














invasive ovarian cancer. Also, high KLK6 expression was associated with late stage
ovarian cancer and serous histological type. Both KLK6 and KLK13 were also shown to
be markers of poor prognosis as | .ients with high kallikrein expression were more likely
to have a recurrence than ¢ 2nts with low KLK expression. When KLK6, KLK13 and
Mucl6 were assessed for the ability to detect ovarian cancer, the genes detected 56%,
50%, and 56%, respectively, early stage (Stage I and II) ovarian cancer patients. When
all three markers were used in combination, the sensitivity of the test improved to 8§4%.
There was no significant chan_ in the specificity or positive predictive value, but the
negative predictive value increased »m 33% using the individual markers to 58% when
all three markers were combir . These data together suggest KLK6 and KLKI3 are
involved in ovarian cancer tumor 1esis. Both KLK6 and KLLK13 are potential new

markers and possible therapeutic ta  :ts for ovarian carcinoma.
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Chapter 1 The Cu. “ent Understanding of Ovarian
Cancer and Kall 1 in-nelated Peptidases



Introduction

1.1 Ovarian surface epithelium

The ovarian surface epithelium (OSE), also referred to as the ovarian mesothelium or the
normal ovarian epithelium (NOE), is a single layer of flat-to-cuboidal epithelial cells
covering the ovary (Bast, Jr. er al., 1998b;Nicosia et al., 1997). The OSE is separated
from the ovarian stroma by a basement membrane that overlies a collagenous connective
tissue layer, the tunica albv 1w (Wong and Auersperg, 2002). The OSE originally
arises from the coelomic epithelium (Auersperg er al., 2001). Between ten and twenty
weeks of gestation, the human fetal OSE changes from a simple epithelium with a
fragmentary basement membrane to a multistratified, papillary epithelium on a well
defined basement membrane. It reverts to a monolayer by term, overlaying the now,
elongated, lobular ovary (Choi and Auersperg, 2003). The OSE is of eat interest in
gynaecological oncology  :ause it is thought that approximately 90% of epithelial

ovarian cancers arise from this layer of cells (Katabuchi and Okamura, 2003).

The OSE has few distingu 1ing 1wt ;. The onolayer of cells is characterized by
apical microvilli (Okamura, 1997), a basal lamina, and expression of types 7, 8, 18, and
19 keratin, typical of simple epithelium (Choi and Auersperg, 2003). The OSE can be
distinguished from the extraov “an mesothelium by its characteristic protein expression
pattern. While the OSE expresses mucin, 17B-hydroxysteroid dehydrogenase and cilia
(van Niekerk er al., 1991), it lacks cancer antigen 125 (CA125) expression (Kabawat et

al., 1983). Interestingly, C." " "7 is expressed y the endometrial and endocervical
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the fact that hysterectomy and tubal ligation, which decrease the risk of inflammation,

reduce the risk of ovarian cancer (Ness and Cottreau, 1999).

Finally, the hormonal theory was proposed as a cause for epithelial ovarian cancer as
growing evidence suggests hormones such as androgen, E, and P4, have a role in ovarian
carcinogenesis. Androgens are produced in the ovary at a higher rate than estrogens and
are the principle sex steroids present in the ovary by the developing follicles (McNatty et
al., 1979). Although androgens can stimulate proliferation in inclusion cysts and OSE of
guinea pigs, they have shown no proliferative effect on human OSE in culture (Bai et al.,
2000;Karlan et al., 1995;Silva er al., 1997). However, patients with polycystic ovarian
syndrome, who have higher circulating levels of androgens, have an increased risk of
epithelial ovarian cancer while patients taking oral contraceptives, which suppress
ovarian testosterone production, .  protected against ovarian cancer (Schildkraut er al.,

1996).

Estrogens have been suspected as etiologic factors of ovarian cancer for some time (Ho,
2003). Ovarian tissue and follicular fluid have much higher E levels than blood and it is
likely the OSE and inclusion cysts are exposed to this high E (Lindgren er al., 2002).
Also, estrogen has been shown to be genotoxic in breast cancer cells (Yager, 2000).
Increased cell proliferation in breast cancer ce : caused by E, through E receptor-
mediated signalling, is accompanied by an increased probability for mutations to occur

during DNA synthesis. Since _ has been shown to have a mitogenic effect on both
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normal and malignant OSE cells in vitro (Syed et al., 2001), this may be reflective of

what is occurring with the OSE in vivo.

Progesterone, on the other hand, has a protective effect against ovarian cancer. Oral
contraceptives, which reduce ovarian cancer risk, contain high levels of P;. It has been
hypothesized that the long-term exposure to P; may be the cause for the reduction in
ovarian cancer risk (Ho, 2 13). Interestingly, the low dose progestin-only pill, which
does not suppress ovulation, still decreases the risk of developing ovarian cancer to a
level similar to the combination pill (Rosenberg er al., 1994). Also, during pregnancy,
protective against ovarian cancer, levels are high while androgen levels are low.
According to the hormonal theory, tI  protective effect from pregnancy is due to the high

levels of circulating P4 rather than t  lack of ovulation (Risch, 1998).

There are numerous theories sug sting the etiology of ovarian cancer. Although each
theory has much supporting evic there are also facts that disagree, and support other
theories. It is therefore more likely that a combination of these theories harbours the true

cause of ovarian cancer.

1.2.2 Risk factors

Ovarian carcinoma, known as “the disease that whispers,” or, “the silent killer,” is the
most lethal of all the gynaecological malignancies. In 2009, it was estimated that 2500
new cases of ovarian cancer would occur in Canada while approximately 1750 women

would succumb to the dis e (Canadian Cancer Society's Steering Committee, 2009).
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2008). Age, as with many otl  cancers, appears to be a risk factor for ovarian cancer.
The incidence of ovartan ¢ er climbs dramatically in women during the peri-
menopausal period, from less than four in 100,000 women of 30-35 years of age to
almost 40 in 100,000 women aged 60-64 years (Public Health Agency of Canada, 2010).
Also, Yang et al. (Yang et al., 2008) , found among women with early stage disease
(Stage 1 and I1), there was some indication that being overweight in young adulthood, as
well as in later years, increased the risk of developing ovarian cancer. The use of
hormone replacement therapy (HRT) also increases the risk of ovarian cancer (Riman et
al., 2002). Lacey et al. (Lacey, Jr. et al.,, 2002), observed a significant positive
association between estrogen rep :ement therapy and ovarian cancer among women who
used E only therapy for ten years or more. There was no significant association with
ovarian cancer and women who u 1 estrogen-progestin for a short period of time. These
data support the hormonal theory for the origin of epithelial ovarian cancer. Although all
these factors do contribute to o0 an carcinogenesis, the most significant risk factor for
ovarian cancer has consistently proven to be family history or genetics (Pharoah and

Ponder, 2002).

1.2.3 Familial ovarian cancer syndromes

About 5% to 10% of ovarian ¢ are familial while the remaining are sporadic (Boyd
and Rubin, 1997). In the general population, the lifetime risk for developing ovarian
cancer is 1.6%. Women with one first-degree relative with ovarian cancer have an

approximately 5% risk, wh : women with two first-degree relatives with ovarian cancer
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BRCAI has also been shown to play a role in regulating cell-cycle checkpoints in
response to DNA damage. Celis defective in different DNA damage-responsive proteins
have shown that both BRCAI and ataxia telangiectasia mutated (ATM) are required for
effective response to the G2/M checkpoint arrest (Yoshida and Miki, 2004). Expression
of BRCAI variants defective for ATM-mediated phosphorylation were associated with a
defect in the G2/M arrest, suggesting that BRCA1 phosphorylation by ATM is required
for the G2/M checkpoint response to DNA damage. Although some studies have
suggested a role of BRAC2 in cell cycle regulation or checkpoint functions, it remains

unclear whether the protein participates.

1.2.3.2 The site-specific ovarian syndrome

The second hereditary s Irome is the site-specific ovarian cancer syndrome that
predisposes women to ovar’  cancer. A family that has three or more cases of invasive
epithelial ovarian cancer at any i~ and no case of I st canc  diagnosed before age 50
qualifies as a site-specific ovarian cancer family (Lynch and Lynch, 1992). Most of these
cancers are caused by a germline mutation in the tumor suppressor gene BRCAI and less
frequently in the BRCA2 e  1toniou et al., 2000). Heredit. _ site- | :cific ov. 1n
cancer syndrome is considered as the same spectrum of disease as the hereditary
breast/ovarian cancer syndrome, in which early-onset breast cancer has not yet appeared

(Steichen-Gersdorf er al., 1994).
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1.2.3.3 The hereditary non-polyposis colorectal cancer syndrome

The third hereditary predisposition to ovarian cancer is hereditary non-polyposis
colorectal cancer (HNPCC) syndrome or Lynch II syndrome. HNPCC is characterized
by autosomal dominant inheritance, early age at onset of colorectal carcinoma, right-
sided predominance, and increased incidence of synchronous and metachronous
colorectal cancers (Fitzgibbons er al., 1987). It is associated with germline mutations in
several DNA mismatch repair genes: MSH2, MLHI, PMS1, PMS2 and MSHG6 (Lynch and
de la Chapelle, 1999), although 90% of all HNPCC cases are caused by mutations in the

MSH?2 and MLH1 genes (Lynch and de la Chapelle, 2003).

