999).
However, following various anti-angiogenic treatments there appears to be an increase
in the pericyte coverage (Inai et al., 2004; Tong et al., 2004; Willett et al., 2004). It is
believed that a lack of pericyte coverage renders the tumor endothelium more
vulnerable to anti-angiogenic therapy (Lu et al., 2007). This might explain why TSP-1
mimetics do not have adverse effects on the normal vasculature. Future experiments
involving cultured pericytes (Nayak and Herman, 2001) need to be designed to test this
hypothesis. Setting up a co-culture system with pericytes and microvascular cells and
subjecting them to TSP-1 mimetics will determine if a protective mechanism exists.
Both physical and chemical interactions would need to be tested using co-culture and
trans-well systems.
Despite the fact that our results were highly reproducible and their impact is
great in the field of EOC treatments, there are areas which should be addressed or ways
to strengthen the findings.

Like most models of human disease, the orthotopic

syngeneic mouse model mentioned herein has several caveats. In our animal model we
utilized a single clonal population of cells and presumably all cells in this population
have the same transforming mutations. However, EOC in humans likely results from
different transforming events. Ideally, studies involving therapeutics should be tested
on multiple lineages that arose from spontaneous transformation events. As previously
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mentioned, our model is fairly consistent in terms of the stages of tumor development.
It is however labour intensive to perform the surgeries and in a small percentage of
cases, injection of the cells does not result in tumor formation. For these reasons, it
might be of interest to explore other systems to address these issues and validate our
findings. Although other models have drawbacks, they also offer advantages which our
current model lacks. It would be of interest to test TSP-1 mimetics using an orthotopic
xenograft model. Because the ultimate goal is to apply TSP-1 therapeutics to treat
humans, these agents should be tested on cells or tumor tissue from the species of
interest. It is possible that TSP-1 mimetics will not have the same anti-angiogenic effect
in tumor of human cell origin that we have observed in mice. Conversely, these
mimetics may have increased efficacy in human tissue. Therefore, using a xenograft
model and various ovarian carcinoma cell lines (Sale and Orsulic, 2006) will help answer
these questions.
Human cancer is thought to initiate with changes in somatic genes which
ultimately results in a malignant phenotype.

The changes that occur during the

transformation period are critical in terms of how the tumor might respond to
treatment (Singh and Johnson, 2006). Therefore, an animal model that recapitulates
the step wise alterations that take place in the early events of tumorigenesis is
extremely valuable. Genetically engineered mouse models or transgenic mice are useful
systems that typically meet these criteria. Transgenic mice are also attractive because
of their ease of use and high reproducibility. In order to generate a transgenic animal
for modeling ovarian cancer it is necessary to understand the genetic changes that take
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place during the disease. Although the pathogenesis of EOC still remains relatively
unclear, there have been studies that have identified specific genetic alterations within
subtypes of the disease.

High grade tumors represent the majority of serous

carcinomas. Most high-grade tumors display mutations in the tumor-suppressor gene
encoding p53 (Ahmed et al., 2010; Salani et al., 2008; Vang et al., 2009). Therefore, it
would seem reasonable to assume that manipulating this gene would result in a useful
transgenic model of ovarian cancer. Previous studies have utilized transformed murine
ovarian surface epithelial cells (MOSECs) from mice deficient in p53 in an intraperitoneal
mouse model. Unfortunately, when examined in vitro, these cells did not display a
transformed phenotype and when applied in vivo they were not capable of forming
tumors (Kido and Shibuya, 1998). Therefore, despite the fact that p53 is mutated in
most high grade ovarian carcinomas, silencing the gene is not sufficient for the tumor
initiating events in EOC. Interestingly, when various oncogenes were overexpressed in a
p53 null background, ovarian tumors were induced (Orsulic et al., 2002). This finding
was supported by a study that involved inactivation of p53 in association with the tumor
supressor gene, RB1 and serous ovarian carcinomas resulted (Flesken-Nikitin et al.,
2003). This suggests that multiple genes might need to be manipulated in the ovary in
order to generate a mouse model of EOC.
Ideally, an animal model that is able to offer site-specific manipulation of a gene
that has been implicated in the pathogenesis of EOC would be valuable. Unfortunately,
a major challenge for modeling ovarian cancer has been the lack of an ovarian
promoter, specifically within the surface epithelial cells. Some researchers have utilized
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the mullerian inhibitory substance type II receptor gene promoter (MISIIR) in order to
direct tumorigenesis at the surface epithelium of the female reproductive tract. When
this promoter was applied upstream of the SV40 large T antigen poorly differentiated
serous tumors resulted in 50% of the female animals (Connolly et al., 2003). Further
investigation into other ovarian promoters and genes that can be manipulated to induce
ovarian tumors is needed. It would be of great interest to apply the TSP-1 mimetic
peptides mentioned herein with the genetic models discussed above. Validating the
anti-tumorigenic properties of the peptides and their effects on the tumor vasculature
would strengthen our findings.
In general, it is important to remember that there is no perfect model for
studying a disease. Despite the promise that mouse models of human cancers have
offered in terms of understanding disease progression and discovering therapeutic
targets one of the major criticisms is that they are not translational to human trials
(Williams et al., 2004). This is especially true of many cancers where pre-clinical testing
demonstrates efficacy of a drug however human patients do not respond the same way
during the trial. There are various reasons why this might occur and ways in which
researchers might be able to overcome the issue. Even though tumors from patients
with EOC are fairly homogeneous (Kurman and Shih, 2010) we cannot discount the fact
that genetic differences exist in patients which may contribute to the efficacy of a
specific treatment.

Future models should be designed to represent a more

heterogeneous population in order to predict which patients might benefit from certain
therapies (Radiloff et al., 2008). It is also important to remember that most patients

136

diagnosed with cancer succumb to their metastatic disease as opposed to the burden of
the primary tumor. When a woman is diagnosed with EOC, the standard of care is to
perform cytoreductive surgery followed by chemotherapy. Unfortunately, mimicking
this clinical setting can be challenging when using an orthotopic model. Primary tumors
need to be monitored in size and surgically removed in order to create a model of
advanced metastatic disease and ascites fluid where treatments can be applied to.
Researchers have demonstrated the necessity for utilizing such a model because it is
widely accepted that treating microscopic metastatic disease which is often associated
with most mouse models is not clinically relevant (Man et al., 2007). It is likely that this
is one of the reasons why pre-clinical studies are often not translated into human trials.
With access to the appropriate tumor imaging technology, ovarian tumors could be
surgically removed from animals in order to test the efficacy of TSP-1 mimetics on
advanced secondary lesions and ascites fluid after primary tumor resection.
When utilizing an animal model that involves an intraperitoneal disease, a
common challenge is monitoring tumorigenesis. Unlike some models where tumors can
be physically palpated, our orthotopic model relies on the fact that it is a relatively
consistent system. After ID8 cells are injected under the ovarian bursa they colonize
and tumor formation progresses. At 90 days PTI, most animals are moribund due to the
accumulation of ascites fluid in the peritoneal cavity, the presence of a primary tumor
and secondary lesions. As mentioned, this model is fairly consistent, therefore applying
therapeutics at various stages of tumorigenesis has not been problematic and the
results we obtained were highly reproducible. When we evaluated the effectiveness of
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TSP-1 mimetics on tumor regression and survival in our animal model it was more
challenging to draw conclusions. In order to accurately perform these types of studies,
it would be beneficial to know the size of ovarian tumors before commencing treatment
and monitor the tumors throughout treatment.
Various in vivo imaging systems (IVIS) can be used to detect and monitor tumor
growth in animal models of disease. These include magnetic resonance imaging (MRI),
ultrasound

(US),

micro-photon

emission

tomography

(micro-PET),

computed

tomography (CT), bioluminescent imaging (BLI), and fluorescent imaging (FLI) (Connolly
and Hensley, 2009). Some examples of studies that have applied these technologies are
mentioned below. Tumor-associated neoangiogenesis has been detected via Doppler
ultrasonography and changes in blood flow parameters were monitored during
transformation events within the ovary of the laying hen, a spontaneous model of
ovarian carcinoma (Barua et al., 2010). MRI and CT scans have been used to detect and
monitor treatment response in xenograft models of ovarian carcinoma (Huhtala et al.,
2010; Klostergaard et al., 2006). Intraperitoneal disease in a syngeneic ovarian cancer
mouse model has also been evaluated with fludeoxyglucose (FDG) microPET imaging
(Lee et al., 2011). Lastly, BLI with cells that stably express luciferase and emit light
which can be detected by an IVIS has been employed (Cordero et al., 2010;Toyoshima et
al., 2009).
We attempted to apply in vivo imaging to our studies, specifically using CT scans. We
wanted to determine the size of ovarian tumors at 60 days PTI before therapeutics were
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administered so that we could make definite claims regarding regression.
Unfortunately, we were unsuccessful when numerous animals became moribund for
unknown reasons the weeks following imaging. We cannot know for sure but we
speculate that the imaging process had something to do with the fact that we lost the
majority of animals before therapeutics were applied. In order to successfully perform a
CT scan, the mice had to be anaesthetized. Because our facilities were not equipped
with an imaging system that is connected to a gaseous anaesthetic machine we induced
anesthesia with the injectable drug Avertin. Following this imaging experiment, mice
exhibited signs of accelerated disease and we discovered that injection of Avertin can
significantly increase blood glucose levels (Brown et al., 2005) and stimulate tumorigenic
processes. Therefore, the type of anaesthetic utilized must be taken into consideration
in situations where blood glucose can alter physiological processes such as
tumorigenesis.

Other studies have demonstrated that Avertin can affect pro-

inflammatory cytokine expression (Bette et al., 2004) and increase vascular permeability
(Milligan and Edwards, 1988). Evidence has also demonstrated that intraperitoneal
injection of Avertin can result in peritonitis and ultimately death (Buetow et al., 1999).
In summary, we have reported that mimetic peptides from the anti-angiogenic
domain of TSP-1 are effective and safe for the treatment of EOC in an animal model.
We demonstrated a significant reduction in ovarian tumor size and secondary disease.
These results were based on the ability of TSP-1 mimetics to target the vasculature as
well as the tumor cells themselves. Future experiments should focus on testing these
mimetics in other mouse models of EOC, employing in vivo imaging and investigating
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the exact mechanism of action on the endothelium and support cells. While future
studies are required to validate the findings herein, the results of this study have
ultimately provided evidence that TSP-1 mimetics may have a role in the treatment of
advanced ovarian cancer through their anti-angiogenic properties. The implications of
which could directly result in the application of these novel therapeutics for the
treatment of this highly untreatable disease.
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Table 4

Summary of TSP-1 mimetics in a mouse model of EOC starting treatment
at 60 days PTI compared to controls
Primary
Tumor

ABT alone

ABT +
chemo

ABT alone
↓ Cellular
CD36

ABT alone
CD36 null
tissue
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Secondary
Lesions

• Reduces the • Reduces the
size of
number of
secondary
tumors
lesions
• Induces
tumor cell
apoptosis

• Increases
tumor cell
apoptosis

• Reduces the
size of
tumors
compared
to D5W
controls

Ascites Fluid

•

•

Reduces
• Decreases
the number
blood vessel
of animals
density
with ascites
• Increases
fluid (510)
percent of
SMA positive
Prevents
the
(mature)
formation
vessels
of ascites
• Induces
fluid (898)
apoptosis in
immature
blood vessels

• Inhibits the
formation of
secondary
lesions

• Inhibits the
formation
of ascites
fluid

N/A

N/A

• No effect on • Reduces the
number of
tumor size
secondary
lesions

•

Vasculature
Effects

No effect
on ascites
fluid
production

• Increases
endothelial
cell
apoptosis

Other

• Decreases
local and
systemic
levels of
VEGF and
VEGFR2
• Decreases
tumor
hypoxia
• Prolongs
disease-free
survival
• Facilitates
uptake of
paclitaxel
and
cisplatin

N/A

N/A

• Reduced
ovarian
tumor size
compared
to wild type
controls

References

1. Adams, J. 2001. Thrombospondins: multifunctional regulators of cell interactions. Annu
Rev Cell Dev Biol 17:25-51.

2. Adams, J.C. and J.Lawler. 2004. The thrombospondins. Int J Biochem Cell Biol 36:961968.

3. Agarwal, R. and S.B.Kaye. 2003. Ovarian cancer: strategies for overcoming resistance to
chemotherapy. Nat Rev Cancer 3:502-516.

4. Ahmed, A.A., D.Etemadmoghadam, J.Temple, A.G.Lynch, M.Riad, R.Sharma, C.Stewart,
S.Fereday, C.Caldas, A.Defazio, D.Bowtell, and J.D.Brenton. 2010. Driver mutations in
TP53 are ubiquitous in high grade serous carcinoma of the ovary. J Pathol 221:49-56.

5. Alberts, D.S. and N.Mason-Liddil. 1989. Carboplatin in the treatment of ovarian cancer.
Semin Oncol 16:19-26.

6. Alon, T., I.Hemo, A.Itin, J.Pe'er, J.Stone, and E.Keshet. 1995. Vascular endothelial growth
factor acts as a survival factor for newly formed retinal vessels and has implications for
retinopathy of prematurity. Nat Med 1:1024-1028.

7. Alvarez, A.A., J.R.Axelrod, R.S.Whitaker, P.D.Isner, R.C.Bentley, R.K.Dodge, and
G.C.Rodriguez. 2001. Thrombospondin-1 expression in epithelial ovarian carcinoma:

142

association with p53 status, tumor angiogenesis, and survival in platinum-treated
patients. Gynecol. Oncol. 82:273-278.

8. Anderson, J.C., J.R.Grammer, W.Wang, L.B.Nabors, J.Henkin, J.E.Stewart, Jr., and
C.L.Gladson. 2007. ABT-510, a modified type 1 repeat peptide of thrombospondin,
inhibits malignant glioma growth in vivo by inhibiting angiogenesis. Cancer Biol. Ther.
6:454-462.