Germline mutations in HNPCC-re ed genes confer risks for colorectal, endometrial, and
ovarian cancer of up to 90%, 60%, and 13%, respectively (Lynch et al., 1998). To date,
the single most common MS/™~ mutation is a point mutation (A>T nt943+3) in the 3’
splice site of exon 5, resulting in deletion of this exon and a truncated protein. Male
carriers of this mutation have a s’ ificantly higher risk of colorectal cancer than females
(63% versus 30% and 84% versus  +%, at age 50 and 60 years, respectively) , while
female carriers have a h™ "ier risk of endometrial (50% at age 60 years) and pre-

menopausal ovarian cancer [20% at 50 years; (Froggatt et al., 1999)].

Recently, a single nucleot  pol, orphism (SNP) in the promoter region (G—A nt93)
of MLH1 has been associated with a modest, but highly significant risk of ovarian cancer

(Harley er al., 2008). This SNP has also been associated with a 1.5-fold increased risk of

1-15









1.2.4.1 Epithelial ovarian cancer

Epithelial ovarian tumors make up approximately 90% of all ovarian malignancies
(Fleming et al., 2006). Neoplasms of the ovarian surface epithelium are classified as
serous, mucinous, endometrioid, clear cell, and transitional cell types. These tumors are
then subdivided into benign, borderline and malignant categories (Christic and Oehler,
2006). Only the first four types of epithelial ovarian cancer will be discussed as the true
prevalence of transitional cell ovarian carcinoma is impossible to ascertain (Soslow,
2008). The malignancy is not  ignosed reproducibly and the genetic changes in

transitional cell ovarian carcinomas  main largely unknown.

1.2.4.1.1 Serous ovarian tumeors

Approximately 80% to 85% of all ovarian carcinomas diagnosed 1n Westen,
industrialized countries are St: : Il or Stage IV serous carcinoma (Seidman et al.,
2004). It is uncommon to see a Stage I serous carcinoma (Soslow, 2008). Serous ovarian
tumors typically differentiate into cells resembling cells of the fallopian tube (Scully,
1987). More recently, udies st that a proportion of high-grade serous tumors may
originate from the fallopian tube (Vang er al., 2009). Low and high-grac serous tumors
appear to arise by mutations throv 1 different signalling pathways. Low-grade serous
tumors are likely to progress from an adenoma to a borderline tumor to a malignant
carcinoma progression via alteration of the RAS-RAF signalling pathway due to
mutations in KRAS and BRA. (Bell, 2005). KRAS mutations have been found at a higher

rate in serous borderline tumors (27-36%) than in high grade serous tumors [0-12%;
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(Sieben ¢t al., 2004;Teneriello er al., 1993)], indicating there may be separate genetic
pathways leading to the development of the malignancy. KRAS is a member of the RAS
family of genes. It encodes a GTPase protein which is involved in the RAS/RAF/MAP
kinase growth pathway (Mitin ¢f al., 2005). Mutations in KRAS result in constitutive
activation of the protein, leading to increased growth signals (Tsukuda er al., 2000).
High-grade serous carcinomas, on the other hand, appear to arise from the OSE or
inclusion cysts.  Approximately 60% of high-grade tumors have mutations or
overexpression of p53, an uncommon feature among borderline tumors (Chan et al.,
2000). pS3 1s atumor suppressor  ne involved in cell cycle regulation and DNA repair.
High grade serous ovarian tumors are also known to exhibit loss of BRCAL. Press et al.
studied 38 high grade ovarian tumors and found that high grade serous carcinomas can be
divided into three groups, BRCAI loss (genetic), BRCAI loss (epigenetic) and no
BRCAI loss (Press et al., 2008). Tumors with BRCA1 mutations were characterized by
decreased phosphatase and tension homolog (PTEN) mRNA levels, while those with
epigenetic loss of BRCAl had copy number gain of phosphotidylinositol-3 kinase
(PI3K). PTEN is a lipid phosphatase that negatively regulates the I 3K signalling

pathway (Stambolic er al., 1998).

1.2.4.1.2 Mucinous ovarian tumors

Mucinous ovarian carcinomas are very uncommon, being less than 3% of all ovarian
carcinomas (Seidman er al., 2004). Approximately 50-66% of mucinous tumors

diagnosed in industrialized, Western countries are Stage I. Mucinous ovarian tumor cells
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resemble cells of the endocervix (Scully, 1987). Approximately 80% of these carcinomas
have areas of benign and/or borderline mucinous tumor suggesting they arise via an
adenoma to borderline tumor to malignant carcinoma progression (Riopel et al., 1999).
These tumors have the highest rate of KRAS mutations (Gemignani et al., 2003).
Cuatrecasas et al., studied KRAS in benign, borderline, and malignant mucinous tumors
and found they were 56%, 73%, and 85%, respectively, positive for KRAS mutations
(Cuatrecasas er al., 1997). The increasing frequency of these mutations supports the

progressive pathway.

1.2.4.1.3 Endometrioid o rian tumors

Endometrioid ovarian tumors rc mble cells of the endometrium and endometriosis is
thought to be a precursor for this tumor type (Scully, 1987). This tumor type accounts for
approximately [0% of all ovarian « cinomas diagnosed at Stage I or II (Leitao, Jr. er al.,
2004). Interestingly, patients with  lometrioid cancers have a better overall survival
than patients with serous cancers (..nhorn et al., 1985). This has been attributed to the
fact that patients with endometrioid . cer usually have early stage "“sease (Tornos et al.,
1994). Recently, one study com) 1 a sequential set of patients who were treated for
endometrioid or serous adenocarcinoma of the ovary and found that even with Stage III
or poorly differentiated tumors, despite similar platinum-based chemotherapy,
endometrioid histology was still associated with a better survival when compared to
serous cancer (Storey et al., 2008). Mutations in PTEN are found in approximately 15%

of endometrioid cancers, most being low grade (Obata et al., 1998). Interestingly, PTEN
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mutations are unique to ovarian endometrioid cancers when compared to other ovarian
cancers, suggesting an exclusive pathway for the development of this malignancy.
Another protein that appears to be commonly mutated (up to 30%) in endometrioid type
cancers, is the CTNNBI gene, encoding B-catenin (Moreno-Bueno et al., 2001). B-
catenin is involved in embryonic :velopment and cell proliferation. It binds to a T-cell
factor (TCF), stimulating cell proliferation. p-catenin is normally degraded by the
adenomatosis polyposis coli (APC) protein, but mutant forms are resistant to degradation

and accumulate in the nucle , thereby leading to uncontrolled cell proliferation.

Endometrioid cancers are frequently associated with endometriosis (Stern et al., 2001)
and occasionally show a spect n of changes from typical endometriosis, to
endometriosis with atypical hyperplasia, to endometrioid ovarian carcinoma, similar to
that seen in carcinomas of the endometrium (Sainz et al., 1996). This stepwise
progression model is also s «d by the fact that  lometrioid cancers frequently have
areas of borderline endometrioid tumor (Bell and Kurman, 2000) and borderline tumors
often show mutations in the CTNNBI gene (Palacios and Gamallo, 1998). High gradc
endometrioid ovarian carcinomas, on the other hand, have similar changes to the high

grade serous carcinomas.

1.2.4.1.4 Clear cell ovarian tumors

Clear cell carcinoma is the third most common ovarian carcinoma in North America, and
accounts for approximately 5% of all ovarian tumors. Similar to the detection of

endometrioid carcinomas, most women are diagnosed with clear cell ovarian carcinoma
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in Stages I and II (Seidman er al., 2004). Clear cell ovarian tumors are composed of cells
resembling endometrial epithelium during pregnancy (Scully, 1987). Like endometrioid
ovarian cancer, clear cell tumors have been associated with endometriosis (Stern et al.,
2001) and have microsatellite instability in approximately 15% of carcinomas (Gras et
al., 2001;Moreno-Bueno er al., 2001). Unlike any other ovarian cancer type, clear cell
tumors display distinct genetic changes. Gene expression profiling has shown the
transcription factor, hepatocyte nuclear factor-1  (HNF-1p), is over expressed in clear
cell carcinomas and may be involved in the pathogenesis of this tumor type (Tsuchiya et
al., 2003). Immunohistochemistry has shown HNF-1f3 is overexpressed in benign,
borderline and malignant clear cell tumors, but rarely in other ovarian tumors (Kato et al.,
2006). Also, clear cell carcinomas contain mutations in transforming growth factor-f3
receptor 2 (TGFBR2), which is  ely seen in other ovarian tumors (Francis-Thickpenny

et al., 2001).

1.2.4.2 Sex cord-stromal ovar 1 cancer

The second type of ovarian cancer, sex cord-stromal ovarian cancer is a diverse group of
tumors that accounts for approximately 7% of all primary ovarian malignancies
(Koonings ¢r al., 1989). These tumors are derived from the sex cord and stromal
components of the developing gonad (Scully, 1987). The most common tumor in this
category 1s the thecoma-fibroma, followed by the ovarian granulosa cell tumor (GCT).
GCT tumors account for a oximately 2-5% of all ovarian tumors (Schumer and

Cannistra, 2003). There are both juvenile (Scully, 1988) and adult forms of the
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malignancy, characterized by age of onset and morphological features (Savage et al.,

1998).

A much rarer sex-cord stromal tumor is the Sertoli-L9eydig cell tumor comprising only
0.5% of all ovarian tumors. It is pathologically characterized by the biphasic
proliferation of sertoli and  ydig cells in varying degrees of differentiation (Young and
Scully, 1988). Approximately 75% of these tumors are encountered during the second to

third decade of life (Young and Scully, 1985).

1.2.4.3 Germ cell tumors

The final category of ovarian tumors are classified as germ cell tumors and are most
commonly found as benign mature cystic teratomas or dermoid cysts (Scully, 1987).
These growths rarely undergo n 1ant transformation, but when it does occur,
squamous cell carcinoma is primarily the result (Bal et al., 2007). Their components
derive from all three germ layers: ectoderm, endoderm, and mesoderm, and interestingly

have been reported to contain t  h and hair (Devoize et al., 2008).

1.2.5 Ovarian cancer models

1.2.5.1 Cell lines

In order to analyze the onset and progression of ovarian cancer, suitable models for both
in vitro and in vivo studies are required. The capacity to study early events in ovarian

carcinogenesis was limited for many years due to the lack of normal ovarian surface
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primary chemotherapy treatment are useful for investigating the significance of novel
treatments and the mechanisms of drug resistance in ovarian cancer. The OVCAR-3, for
example, was established from the malignant ascites of a patient with ovarian
adenocarcinoma after chemotherapy with cyclophosphamide, adrimycin and cisplatin
(Hamilton er al., 1983). Because cell lines exist in such a controlled environment, results
and findit . may be specific to that particular cell line. It is important that before these

findings are generalized, similar experiments are tested in more than one cell line.

The cells models used for this work were the immortalized ovarian surface epithelial
(IOSE)-398 cells and the ovarian cancer cell lines, CAOV-3, OVCAR-3, and SKOV-3.
The IOSE cells were a kind gift from Dr. Nelly Auerspreg and the Canadian Ovarian
Tissue Bank. These cells are deri | from ovarian surface epithelial cells (Auersperg et
al., 1984). Although they are im orti zed with Simian virus 40, they are not truly
immortal and will senesce at approximately passage 20. The ovarian cancer cell lines
CAOV-3, OVCAR-3, and Sk._ V-3 were purchased from ATCC. Both the CAOV-3 and
OVCAR-3 cell lines were ¢ i 1 from ovarian adenocarcinomas and are adherent cells.
The OVCAR-3 cell line was est ished in 1982 from malignant ascites if a patient with
progressive adenocarcinoma of the ovary (Hamilton er al., 1983). When these cells are
injected into nude mice tt  rs de' op within 21 days with 100% frequency. The cell
model is an appropriate cell m¢  to study drt  resistance and other biological processes
in ovarian cancer. The SKOV-3 cell line was derived from the ascites of a metastatic
ovarian adenocarcinoma. When injected into mice, these cells form moderately to well

differentiated adenocarcinomas 1t are consistent with primary ovarian cancers. The
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SKOV-3 cell line is resistant to tumor necrosis factor and to several cytotoxic drugs
including diphtheria toxin, cisplatinum, and adrimycin (Blagosklonny et al., 1997). The
cell line is also know to be migratory and invasive (Whitley er al., 2007). Similar

information for the CAOV-3 cell line is not currently available.

1.2.5.2 Xenografts

Xenografts have proven useful for ovarian cancer research, as they are derived from
naturally occurring malignancies, are quite representative of specific tumor types, and are
reproducible with a genetically defined tumor (Shaw et al., 2004). Xenografts are usually
injected into immune-deficient mice under the bursa membrane surrounding the ovary.
The bursa provides a microenvironment that has been identified to influence cancer cell
behaviour (Shaw er al., 2004). T| bursa provides a good environment to study early
ovarian cancer, but the inability of cells to disseminate outside the bursa limits its use as a

model of late stage metastatic ovar 1 cancer.

1.2.5.3 Animal models

Anin ~ models are a large part of cancer research and have historically complemented
the discovery of disease etiolc _' | progression by making it possible to examine
events that are difficult to study in humans (Stammer et al., 2008). Ovarian cancer
research has largely been impeded by the limitations of a suitable model of spontaneous

ovarian cancer.
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One animal model used to study ovarian cancer is the rhesus monkey, Macaque mulatta.
The rhesus monkey has a  >roductive physiology similar to humans, including cycle
length, hormone profiles, and ovarian structure (Stouffer ez al., 1993). Interestingly,
among mammals, only primates develop epithelial ovarian cancer (Moore et al., 2003).
Wright et al., using the rhesus monkey model, examined the OSE at different stages of
the ovarian cycle and found that the pr 1ate OSE, similar to the human OSE, undergoes a
proliferative repair process and may therefore contribute to the etiology of epithelial
cancer (Wright et al., 2008). Althot * similar to humans, this model has not been widely
used as many research institutions do not have the proper facilities to house and care for

these animals.

Two other well known mo¢ s for ovarian cancer are the laying hen and the mouse. The
laying hen is the only other spontancous model of ovarian cancer. The occurrence of
epithelial ovarian cancer is rare in most animals. The mouse is the most widely used
model for ovarian cancer as genetic manipulations are attainable and housing and care are

available at most institutions.

1.2.5.3.1 Layit hen

Gallus domesticus, the layit  hen, has significant similarities to human ovarian cancer
making it a functional model to study the malignancy. The incic e of ovarian cancer is
high in hens (up to 40% by age 6) and similar to ovarian malignancy in humans, in that it
is age dependant (Fredrickson, 1987). Also, hormone cycles, hormone regulation, and

ovulation in hens are similar to women. Hens ovulate approximately 250 eggs a year,




which is approximately 20 years of ovulating in humans, given the relative lifespans
(Lewis and Long, 1992). In addition, the common histological subtypes seen in humans,
such as serous, endometrioid, mucinous, and clear cell ovarian cancers, are represented in
hens (Barua er al., 2007). On a molecular level, the hen is similar to humans as they have
similar markers expressed in both organisms, including CA125 (Jackson er al., 2007),
p27, proliferating cell nuclear antigen and erbB-2 (Rodriguez-Burford er al., 2001).
Recently, hen models have verified that the expression of selenium-binding protein |
mRNA is decreased in ovarian cancer tissues when compared to normal ovarian surface
epithelium (Stammer er al., 2008). The same expression pattern is found in humans
(Huang et al., 2006). Furthermore, Urick et al. have used the laying hen model to
identify COX-1 as a potential target for ovarian cancer treatment and prevention (Urick

and Johnson, 2006).

1.2.5.3.2 Mouse

Mice have been successfully used as models in many different diseases. Because mice
do not normally spontaneously form epithelial ovarian tumors, they can be used to study
genetic differences when a tumor is induced. There have been two 1ain systems used to
induce carcinogenesis in mouse OSE. First, Flesken-Nikitin et al. used an intra-bursal
adenovirus delivery and Cre-loxP mediated gene inactivation to render OSE cells
deficient in p53 and retinoblastoma (Rb1), two key tumor suppressor genes (Flesken-
Nikitin er al., 2003). They showed that concurrent inactivation of both genes is sufficient

for reproducible induction of epithelial ovarian carcinoma in mice. The tumors were
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Jonkers, 2006). When bred to hc  zygosity, most BRCA! and BRCAZ2 mouse mutants
displayed severe embryonic lethal phenotypes. When BRCA! was inactivated in the
murine OSE, using the conditional and site-directed adenoviral delivery of Cre
recombinase bearing loxP sites in introns 4 and 13 of the BRCAI gene, preneoplastic
changes such as hyperplasia, epithelial invaginations, and inclusion cysts arose earlier
than in control ovaries (Clark-Knowles er «l., 2007). Interestingly, these changes
resemble premalignant lesions reported in human prophylactic oophorectomy specimens

from women with germline mutations in BRCAI (Clark-Knowles et al., 2007).