9. Anson, D.S. and M.Limberis. 2004. An improved beta-galactosidase reporter gene. J
Biotechnol. 108:17-30.

10. Armstrong, L.C. and P.Bornstein. 2003. Thrombospondins 1 and 2 function as inhibitors
of angiogenesis. Matrix Biol 22:63-71.

11. Asano, M., A.Yukita, and H.Suzuki. 1999. Wide spectrum of antitumor activity of a
neutralizing monoclonal antibody to human vascular endothelial growth factor. Jpn. J
Cancer Res 90:93-100.

12. Asch, A.S., S.Silbiger, E.Heimer, and R.L.Nachman. 1992. Thrombospondin sequence
motif (CSVTCG) is responsible for CD36 binding. Biochem Biophys Res Commun.
182:1208-1217.

13. Azad, N.S., E.M.Posadas, V.E.Kwitkowski, S.M.Steinberg, L.Jain, C.M.Annunziata,
L.Minasian, G.Sarosy, H.L.Kotz, A.Premkumar, L.Cao, D.McNally, C.Chow, H.X.Chen,

143

J.J.Wright, W.D.Figg, and E.C.Kohn. 2008. Combination Targeted Therapy With Sorafenib
and Bevacizumab Results in Enhanced Toxicity and Antitumor Activity. J Clin Oncol
26:3709-3714.

14. Baenziger, N.L., G.N.Brodie, and P.W.Majerus. 1971. A thrombin-sensitive protein of
human platelet membranes. Proc Natl Acad Sci USA 68:240-243.

15. Baenziger, N.L., G.N.Brodie, and P.W.Majerus. 1972. Isolation and properties of a
thrombin-sensitive protein of human platelets. J Biol Chem 247:2723-2731.

16. Baker, L.H., E.K.Rowinsky, D.Mendelson, R.A.Humerickhouse, R.A.Knight, J.Qian,
R.A.Carr, G.B.Gordon, and G.D.Demetri. 2008. Randomized, Phase II Study of the
Thrombospondin-1-Mimetic Angiogenesis Inhibitor ABT-510 in Patients With Advanced
Soft Tissue Sarcoma. J Clin Oncol 26:5583-5588.

17. Bao, R., M.Selvakumaran, and T.C.Hamilton. 2002. Targeted gene therapy of ovarian
cancer using an ovarian-specific promoter. Gynecol Oncol 84:228-234.

18. Barbolina, M.V., N.M.Moss, S.D.Westfall, Y.Liu, R.J.Burkhalter, F.Marga, G.Forgacs,
L.G.Hudson, and M.S.Stack. 2009. Microenvironmental regulation of ovarian cancer
metastasis. Cancer Treat Res 149:319-334.

19. Barua, A., P.Bitterman, J.M.Bahr, M.J.Bradaric, D.B.Hales, J.L.Luborsky, and
J.S.Abramowicz. 2010. Detection of tumor-associated neoangiogenesis by Doppler

144

ultrasonography during early-stage ovarian cancer in laying hens: a preclinical model of
human spontaneous ovarian cancer. J Ultrasound Med 29:173-182.

20. Bast, R.C., Jr., I.Jacobs, and A.Berchuck. 1992. Malignant transformation of ovarian
epithelium. J Natl Cancer Inst 84:556-558.

21. Bastian, M., M.Steiner, and P.Schuff-Werner. 2005. Expression of thrombospondin-1 in
prostate-derived cell lines. Int J Mol Med 15:49-56.

22. Beecken, W.D., T.Engl, D.Jonas, and R.A.Blaheta. 2009. Expression of angiogenesis
inhibitors in human bladder cancer may explain rapid metastatic progression after
radical cystectomy. Int J Mol Med 23:261-266.

23. Behzadian, M.A., L.J.Windsor, N.Ghaly, G.Liou, N.T.Tsai, and R.B.Caldwell. 2003. VEGFinduced paracellular permeability in cultured endothelial cells involves urokinase and its
receptor. FASEB J 17:752-754.

24. Benjamin, L.E., D.Golijanin, A.Itin, D.Pode, and E.Keshet. 1999. Selective ablation of
immature blood vessels in established human tumors follows vascular endothelial
growth factor withdrawal. J Clin Invest 103:159-165.

25. Bergers, G. and S.Song. 2005. The role of pericytes in blood-vessel formation and
maintenance. Neuro. Oncol 7:452-464.

145

26. Bette, M., S.Schlimme, R.Mutters, S.Menendez, S.Hoffmann, and S.Schulz. 2004.
Influence of different anaesthetics on pro-inflammatory cytokine expression in rat
spleen. Lab Anim 38:272-279.

27. Bleuel, K., S.Popp, N.E.Fusenig, E.J.Stanbridge, and P.Boukamp. 1999. Tumor
suppression in human skin carcinoma cells by chromosome 15 transfer or
thrombospondin-1 overexpression through halted tumor vascularization. Proc Natl Acad
Sci USA 96:2065-2070.

28. Bocci, G., A.Falcone, A.Fioravanti, P.Orlandi, A.Di Paolo, G.Fanelli, P.Viacava,
A.G.Naccarato, R.S.Kerbel, R.Danesi, M.Del Tacca, and G.Allegrini. 2008. Antiangiogenic
and anticolorectal cancer effects of metronomic irinotecan chemotherapy alone and in
combination with semaxinib. Br J Cancer 98:1619-1629.

29. Bocci, G., G.Francia, S.Man, J.Lawler, and R.S.Kerbel. 2003. Thrombospondin 1, a
mediator of the antiangiogenic effects of low-dose metronomic chemotherapy. Proc.
Natl. Acad. Sci. U. S. A 100:12917-12922.

30. Boehm, T., J.Folkman, T.Browder, and M.S.O'Reilly. 1997. Antiangiogenic therapy of
experimental cancer does not induce acquired drug resistance. Nature 390:404-407.

31. Bornstein, P. 1992. Thrombospondins: structure and regulation of expression. FASEB J
6:3290-3299.

146

32. Bornstein, P., A.Agah, and T.R.Kyriakides. 2004. The role of thrombospondins 1 and 2 in
the regulation of cell-matrix interactions, collagen fibril formation, and the response to
injury. Int J Biochem Cell Biol 36:1115-1125.

33. Bornstein, P. and E.H.Sage. 1994. Thrombospondins. Methods Enzymol 245:62-85.

34. Brem, S., H.Brem, J.Folkman, D.Finkelstein, and A.Patz. 1976. Prolonged tumor
dormancy by prevention of neovascularization in the vitreous. Cancer Res 36:2807-2812.

35. Browder, T., C.E.Butterfield, B.M.Kraling, B.Shi, B.Marshall, M.S.O'Reilly, and J.Folkman.
2000. Antiangiogenic scheduling of chemotherapy improves efficacy against
experimental drug-resistant cancer. Cancer Res 60:1878-1886.

36. Brown, E.T., Y.Umino, T.Loi, E.Solessio, and R.Barlow. 2005. Anesthesia can cause
sustained hyperglycemia in C57/BL6J mice. Vis Neurosci. 22:615-618.

37. Bruel, A., M.Touhami-Carrier, A.Thomaidis, and C.Legrand. 2005. Thrombospondin-1
(TSP-1) and TSP-1-derived heparin-binding peptides induce promyelocytic leukemia cell
differentiation and apoptosis. Anticancer Res 25:757-764.

38. Buetow, B.S., L.I.Chen, L.Maggio-Price, and K.Swisshelm. 1999. Peritonitis in Nude Mice
in a Xenograft Study. Contemp. Top Lab Anim Sci 38:47-49.

147

39. Burger, R.A. 2010. Role of vascular endothelial growth factor inhibitors in the treatment
of gynecologic malignancies. J Gynecol Oncol 21:3-11.

40. Burger, R.A., M.F.Brady, M.A.Bookman, G.F.Fleming, B.J.Monk, H.Huang, R.S.Mannel,
H.D.Homesley, J.Fowler, B.E.Greer, M.Boente, M.J.Birrer, and S.X.Liang. 2011.
Incorporation of bevacizumab in the primary treatment of ovarian cancer. N. Engl. J
Med 365:2473-2483.

41. Campbell, N., J.Greenaway, J.Henkin, and J.Petrik. 2011. ABT-898 induces tumor
regression and prolongs survival in a mouse model of epithelial ovarian cancer. Mol
Cancer Ther 10:1876-1885.

42. Campbell, N.E., J.Greenaway, J.Henkin, R.Moorehead, and J.Petrik. 2010. The
thrombospondin-1 mimetic ABT-510 increases the uptake and effectiveness of cisplatin
and paclitaxel in a mouse model of epithelial ovarian cancer. Neoplasia 12:275-283.

43. Cannistra, S.A., U.A.Matulonis, R.T.Penson, J.Hambleton, J.Dupont, H.Mackey, J.Douglas,
R.A.Burger, D.Armstrong, R.Wenham, and W.McGuire. 2007. Phase II study of
bevacizumab in patients with platinum-resistant ovarian cancer or peritoneal serous
cancer. J Clin Oncol 25:5180-5186.

44. Cao, W.M., K.Murao, H.Imachi, X.Yu, H.Abe, A.Yamauchi, M.Niimi, A.Miyauchi,
N.C.Wong, and T.Ishida. 2004. A mutant high-density lipoprotein receptor inhibits
proliferation of human breast cancer cells. Cancer Res 64:1515-1521.

148

45. Cao, Y., P.Linden, J.Farnebo, R.Cao, A.Eriksson, V.Kumar, J.H.Qi, L.Claesson-Welsh, and
K.Alitalo. 1998. Vascular endothelial growth factor C induces angiogenesis in vivo. Proc
Natl Acad Sci U. S. A 95:14389-14394.

46. Carmeliet, P. 2003. Angiogenesis in health and disease. Nat Med 9:653-660.

47. Carmeliet, P. 2005. VEGF as a key mediator of angiogenesis in cancer. Oncology 69 Suppl
3:4-10.

48. Carmeliet, P. and R.K.Jain. 2000. Angiogenesis in cancer and other diseases. Nature
407:249-257.

49. Carrato, A., J.Gallego-Plazas, and C.Guillen-Ponce. 2006. Anti-VEGF therapy: a new
approach to colorectal cancer therapy. Expert Rev Anticancer Ther 6:1385-1396.

50. Casagrande, J.T., E.W.Louie, M.C.Pike, S.Roy, R.K.Ross, and B.E.Henderson. 1979.
"Incessant ovulation" and ovarian cancer. Lancet 2:170-173.

51. Chan, J.K., C.Tian, D.Teoh, B.J.Monk, T.Herzog, D.S.Kapp, and J.Bell. 2010. Survival after
recurrence in early-stage high-risk epithelial ovarian cancer: a Gynecologic Oncology
Group study. Gynecol Oncol 116:307-311.

52. Chen, H., M.E.Herndon, and J.Lawler. 2000. The cell biology of thrombospondin-1.
Matrix Biol 19:597-614.

149

53. Chen, Z.J., H.B.Le, Y.K.Zhang, L.Y.Qian, and W.D.Li. 2009. Microvessel density and
expression of thrombospondin-1 in non-small cell lung cancer and their correlation with
clinicopathological features. J Int Med Res 37:551-556.

54. Cho, K.R. and I.Shih. 2009. Ovarian cancer. Annu. Rev Pathol 4:287-313.

55. Chodankar, R., S.Kwang, F.Sangiorgi, H.Hong, H.Y.Yen, C.Deng, M.C.Pike, C.F.Shuler,
R.Maxson, and L.Dubeau. 2005. Cell-nonautonomous induction of ovarian and uterine
serous cystadenomas in mice lacking a functional Brca1 in ovarian granulosa cells. Curr
Biol 15:561-565.

56. Clark-Knowles, K.V., K.Garson, J.Jonkers, and B.C.Vanderhyden. 2007. Conditional
inactivation of Brca1 in the mouse ovarian surface epithelium results in an increase in
preneoplastic changes. Exp Cell Res 313:133-145.

57. Coligan, J.E. and H.S.Slayter. 1984. Structure of thrombospondin. J Biol Chem 259:39443948.

58. Connolly, D.C. 2009. Animal models of ovarian cancer. Cancer Treat Res 149:353-391.

59. Connolly, D.C., R.Bao, A.Y.Nikitin, K.C.Stephens, T.W.Poole, X.Hua, S.S.Harris,
B.C.Vanderhyden, and T.C.Hamilton. 2003. Female mice chimeric for expression of the
simian virus 40 TAg under control of the MISIIR promoter develop epithelial ovarian
cancer. Cancer Res 63:1389-1397.

150

60. Connolly, D.C. and H.H.Hensley. 2009. Xenograft and transgenic mouse models of
epithelial ovarian cancer and non-invasive imaging modalities to monitor ovarian tumor
growth in situ: applications in evaluating novel therapeutic agents. Curr Protoc.
Pharmacol Chapter 14:Unit14.

61. Cordero, A.B., Y.Kwon, X.Hua, and A.K.Godwin. 2010. In vivo imaging and therapeutic
treatments in an orthotopic mouse model of ovarian cancer. J Vis Exp.

62. Cosse, J.P. and C.Michiels. 2008. Tumour hypoxia affects the responsiveness of cancer
cells to chemotherapy and promotes cancer progression. Anticancer Agents Med Chem
8:790-797.

63. Crum, C.P., R.Drapkin, A.Miron, T.A.Ince, M.Muto, D.W.Kindelberger, and Y.Lee. 2007.
The distal fallopian tube: a new model for pelvic serous carcinogenesis. Curr Opin
Obstet. Gynecol 19:3-9.

64. Dawson, D.W., S.F.Pearce, R.Zhong, R.L.Silverstein, W.A.Frazier, and N.P.Bouck. 1997.
CD36 mediates the In vitro inhibitory effects of thrombospondin-1 on endothelial cells. J
Cell Biol 138:707-717.

65. Dawson, D.W., O.V.Volpert, S.F.Pearce, A.J.Schenider, R.L.Silverstein, J.Henkin, and
N.P.Bouck. 1999. Three distinct D-amino acid substitutions confer potent antiangiogenic
activity on an inactive peptide derived from a thrombospondin-1 type 1 repeat. Mol
Pharmacol 55:332-338.