Furthermore, Connolly et : devel | :d the first transgenic model of epithelial ovarian
cancer using the promoter region of the Miillerian inhibitory substance type Il receptor
(MISRII) gene to drive tissi -specific expression (Connolly et al., 2003a). MISRII is a
single transmembrane serine/threonine kinase in the TGF-f receptor superfamily (di
Clemente et al., 1994). Connolly et al. used the 5’ upstream regulatory sequences of the
mouse MISRII gene to target expression of the SV40 TAg specifically to the epithelium of
the female mouse reproductive tract including the OSE (Connolly et al., 2003b). The
transgenic mice developed bila 1l ovarian tumors in approximately 50% cases and
resembled poorly differentiat cinomas with occasional cysts and papillary structures
present at the surface of the o1 y. These tumors invaded the omentum and formed
ascites similar to human ovarian tumors. This model demonstrated the successful
application of the MISRII promoter to induce ovarian carcinoma in a transgenic mouse
model and may serve as a useful tool for detection and treatment strategies (Connolly et

al., 2003b).
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United States, the annual incidence of epithelial ovarian cancer in postmenopausal
women is 40-50 per 100,000. Therefore, for a screening strategy, in order to achieve a
positive predictive value of 10%, i.e. 10 operations for each case of ovarian cancer
detected a sensitivity of 75% and a specificity of 99.6% would be required (Bast, Jr. ez

al., 1998a).

Serum inhibin levels have :en evaluated either alone or in combination with CA125.
Inhibin is produced by the gonads and inhibits the secretion of follicle-stimulating
hc  one (FSH) by the anterior pituitary gland. Inhibin has been found to be elevated in
7-41% of non-ovarian cancers (Healy et al., 1993;Robertson et al., 1999) and 28% of
benign gynaecological disc e (Bu 1 et al., 1996;Healy et al., 1993). Elevated levels
have also been found in the serum of all patients with granufosa cell tumors of the ovary,
70-87% of ovarian mucinous t , and between 15-35% of other ovarian epithelial
tumor types (Lambert-Mecsserlian, 2000). Unfortunately, inhibin is not reliable to test all
types of tumors, which pr udes its use as an effective prognostic marker for ovarian

cancer.

OVX-1 and macrophage-colony imulating factor (M-CSF) have also been evaluated as
ovarian cancer serum tumor markers. The OVX-1 assay measures a modified Lewis X
determinant on mucin recognized by a murine monoclonal antibody (X er al., 1991).
Only 22% of patients with invasive Stage I carcinoma have elevated OVX-1 levels, while
M-CSF is elevated in only 31% of the same patients (van Haaften-Day et al., 2001). The

sensitivity of detection of ese markers is too low to be accepted as a screening tool.
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(Esquela-Kerscher and Slack, 2006). Unique miRNA expression profiles indicate some
miRNAs may be used as dii 10stic and ognostic markers. They have been found in
several cancers, including chronic lymphocytic leukemia (Calin er al., 2005), breast
cancer (lorio et al., 2005), pancreatic cancer (Roldo er al., 2006), lung cancer (Yanaihara
et al., 2006), and kidney cancer (White et al., 2010a). The miRNA expression profile in
serous ovarian cancer has recently been evaluated (Nam et al., 2008). ...is study found a
number of miRNAs were  ferentially expressed in serous ovarian carcinomas when
compared to normal ovarian tiss High expression of miR-200, miR-141, miR-18a,
miR-93, and miR-429, and low expression of miR-199a and let-7b were significantly
associated with poor prognosis (Nam et al., 2008). Also, ectopic expression of let-7f,
miR-224, and miR-516a have been shown to decrease kallikrein 10 expression and cell

proliferation in ovarian cancer cells (White et al., 2010b).

Other groups have also found di  rential expression of miRNAs in ovarian cancer when
compared to normal ovaries and suggest the usefulness of miRNAs as potential ovarian

carcinoma biomarkers (Laios et al.. ~108;Zhang et al., 2008).
1.3 Kallikrein-related peptidases

1.3.1 Definition and nomenclature

Kallikrein-related peptidasc (KLKs) are a family of secreted serine proteases that were
first described for their kininogenase activity and ability to generate the vasoactive

peptide bradykinin from kininogens. Werle first described this enzymatic activity in the

1-35




pancreas and then named the enzyme responsible for the activity “kallikrein,” which

originates from the Greek term for pancreas, kallikreas (Werle, 1934).

There are two classes of kallikrein-related peptidases in humans; plasma kallikrein and
tissue kallikrein. Plasma kallikrein, KLKBI, is a single gene located on chromosome
4q35. It is a complex serine protease and has other functional domains other than the
proteolytic catalytic domain. Plasma kallikrein is exclusively expressed by liver cells and
functions in blood clotting, fibrinolysis (Asakai er al., 1987), the regulation of vascular
tone and inflammatory reactions (Bhoola et al., 1992). The remainder of this dissertation

will focus on the other class of  likreins, the tissue kallikrein-related peptidases.

The human kallikrein-related peptidase gene family is a group of 15 serine rotease genes
located on chromosome 19q13. This is the largest continuous cluster of serine proteases
in the human genome and accounts for 32% of all serine proteases in the human genome

(Paliouras et al., 2007). All genes in the family are transcribed telomere to centromere

with the exception of KLK2 | KLK3 that are transcribed centromere to telomere
(Yousef et al., 2000b). TI family spans approximately 300 kb and includes a
pseudogene, PKLKI (Yousef et , 2004a). As is characteristic of a pscudogene,

YKLK]1, is structurally similar to other members in the gene family, but is defective in its
function as a serine prote: All possible reading frames encode predicted truncated

proteins that lack the aspartate and  ‘ine of the catalytic triad.

Until recently, the kallikrein genes were named KLKI thorough KLKI5 while the

kallikrein proteins were named I | throo 1 hKI15. Because this nomenclature was
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Among the 15 genes, the relative position of the residues of the catalytic triad unique to
serine proteases, histidine, aspartate, and serine, are conserved. The histidine is always
located near the 5’ end of the second coding exon, while the aspartate is constantly in the

middle of the third exon and the serine is near the start of the last exon.

Kallikrein-related peptidases are produced as pre-pro-peptides with a s 1al peptide of
approximately 17-20 amino acids at the amino terminus. The signal peptide allows for
secretion of the KLK as an inactive protein. KLKs are activated from the secreted
zymogen form to the enzymatic "y active form by cleavage of the activation peptide
which is 4-9 amino acids in length. The mature KLK protein is 223 to 252 amino acids
in length (Yousef and Diamandis, 2003). A schematic of the activation of KLKs can be
seen in Figure 1.1. Eleven of the kallikrein-related peptidases (KLKI, 2, 4-6, 8, 10-14),
have an aspartic acid in their substrate-binding pocket, indicating trypsin-like specificity.
The four remaining enzymes, LK3 (has serine), KLLK7 (has asparagine), KLK9 (has
glycine), and KLK15 (has glutamic acid), are expected to have chymotrypsin-like or
some other specific enzyn ic activity. All KLK proteins have 10-12 cysteine residues
that form 5, (inthe ¢ :of 77" 777" KLK3 and KLK13), or 6 (in all other KLK
proteins) disulphide bonds. Finally, classical or variant polyadenylation signals have been
found 10 ™) bases from the poly  tail of all kallikrein-rclated peptidase mRNAs
(Borgono et al., 2004;Yousef and Di  indis, 2003;Yousef and Diamandis, 2001;Yousef

et al., 2005).

1-39









among the gene family with eight splice variants. Interestingly, five KLKI3 splice
variants were found to be expressed exclusively in the normal, but not in cancerous testis
(Chang et al., 2001). The physiological relevance of this differential expression is not yet
known. Alternative splicing has been implicated in many physiological processes and
15% of mutations in the man 1lian genome that cause disease are associated with
problems in RNA splicing sigi s (Krawczak et al., 1992). Alternative splicing among
kallikrein-related peptidases n / prove to be important in other cancers as this

phenomenon is studied further.

KLK expression has also been shown to be regulated epigenetically by DNA
methylation. In particular, KLKI0 has been shown to be down regulated due to CpG
hypermethylation in breast, pros 2, ovarian, and gastric cancer (Huang ef al., 2007;Li et
al., 2001;Sidiropoulos et al., 2005). More recently, KLK6 expression has been proven to
be under transcriptional control by DNA methylation as protein expression was restored
in breast cancer cells when trn ed with the DNA demethylating agent 5-aza-2’-

deoxycytidine (Lundwall and Brattsand, 2008).
1.3.3.2 Post-translation 1 rulation

Since protease digestion is irreve e, kallikrein-related peptidases are tightly regulated
post-translationally. There are several post-translational mechanisms controlling KLK
activity including zymogen activation, endogenous inhibition, inactivation through
internal cleavage, and allo 1ic r« 1ilation. KLKs are all secreted as zymogens (pro-

enzymes), or inactive enzymes. They require cleavage at a specific site to be activated
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mass is liquefied, resulting from Sgl and SglI degradation, releasing trapped spermatozoa
(Pampalakis and Sotiropoulou, 2007). Liquefaction is a proteolytic cascade that is highly
regulated. Before ejaculation, the prostate fluid contains several KLKs (Yousef and
Diamandis, 2001) and a h™ "1 concentration of zinc (Zn2+) ions. These KLKs, including
KLK2 (Lovgren et al., 1999a), KI 3 (Malm et al., 2000), KLK4 (Debela et al., 2006),
KLKS (Michael et al., 2006), KLK8 (Kishi et al., 2006), KLK12 (Memari et al., 2007),
and KLK14 (Borgono et al., 200, ,, are allosterically inhibited by reversible binding of
Zn®**. After ejaculation, the ~ ** is redistributed to the Sgs and KLKs are reactivated,

initiating a proteolytic casc e re lting in semen liquefaction.

A major player in the semen liquefaction process is kallikrein-related peptidase 3
(KLK3), also known as prostate specific antigen (PSA), and is mainly responsible for the
degradation of Sgs (Robi et al., 1997). There are a number of KLKs capable of
activating pro-KLK3 to the :tive KLK3, including KLK2 (Lovgren et al., 1997), KLK4
(Takayama et al., 2001b), KLKS5 (Michael er al., 2006), KLK15 (Takayama et al.,
2001a), and more recently, KLK nami et al., 2008) has also been identified. KLK5
plays a major role in semen liquefaction as it can not only activate KLK3, but also

autoactivates and can degrade Sgl, . 2II, and fibronectin (Brattsand et al., 2005).

Semen liquefaction is also regulated by internal cleavage of the participant proteases
resulting in the complete inh t 1 of their enzymatic activity (Pampalakis and
Sotiropoulou, 2007). KLKs 3 inactivated by autolysis, in the case of KLKS5 and

KLK14 (Borgono et al., 2 , or by other KLKs. For example, KLLKS can cleave and
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(Yousef et al., 2002b). Also, h 1 KLKS5 expression is associated with a shorter RFS and

OS in the subgror  of patic s with grade I and II tumors.

A few KLKs have been shown to be associated with testicular cancer, including KLKS5,
KLK!10, and KLK13. In normal tissue, KLLKS shows highest expression in the mammary
gland and testis, but is decreased when compared to testicular cancers (Yousef et al.,
2002a). This stu ' found low KLKS5 expression associated with seminoma tumor type,
and late stage (II/III) cancer. When 14 normal testis were compared to cancerous
counterparts, KLK!0 expression was also found to be decreased (Luo et al., 2001c).
Interestingly, one group discovered five new KLKI3 alternative transcripts expressed

exclusively in the testis, with all being decreased in testicular cancer (Chang et al., 2001).

Recently, KLK expression has been examined in lung cancer. When analyzed by qRT-
PCR, KLK5 expression is sign  ntly higher in squamous cell carcinomas, while KLK7
expression was decreased in lur adenocarcinomas, when compared to norm: tissue
(Planque et al., 2005). Wil 1 y, KLK6, KLLK7, and KLLK8 protein expression was
examined in lung cancers by in  1nohistochemistry, 40-90% of malignant cells showed
positive cytoplasmic labelling in squamous cell carcinoma, small cell carcinoma, and
carcinoid tumors (Singh er al., 2008). Interestingly, although the lung adenocarcinoma
samples lacked cytoplasmic stainit  20% of the tumor nuclei were positive for KLKS,

KLK7, and KLLKS.
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OS, than patients with KL} negative tumors (Borgono et al., 2006). Also, KLKI11 has
been shown to be elevated in serum of 70% of ovarian cancer patients when compared to
normal serum (Diamandis er al., 2002). High KILK11 expression is associated with early
stage (Stage I/II) disease  orgono et al., 2003a;Diamandis er al., 2002). When the
prognostic significance of KLKI1 expression in ovarian cancer was assessed, patients
with KLK11 positive tumors have a s’ ificantly decreased risk of relapse and death, and
a longer RFS and OS (Diamandis et al., 2002). These results are not surprising as early
stage ovarian cancer is associated with good patient prognosis. KILK14 has also been
shown to be a new potential marker for ovarian cancer (Borgono et al., 2003b). Elevated
KLK 14 levels were found in 40% of ovarian cancer tissues and in the serum of 65%

ovarian cancer patients when compared to normal counterparts.

There are also conflicting reports concerning KLK expression in ovarian cancer. For
example, Scorilas et al. showed that KLLK13 positive ovarian cancer tumors were most
often associated with early stage disease, no residual tumor after surgery and optimal
debulking (Scorilas er al., 2004). They also concluded that patients with KI.LK13 positive
tumors had a longer RFS and OS  n patients with KLLK13 negative tumors. Contrary to
this report, White et al. and Chapter 3 of this dissertation, recently showed high KLLK13
expression was associated with a significant increased risk of recurrence in ovarian
cancer patients (White ez al., 2009). Contradiction of these reports may lie in the design
of the study. Scorilas et al. studied protein expression in ovarian tumor cytosols and
found high KLLK13 expression was associated with early stage disease, no residual tumor

after surgery and optimal k 1 success which are all indicators of good prognosis.
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(Ghosh er al., 2004;Magklara er al., 2003). Also, the use of a neutralizing anti-KLK6
antibody decreased migration of ovarian cancer cells in a Boyden chamber assay (Ghosh
et al., 2004). Together, these data highly suggest KLKG6 is involved in the migration

and/or invasion of cancer cells and may offer potential future therapeutic target.

KLK6 has been reported being overexpressed in uterine serous papillary cancer
(Santin et al., 2005) and lung carcinoma (Singh et al., 2008). Elevated KLK6 expression
was significantly associated with lymphatic invasion and a poor survival rate in a set of
human gastric cancer patients (N. ihara er al., 2005). In colorectal cancer, KLKG is
overexpressed when compared to nor 1l tissue and is significantly associated with
serosal invasion, liver metastasis, advanced stage, and poor prognosis (Ogawa er al.,
2005). Interestir 'y, KLLK6 is down regulated in salivary gland tumors when compared
to normal glands (Darling et al., 2006). Overall, KLK6 has been shown to be
differentially expressed in a n r of different cancers and its role as a potential
biomarker for these malignancies v rants further investigation. KLKO6 is also presently

beir invest  1ted forits role in £ heimer’s disease (Yousef et al., 2003b).

1.3.7 Kallikrein-related itid: 13

Like KLKG6, the normal function of kallikrein-related peptidase 13 (KLKI3) remains
unknown. Kallikrein-related p  lase 13 (KLKI3) was ¢ rned using the positional
candidate gene approach and was found down regulated in breast cancer cell lines and
tissues when compared to normal counterparts (Yousef er al., 2000a). KLKI3 is a

glycosylated, secreted serine protcase with trypsin-like activity.
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nter 2 Human ein-Relate Peptidase 13« (LK13) is
Involved in Celluls »n and Invasion

A version of this chapter is currently being prepared as a manuscript.






mechanisms involved and the development of novel diagnostic and therapeutic

approaches (Xu et al., 2009).

Recently, a family of serine proteases, the human kallikrein-related peptidase (KLK)
family, has been implicated  tumorigenesis and metastasis of ovarian cancer (Emami
and Diamandis, 2008). This family of genes consists of 15 members, of which prostate
specific antigen, (PSA/KLK3), is best known, as it is widely used as a marker for prostate
cancer (Stephan et al., 2007). Recent data point to an important role of specific KLKs in
several other malignancies, including those of the gastrointestinal tract, lung, brain, and
head and neck cancers (1 | + | ..amandis, 2008). In addition to their role as
potential biomarkers for malignancy, KLKs have been shown to be involved in
carcinogenesis on a molecular level. KLK3 and KLLK4 have been shown to promote cell
migration of a prostate « cer cell line while inducing epithelial to mesenchymal
transition (EMT)-like effects such as loss of E-cadherin expression and increased
vimentin expression (Vev. -Lowe er «al., 2005). Additionally, KLK6 has also been
shown to be involved in the migration and invasion of skin and colon cancer cells as well
as degrade components of the EC] (Ghosh er al., 2004;Henkhaus ez al., 2008;Klucky et

al., 2007).

Another member of the family, KLK13, has recently been implicated in carcinogenesis
(Yousef et al., 2000), in addition to its increased expression in breast (Chang er al.,
2002), ng (Planque er al., 2008), and salivary gland cancers (Darling et al., 2000).

KLK13 shows increased expression in ovarian cancer patients (Kapadia et al.,
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Conversely, when the ex; ssion of KLKI13 was decreased in a cell line with high
endogenous KLK13 expression, the SKOV-3 cell line, cellular migration was decreased.

These data together implicate KLLK 13 may play a role in ovarian cancer pathogenesis.