151

66. Dedrick, R.L., C.E.Myers, P.M.Bungay, and V.T.DeVita, Jr. 1978. Pharmacokinetic
rationale for peritoneal drug administration in the treatment of ovarian cancer. Cancer
Treat Rep 62:1-11.

67. Delli, C.J., A.K.Karam, and L.Montgomery. 2010. Vascular endothelial growth factor and
its relationship to the prognosis and treatment of breast, ovarian, and cervical cancer.
Angiogenesis. 13:43-58.

68. Denekamp, J. 1984. Vasculature as a target for tumour therapy. In Progress in Applied
Microcirculation 4:28-38.

69. Dickson, P.V., N.L.Hagedorn, J.B.Hamner, C.H.Fraga, C.Y.Ng, C.F.Stewart, and
A.M.Davidoff. 2007a. Interferon beta-mediated vessel stabilization improves delivery
and efficacy of systemically administered topotecan in a murine neuroblastoma model. J
Pediatr. Surg. 42:160-165.

70. Dickson, P.V., J.B.Hamner, T.L.Sims, C.H.Fraga, C.Y.Ng, S.Rajasekeran, N.L.Hagedorn,
M.B.McCarville, C.F.Stewart, and A.M.Davidoff. 2007b. Bevacizumab-induced transient
remodeling of the vasculature in neuroblastoma xenografts results in improved delivery
and efficacy of systemically administered chemotherapy. Clin Cancer Res 13:3942-3950.

71. Dinulescu, D.M., T.A.Ince, B.J.Quade, S.A.Shafer, D.Crowley, and T.Jacks. 2005. Role of Kras and Pten in the development of mouse models of endometriosis and endometrioid
ovarian cancer. Nat Med 11:63-70.

152

72. Dixit, V.M., N.J.Galvin, K.O'Rourke, and W.A.Frazier. 1986. Monoclonal antibodies that
recognize calcium-dependent structures of human thrombospondin. Characterization
and mapping of their epitopes. J Biol Chem 261:1962-1968.

73. Dome, B., M.J.Hendrix, S.Paku, J.Tovari, and J.Timar. 2007. Alternative vascularization
mechanisms in cancer: Pathology and therapeutic implications. Am J Pathol 170:1-15.

74. du Bois A., H.J.Luck, W.Meier, H.P.Adams, V.Mobus, S.Costa, T.Bauknecht, B.Richter,
M.Warm, W.Schroder, S.Olbricht, U.Nitz, C.Jackisch, G.Emons, U.Wagner, W.Kuhn, and
J.Pfisterer. 2003. A randomized clinical trial of cisplatin/paclitaxel versus
carboplatin/paclitaxel as first-line treatment of ovarian cancer. J Natl Cancer Inst
95:1320-1329.

75. du Bois A., J.P.Neijt, and J.T.Thigpen. 1999. First line chemotherapy with carboplatin plus
paclitaxel in advanced ovarian cancer--a new standard of care? Ann Oncol 10 Suppl 1:3541.

76. Ebbinghaus, S., M.Hussain, N.Tannir, M.Gordon, A.A.Desai, R.A.Knight,
R.A.Humerickhouse, J.Qian, G.B.Gordon, and R.Figlin. 2007. Phase 2 study of ABT-510 in
patients with previously untreated advanced renal cell carcinoma. Clin. Cancer Res.
13:6689-6695.

153

77. Einzig, A.I., P.H.Wiernik, J.Sasloff, C.D.Runowicz, and G.L.Goldberg. 1992. Phase II study
and long-term follow-up of patients treated with taxol for advanced ovarian
adenocarcinoma. J Clin Oncol 10:1748-1753.

78. El Naggar, S.M., M.T.Malik, A.Martin, J.P.Moore, M.Proctor, T.Hamid, and S.S.Kakar.
2007. Development of cystic glandular hyperplasia of the endometrium in Mullerian
inhibitory substance type II receptor-pituitary tumor transforming gene transgenic mice.
J Endocrinol 194:179-191.

79. Ellis, L.M., Y.Takahashi, C.J.Fenoglio, K.R.Cleary, C.D.Bucana, and D.B.Evans. 1998. Vessel
counts and vascular endothelial growth factor expression in pancreatic adenocarcinoma.
Eur J Cancer 34:337-340.

80. Engel, J., R.Eckel, G.Schubert-Fritschie, J.Kerr, W.Kuhn, J.Diebold, R.Kimmig, J.Rehbock,
and D.Hozel. 2002. Moderate progress for ovarian cancer in the last 20 years:
prolongation of survival, but no improvement in the cure rate. Eur J Cancer 38:24352445.

81. Eskens, F.A. and J.Verweij. 2006. The clinical toxicity profile of vascular endothelial
growth factor (VEGF) and vascular endothelial growth factor receptor (VEGFR) targeting
angiogenesis inhibitors; a review. Eur J Cancer 42:3127-3139.

82. Fathalla, M.F. 1971. Incessant ovulation--a factor in ovarian neoplasia? Lancet 2:163.

154

83. Febbraio, M., D.P.Hajjar, and R.L.Silverstein. 2001. CD36: a class B scavenger receptor
involved in angiogenesis, atherosclerosis, inflammation, and lipid metabolism. J Clin
Invest 108:785-791.

84. Ferrara, N. 1999. Molecular and biological properties of vascular endothelial growth
factor. J Mol Med (Berl) 77:527-543.

85. Ferrara, N. 2004. Vascular endothelial growth factor as a target for anticancer therapy.
Oncologist. 9 Suppl 1:2-10.

86. Fiorica, J.V., W.S.Roberts, M.S.Hoffman, and D.Cavanagh. 1996. Clinical Practice
Guidelines for Gynecologic Cancers. Cancer Control 3:347-355.

87. Flesken-Nikitin, A., K.C.Choi, J.P.Eng, E.N.Shmidt, and A.Y.Nikitin. 2003. Induction of
carcinogenesis by concurrent inactivation of p53 and Rb1 in the mouse ovarian surface
epithelium. Cancer Res 63:3459-3463.

88. Folkman, J. 1971. Tumor angiogenesis: therapeutic implications. N Engl J Med 285:11821186.

89. Folkman, J. 1972. Anti-angiogenesis: new concept for therapy of solid tumors. Ann Surg.
175:409-416.

155

90. Folkman, J. 1990. What is the evidence that tumors are angiogenesis dependent? J Natl
Cancer Inst 82:4-6.

91. Folkman, J. 1995. Angiogenesis in cancer, vascular, rheumatoid and other disease. Nat
Med 1:27-31.

92. Folkman, J. 1998. Is tissue mass regulated by vascular endothelial cells? Prostate as the
first evidence. Endocrinology 139:441-442.

93. Folkman, J. 2004. Endogenous angiogenesis inhibitors. APMIS 112:496-507.

94. Folkman, J. 2006. Angiogenesis. Annu Rev Med 57:1-18.

95. Folkman, J. and R.Kalluri. 2004. Cancer without disease. Nature 427:787.

96. Folkman, J. and M.Klagsbrun. 1987. Angiogenic factors. Science 235:442-447.

97. Folkman, J., K.Watson, D.Ingber, and D.Hanahan. 1989. Induction of angiogenesis during
the transition from hyperplasia to neoplasia. Nature 339:58-61.

98. Fong, M.Y. and S.S.Kakar. 2009. Ovarian cancer mouse models: a summary of current
models and their limitations. J Ovarian. Res 2:12.

156

99. Fontana, A., S.Filleur, J.Guglielmi, L.Frappart, G.Bruno-Bossio, S.Boissier, F.Cabon, and
P.Clezardin. 2005. Human breast tumors override the antiangiogenic effect of stromal
thrombospondin-1 in vivo. Int J Cancer 116:686-691.

100. Forsythe, J.A., B.H.Jiang, N.V.Iyer, F.Agani, S.W.Leung, R.D.Koos, and G.L.Semenza. 1996.
Activation of vascular endothelial growth factor gene transcription by hypoxia-inducible
factor 1. Mol Cell Biol 16:4604-4613.

101. Fredrickson, T.N. 1987. Ovarian tumors of the hen. Environ. Health Perspect. 73:35-51.

102. Fu, X. and R.M.Hoffman. 1993. Human ovarian carcinoma metastatic models
constructed in nude mice by orthotopic transplantation of histologically-intact patient
specimens. Anticancer Res 13:283-286.

103. Fuchs, D.A. and R.K.Johnson. 1978. Cytologic evidence that taxol, an antineoplastic
agent from Taxus brevifolia, acts as a mitotic spindle poison. Cancer Treat Rep 62:12191222.

104. Fujimoto, J., H.Sakaguchi, I.Aoki, S.Khatun, and T.Tamaya. 2001. Clinical implications of
expression of vascular endothelial growth factor in metastatic lesions of ovarian
cancers. Br J Cancer 85:313-316.

105. Fujiwara, K., D.Armstrong, M.Morgan, and M.Markman. 2007. Principles and practice of
intraperitoneal chemotherapy for ovarian cancer. Int J Gynecol Cancer 17:1-20.

157

106. Fukumura, D., T.Gohongi, A.Kadambi, Y.Izumi, J.Ang, C.O.Yun, D.G.Buerk, P.L.Huang, and
R.K.Jain. 2001. Predominant role of endothelial nitric oxide synthase in vascular
endothelial growth factor-induced angiogenesis and vascular permeability. Proc Natl
Acad Sci U. S. A 98:2604-2609.

107. Fukumura, D. and R.K.Jain. 2007. Tumor microenvironment abnormalities: causes,
consequences, and strategies to normalize. J Cell Biochem 101:937-949.

108. Gadducci, A., F.Carnino, S.Chiara, I.Brunetti, L.Tanganelli, A.Romanini, M.Bruzzone, and
P.F.Conte. 2000. Intraperitoneal versus intravenous cisplatin in combination with
intravenous cyclophosphamide and epidoxorubicin in optimally cytoreduced advanced
epithelial ovarian cancer: a randomized trial of the Gruppo Oncologico Nord-Ovest.
Gynecol Oncol 76:157-162.

109. Gadducci, A., P.Viacava, S.Cosio, D.Cecchetti, G.Fanelli, A.Fanucchi, G.Teti, and
A.R.Genazzani. 2003. Vascular endothelial growth factor (VEGF) expression in primary
tumors and peritoneal metastases from patients with advanced ovarian carcinoma.
Anticancer Res 23:3001-3008.

110. Garcia, A.A., H.Hirte, G.Fleming, D.Yang, D.D.Tsao-Wei, L.Roman, S.Groshen, S.Swenson,
F.Markland, D.Gandara, S.Scudder, R.Morgan, H.Chen, H.J.Lenz, and A.M.Oza. 2008.
Phase II clinical trial of bevacizumab and low-dose metronomic oral cyclophosphamide
in recurrent ovarian cancer: a trial of the California, Chicago, and Princess Margaret
Hospital phase II consortia. J. Clin. Oncol. 26:76-82.

158

111. Garside, S.A., J.Henkin, K.D.Morris, S.M.Norvell, F.H.Thomas, and H.M.Fraser. 2010. A
thrombospondin-mimetic peptide, ABT-898, suppresses angiogenesis and promotes
follicular atresia in pre- and early-antral follicles in vivo. Endocrinology 151:5905-5915.

112. Garson, K., E.Macdonald, M.Dube, R.Bao, T.C.Hamilton, and B.C.Vanderhyden. 2003.
Generation of tumors in transgenic mice expressing the SV40 T antigen under the
control of ovarian-specific promoter 1. J Soc. Gynecol Investig. 10:244-250.

113. Ge, Y. and M.T.Elghetany. 2005. CD36: a multiligand molecule. Lab Hematol. 11:31-37.

114. Gerber, H.P., J.Kowalski, D.Sherman, D.A.Eberhard, and N.Ferrara. 2000. Complete
inhibition of rhabdomyosarcoma xenograft growth and neovascularization requires
blockade of both tumor and host vascular endothelial growth factor. Cancer Res
60:6253-6258.

115. Gietema, J.A., R.Hoekstra, F.Y.de Vos, D.R.Uges, G.A.van der, H.J.Groen, W.J.Loos,
R.A.Knight, R.A.Carr, R.A.Humerickhouse, and F.A.Eskens. 2006. A phase I study
assessing the safety and pharmacokinetics of the thrombospondin-1-mimetic
angiogenesis inhibitor ABT-510 with gemcitabine and cisplatin in patients with solid
tumors. Ann. Oncol. 17:1320-1327.

116. Gleave, M.E., J.T.Hsieh, H.C.Wu, S.J.Hong, H.E.Zhau, P.D.Guthrie, and L.W.Chung. 1993.
Epidermal growth factor receptor-mediated autocrine and paracrine stimulation of
human transitional cell carcinoma. Cancer Res 53:5300-5307.

159

117. Gogstad, G.O., N.O.Solum, and M.B.Krutnes. 1983. Heparin-binding platelet proteins
demonstrated by crossed affinity immunoelectrophoresis. Br J Haematol 53:563-573.

118. Gonzalez-Martin, A.J. 2004. Medical treatment of epithelial ovarian cancer. Expert Rev
Anticancer Ther 4:1125-1143.

119. Good, D.J., P.J.Polverini, F.Rastinejad, M.M.Le Beau, R.S.Lemons, W.A.Frazier, and
N.P.Bouck. 1990. A tumor suppressor-dependent inhibitor of angiogenesis is
immunologically and functionally indistinguishable from a fragment of thrombospondin.
Proc. Natl. Acad. Sci. U. S. A 87:6624-6628.

120. Gordon, M.S., K.Margolin, M.Talpaz, G.W.Sledge, Jr., E.Holmgren, R.Benjamin, S.Stalter,
S.Shak, and D.Adelman. 2001. Phase I safety and pharmacokinetic study of recombinant
human anti-vascular endothelial growth factor in patients with advanced cancer. J Clin
Oncol 19:843-850.

121. Gordon, M.S., D.Mendelson, R.Carr, R.A.Knight, R.A.Humerickhouse, M.Iannone, and
A.T.Stopeck. 2008. A phase 1 trial of 2 dose schedules of ABT-510, an antiangiogenic,
thrombospondin-1-mimetic peptide, in patients with advanced cancer. Cancer
113:3420-3429.