2.2 Materials and methods

2.2.1. Cell culture

Immortalized ovarian surface epithelial cells (IOSE-398) were a kind gift from Dr. Nelly
Auersperg (Canadian Ovariar. ..s3sue Bank, Vancouver, BC) and were maintained in 1:1
of 199:MCDBI105 media with 7% fetal calf serum (FCS) and 50pg/ml. gentamicin.
Ovarian cancer cell lines, CAOV-3, OVCAR-3, and SKOV-3, as well as the Mv1Lu cell
line were purchased from the ¢  rican Type Culture Collection (ATCC; Manassas,
VA). CAOV-3, OVCAR-3, and SKOV-3 cell lines were maintained in Dulbecco’s
Modified Eagle’s Medium (DMEM) supplemented with 10% FCS, RPMI 1640
supplemented with 20% FCS and 0.01 mg/mL bovine insulin, or McCoy’s 5a medium
supplemented with 10% FCS, respectively. The MvlLu cell line was maintained in
DMEM supplemented with 10% FCS and 1X non-essential i no acids (NEAA). The
GP2-293 packaging cell line (Clontech, Mountain View, CA) was maintained in DMEM

supplemented with 10% FCS in DMEM. All cells were incubated in 5% CO; at 37°C.

2.2.2. Northern blot
otal RNA was extracted from )SE-398, CAOV-3, OVCAR-3 and SKOV-3 ovarian

cancer cell lines using Triz« (Invitre :n, Carlsband, CA), according to the manufacture’s
protocol. Total RNA concentration was determined spectrophotometrically at 260nm and

samples were stored at -80°C. Total RNA (50ug) was precipitated by adding two
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minutes at room temperature. 150uL of the mixture was transferred to a 96-well plate
suitable for fluorescence measurement and fluorescence was read at an excitation of
480nm and emission of 520nm. The extent of cellular invasion was measured in relative
fluorescence units (RFU). This assay was performed in triplicate using three separate

viral infections.

2.2.13. Statistical analysis

All statistical analyses were performed with GraphPad Prism 4 Software (La Jolla, CA).
One-way ANOVA and post-hoc multiple comparisons (Tukey’s) were used to compare
differences in mRNA expression, wound healing, and invasion assays. A p-value less

than 0.05 was considered significant.

2.3 Results

2.3.1. KLKI3 mRNA is incri in ovarian cancer cell lines

Since there had been sevi K™ 7713 transcripts described via in-silico analysis and
transcripts for KLK13 had been shown to differ between testicular cancer and normal
tissue (Chang et al., 2001), the ....K13 mRNA transcript was examined in ovarian cancer.
KLKI13 mRNA expression was examined in the IOSE cell line, as well as three ovarian
cancer cell lines, CAOV-3, OVC/¢ -3, and CAOV-3 by northern blot analysis (Figure
23A). A 128bp KLK13-specific probe that could detect all eight splice variants of
KLK13 while excluding other KLKs was used for detection. ...ere was one major
KLK13 transcribt identified at 1.& »>. The IOSE cells appeared to have less KLKI3
mRNA expression when compared to the ovarian cancer cell lines. The ovarian cancer

cell lines, CAOV-3, OVCAR-3, and SKOV-3, had comparable levels of KLK13
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SKOV-3 total cell lysate was incubated with PNGaseF (Figure 2.4B). After the amidase
treatment, a clear decrease in the intensity of the KLLK13 band at 48K and an increase in
band intensity at approximately 36K was seen. There was also a slight increase in the
intensity of the band at 28K. To ensure this was not an effect of partial protein digestion,
the protein was treated with PNGaseF for an additional one and two hours and the same
results were obtained (data not shown). These results confirmed that the KLK13 protein
is at least partially N-linked glycosylated with high mannose, hybrid, or complex
oligosaccharides. Since the was not a complete decrease in the band at 36K, KLKI13
may be partially resistant to PNGaseF by being protected in some way which limits the
action of the deglycosidase. It is also important to note that KLK13 may have other post-
translational modifications that are resistant to PNGaseF, including O-linked

glycosylation, which was not examined in this study.

2.3.3. KLK mutant production

Viral infection and production of the mutant KLK13 proteins in MvILu cells was
confirmed by immunoblotting for the V5 tag (Figure 2.5). A schematic of the expected
KLK 13 protein structures are depicted in Figure 2.5A. When total cell lysates of infected
cells were immunoblotted for V5, the KLKI13-WT, KLK13-S218A, and KLK13-K25Q
proteins all had a signal covering a range of polypeptides at approximately 36K (Figure
25B). The KI 13-WT and KLKI13-S2I8A lanes also have a slight band at
approximately 48K. These bands likely represent variations in glycosylation of the
KLKI13 protein in the Mv 1| cells, similar to what was observed in the ovarian cer

cell lines.
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the first two cell lines, CAOV-3 and OVCAR-3, had two KLK13 bands at 48K and 36K,
the SKOV-3 cell line showed an additional band at 28K. This 28K band is suggestive of
the pre-glycosylated form of KLK13. It is interesting to note that this band does not
appear in the other ovarian cancer cell lines studied, suggesting there may be different
KLK13 protein processing and production in different forms of ovarian cancer. Another
contributing factor may be the cell line origin. The CAOV-3 and OVCAR-3 cell lines
were derived from ovarian adenocarcinomas, while the SKOV-3 cell line was derived
from the ascites of a metastatic ovarian adenocarcinoma, which contributes to its

metastatic phenotype.

The difference in molecular weight may be explained as a result of N-linked
glycosylation.  N-linked glycosy ion is required for proper protein folding and is
especially important for kallikrein-related peptidases as they require the formation of the
substrate binding pocket for activity. In order to confirm KLKI3 glycosylation, SKOV-3
total cell lysate was incubated with  VGaseF. There was a decrease in the protein at 48K
(shown as a less intense band), an an increase in the lower molecular weight protein at
36K (increased band intensity; F ), but no increase at tt  band at 28K (data not
shown). This suggests that :re 1y be other post-translational modifications other than

N-linked glycosylation that increases the molecular weight of KLK 13 in ovarian ¢ cer.

The role of KLK13 in cellular migration and invasion was also examined. IOSE cells
infected with the KLKI13-WT virus migrated significantly faster than control cells

(Figure 2.6). Interestingly, wl IOSE cells were infected with the putative
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previously shown to be able to degrade collagen, fibronectin and laminin (Kapadia et al.,
2004), thereby giving cancer cells the means to invade through the basement membrane.
Interestingly, similar to what was seen in the migration assay, the cells infected with the
KLKI13-WT virus invaded significantly more than the control cells while the cells
infected with the enzymatically dead KLK13, KLLK13-S218A, showed significantly less
cellular invasion, suggesting KLK13 may also be involved in tumor metastasis (Figure
2.9). Increased KLK13 expression may increase the degradation of ECM proteins, which
is critical for cellular invasion, i 1 thereby aiding the cells in this process. Also, a
reduction in migratory capacity of IOSE cells was seen when the cells were infected with
the enzymatically dead KLK13, st :sting the inhibition of KLK13 activity decreases
cellular invasion and that KILK13 is directly involved in tumor invasion. Interestingly,
the cells infected with the double glycosylation mutant, KLK13-N30Q+N225Q, showed
decreased cellular invasion ire 2.9) but no significant change in cellular migration.
This may be explained by the activation of specific molecular pathways required for each
biological process. In order for Is to migrate, they must activate pathways that are
involved in cell-cell adhesion and cell movement. On the other hand, cell invasion
largely depends on the degradation of components of the ECM. KLKI3 has bcen
previously shown to be able to dt e collagen, laminin, and fibronectin (Kapadia et al.,
2004) and may contribute directly to cellular invasion by its action on these components
of the ECM. Therefore, KLK13 may play a more direct role in cellular invasion than
migration. Thesc results suggest proper KLK13 glycosylation is required for cellular

invasion but not migration.
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PSA increased access to the circulation (Bostwick, 1994). This leakage likely increases
the exposure of the basement membrane and ECM to the proteolytic effects « PSA,

contributing to invasion and cancer progression (Whitbread et al., 2006).

These data show in-vitro that 1 13 is directly involved in cellular migration and
invasion. Increased KLLK13 expression in the poorly-migratory cell line, IOSE, increased
both cellular migration and invasion. Supporting these findings, when KLKI3
expression was decreased  a cancer cell line that is known to be migratory, SKOV-3,
cellular migration was significantly decreased. These findings support a role of KLK13
in tumor metastasis and may | important implications in the development of novel

diagnostic and therapeutic . roaches for metastatic ovarian cancer.
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cell line, cellular migration was decreased (Figure 2.5), suggesting KLK 13 plays a direct

role in ovarian cellular migration.