122. Greenaway, J., J.Lawler, R.Moorehead, P.Bornstein, J.Lamarre, and J.Petrik. 2007.
Thrombospondin-1 inhibits VEGF levels in the ovary directly by binding and

160

internalization via the low density lipoprotein receptor-related protein-1 (LRP-1). J. Cell
Physiol 210:807-818.

123. Greenaway, J., R.Moorehead, P.Shaw, and J.Petrik. 2008. Epithelial-stromal interaction
increases cell proliferation, survival and tumorigenicity in a mouse model of human
epithelial ovarian cancer. Gynecol. Oncol. 108:385-394.

124. Greenaway, J., J.Henkin, J.Lawler, R.Moorehead, and J.Petrik. 2009. ABT-510 induces
tumor cell apoptosis and inhibits ovarian tumor growth in an orthotopic, syngeneic
model of epithelial ovarian cancer. Mol Cancer Ther 8:64-74.

125. Grossfeld, G.D., D.A.Ginsberg, J.P.Stein, B.H.Bochner, D.Esrig, S.Groshen, M.Dunn,
P.W.Nichols, C.R.Taylor, D.G.Skinner, and R.J.Cote. 1997. Thrombospondin-1 expression
in bladder cancer: association with p53 alterations, tumor angiogenesis, and tumor
progression. J Natl Cancer Inst 89:219-227.

126. Grugel, S., G.Finkenzeller, K.Weindel, B.Barleon, and D.Marme. 1995. Both v-Ha-Ras and
v-Raf stimulate expression of the vascular endothelial growth factor in NIH 3T3 cells. J
Biol Chem 270:25915-25919.

127. Guo, N.H., H.C.Krutzsch, J.K.Inman, C.S.Shannon, and D.D.Roberts. 1997.
Antiproliferative and antitumor activities of D-reverse peptides derived from the second
type-1 repeat of thrombospondin-1. J Pept. Res 50:210-221.

161

128. Hall, S.M., M.Gorenflo, J.Reader, D.Lawson, and S.G.Haworth. 2000. Neonatal
pulmonary hypertension prevents reorganisation of the pulmonary arterial smooth
muscle cytoskeleton after birth. J Anat. 196 ( Pt 3):391-403.

129. Hamilton, T.C., R.C.Young, K.G.Louie, B.C.Behrens, W.M.McKoy, K.R.Grotzinger, and
R.F.Ozols. 1984. Characterization of a xenograft model of human ovarian carcinoma
which produces ascites and intraabdominal carcinomatosis in mice. Cancer Res 44:52865290.

130. Hamilton, T.C., R.C.Young, W.M.McKoy, K.R.Grotzinger, J.A.Green, E.W.Chu, J.WhangPeng, A.M.Rogan, W.R.Green, and R.F.Ozols. 1983. Characterization of a human ovarian
carcinoma cell line (NIH:OVCAR-3) with androgen and estrogen receptors. Cancer Res
43:5379-5389.

131. Hanahan, D. and R.A.Weinberg. 2000. The hallmarks of cancer. Cell 100:57-70.

132. Hankinson, S.E., G.A.Colditz, D.J.Hunter, W.C.Willett, M.J.Stampfer, B.Rosner,
C.H.Hennekens, and F.E.Speizer. 1995. A prospective study of reproductive factors and
risk of epithelial ovarian cancer. Cancer 76:284-290.

133. Harries, M. and S.B.Kaye. 2001. Recent advances in the treatment of epithelial ovarian
cancer. Expert Opinion Investigation Drugs 10:1715-1724.

162

134. Hasina, R., L.E.Martin, K.Kasza, C.L.Jones, A.Jalil, and M.W.Lingen. 2009. ABT-510 is an
effective chemopreventive agent in the mouse 4-nitroquinoline 1-oxide model of oral
carcinogenesis. Cancer Prev. Res (Phila) 2:385-393.

135. Haviv, F., M.F.Bradley, D.M.Kalvin, A.J.Schneider, D.J.Davidson, S.M.Majest, L.M.McKay,
C.J.Haskell, R.L.Bell, B.Nguyen, K.C.Marsh, B.W.Surber, J.T.Uchic, J.Ferrero, Y.C.Wang,
J.Leal, R.D.Record, J.Hodde, S.F.Badylak, R.R.Lesniewski, and J.Henkin. 2005.
Thrombospondin-1 mimetic peptide inhibitors of angiogenesis and tumor growth:
design, synthesis, and optimization of pharmacokinetics and biological activities. J. Med.
Chem. 48:2838-2846.

136. Heintz, A.P., F.Odicino, P.Maisonneuve, M.A.Quinn, J.L.Benedet, W.T.Creasman,
H.Y.Ngan, S.Pecorelli, and U.Beller. 2006. Carcinoma of the ovary. FIGO 6th Annual
Report on the Results of Treatment in Gynecological Cancer. Int. J. Gynaecol. Obstet. 95
Suppl 1:S161-S192.

137. Hoekstra, R., F.Y.de Vos, F.A.Eskens, E.G.de Vries, D.R.Uges, R.Knight, R.A.Carr,
R.Humerickhouse, J.Verweij, and J.A.Gietema. 2006. Phase I study of the
thrombospondin-1-mimetic angiogenesis inhibitor ABT-510 with 5-fluorouracil and
leucovorin: a safe combination. Eur. J. Cancer 42:467-472.

138. Hoekstra, R., F.Y.de Vos, F.A.Eskens, J.A.Gietema, G.A.van der, H.J.Groen, R.A.Knight,
R.A.Carr, R.A.Humerickhouse, J.Verweij, and E.G.de Vries. 2005. Phase I safety,
pharmacokinetic, and pharmacodynamic study of the thrombospondin-1-mimetic

163

angiogenesis inhibitor ABT-510 in patients with advanced cancer. J. Clin. Oncol. 23:51885197.

139. Holash, J., S.Davis, N.Papadopoulos, S.D.Croll, L.Ho, M.Russell, P.Boland, R.Leidich,
D.Hylton, E.Burova, E.Ioffe, T.Huang, C.Radziejewski, K.Bailey, J.P.Fandl, T.Daly,
S.J.Wiegand, G.D.Yancopoulos, and J.S.Rudge. 2002. VEGF-Trap: a VEGF blocker with
potent antitumor effects. Proc Natl Acad Sci U. S. A 99:11393-11398.

140. Holash, J., P.C.Maisonpierre, D.Compton, P.Boland, C.R.Alexander, D.Zagzag,
G.D.Yancopoulos, and S.J.Wiegand. 1999. Vessel cooption, regression, and growth in
tumors mediated by angiopoietins and VEGF. Science 284:1994-1998.

141. Holmgren, L., M.S.O'Reilly, and J.Folkman. 1995. Dormancy of micrometastases:
balanced proliferation and apoptosis in the presence of angiogenesis suppression. Nat
Med 1:149-153.

142. Holschneider, C.H. and J.S.Berek. 2000. Ovarian cancer: epidemiology, biology, and
prognostic factors. Semin. Surg. Oncol. 19:3-10.

143. Hsu, S.C., O.V.Volpert, P.A.Steck, T.Mikkelsen, P.J.Polverini, S.Rao, P.Chou, and
N.P.Bouck. 1996. Inhibition of angiogenesis in human glioblastomas by chromosome 10
induction of thrombospondin-1. Cancer Res 56:5684-5691.

164

144. Hubbard, S.R. 1999. Structural analysis of receptor tyrosine kinases. Prog. Biophys Mol
Biol 71:343-358.

145. Huhtala, T., P.Laakkonen, H.Sallinen, S.Yla-Herttuala, and A.Narvanen. 2010. In vivo
SPECT/CT imaging of human orthotopic ovarian carcinoma xenografts with 111Inlabeled monoclonal antibodies. Nucl. Med Biol 37:957-964.

146. Hurwitz, H., L.Fehrenbacher, W.Novotny, T.Cartwright, J.Hainsworth, W.Heim, J.Berlin,
A.Baron, S.Griffing, E.Holmgren, N.Ferrara, G.Fyfe, B.Rogers, R.Ross, and F.Kabbinavar.
2004. Bevacizumab plus irinotecan, fluorouracil, and leucovorin for metastatic colorectal
cancer. N. Engl. J Med 350:2335-2342.

147. Husseinzadeh, N. 2011. Status of tumor markers in epithelial ovarian cancer has there
been any progress? A review. Gynecol Oncol 120:152-157.

148. Inai, T., M.Mancuso, H.Hashizume, F.Baffert, A.Haskell, P.Baluk, D.D.Hu-Lowe,
D.R.Shalinsky, G.Thurston, G.D.Yancopoulos, and D.M.McDonald. 2004. Inhibition of
vascular endothelial growth factor (VEGF) signaling in cancer causes loss of endothelial
fenestrations, regression of tumor vessels, and appearance of basement membrane
ghosts. Am J Pathol 165:35-52.

149. Iruela-Arispe, M.L. and H.F.Dvorak. 1997. Angiogenesis: a dynamic balance of
stimulators and inhibitors. Thromb Haemost 78:672-677.

165

150. Iruela-Arispe, M.L., M.Lombardo, H.C.Krutzsch, J.Lawler, and D.D.Roberts. 1999.
Inhibition of angiogenesis by thrombospondin-1 is mediated by 2 independent regions
within the type 1 repeats. Circulation 100:1423-1431.

151. Izumi, Y., L.Xu, E.di Tomaso, D.Fukumura, and R.K.Jain. 2002. Tumour biology: herceptin
acts as an anti-angiogenic cocktail. Nature 416:279-280.

152. Jacobs, I.J., S.J.Skates, N.MacDonald, U.Menon, A.N.Rosenthal, A.P.Davies, R.Woolas,
A.R.Jeyarajah, K.Sibley, D.G.Lowe, and D.H.Oram. 1999. Screening for ovarian cancer: a
pilot randomised controlled trial. Lancet 353:1207-1210.

153. Jaffe, E.A., J.T.Ruggiero, and D.J.Falcone. 1985. Monocytes and macrophages synthesize
and secrete thrombospondin. Blood 65:79-84.

154. Jain, R.K. 1988. Determinants of tumor blood flow: a review. Cancer Res 48:2641-2658.

155. Jain, R.K. 1994. Barriers to drug delivery in solid tumors. Sci Am 271:58-65.

156. Jain, R.K. 1998. Delivery of molecular and cellular medicine to solid tumors. J Control
Release 53:49-67.

157. Jain, R.K. 2001. Normalizing tumor vasculature with anti-angiogenic therapy: a new
paradigm for combination therapy. Nat Med 7:987-989.

158. Jain, R.K. 2003. Molecular regulation of vessel maturation. Nat Med 9:685-693.
166

159. Jain, R.K. 2005. Normalization of Tumor Vasculature: An Emerging Concept in
Antiangiogenic Therapy. Science 307:58-62.

160. Jakeman, L.B., J.Winer, G.L.Bennett, C.A.Altar, and N.Ferrara. 1992. Binding sites for
vascular endothelial growth factor are localized on endothelial cells in adult rat tissues. J
Clin Invest 89:244-253.

161. Jemal, A., R.Siegel, E.Ward, Y.Hao, J.Xu, T.Murray, and M.J.Thun. 2008. Cancer statistics,
2008. CA Cancer J. Clin. 58:71-96.

162. Jimenez, B., O.V.Volpert, S.E.Crawford, M.Febbraio, R.L.Silverstein, and N.Bouck. 2000.
Signals leading to apoptosis-dependent inhibition of neovascularization by
thrombospondin-1. Nat. Med. 6:41-48.

163. Jimenez, B., O.V.Volpert, F.Reiher, L.Chang, A.Munoz, M.Karin, and N.Bouck. 2001. c-Jun
N-terminal kinase activation is required for the inhibition of neovascularization by
thrombospondin-1. Oncogene 20:3443-3448.

164. Kaio, E., S.Tanaka, S.Oka, T.Hiyama, Y.Kitadai, K.Haruma, and K.Chayama. 2003. Clinical
significance of thrombospondin-1 expression in relation to vascular endothelial growth
factor and interleukin-10 expression at the deepest invasive tumor site of advanced
colorectal carcinoma. Int. J. Oncol. 23:901-911.

167

165. Kamat, A.A., T.J.Kim, C.N.Landen, Jr., C.Lu, L.Y.Han, Y.G.Lin, W.M.Merritt, P.H.Thaker,
D.M.Gershenson, F.Z.Bischoff, J.V.Heymach, R.B.Jaffe, R.L.Coleman, and A.K.Sood. 2007.
Metronomic chemotherapy enhances the efficacy of antivascular therapy in ovarian
cancer. Cancer Res 67:281-288.

166. Kamba, T. and D.M.McDonald. 2007. Mechanisms of adverse effects of anti-VEGF
therapy for cancer. Br J Cancer 96:1788-1795.

167. Kawahara, N., M.Ono, K.Taguchi, M.Okamoto, M.Shimada, K.Takenaka, K.Hayashi,
D.F.Mosher, K.Sugimachi, M.Tsuneyoshi, and M.Kuwano. 1998. Enhanced expression of
thrombospondin-1 and hypovascularity in human holangiocarcinoma. Hepatology
28:1512-1517.

168. Kerbel, R.S. 1991. Inhibition of tumor angiogenesis as a strategy to circumvent acquired
resistance to anti-cancer therapeutic agents. Bioessays 13:31-36.

169. Kerbel, R.S. 2006. Antiangiogenic Therapy: A Universal Chemosensitization Strategy for
Cancer? Science 312:1171-1175.

170. Ketis, N.V. and J.Lawler. 1990. Effects of thrombospondin antibody on the recovery of
endothelial cells from hyperthermia. J Cell Sci 96:263-270.

171. Ketis, N.V., J.Lawler, R.L.Hoover, and M.J.Karnovsky. 1988. Effects of heat shock on the
expression of thrombospondin by endothelial cells in culture. J Cell Biol 106:893-904.