Based on the effects KLK6 and KLKI13 have on ovarian cancer cells, the aim of this study
was to evaluate the prognostic significance of KLK6 and KLKI3 in epithelial ovarian
cancer by quantifying gene expression levels and correlating them with clinical variables

and patient survival data.

3.2 Materials and methods

3.2.1. Ovarian cancer samples

The study analyzed formal fixed, paraffin embedded (FFPE) tissues from 106 cases of
sporadic ovarian carcinoma diagnc | in the Province of Newfoundland and Labrador,
Canada, between 1983 and 20~ E 1t normal ovary samples were also obtained for
comparison. Tissues were collected from pathol¢ / archives and selected based on
haematoxylin and eosin stains reviewed by a pathologist. Samples containing at least
80% tumor cells were selected for the study. Clinical staging was performed using the
standard International Federation of Gynaecology and Obstetrics (FIGO) staging, with
tumors graded as borderline, well differentiated (Grade I), moderately differentiated
(Grade 1I), or poorly diffe  iated (Grade III). Clinical history was obtained by review
of patients’ medical records in accordance with Memorial University’s Human

Investigation Committee protocol.
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reaction mix was incubated for two minutes at 25°C before adding 200 units
Superscript™ RT, followed by a ten minute incubation at 25°C and a 50 minute
incubation at 42°C. The enzyme was inactivated by incubating the reaction mix at 70°C

for 15 minutes.

3.2.5. Quantitative real time PCR

Five uLL cDNA was used for qu titative real time polymerase chain reaction (QRT-PCR).
Reactions were performed using the ABI Prism 7000 (Applied Biosystems, Foster City,
CA) with 96-well optical on plates (Applied Biosystems, Foster City, CA).
Primer/probe sets were purchased as pre-made TagMan Assays on Demand for KLKI3,
KLK©6, and glyceraldehyde 3-phosphate dehydrogenase (GAPDH). The details for each
probe are described in Table 3.1. 500ng cDNA was added to TagMan PCR Reaction Mix,
TagMan Probe, iand water to 20uL total reaction volume. Thermal cycling was carried
out as detailed by the manu - in the following conditions: 50°C for 2 minutes,
95°C for 10 minutes, 40 cycles of 95°C for 15 seconds and 60°C for one minute. All

samples were analyzed in triplicate for each target gene.

The expression of each pro  was measured by re  ve quantification, defined as the
amount of the specific mRNA normalized to normal ovary as determined using the AA
cycle threshold (Ct) method (Pfaffl, 2001). In order to effectively use the AACt method,
it is recommended by the i ure that a validation experiment of the target and
control genes’ amplification efficiency is required. This test ensures that the efficiency of
the target gene and the reference ~—~ne amplification are approximately equal. This

validation experiment is carried out by examining how ACr varies with template dilution.
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The absolute value of the slope of log input amount vs. ACr should be less than 0.1. The
absolute slopes of our v idation experiments were 0.076 and 0.024 for KLK6 and
KLK13, respectively. A summary of the validation experiment for KLK6 can been seen

in Figure 3.1.

The relative target gene expression was defined as 24 ACT, where AACt = ACr normal ovary -
ACT ovarian cancer- A Tepresentative normal ovarian sample having the median level of
expression was chosen as the calibrator sample (ie., target gene expression = 1). ACry 1s
defined as Cr wreet - Cr Gappn, Where the target genes were KLK13 ar KLKG. Relative
to the calibrator sample, ta :t gene relative expression (RE) was classified as being low
or high kallikrein expression.  The expression level for determining high expressing
samples was defined as one s ird deviation above the mean value for normal ovarian
RE, for a target gene. Samples with a RE equal to or above this value were classified as
high expression, while samples below the cut-off were classified as having low
expression. One standard deviation above the mean was chosen as the cut-off in order to
account for inherent variation of each ta :t gene. The cut-off for KLK6 was determined

tobe 5.211 RE and KLKI3 was 0.981 RE.

3.2.6. Statistical analysis

All statistical analysis was performed with the Statistical Package for Social Sciences
(SPSS; version 13.0, Chici », IL, USA). The relationships between KLK6 and LKI3
mRNA expression and patient clinical characteristics were analyzed with the xz test. For

survival analysis, two endpoints were examined; cancer recurrence (defined as either a
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local recurrence or metastasis) and death. These endpoints were used to calculate the
recurrence-free survival (RFS) and overall survival (OS), respectively. RES is defined as
the time from first diagnosis to the time of first detected recurrence or metastasis. OS is
defined as the time from initial diagnosis to the time of death. Two survival models, the
Kaplan-Meier and the Cox Hazard Regression Model, were used for analysis. The
Kaplan-Meier model was used to examine survival between the patients ex] :ssing
kallikreins at low or high levels, while significance was measured with the log-rank test.
The Cox Hazard Regression Mc , using both univariate and multivariate models, was

used to determine the hazar ratio (F ).

3.3 Results

3.3.1. Immunohistochemical localization of KLK6 and KLK13 in ovarian
carcinoma

Figure 3.2 illustrates KLK6 and KILK13 localization in ovarian surface epithelium (OSE)
and epithelial ovarian carcinoma. Both KLLK6 and KLKI3 were localized in the
cytoplasm of the normal ovarian surface epithelium (Figure 3.2 A & B). Negative
control sections were stained with non-immune rabbit serum and there was no positive
KLK6 or K™ X13 staining (data not shown). Also, both KLK6 and KLK13 showed
staining in all types of ovarian adenocarcinoma. Both KLK6 and KLKI13 displayed
strong staining in serous leno :inoma (Figure 3.2 C & D), while KLK6 was
expressed in a mucinous adenocarcinoma (Figure 3.2 E), and KLK13 was expressed in

clear cell tumor (Figure 3.2 . ,. In all cases, staining was most prominent in epithelial
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Table 3.5 Multivariate Cox Regression Analysis of KLK]3 expression in ovarian cancer

p

atients.

Variable

Multivariate Analysis

KLKI3

Low
High

Clinical Stage3 (ordinal)
Tumor Grade* (ordinal)

Histological Type® (ordinal)

Age® (ordinal)

RFS oS
hx  95% CI°  p-value HR'  95% CI°  p-value
1.00 1.00
220 1.01-4.78  0.047 .00 0.61-1.61  0.988
9.08 2.61-31.65 0.001 400 1.84-8.70  <0.001
122 042-355  0.717 2.14 095481  0.065
243 1.13-524  0.024 1.29  0.79-2.10 0308
249 0.82-754  0.108 1.46  0.73-2.91  0.286

NN AW

. HR, Hazard Ratio;

. 95% CI, 95% Confidence Interval

. Clinical Stage, late vs. early Stage

. Tumor Grade, poor vs. well differentiated
. Histological Type, serous vs. non-serous

. Age, 250 vs. <50
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an appropriate cell model as it also had low KLKI3 expression (Figure 2.1).
Interestingly, 100% of ovarian endometrioid cancer samples were high grade and
expressed KLK13 at a high level (Table 3.2). Although the sample size is small (6 cases),
this expression pattern warrants further investigation.  Low-grade endometrioid
carcinomas have been suggested to arise from endometriosis or borderline endometrioid
tumors (Obata et al., 1998), while high-grade endometrioid carcinomas have changes
similar to high-grade serous carcinomas (Bell, 2005;Giordano et al., 2008;Press er al.,
2008) suggesting endometrioid cancers may represent two separate malignancies. This
characteristic expression | te  of KLKI13 may represent not only a novel marker to
distinguish between high and low grade endometrioid cancers, but a unique pathway in

which KLLK13 may be involved in ovarian carcinogenesis.

When the clinical utility of KLK6 1 KLK13 was assessed in terms of RFS and OS, both
KLKs were associated with poor prc~mosis in ovarian cancer patients (White er al.,
2009). Previous studies have reported similar results (Anisowicz et al., 1996;Diamandis
et al., 2000a;Hoffman er al., 2002;Kountourakis er al., 2008;Ni et al., 2004;Prezas et al.,
2006;Scorilas et al., 2004). £  tionally, KLK6 has been shown to have increased
expression in uterine and pancre ¢ cancers (Ruckert et al., 2008;Santin et al., 2005) and
has been showﬁ to be a poor prognostic marker in colon, gastric, and lung cancers
(Nagahara et al., 2005;Nathalie et al., 2009;0gawa et al., 2005). KLLK13 has been shown
to have increased expression in lung and salivary gland tumors (Darling er al.,
2006a;Planque er al., 2008). The increased expression of both K~ <6 and KLK13 over a

number of different cance  in addition to their ability to clear ECM (Ghosh er al.,
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KLKI13 (Table 3.5) are more likely to have a tumor recurrence than patients with low
kallikrein expressing tumors. This study is the first to report increased expression of
KLKI3 mRNA in ovarian cancer patients and indicated that KLK]3 may represent a
specific biomarker for end  etrioid carcinoma. These findings support the potential role
of KLK6 and KLKI3 as novel ovarian cancer biomarkers and may, in the future, offer

targets for therapeutic applications.