168

172. Kido, M. and M.Shibuya. 1998. Isolation and characterization of mouse ovarian surface
epithelial cell lines. Pathol Res Pract. 194:725-730.

173. Kieser, A., H.A.Weich, G.Brandner, D.Marme, and W.Kolch. 1994. Mutant p53
potentiates protein kinase C induction of vascular endothelial growth factor expression.
Oncogene 9:963-969.

174. Kiguchi, K., T.Kubota, D.Aoki, Y.Udagawa, S.Yamanouchi, M.Saga, A.Amemiya, F.X.Sun,
S.Nozawa, A.R.Moossa, and R.M.Hoffman. 1998. A patient-like orthotopic implantation
nude mouse model of highly metastatic human ovarian cancer. Clin Exp Metastasis
16:751-756.

175. Kim, J., D.M.Coffey, C.J.Creighton, Z.Yu, S.M.Hawkins, and M.M.Matzuk. 2012. Highgrade serous ovarian cancer arises from fallopian tube in a mouse model. Proc Natl Acad
Sci U. S. A 109:3921-3926.

176. Kim, K.J., B.Li, J.Winer, M.Armanini, N.Gillett, H.S.Phillips, and N.Ferrara. 1993. Inhibition
of vascular endothelial growth factor-induced angiogenesis suppresses tumour growth
in vivo. Nature 362:841-844.

177. Kindelberger, D.W., Y.Lee, A.Miron, M.S.Hirsch, C.Feltmate, F.Medeiros, M.J.Callahan,
E.O.Garner, R.W.Gordon, C.Birch, R.S.Berkowitz, M.G.Muto, and C.P.Crum. 2007.
Intraepithelial carcinoma of the fimbria and pelvic serous carcinoma: Evidence for a
causal relationship. Am J Surg. Pathol 31:161-169.

169

178. Klagsbrun, M. and P.A.D'Amore. 1991. Regulators of Angiogenesis. Annu Rev Physiol
53:217-239.

179. Klostergaard, J., E.Auzenne, S.Ghosh, D.Farquhar, B.Rivera, and R.E.Price. 2006.
Magnetic resonance imaging-based prospective detection of intraperitoneal human
ovarian carcinoma xenografts treatment response. Int J Gynecol Cancer 16 Suppl 1:111117.

180. Kodama, J., I.Hashimoto, N.Seki, A.Hongo, M.Yoshinoouchi, H.Okuda, and T.Kudo.
2001a. Thrombospondin-1 and -2 messenger RNA expression in invasive cervical cancer:
correlation with angiogenesis and prognosis. Clin Cancer Res 7:2826-2831.

181. Kodama, J., I.Hashimoto, N.Seki, A.Hongo, M.Yoshinouchi, H.Okuda, and T.Kudo. 2001b.
Thrombospondin-1 and -2 messenger RNA expression in epithelial ovarian tumor.
Anticancer Res 21:2983-2987.

182. Konerding, M.A., E.Fait, and A.Gaumann. 2001. 3D microvascular architecture of precancerous lesions and invasive carcinomas of the colon. Br J Cancer 84:1354-1362.

183. Kreis, C., M.La Fleur, C.Menard, R.Paquin, and A.D.Beaulieu. 1989. Thrombospondin and
fibronectin are synthesized by neutrophils in human inflammatory joint disease and in a
rabbit model of in vivo neutrophil activation. J Immunol 143:1961-1968.

170

184. Kurman, R.J. and I.Shih. 2010. The origin and pathogenesis of epithelial ovarian cancer: a
proposed unifying theory. Am J Surg. Pathol 34:433-443.

185. La Vecchia, C., S.Franceschi, G.Gallus, A.Decarli, A.Liberati, and G.Tognoni. 1983.
Incessant ovulation and ovarian cancer: a critical approach. Int J Epidemiol. 12:161-164.

186. Lahav, J. 1993. The functions of thrombospondin and its involvement in physiology and
pathophysiology. Biochim Biophys Acta 1182:1-14.

187. Lahav, J., J.Lawler, and M.A.Gimbrone. 1984. Thrombospondin interactions with
fibronectin and fibrinogen. Mutual inhibition in binding. Eur J Biochem 145:151-156.

188. Lahav, J., M.A.Schwartz, and R.O.Hynes. 1982. Analysis of platelet adhesion with a
radioactive chemical crosslinking reagent: Interaction of thrombospondin with
fibronectin and collagen. Cell 31:253-262.

189. Lawler, J. 1986. The structural and functional properties of thrombospondin. Blood
67:1197-1209.

190. Lawler, J. 2002. Thrombospondin-1 as an endogenous inhibitor of angiogenesis and
tumor growth. J. Cell Mol. Med. 6:1-12.

191. Lawler, J., F.C.Chao, and P.H.Fang. 1977. Observation of a high molecular weight platelet
protein released by thrombin. Thromb Haemost 37:355-357.

171

192. Lawler, J., L.H.Derick, J.E.Connolly, J.H.Chen, and F.C.Chao. 1985. The structure of
human platelet thrombospondin. J Biol Chem 260:3762-3772.

193. Lawler, J., M.Duquette, L.Urry, K.McHenry, and T.F.Smith. 1993. The evolution of the
thrombospondin gene family. J Mol Evol 36:509-516.

194. Lawler, J. and R.O.Hynes. 1986. The Structure of Human Thrombospondin, an Adhesive
Glycoprotein with Multiple Calcium-binding Sites and Homologies with Several Different
Proteins. J Cell Biol 103:1635-1648.

195. Lawler, J. and E.R.Simons. 1983. Cooperative binding of calcium to thrombospondin. The
effect of calcium on the circular dichroism and limited tryptic digestion of
thrombospondin. J Biol Chem 258:12098-12101.

196. Lawler, J. and H.S.Slayter. 1981. The release of heparin binding peptides from platelet
thrombospondin by proteolytic action of thrombin, plasmin and trypsin. Thromb Res
22:267-279.

197. Lawler, J., H.S.Slayter, and J.E.Coligan. 1978. Isolation and Characterization of a High
Molecular Weight Glycoprotein from Human Blood Platelets. J Biol Chem 253:86098616.

198. Le Serve, A.W. and K.Hellmann. 1972. Metastases and the normalization of tumour
blood vessels by ICRF 159: a new type of drug action. Br Med J 1:597-601.

172

199. Lee, H.J., M.N.Tantawy, K.T.Nam, I.Choi, T.E.Peterson, and R.R.Price. 2011. Evaluation of
an intraperitoneal ovarian cancer syngeneic mouse model using 18F-FDG MicroPET
imaging. Int J Gynecol Cancer 21:22-27.

200. Lee, T.H., S.Seng, M.Sekine, C.Hinton, Y.Fu, H.K.Avraham, and S.Avraham. 2007. Vascular
endothelial growth factor mediates intracrine survival in human breast carcinoma cells
through internally expressed VEGFR1/FLT1. PLoS. Med 4:e186.

201. Leung, L.L., R.L.Nachman, and P.C.Harpel. 1984. Complex formation of platelet
thrombospondin with histidine-rich glycoprotein. J Clin Invest 73:5-12.

202. Li, K., M.Yang, P.M.Yuen, K.W.Chik, C.K.Li, M.M.Shing, H.K.Lam, and T.F.Fok. 2003.
Thrombospondin-1 induces apoptosis in primary leukemia and cell lines mediated by
CD36 and Caspase-3. Int. J. Mol. Med. 12:995-1001.

203. Liang, S., N.Yang, Y.Pan, S.Deng, X.Lin, X.Yang, D.Katsaros, K.F.Roby, T.C.Hamilton,
D.C.Connolly, G.Coukos, and L.Zhang. 2009. Expression of activated PIK3CA in ovarian
surface epithelium results in hyperplasia but not tumor formation. PLoS. One. 4:e4295.

204. Longo, R., R.Sarmiento, M.Fanelli, B.Capaccetti, D.Gattuso, and G.Gasparini. 2002. Antiangiogenic therapy: rationale, challenges and clinical studies. Angiogenesis. 5:237-256.

205. Lu, C., A.A.Kamat, Y.G.Lin, W.M.Merritt, C.N.Landen, T.J.Kim, W.Spannuth, T.Arumugam,
L.Y.Han, N.B.Jennings, C.Logsdon, R.B.Jaffe, R.L.Coleman, and A.K.Sood. 2007. Dual

173

targeting of endothelial cells and pericytes in antivascular therapy for ovarian
carcinoma. Clin Cancer Res 13:4209-4217.

206. Ma, J. and D.J.Waxman. 2008. Combination of antiangiogenesis with chemotherapy for
more effective cancer treatment. Mol Cancer Ther 7:3670-3684.

207. Mabuchi, S., Y.Terai, K.Morishige, A.Tanabe-Kimura, H.Sasaki, M.Kanemura, S.Tsunetoh,
Y.Tanaka, M.Sakata, R.A.Burger, T.Kimura, and M.Ohmichi. 2008. Maintenance
Treatment with Bevacizumab Prolongs Survival in an In vivo Ovarian Cancer Model. Clin
Cancer Res 14:7781-7789.

208. Maeda, K., Y.Nishiguchi, S.M.Kang, M.Yashiro, N.Onoda, T.Sawada, T.Ishikawa, and
K.Hirakawa. 2001. Expression of thrombospondin-1 inversely correlated with tumor
vascularity and hematogenous metastasis in colon cancer. Oncol Rep 8:763-766.

209. Majack, R.A., L.V.Goodman, and V.M.Dixit. 1988. Cell surface thrombospondin is
functionally essential for vascular smooth muscle cell proliferation. J Cell Biol 106:415422.

210. Man, S., R.Munoz, and R.S.Kerbel. 2007. On the development of models in mice of
advanced visceral metastatic disease for anti-cancer drug testing. Cancer Metastasis Rev
26:737-747.

174

211. Margolin, K., M.S.Gordon, E.Holmgren, J.Gaudreault, W.Novotny, G.Fyfe, D.Adelman,
S.Stalter, and J.Breed. 2001. Phase Ib trial of intravenous recombinant humanized
monoclonal antibody to vascular endothelial growth factor in combination with
chemotherapy in patients with advanced cancer: pharmacologic and long-term safety
data. J Clin Oncol 19:851-856.

212. Markovic, S.N., V.J.Suman, R.A.Rao, J.N.Ingle, J.S.Kaur, L.A.Erickson, H.C.Pitot,
G.A.Croghan, R.R.McWilliams, J.Merchan, L.A.Kottschade, W.K.Nevala, C.B.Uhl, J.Allred,
and E.T.Creagan. 2007. A phase II study of ABT-510 (thrombospondin-1 analog) for the
treatment of metastatic melanoma. Am. J. Clin. Oncol. 30:303-309.

213. Massazza, G., A.Tomasoni, V.Lucchini, P.Allavena, E.Erba, N.Colombo, A.Mantovani,
M.D'Incalci, C.Mangioni, and R.Giavazzi. 1989. Intraperitoneal and subcutaneous
xenografts of human ovarian carcinoma in nude mice and their potential in
experimental therapy. Int J Cancer 44:494-500.

214. McDonald, D.M. and P.L.Choyke. 2003. Imaging of angiogenesis: from microscope to
clinic. Nat Med 9:713-725.

215. McGuire, W.P., J.A.Blessing, and M.L.Berman. 1989. Phase II study of esorubicin (4'deoxydoxorubicin) in advanced epithelial carcinoma of the ovary: a Gynecologic
Oncology Group study. Invest New Drugs 7:333-336.

175

216. McGuire, W.P., B.H.Conklin, and D.I.Webb. 1996. Prevention of ovarian cancer with
bilateral oophorectomy at time of hysterectomy. Alaska Med 38:69-70.

217. McMahon, G. 2000. VEGF receptor signaling in tumor angiogenesis. Oncologist. 5 Suppl
1:3-10.

218. Mesiano, S., N.Ferrara, and R.B.Jaffe. 1998. Role of vascular endothelial growth factor in
ovarian cancer: inhibition of ascites formation by immunoneutralization. Am J Pathol
153:1249-1256.

219. Miao, W.M., W.L.Seng, M.Duquette, P.Lawler, C.Laus, and J.Lawler. 2001.
Thrombospondin-1 type 1 repeat recombinant proteins inhibit tumor growth through
transforming growth factor-beta-dependent and -independent mechanisms. Cancer Res.
61:7830-7839.

220. Millauer, B., L.K.Shawver, K.H.Plate, W.Risau, and A.Ullrich. 1994. Glioblastoma growth
inhibited in vivo by a dominant-negative Flk-1 mutant. Nature 367:576-579.

221. Milligan, S.R. and C.Edwards. 1988. The effects of different anaesthetic agents on the
estimation of uterine vascular permeability in mice. Lab Anim 22:343-346.

222. Minchenko, A., T.Bauer, S.Salceda, and J.Caro. 1994. Hypoxic stimulation of vascular
endothelial growth factor expression in vitro and in vivo. Lab Invest 71:374-379.

176

223. Mori, M., I.Harabuchi, H.Miyake, J.T.Casagrande, B.E.Henderson, and R.K.Ross. 1988.
Reproductive, genetic, and dietary risk factors for ovarian cancer. Am J Epidemiol.
128:771-777.

224. Morrison, J., A.Swanton, S.Collins, and S.Kehoe. 2007. Chemotherapy versus surgery for
initial treatment in advanced ovarian epithelial cancer. Cochrane. Database. Syst.
Rev.CD005343.

225. Moscatelli, D., J.Joseph-Silverstein, M.Presta, and D.B.Rifkin. 1988. Multiple forms of an
angiogenesis factor: basic fibroblast growth factor. Biochimie 70:83-87.

226. Mumby, S.M., G.J.Raugi, and P.Bornstein. 1984. Interactions of thrombospondin with
extracellular matrix proteins: selective binding to type V collagen. J Cell Biol 98:646-652.

227. Mustonen, T. and K.Alitalo. 1995. Endothelial receptor tyrosine kinases involved in
angiogenesis. J Cell Biol 129:895-898.

228. Nabors, L.B., J.B.Fiveash, J.M.Markert, M.S.Kekan, G.Y.Gillespie, Z.Huang, M.J.Johnson,
S.Meleth, H.Kuo, C.L.Gladson, and H.M.Fathallah-Shaykh. 2010. A phase 1 trial of ABT510 concurrent with standard chemoradiation for patients with newly diagnosed
glioblastoma. Arch Neurol. 67:313-319.

177

229. Nakao, T., N.Kurita, M.Komatsu, K.Yoshikawa, T.Iwata, T.Utsunomiya, and M.Shimada.
2011. Expression of thrombospondin-1 and Ski are prognostic factors in advanced
gastric cancer. Int J Clin Oncol 16:145-152.

230. Naumov, G.N., L.A.Akslen, and J.Folkman. 2006. Role of Angiogenesis in Human Tumor
Dormancy: animal models of the angiogenic switch. Cell Cycle 5:1779-1787.

231. Nayak, R.C. and I.M.Herman. 2001. Bovine retinal microvascular pericytes : isolation,
propagation, and identification. Methods Mol Med 46:247-263.

232. Neufeld, G., T.Cohen, S.Gengrinovitch, and Z.Poltorak. 1999. Vascular endothelial
growth factor (VEGF) and its receptors. FASEB J 13:9-22.

233. Nguyen, H.N., H.E.Averette, W.Hoskins, B.U.Sevin, M.Penalver, and A.Steren. 1993.
National survey of ovarian carcinoma. VI. Critical assessment of current International
Federation of Gynecology and Obstetrics staging system. Cancer 72:3007-3011.

234. Nicosia, R.F., S.V.Nicosia, and M.Smith. 1994. Vascular endothelial growth factor,
platelet-derived growth factor, and insulin-like growth factor-1 promote rat aortic
angiogenesis in vitro. Am J Pathol 145:1023-1029.

235. Nimeiri, H.S., A.M.Oza, R.J.Morgan, G.Friberg, K.Kasza, L.Faoro, R.Salgia, W.M.Stadler,
E.E.Vokes, and G.F.Fleming. 2008. Efficacy and safety of bevacizumab plus erlotinib for

178

patients with recurrent ovarian, primary peritoneal, and fallopian tube cancer: A trial of
the Chicago, PMH, and California Phase II consortia. Gynecologic Oncology 110:49-55.

236. Norby, S.W., J.A.Weyhenmeyer, and R.B.Clarkson. 1997. Stimulation and inhibition of
nitric oxide production in macrophages and neural cells as observed by spin trapping.
Free Radic. Biol Med 22:1-9.

237. Nyberg, P., L.Xie, and R.Kalluri. 2005. Endogenous inhibitors of angiogenesis. Cancer Res.
65:3967-3979.

238. O'Malley, D.M., D.L.Richardson, P.S.Rheaume, R.Salani, E.L.Eisenhauer, G.A.McCann,
J.M.Fowler, L.J.Copeland, D.E.Cohn, and F.J.Backes. 2011. Addition of bevacizumab to
weekly paclitaxel significantly improves progression-free survival in heavily pretreated
recurrent epithelial ovarian cancer. Gynecol Oncol 121:269-272.

239. O'Shea, K.S., L.H.Liu, L.H.Kinnunen, and V.M.Dixit. 1990. Role of the extracellular matrix
protein thrombospondin in the early development of the mouse embryo. J Cell Biol
111:2713-2723.

240. Oku, T., J.G.Tjuvajev, T.Miyagawa, T.Sasajima, A.Joshi, R.Joshi, R.Finn, K.P.Claffey, and
R.G.Blasberg. 1998. Tumor growth modulation by sense and antisense vascular
endothelial growth factor gene expression: effects on angiogenesis, vascular
permeability, blood volume, blood flow, fluorodeoxyglucose uptake, and proliferation of
human melanoma intracerebral xenografts. Cancer Res 58:4185-4192.

179

241. Omura, G., J.A.Blessing, C.E.Ehrlich, A.Miller, E.Yordan, W.T.Creasman, and
H.D.Homesley. 1986. A randomized trial of cyclophosphamide and doxorubicin with or
without cisplatin in advanced ovarian carcinoma. A Gynecologic Oncology Group Study.
Cancer 57:1725-1730.

242. Orsulic, S., Y.Li, R.A.Soslow, L.A.Vitale-Cross, J.S.Gutkind, and H.E.Varmus. 2002.
Induction of ovarian cancer by defined multiple genetic changes in a mouse model
system. Cancer Cell 1:53-62.

243. Ozols, R.F. 1995. Carboplatin and paclitaxel in ovarian cancer. Semin Oncol 22:78-83.

244. Ozols, R.F. 1997. Treatment of recurrent ovarian cancer: increasing options--"recurrent"
results. J Clin Oncol 15:2177-2180.

245. Ozols, R.F., B.N.Bundy, B.E.Greer, J.M.Fowler, D.Clarke-Pearson, R.A.Burger, R.S.Mannel,
K.DeGeest, E.M.Hartenbach, and R.Baergen. 2003. Phase III trial of carboplatin and
paclitaxel compared with cisplatin and paclitaxel in patients with optimally resected
stage III ovarian cancer: a Gynecologic Oncology Group study. J Clin Oncol 21:3194-3200.

246. Paget, S. 1989. The distribution of secondary growths in cancer of the breast. 1889.
Cancer Metastasis Rev 8:98-101.

247. Partridge, E.E. and M.N.Barnes. 1999. Epithelial ovarian cancer: prevention, diagnosis,
and treatment. CA Cancer J Clin 49:297-320.

180

248. Pau, N., I, Z.Zakaria, R.Muhammad, N.Abdullah, N.Ibrahim, E.N.Aina, A.N.Hisham, and
S.N.Syed Hussain. 2010. Gene expression patterns distinguish breast carcinomas from
normal breast tissues: the Malaysian context. Pathol Res Pract. 206:223-228.

249. Pepper, M.S., J.D.Vassalli, L.Orci, and R.Montesano. 1993. Biphasic effect of
transforming growth factor-beta 1 on in vitro angiogenesis. Exp Cell Res 204:356-363.

250. Perez, R.P., T.C.Hamilton, and R.F.Ozols. 1990. Resistance to alkylating agents and
cisplatin: insights from ovarian carcinoma model systems. Pharmacol Ther 48:19-27.

251. Perren, T.J., A.M.Swart, J.Pfisterer, J.A.Ledermann, E.Pujade-Lauraine, G.Kristensen,
M.S.Carey, P.Beale, A.Cervantes, C.Kurzeder, B.A.du, J.Sehouli, R.Kimmig, A.Stahle,
F.Collinson, S.Essapen, C.Gourley, A.Lortholary, F.Selle, M.R.Mirza, A.Leminen, M.Plante,
D.Stark, W.Qian, M.K.Parmar, and A.M.Oza. 2011. A phase 3 trial of bevacizumab in
ovarian cancer. N. Engl. J Med 365:2484-2496.

252. Phillips, D.R., L.K.Jennings, and H.R.Prasanna. 1980. Ca2+-mediated association of
glycoprotein G (thrombinsensitive protein, thrombospondin) with human platelets. J
Biol Chem 255:11629-11632.

253. Phillips, G.D., A.M.Stone, B.D.Jones, J.C.Schultz, R.A.Whitehead, and D.R.Knighton. 1994.
Vascular endothelial growth factor (rhVEGF165) stimulates direct angiogenesis in the
rabbit cornea. In Vivo 8:961-965.

181

254. Plate, K.H., G.Breier, H.A.Weich, and W.Risau. 1992. Vascular endothelial growth factor
is a potential tumour angiogenesis factor in human gliomas in vivo. Nature 359:845-848.

255. Polverini, P.J. 1996. How the extracellular matrix and macrophages contribute to
angiogenesis-dependent diseases. Eur J Cancer 32A:2430-2437.

256. Polyzos, A., N.Tsavaris, C.Kosmas, L.Giannikos, M.Katsikas, N.Kalahanis, G.Karatzas,
K.Christodoulou, K.Giannakopoulos, D.Stamatiadis, and N.Katsilambros. 1999. A
comparative study of intraperitoneal carboplatin versus intravenous carboplatin with
intravenous cyclophosphamide in both arms as initial chemotherapy for stage III ovarian
cancer. Oncology 56:291-296.

257. Prewett, M., J.Huber, Y.Li, A.Santiago, W.O'Connor, K.King, J.Overholser, A.Hooper,
B.Pytowski, L.Witte, P.Bohlen, and D.J.Hicklin. 1999. Antivascular endothelial growth
factor receptor (fetal liver kinase 1) monoclonal antibody inhibits tumor angiogenesis
and growth of several mouse and human tumors. Cancer Res 59:5209-5218.

258. Primo, L., C.Ferrandi, C.Roca, S.Marchio, L.di Blasio, M.Alessio, and F.Bussolino. 2005.
Identification of CD36 molecular features required for its in vitro angiostatic activity.
FASEB J. 19:1713-1715.

259. Przybycin, C.G., R.J.Kurman, B.M.Ronnett, I.Shih, and R.Vang. 2010. Are all pelvic
(nonuterine) serous carcinomas of tubal origin? Am J Surg. Pathol 34:1407-1416.

182

260. Purdie, D., A.Green, C.Bain, V.Siskind, B.Ward, N.Hacker, M.Quinn, G.Wright, P.Russell,
and B.Susil. 1995. Reproductive and other factors and risk of epithelial ovarian cancer:
an Australian case-control study. Survey of Women's Health Study Group. Int J Cancer
62:678-684.

261. Purdie, D.M., C.J.Bain, V.Siskind, P.M.Webb, and A.C.Green. 2003. Ovulation and risk of
epithelial ovarian cancer. Int J Cancer 104:228-232.

262. Qazi, F. and W.P.McGuire. 1995. The treatment of epithelial ovarian cancer. CA Cancer J
Clin 45:88-101.

263. Radiloff, D.R., E.S.Rinella, and D.W.Threadgill. 2008. Modeling cancer patient
populations in mice: complex genetic and environmental factors. Drug Discov. Today
Dis. Models. 4:83-88.

264. Randall, L.M. and B.J.Monk. 2010. Bevacizumab toxicities and their management in
ovarian cancer. Gynecol Oncol 117:497-504.

265. Rege, T.A., J.Stewart, Jr., B.Dranka, E.N.Benveniste, R.L.Silverstein, and C.L.Gladson.
2009. Thrombospondin-1-induced apoptosis of brain microvascular endothelial cells can
be mediated by TNF-R1. J Cell Physiol 218:94-103.

183

266. Ren, B., K.Song, S.Parangi, T.Jin, M.Ye, R.Humphreys, M.Duquette, X.Zhang, N.Benhaga,
J.Lawler, and R.Khosravi-Far. 2009. A double hit to kill tumor and endothelial cells by
TRAIL and antiangiogenic 3TSR. Cancer Res 69:3856-3865.

267. Ren, B., K.O.Yee, J.Lawler, and R.Khosravi-Far. 2006. Regulation of tumor angiogenesis
by thrombospondin-1. Biochim. Biophys. Acta 1765:178-188.

268. Richardson, D.L., F.J.Backes, L.G.Seamon, V.Zanagnolo, D.M.O'Malley, D.E.Cohn,
J.M.Fowler, and L.J.Copeland. 2008. Combination gemcitabine, platinum, and
bevacizumab for the treatment of recurrent ovarian cancer. Gynecologic Oncology
111:461-466.

269. Risch, H.A., L.D.Marrett, and G.R.Howe. 1994. Parity, contraception, infertility, and the
risk of epithelial ovarian cancer. Am J Epidemiol. 140:585-597.

270. Risch, H.A., N.S.Weiss, J.L.Lyon, J.R.Daling, and J.M.Liff. 1983. Events of reproductive life
and the incidence of epithelial ovarian cancer. Am J Epidemiol. 117:128-139.

271. Robson, K.J., J.R.Hall, M.W.Jennings, T.J.Harris, K.Marsh, C.I.Newbold, V.E.Tate, and
D.J.Weatherall. 1988. A highly conserved amino-acid sequence in thrombospondin,
properdin and in proteins from sporozoites and blood stages of a human malaria
parasite. Nature 335:79-82.

184

272. Roby, K.F., C.C.Taylor, J.P.Sweetwood, Y.Cheng, J.L.Pace, O.Tawfik, D.L.Persons,
P.G.Smith, and P.F.Terranova. 2000. Development of a syngeneic mouse model for
events related to ovarian cancer. Carcinogenesis 21:585-591.

273. Roett, M.A. and P.Evans. 2009. Ovarian cancer: an overview. Am Fam. Physician 80:609616.

274. Rofstad, E.K. and B.A.Graff. 2001. Thrombospondin-1-mediated metastasis suppression
by the primary tumor in human melanoma xenografts. J. Invest Dermatol. 117:10421049.

275. Rosen, L.S. 2005. VEGF-targeted therapy: therapeutic potential and recent advances.
Oncologist. 10:382-391.

276. Rosenberg, B., L.Vancamp, and T.Krigas. 1965. Inhibition of cell division in escherichia
coli by electrolysis products from a platinum electrode. Nature698-699.

277. Rosenblatt, K.A. and D.B.Thomas. 1993. Lactation and the risk of epithelial ovarian
cancer. The WHO Collaborative Study of Neoplasia and Steroid Contraceptives. Int J
Epidemiol. 22:192-197.

278. Rusk, A., E.McKeegan, F.Haviv, S.Majest, J.Henkin, and C.Khanna. 2006. Preclinical
evaluation of antiangiogenic thrombospondin-1 peptide mimetics, ABT-526 and ABT-

185

510, in companion dogs with naturally occurring cancers. Clin. Cancer Res. 12:74447455.

279. Salani, R., R.J.Kurman, R.Giuntoli, G.Gardner, R.Bristow, T.L.Wang, and I.M.Shih. 2008.
Assessment of TP53 mutation using purified tissue samples of ovarian serous
carcinomas reveals a higher mutation rate than previously reported and does not
correlate with drug resistance. Int J Gynecol Cancer 18:487-491.