35 Authors Cont: >utions

A version of the chapter was published in the British Journal of Cancer as:
KLK6 and KLK]13 predict tumor . ‘urrence in epithelial ovarian carcinoma
British Journal of Cancer 2009:101 (7):1107-13.

The following outlines the authors’ contributions to this study:

Nicole White

e Conception and des 1 of the study, collection, analysis and interpretation of data,
collection and assembly of data, writing the manuscript

Maria Mathews
e Assistance in analysis and interpretation of data
George Yousef

e Consultation for the conception and design of the study, selection « patient

samples
Amrah Prizada
e Assistance in the collection of the data

Cathy Popadiuk

e Recruitment of patient samples and editorial input during manuscript preparation

3-166



Jules Doré

e Consultation for the conception and design of the study, interpretation of data,
editorial revision of the article manuscript
\
3-167































al., 1996), zyme (Little et ., 1997), and neurosin (Yamashiro et al., 1997). With the
discovery of the extended LK family, this gene was renamed KLK6. KLK6 has been
found to have increased expression in ovarian cancer patients at both the gene and protein
levels. One study found KLK6 clevated in 30 of 32 ovarian carcinomas (Tanimoto et al.,
2001). Protein expression of KLK6 was also examined in several studies. Using a
KLK6-specific in wnoflourometric assay, KLLK6 was found to be increased in the serum
of ovarian cancer patients when compared to normal patients (Diamandis er al., 2000b;Ni
et al., 2004), and was also found in the ascites fluid of ovarian cancer patients (Luo et al.,
2006). Hoffman ct al., concluded KLLK6 expression was an unfavourable prognostic
marker as KLK6 was significantly sociated with late stage disease, serous histological
type, residual tumor, and suboptimal debulking in ovarian cancer patients (Hoffman et

al., 2002).

Similar to KLK6, kallikrein- ated peptidase 13 (KLKI3), has been shown to be
associated with a number of er crine related malignancies, including ovarian cancer
(Yousef et al., 2000). KLk 3 was cloned using the positional candidate gene approach
and was found to be downr 1lated in breast cancer cell lines and tissues when compared
to normal counterparts (Yousef et al., 2000). Recently, the use of KLK13 as a potential
ovarian cancer biomarker has been evaluated (Kapadia et al., 2003;White et al., 2009).
KLKI13 is expressed at low to undetectable levels in normal ovaries, but has been shown
to have increased expression in 50% of malignant ovaries when compared normal
counterparts (Kapadia er al., 2003). Also, KLKI3 has been shown to be a marker of poor

prognosis for ovarian cancer patients (White et al., 2009).
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Relative quantification, the ¢ Hunt of target normalized to endogenous control, was
performed with the AA cycle threshold (Ct) method (Pfaffl, 2001). In order to
effectively use the AACt method, a validation experiment of the amplification efficiency
of the target and control genes is required to ensure the efficiency of the target
amplification and the efficiency of the reference amplification are approximately equal.
The absolute value of the slo  of log input amount vs. ACt should be less than 0.1. The
slope of our validation experiment for MUC16 was 0.073 as shown in Figure 4.1. The

slopes for KLK6 and KLK13 w  0.076 and 0.024, respectively.

Patients were classified as|1 /ing low or high gene expression based on qRT-PCR
results. Patients who had h 1 expression were classified as being “positive” for that
gene. One standard deviatic  above the mean value of the normal ovary gene expression
was used as the cut-off point. The cut off values for KLK6, KLK13, and MUCI16 were
5.21,0.98, and 1.19, respectively. In the combined groups, patients having either gene
expressed at a high level were classified as “positive” gene expression. These values

were used to determine sensitivity, specificity, positive and negative predictive values.

4.2.4 Statistical analysis

Statistical analysis was performed with Statistical Package for the Social Sciences (SPSS)
13.0 (Chicago, 1L, USA). Differences in gene expression was analyzed with a one way

ANOVA and a value was considered s~ ificant if p<0.05.
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Ovarian cancers are thought to be derived from the ovarian surface epithelium (OSE) and
comprise a large proportion of the cell content in an ovarian tumor (Figure 3.2). On the
other hand, normal ovaries have only a small fraction of epithelial cells relative to stroma
tissue. When KLK13 protein expression was examined in the normal ovary, the OSE
was positive for KLKI13 expression. This created the possibility that epithelial cell
number accounted for the increased levels of KLK13 mRNA in the cancer tissues rather
than a true upregulation of gene expression in each cell. To address this, total RNA from
normal OSE and stroma was isolated separately and analyzed for KLKI3 cxpression.
Although KLK13 expression is quite low in both areas of the ovary, it was approximately
two times greater in the epithelium than stromal cells. When the expression of KLK13
was compared between the nc  al OSE and cancer epithelium, the ovarian cancer cells
had higher KLLK13 expression confirming that the cancerous epithelium truly does up

regulate KLK 13 expression (data not shown).

MUCI16 showed a significant increase in mRNA expression in invasive cancer relative to
normal expression levels ( .001; gure 2). Approximately 12.5% of normal ovaries
were positive for MUC16 expression, while 50% of borderline cases and 84% of invasive
ovarian carcinoma were MUCI6 positive. It should be noted that these samples were
primary tumors and not obtained as recurrences following primary treatment, as CA125

levels are usually used for scre  ng.
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Chapter 5 Ge eral( yns and Future Directions















metastasis and KLK13 is increased in ovarian cancer patients, the prognostic value of

KLK13 and KLK6 was assessed r ovarian cancer patients.

5.2 KLK6 and KLKI13 are potential biomarkers for ovarian cancer

Numerous reports indicate a 1. protease expression is often associated with a poor
prognosis in ovarian cancer patients (Ghosh ef al., 2002;Konecny et al., 2001;Lengyel et
al., 2001). The prognostic relevance of protease inhibitors has also proved important in
the development of new treatments targeted to metastasis (Coussens et al., 2002;Dunbar
et al., 2000;Harbeck er al., 20C~ Hidalgo and Eckhardt, 2001). The study that comprised
Chapter 3 in this thesis, examined the prognostic significance of two serine proteases,
KLK6 and KLK13, in ovarian cancer patients by measuring the expression of the genes by
gqRT-PCR. High KLK6 and [3 expression were associated with invasive ovarian
cancer when compared to normal ovaries (p<0.05, Table 3.2). Also, high KLK6
expression in ovarian cancer patier  was associated with late stage (Stage I1I/IV) ovarian

cancers (p=0.001).

When the prognostic significance of KLK6 in ovarian cancer patients was assessed by
Kaplan-Meier analysis, patients with high KLK6 expressing tumors were more likely to
have a recurrence (p=0.002) and “'e earlier (p=0.011) than patients with low KLKG6
expressing tumors (Figure 3.2). When the prognostic value of KLK6 expression was
assessed by univariate Cox-re_ ;sion analysis, although clinical stage, tumor grade, and
histological type of tumor were strong predictors of recurrence, high KLK6 expression

was still a significant predictor of  nor recurrence and death (p<0.05; Table 3.3).
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In order to see if KLK6 expression was still significant in predicting recurrence or death
cven when all other prognostic factors were taken into consideration, KLK6 expression
was analyzed by ultivariate analysis. Although clinical stage, tumor grade, and type of
tumor, were considered, KLK6 was still able to predict recurrence in ovarian cancer
patients (Table 3 . More specifically, patients who have high KLK6 expressing tumors
were three times more likely to have a recurrence than patients who had low KLK6

expressing tumors (Table 3.4).

A similar analysis was carr 1 out for KLK/3 expression. When KLK13 expression was
assessed by Kaplan-Meier analysis, patients who had high KLK13 expression were more
likely to have a recurrence than patients with low KLK13 expressing tumors (Figure 3.3).
When analyzed by univariate Cox-regression analysis, similar results were found.
Patients with high KLKI3 tumors were more likely to have a recurrence than patients
who had low KLKI3 expressing tumors (Table 3.3). When stage of disease, histological
type of tumor, and tumor grade were taken into consideration, patients who had high
KLK13 expressing tumors were still approximately two times more likely to have a
recurrence than patients with low KLKI3 expressing tumors (Table 3.5). These data
together indicate KLK6 and KLKI3 are indicators of poor prognosis in ovarian cancer
patients.  These data a :ed with previously published results (Kapadia er al.,

2003;Kountourakis et al., 2008;White et al., 2009).

Many biomarkers are now beir examined for their diagnostic ability to detect early

disease. Recently, much research has been focused on identifying a panel of biomarkers,
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data is available, would be helpful in determining the ideal combinations for pre 10stic
markers in ovarian cancer. It would also be interesting to cxtend this study to other

cancers such as breast, prostate, and colon cancers in which KLKs have recently been

implicated (Emami and Di:  andis, 2008).
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