280. Sale, S. and S.Orsulic. 2006. Models of ovarian cancer metastasis: Murine models. Drug
Discov. Today Dis. Models. 3:149-154.

281. Saleh, M., K.Vasilopoulos, S.S.Stylli, A.H.Kaye, and A.F.Wilks. 1996. The expression of
antisense vascular endothelial growth factor (VEGF) sequences inhibits intracranial C6
glioma growth in vivo by suppressing tumour angiogenesis. J Clin Neurosci. 3:366-372.

282. Salsbury, A.J., K.Burrage, and K.Hellmann. 1970. Inhibition of metastatic spread by
I.C.R.F. 159: selective deletion of a malignant characteristic. Br Med J 4:344-346.

283. Sanchez-Munoz, A., E.Perez-Ruiz, F.C.Mendiola, C.E.Alba, and A.Gonzalez-Martin. 2009.
Current status of anti-angiogenic agents in the treatment of ovarian carcinoma. Clin
Transl. Oncol 11:589-595.

186

284. Sandler, A., R.Gray, M.C.Perry, J.Brahmer, J.H.Schiller, A.Dowlati, R.Lilenbaum, and
D.H.Johnson. 2006. Paclitaxel-carboplatin alone or with bevacizumab for non-small-cell
lung cancer. N. Engl. J Med 355:2542-2550.

285. Schiff, P.B., J.Fant, and S.B.Horwitz. 1979. Promotion of microtubule assembly in vitro by
taxol. Nature 277:665-667.

286. Schoppmann, S.F., R.Horvat, and P.Birner. 2002. Lymphatic vessels and
lymphangiogenesis in female cancer: mechanisms, clinical impact and possible
implications for anti-lymphangiogenic therapies (Review). Oncol Rep 9:455-460.

287. Scully, R.E. 1975. World Health Organization classification and nomenclature of ovarian
cancer. Natl. Cancer Inst. Monogr 42:5-7.

288. Semenza, G.L. 2003. Angiogenesis in ischemic and neoplastic disorders. Annu. Rev Med
54:17-28.

289. Senger, D.R., S.J.Galli, A.M.Dvorak, C.A.Perruzzi, V.S.Harvey, and H.F.Dvorak. 1983.
Tumor Cells Secrete a Vascular Permeability Factor that Promotes Accumulation of
Ascites Fluid. Science 219:983-985.

290. Sheibani, N. and W.A.Frazier. 1995. Thrombospondin 1 expression in transformed
endothelial cells restores a normal phenotype and suppresses their tumorigenesis. Proc
Natl Acad Sci USA 92:6788-6792.

187

291. Shweiki, D., A.Itin, D.Soffer, and E.Keshet. 1992. Vascular endothelial growth factor
induced by hypoxia may mediate hypoxia-initiated angiogenesis. Nature 359:843-845.

292. Silverstein, R.L. and M.Febbraio. 2007. CD36-TSP-HRGP interactions in the regulation of
angiogenesis. Curr. Pharm. Des 13:3559-3567.

293. Silverstein, R.L., L.L.Leung, P.C.Harpel, and R.L.Nachman. 1985. Platelet thrombospondin
forms a trimolecular complex with plasminogen and histidine-rich glycoprotein. J Clin
Invest 75:2065-2073.

294. Simantov, R., M.Febbraio, and R.L.Silverstein. 2005. The antiangiogenic effect of
thrombospondin-2 is mediated by CD36 and modulated by histidine-rich glycoprotein.
Matrix Biol 24:27-34.

295. Singh, M. and L.Johnson. 2006. Using genetically engineered mouse models of cancer to
aid drug development: an industry perspective. Clin Cancer Res 12:5312-5328.

296. Sowter, H.M., A.N.Corps, A.L.Evans, D.E.Clark, D.S.Charnock-Jones, and S.K.Smith. 1997.
Expression and localization of the vascular endothelial growth factor family in ovarian
epithelial tumors. Lab Invest 77:607-614.

297. St Croix, B., C.Rago, V.Velculescu, G.Traverso, K.E.Romans, E.Montgomery, A.Lal,
G.J.Riggins, C.Lengauer, B.Vogelstein, and K.W.Kinzler. 2000. Genes expressed in human
tumor endothelium. Science 289:1197-1202.

188

298. Straathof, C.S., M.J.van den Bent, J.Ma, P.I.Schmitz, J.M.Kros, G.Stoter, C.J.Vecht, and
J.H.Schellens. 1998. The effect of dexamethasone on the uptake of cisplatin in 9L glioma
and the area of brain around tumor. J Neurooncol. 37:1-8.

299. Streit, M., P.Velasco, L.F.Brown, M.Skobe, L.Richard, L.Riccardi, J.Lawler, and M.Detmar.
1999. Overexpression of thrombospondin-1 decreases angiogenesis and inhibits the
growth of human cutaneous squamous cell carcinomas. Am. J. Pathol. 155:441-452.

300. Sun, J., B.D.Hopkins, K.Tsujikawa, C.Perruzzi, I.Adini, R.Swerlick, P.Bornstein, J.Lawler,
and L.E.Benjamin. 2009. Thrombospondin-1 modulates VEGF-A-mediated Akt signaling
and capillary survival in the developing retina. Am J Physiol Heart Circ Physiol
296:H1344-H1351.

301. Tamsma, J.T., H.J.Keizer, and A.E.Meinders. 2001. Pathogenesis of malignant ascites:
Starling's law of capillary hemodynamics revisited. Ann Oncol 12:1353-1357.

302. Tan, D.S., R.Agarwal, and S.B.Kave. 2006. Mechanisms of transcoelomic metastasis in
ovarian cancer. Lancet Oncol 7:925-934.

303. Tanaka, K., H.Sonoo, J.Kurebayashi, T.Nomura, S.Ohkubo, Y.Yamamoto, and
S.Yamamoto. 2002. Inhibition of infiltration and angiogenesis by thrombospondin-1 in
papillary thyroid carcinoma. Clin Cancer Res 8:1125-1131.

189

304. Taraboletti, G., D.Roberts, L.A.Liotta, and R.Giavazzi. 1990. Platelet thrombospondin
modulates endothelial cell adhesion, motility, and growth: a potential angiogenesis
regulatory factor. J Cell Biol 111:765-772.

305. Taraboletti, G., D.D.Roberts, and L.A.Liotta. 1987. Thrombospondin-induced tumor cell
migration: haptotaxis and chemotaxis are mediated by different molecular domains. J
Cell Biol 105:2409-2415.

306. Teicher, B.A., S.A.Holden, G.Ara, T.Korbut, and K.Menon. 1996. Comparison of several
antiangiogenic regimens alone and with cytotoxic therapies in the Lewis lung carcinoma.
Cancer Chemother. Pharmacol 38:169-177.

307. Thigpen, J.T., J.A.Blessing, H.Ball, S.J.Hummel, and R.J.Barrett. 1994. Phase II trial of
paclitaxel in patients with progressive ovarian carcinoma after platinum-based
chemotherapy: a Gynecologic Oncology Group study. J Clin Oncol 12:1748-1753.

308. Tischer, E., D.Gospodarowicz, R.Mitchell, M.Silva, J.Schilling, K.Lau, T.Crisp, J.C.Fiddes,
and J.A.Abraham. 1989. Vascular endothelial growth factor: a new member of the
platelet-derived growth factor gene family. Biochem Biophys Res Commun. 165:11981206.

309. Tolentino, M.J., J.W.Miller, E.S.Gragoudas, K.Chatzistefanou, N.Ferrara, and A.P.Adamis.
1996. Vascular endothelial growth factor is sufficient to produce iris neovascularization
and neovascular glaucoma in a nonhuman primate. Arch Ophthalmol 114:964-970.

190

310. Tolsma, S.S., O.V.Volpert, D.J.Good, W.A.Frazier, P.J.Polverini, and N.P.Bouck. 1993.
Peptides derived from two separate domains of the matrix protein thrombospondin-1
have anti-angiogenic activity. J Cell Biol 122:497-511.

311. Tomisawa, M., T.Tokunaga, Y.Oshika, T.Tsuchida, Y.Fukushima, H.Sato, H.Kijima,
H.Yamazaki, Y.Ueyama, N.Tamaoki, and M.Nakamura. 1999. Expression pattern of
vascular endothelial growth factor isoform is closely correlated with tumour stage and
vascularisation in renal cell carcinoma. Eur J Cancer 35:133-137.

312. Tong, R.T., Y.Boucher, S.V.Kozin, F.Winkler, D.J.Hicklin, and R.K.Jain. 2004. Vascular
normalization by vascular endothelial growth factor receptor 2 blockade induces a
pressure gradient across the vasculature and improves drug penetration in tumors.
Cancer Res 64:3731-3736.

313. Toyoshima, M., Y.Tanaka, M.Matumoto, M.Yamazaki, S.Nagase, K.Sugamura, and
N.Yaegashi. 2009. Generation of a syngeneic mouse model to study the intraperitoneal
dissemination of ovarian cancer with in vivo luciferase imaging. Luminescence. 24:324331.

314. Tozer, G.M., C.Kanthou, G.Lewis, V.E.Prise, B.Vojnovic, and S.A.Hill. 2008. Tumour
vascular disrupting agents: combating treatment resistance. Br J Radiol. 81 Spec No
1:S12-S20.

191

315. Tuszynski, G.P., S.Srivastava, H.I.Switalska, J.C.Holt, C.S.Cierniewski, and S.Niewiarowski.
1985. The interation of Human Platelet Thrombospondin with Fibrinogen. J Biol Chem
260:12240-12245.

316. Uray, I.P., Y.Liang, and S.M.Hyder. 2004. Estradiol down-regulates CD36 expression in
human breast cancer cells. Cancer Lett 207:101-107.

317. Vang, R., I.Shih, and R.J.Kurman. 2009. Ovarian low-grade and high-grade serous
carcinoma: pathogenesis, clinicopathologic and molecular biologic features, and
diagnostic problems. Adv Anat. Pathol 16:267-282.

318. Vignjevic, D., S.Fre, D.Louvard, and S.Robine. 2007. Conditional mouse models of cancer.
Handb. Exp Pharmacol263-287.

319. Vogel, T., N.H.Guo, H.C.Krutzsch, D.A.Blake, J.Hartman, S.Mendelovitz, A.Panet, and
D.D.Roberts. 1993. Modulation of endothelial cell proliferation, adhesion, and motility
by recombinant heparin-binding domain and synthetic peptides from the type I repeats
of thrombospondin. J Cell Biochem 53:74-84.

320. Volm, M., R.Koomagi, J.Mattern, and G.Stammler. 1997. Angiogenic growth factors and
their receptors in non-small cell lung carcinomas and their relationships to drug
response in vitro. Anticancer Res 17:99-103.

192

321. Volpert, O.V., R.Pili, H.A.Sikder, T.Nelius, T.Zaichuk, C.Morris, C.B.Shiflett, M.K.Devlin,
K.Conant, and R.M.Alani. 2002. Id1 regulates angiogenesis through transcriptional
repression of thrombospondin-1. Cancer Cell 2:473-483.

322. Volpert, O.V., V.Stellmach, and N.P.Bouck. 1995. The modulation of thrombospondin
and other naturally occurring inhibitors of angiogenesis during tumor progression.
Breast Cancer Res Treat 36:119-126.

323. Wall, M.E. and M.C.Wani. 1996. Camptothecin and taxol: from discovery to clinic. J
Ethnopharmacol. 51:239-253.

324. Wani, M.C., H.L.Taylor, M.E.Wall, P.Coggon, and A.T.McPhail. 1971. Plant antitumor
agents. VI. The isolation and structure of taxol, a novel antileukemic and antitumor
agent from Taxus brevifolia. J Am Chem Soc. 93:2325-2327.

325. Ward, B.G., K.Wallace, J.H.Shepherd, and F.R.Balkwill. 1987. Intraperitoneal xenografts
of human epithelial ovarian cancer in nude mice. Cancer Res 47:2662-2667.

326. Wedge, S.R., D.J.Ogilvie, M.Dukes, J.Kendrew, J.O.Curwen, L.F.Hennequin, A.P.Thomas,
E.S.Stokes, B.Curry, G.H.Richmond, and P.F.Wadsworth. 2000. ZD4190: an orally active
inhibitor of vascular endothelial growth factor signaling with broad-spectrum antitumor
efficacy. Cancer Res 60:970-975.

193

327. Weinstat-Saslow, D.L., V.S.Zabrenetzky, K.VanHoutte, W.A.Frazier, D.D.Roberts, and
P.S.Steeg. 1994. Transfection of thrombospondin 1 complementary DNA into a human
breast carcinoma cell line reduces primary tumor growth, metastatic potential, and
angiogenesis. Cancer Res 43:6504-6511.

328. Weisberger, A.S., B.Levine, and J.P.Storaalsi. 1955. Use of nitrogen mustard in treatment
of serous effusions of neoplastic origin. JAMA 159:1704-1707.

329. Willett, C.G., Y.Boucher, E.di Tomaso, D.G.Duda, L.L.Munn, R.T.Tong, D.C.Chung,
D.V.Sahani, S.P.Kalva, S.V.Kozin, M.Mino, K.S.Cohen, D.T.Scadden, A.C.Hartford,
A.J.Fischman, J.W.Clark, D.P.Ryan, A.X.Zhu, L.S.Blaszkowsky, H.X.Chen, P.C.Shellito,
G.Y.Lauwers, and R.K.Jain. 2004. Direct evidence that the VEGF-specific antibody
bevacizumab has antivascular effects in human rectal cancer. Nat Med 10:145-147.

330. Williams, C.J. and J.M.Whitehouse. 1979. Cis-platinum: a new anticancer agent. Br Med J
1:1689-1691.

331. Williams, S.M., J.L.Haines, and J.H.Moore. 2004. The use of animal models in the study
of complex disease: all else is never equal or why do so many human studies fail to
replicate animal findings? Bioessays 26:170-179.

332. Wiltshaw, E. and T.Kroner. 1976. Phase II study of cis-dichlorodiammineplatinum(II)
(NSC-119875) in advanced adenocarcinoma of the ovary. Cancer Treat Rep 60:55-60.

194

333. Winkler, F., S.V.Kozin, R.T.Tong, S.S.Chae, M.F.Booth, I.Garkavtsev, L.Xu, D.J.Hicklin,
D.Fukumura, E.di Tomaso, L.L.Munn, and R.K.Jain. 2004. Kinetics of vascular
normalization by VEGFR2 blockade governs brain tumor response to radiation: role of
oxygenation, angiopoietin-1, and matrix metalloproteinases. Cancer Cell 6:553-563.

334. Wood, J.M., G.Bold, E.Buchdunger, R.Cozens, S.Ferrari, J.Frei, F.Hofmann, J.Mestan,
H.Mett, T.O'Reilly, E.Persohn, J.Rosel, C.Schnell, D.Stover, A.Theuer, H.Towbin,
F.Wenger, K.Woods-Cook, A.Menrad, G.Siemeister, M.Schirner, K.H.Thierauch,
M.R.Schneider, J.Drevs, G.Martiny-Baron, and F.Totzke. 2000. PTK787/ZK 222584, a
novel and potent inhibitor of vascular endothelial growth factor receptor tyrosine
kinases, impairs vascular endothelial growth factor-induced responses and tumor
growth after oral administration. Cancer Res 60:2178-2189.

335. Wu, R., N.Hendrix-Lucas, R.Kuick, Y.Zhai, D.R.Schwartz, A.Akyol, S.Hanash, D.E.Misek,
H.Katabuchi, B.O.Williams, E.R.Fearon, and K.R.Cho. 2007. Mouse model of human
ovarian endometrioid adenocarcinoma based on somatic defects in the Wnt/betacatenin and PI3K/Pten signaling pathways. Cancer Cell 11:321-333.

336. Yamamoto, S., I.Konishi, M.Mandai, H.Kuroda, T.Komatsu, K.Nanbu, H.Sakahara, and
T.Mori. 1997. Expression of vascular endothelial growth factor (VEGF) in epithelial
ovarian neoplasms: correlation with clinicopathology and patient survival, and analysis
of serum VEGF levels. Br J Cancer 76:1221-1227.

195

337. Yamamoto, S., I.Konishi, M.Mandai, H.Kuroda, T.Komatsu, K.Nanbu, H.Sakahara, and
T.Mori. 2010. Expression of vascular endothelial growth factor (VEGF) in epithelial
ovarian neoplasms: correlation with clinicopathology and patient survival, and analysis
of serum VEGF levels. Br J Cancer 76:1221-1227.

338. Yancik, R. 1993. Ovarian cancer. Age contrasts in incidence, histology, disease stage at
diagnosis, and mortality. Cancer 71:517-523.

339. Yang, Q., Y.Tian, S.Liu, R.Zeine, A.Chlenski, H.R.Salwen, J.Henkin, and S.L.Cohn. 2007.
Thrombospondin-1 peptide ABT-510 combined with valproic acid is an effective
antiangiogenesis strategy in neuroblastoma. Cancer Res. 67:1716-1724.

340. Yao, L., Y.L.Zhao, S.Itoh, S.Wada, L.Yue, and I.Furuta. 2000. Thrombospondin-1
expression in oral squamous cell carcinomas: correlations with tumor vascularity,
clinicopathological features and survival. Oral Oncol 36:539-544.

341. Yap, R., D.Veliceasa, U.Emmenegger, R.S.Kerbel, L.M.McKay, J.Henkin, and O.V.Volpert.
2005. Metronomic low-dose chemotherapy boosts CD95-dependent antiangiogenic
effect of the thrombospondin peptide ABT-510: a complementation antiangiogenic
strategy. Clin. Cancer Res. 11:6678-6685.

342. Yee, K.O., M.Streit, T.Hawighorst, M.Detmar, and J.Lawler. 2004. Expression of the type1 repeats of thrombospondin-1 inhibits tumor growth through activation of
transforming growth factor-beta. Am. J. Pathol. 165:541-552.

196

343. Yoshiji, H., D.E.Gomez, M.Shibuya, and U.P.Thorgeirsson. 1996. Expression of vascular
endothelial growth factor, its receptor, and other angiogenic factors in human breast
cancer. Cancer Res 56:2013-2016.

344. Zabrenetzky, V.S., C.C.Harris, P.S.Steeg, and D.D.Roberts. 1994. Expression of the
extracellular matrix molecule thrombospondin inversely correlates with malignant
progression in melanoma, lung and breast carcinoma cell lines. Int J Cancer 59:191-195.

345. Zhang, X., C.Connolly, M.Duquette, J.Lawler, and S.Parangi. 2007a. Continuous
administration of the three thrombospondin-1 type 1 repeats recombinant protein
improves the potency of therapy in an orthotopic human pancreatic cancer model.
Cancer Lett. 247:143-149.

346. Zhang, X., E.Galardi, M.Duquette, M.Delic, J.Lawler, and S.Parangi. 2005a.
Antiangiogenic treatment with the three thrombospondin-1 type 1 repeats recombinant
protein in an orthotopic human pancreatic cancer model. Clin. Cancer Res. 11:23372344.

347. Zhang, X., E.Galardi, M.Duquette, J.Lawler, and S.Parangi. 2005b. Antiangiogenic
treatment with three thrombospondin-1 type 1 repeats versus gemcitabine in an
orthotopic human pancreatic cancer model. Clin Cancer Res 11:5622-5630.

197

348. Zhang, X., J.Xu, J.Lawler, E.Terwilliger, and S.Parangi. 2007b. Adeno-associated virusmediated antiangiogenic gene therapy with thrombospondin-1 type 1 repeats and
endostatin. Clin Cancer Res 13:3968-3976.

349. Zubac, D.P., L.Bostad, B.Kihl, T.Seidal, T.Wentzel-Larsen, and S.A.Haukaas. 2009. The
expression of thrombospondin-1 and p53 in clear cell renal cell carcinoma: its
relationship to angiogenesis, cell proliferation and cancer specific survival. J Urol
182:2144-2149.

198

Appendix I – Source of supplies and materials
ABT-510
ABT-898
Acrylamide
AlexaFluor antibodies
alpha-MEM
Anti-α smooth muscle actin
Anti-β-actin
Anti-carbonic anhydrase
Anti-caspase-3
Anti-CD31
Anti-CD36
Anti- cytokeratin 8
Anti-cytokeratin 18
Anti-Ki67
Anti-mouse secondary antibody
Anti-rabbit secondary antibody
Anti-VEGF
Anti-VEGFR2
Anti-vimentin
Antibiotic-antimycotic
Aprotinin
Blasticidin
Biocoat Matrigel invasion chambers
Biotinylated secondary antibodies
Bovine serum albumin
Buffered formalin (10%)
CD36 shRNA lentiviral particles
Cell culture dishes
Cell Culture Lysis Reagent
Chemiluminescence Reagent Plus
Cisplatin
Citric acid
Coverslips
DC protein assay
Dihydrochloride hydrate (DAPI)
Dimethyl formamide
Dithiothreitol (DTT)
DMEM media
Doxycycline food
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Abbott Labs, Abbott Park, IL
Abbott Labs, Abbott Park, IL
BioRad Laboratories, Mississauga, ON
Molecular Probes, Burlington, ON
Lonza Inc., Mapleton, IL
SantaCruz, Burlingname, CA
Cell Signal Technologies, Danvers, MA
SantaCruz, Burlingname, CA
Cell Signal Technologies, Danvers, MA
BD Biosciences Pharmingen, San Diego, CA
SantaCruz, Burlingname, CA
Fitzgerald Industries, Concord, MA
Fitzgerald Industries, Concord, MA
Abcam, Minneapolis, MN
Cell Signal Technologies, Danvers, MA
Cell Signal Technologies, Danvers, MA
SantaCruz, Burlingname, CA
SantaCruz, Burlingname, CA
Sigma-Aldrich Canada Ltd., Oakville, ON
GIBCO, Burlington, ON
Sigma, Oakville, ON
Invitrogen, Burlington, ON
BD Biosciences, Franklin Lakes, NJ
Sigma, Oakville, ON
Invitrogen, Burlington, ON
Fisher Scientific, Whitby, ON
Gentarget, San Diego, CA
Fisher Scientific, Whitby, ON
Promega, Madison, WI
PerkinElmer BioSignal, Inc., Montreal, QC
Calbiochem, Gibbstown, NJ
Fisher Scientific, Whitby, ON
Fisher Scientific, Whitby, ON
BioRad Laboratories, Mississauga, ON
Sigma, Oakville, ON
Sigma, Oakville, ON
Sigma, Oakville, ON
GIBCO, Burlington, ON
Bio-Serv, Frenchtown, NJ

Doxycycline
ECGS
EDTA
EGF
Eosin
Extravadin peroxidise
F-12k media
G418
Gentamicin
Glacial acetic acid
Gluteraldehyde
Glycine
Hematoxylin
Heparin
HEPES buffer
Hydrochloric acid
Hydrogen peroxide
In Situ Cell Death Detection Kit
Insulin
ITSS
Leupeptin
Lipfectamine2000
McCoy’s media
MTT
Nitrocellulose membranes
Novex SDS-PAGE cassettes
Oregon Green® 488
Paclitaxel
PenStrep
Pepstatin A
Permount
Phenylmethylsulfonyl fluoride (PMSF)
Potassium chloride
Potassium phosphate
Prolong Gold
PVDF membranes
RPMI media
Sigma Fast 3,3’-diaminobenzidine tablets
Sodium chloride
Sodium dodecyl sulphate
Sodium fluoride
Sodium hydroxide
Sodium orthovanadate
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Sigma, Oakville, ON
Sigma, Oakville, ON
Fisher Scientific, Whitby, ON
R&D Systems Inc., Burlington, ON
Fisher Scientific, Whitby, ON
Sigma, Oakville, ON
GIBCO, Burlington, ON
Sigma, Oakville, ON
Invitrogen, Burlington, ON
Fisher Scientific, Whitby, ON
Fisher Scientific, Whitby, ON
Fisher Scientific, Whitby, ON
Fisher Scientific, Whitby, ON
Sigma, Oakville, ON
Sigma, Oakville, ON
Fisher Scientific, Whitby, ON
Sigma, Oakville, ON
Roche, Laval, QC, Canada
Sigma, Oakville, ON
Roche Applied Sciecnes, Laval, QC
Sigma, Oakville, ON
Invitrogen, Burlington, ON
GIBCO, Burlington, ON
Fisher Scientific, Whitby, ON
Amersham, Piscataway, NJ
Invitrogen, Burlington, ON
Invitrogen, Burlington, ON
Sigma-Aldrich, Oakville, ON
Lonza Inc., Mapleton, IL
Sigma, Oakville, ON
Fisher Scientific, Whitby, ON
Fisher Scientific, Whitby, ON
Fisher Scientific, Whitby, ON
Fisher Scientific, Whitby, ON
Molecular Probes, Burlington, ON
Bio-Rad Laboratories, Hercules, CA
GIBCO, Burlington, ON
Sigma, Oakville, ON
Fisher Scientific, Whitby, ON
Fisher Scientific, Whitby, ON
Fisher Scientific, Whitby, ON
Fisher Scientific, Whitby, ON
Fisher Scientific, Whitby, ON

Sodium phosphate
Sodium pyruvate
Surgipath Snowcoat X-tra microslides
TEMED
Tet-On Advanced expression system
Tetracycline-free fetal bovine serum
Tris base
Tritiated paclitaxel
Triton X-100
Trypsin-EDTA (10X)
Tween-20
VEGF ELISA
WST-1
X-ray film
Xylene
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Fisher Scientific, Whitby, ON
Sigma, Oakville, ON
Fisher Scientific, Whitby, ON
Invitrogen, Burlington, ON
Clontech, Mountain View, CA
Clontech, MountainView, CA
Fisher Scientific, Whitby, ON
Moravek Biochemicals, Brea, CA
Sigma, Oakville, ON
Sigma, Oakville, ON
Fisher Scientific, Whitby, ON
RnD Systems, Inc., Minneapolis, MN
Roche Applied Sciecnes, Laval, QC
Konica Medical Imaging Inc., Wayne, NJ
Fisher Scientific, Whitby, ON

Appendix II – Recipes for Solutions
Carazzi’s Hematoxylin
Hematoxylin
Glycerol
Aluminum potassium sulphate
Water
Potassium iodide

0.25g
50mL
12.5g
200mL
0.05g

Citrate Buffer (10mM)
Stock solution A
Stock solution B

18mL
82mL

Stock solution A
Citric acid
Water
Stock solution B
Sodium Citrate
Water

1.92g
100mL
14.7g
500mL

D5W
Dextrose
Water

5g
100mL

MTT
MTT ((3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide
PBS

5g
5mL

MTT lysis buffer
Dimethylformamide
Glacial acetic acid
SDS
HCl

40mL
2mL
20g
215μL

PBS (Phosphate buffered saline)
Sodium chloride
Potassium chloride
Sodium phosphate dibasic anhydrous
Potassium phosphate monobasic
pH adjusted to 7.4 with HCl
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16.0g
0.4g
2.3g
0.4g

Protein lysis buffer (RIPA buffer)
Tris-HCl pH 7.6
EDTA
50nM NaCl
Na4PO7
Triton X-100
Leupeptin
Pepstatin
Aprotinin
PMSF
Sodium orthovanadate
Sodium fluoride

10mM
5mM
50nM
30mM
1% v/v
2μg/mL
1 μg /mL
2.5 μg/mL
1mM
0.1 μM
0.05M

Reducing buffer (for western blotting)
10% SDS
Glycerol
1M Tris-HCl
Bromophenol blue
Water
DTT

2mL
1mL
0.5mL
0.01g
500mL
0.125M

Running Buffer (for western blotting)
Tris
Glycine
10% SDS
Water

15.1g
72.1g
10mL
to 1L

Tris buffered saline-tween20 (TBST) (for western blotting)
Tris
NaCl
Water
pH adjusted to 7.4
Tween-20
Transfer Buffer (for western blotting)
Tris
Glycine
Methanol
Water
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24.2g
80g
to 1L
1mL
7g
3.02g
200mL
1L

