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As we struggle to understand, treat, and cure
this deadly disease, this book is dedicated to
the women who suffer with ovarian cancer
and those who love them.



Preface

This volume provides a set of comprehensive reviews from experts in the field on
key clinical, translational, and basic research issues in ovarian cancer for
clinicians and scientists. Chemoprevention, staging, and novel therapeutic
targets are addressed in Part I with a series of reviews highlighting prevention
strategies, surgical treatments, and translation of novel targets into clinical
practice. Part II is focused on tumorigenesis and biomarkers. Reviews
highlight genetic and epigenetic changes active in transformation of ovarian
surface epithelium and biomarkers currently under investigation as diagnostic/
prognostic indicators or therapeutic targets. Part III includes comprehensive
overviews of tumor progression, metastasis, and translational research models.
These reviews evaluate key signal transduction pathways in ovarian cancer,
describe the novel adhesive microenvironment unique to ovarian tumors, and
provide a comprehensive description of in vitro organotypic and in vivo murine
models used to study ovarian cancer onset, progression, and metastasis.

Columbia, Missouri M.S. Stack
New York, NY D.A. Fishman
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Chapter 1

Chemoprevention of Ovarian Cancer

Anna Hoekstra and Gustavo C. Rodriguez

Introduction

Epithelial ovarian cancer remains a highly lethal malignancy. It is the fourth to

fifth leading cause of cancer deaths among women in the United States and

causes more than 140,000 deaths annually in women worldwide.1 Despite

intensive research efforts over the past decade directed toward improved detec-

tion and treatment of ovarian cancer, the long-term survival of women with

ovarian cancer has only improved modestly. Progress in the fight against

ovarian cancer has been hampered by a number of factors, including late

diagnosis, the absence of highly curative chemotherapy, and a high degree of

molecular heterogeneity in ovarian tumors, a finding that is a direct conse-

quence of the large tumor burden typical in most patients at the time of

presentation.
The unusually large tumor burden that characterizes most advanced ovarian

cancers at diagnosis makes ovarian cancer uniquely different than other solid

tumors. Most women (75%) diagnosed with ovarian cancer have disseminated

intra-abdominal disease at diagnosis, often characterized by a tumor volume

comprising many cubic centimeters.1 Considering that each cubic centimeter of

tumor contains as many as 1 billion cells, numerous cell doublings have

occurred by the time an ovarian cancer is typically diagnosed, providing an

immense opportunity for tumors to develop molecular and genetic heterogene-

ity. The Goldie-Coldman hypothesis suggests that the number of tumor cells

and the length of time they are present are directly correlated with the likelihood

of emergence of chemotherapy-resistant clones that may fail to respond to

conventional chemotherapy.2 The markedly increased probability of chemo-

resistance in advanced bulky ovarian tumors readily explains the guarded clinical

A. Hoekstra (*)
Division of Gynecologic Oncology, NorthShore University HealthSystem, Suite 1507,
Walgreen Building, Evanston Hospital, 2650 Ridge Ave., Evanston, IL 60201, USA
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course of women with ovarian cancer, as many will recur and succumb to the
disease as chemoresistant clones of ovarian cancer cells emerge.

Clearly, a novel approach is needed if the fight against ovarian cancer is to be
won. An alternative and promising approach is to target the early steps in
ovarian carcinogenesis when cellular heterogeneity is less likely and the myriad
genetic mutations present in advanced tumors have not had an opportunity to
evolve.3 This is possible through the administration of chemopreventives that
specifically arrest or reverse the early steps in ovarian carcinogenesis.

Ovarian Epithelium: A Potential Target

for Ovarian Chemopreventives

The pathogenesis of epithelial ovarian cancer is not completely understood. It is
commonly believed, however, that the process of recurrent ovulation (incessant
ovulation) causes genetic damage in ovarian epithelial cells and that sufficient
genetic damage can lead to ovarian cancer in susceptible individuals.4 Under
this model, it has been suggested that reproductive and hormonal factors, such
as pregnancy and oral contraceptive (OC) use, decrease ovarian cancer risk
mainly via their inhibitory effects on ovulation.5–9 The incessant ovulation
model is attractive in that it is supported by a large volume of epidemiologic
evidence linking ovulation with ovarian cancer risk in humans and by the
observation that poultry hens, which ovulate daily, have a high incidence of
spontaneous ovarian cancer.10 Themodel falls short in that it fails to explain the
markedly protective effect conferred by pregnancy and OC use against ovarian
cancer. OC use for 3 years, which inhibits less than 10% of the number of
ovulatory cycles in a woman’s lifetime, confers as high as a 50% reduction in
risk of ovarian cancer, rather than 10%. One pregnancy, which is associated
with approximately 1 year of anovulation, is associated with a 30% to 35%
decrease in ovarian cancer risk. These data suggest that there may be biologic
effects unrelated to ovulation that mediate the influence of reproductive factors
on ovarian cancer risk.

There is mounting evidence that the ovarian epithelium is a hormonally
responsive target organ whose biology can be strongly affected by the local
hormonal environment. The normal ovarian epithelium expresses receptors for
most members of the steroid hormone superfamily, including estrogen, proges-
tin, retinoids, vitamin D, and androgens. In addition, the ovarian epithelium
contains cyclooxygenase. There is the potential for reproductive and environ-
mental factors to have an impact on ovarian cancer risk via a direct biologic
effect of hormonal and nonhormonal agents on the ovarian epithelium. Studies
have shown that reproductive hormones can have potent biologic effects
directly on the ovarian epithelium, thus affecting ovarian cancer risk. Proges-
tins induce apoptosis, one of themost importantmolecular pathways in vivo for
the prevention of cancer and a pathway that mediates the action of many

4 A. Hoekstra and G.C. Rodriguez



known chemopreventive agents. Progestin-mediated apoptotic effects may be a
major mechanism underlying the ovarian cancer protective effects of pregnancy
(a high progestin state) and OC use. Similarly, retinoids, vitamin D, and
nonsteroidal anti-inflammatory drugs (NSAIDs) may have biologic effects on
the ovarian epithelium that are cancer preventive, whereas androgens may have
stimulatory effects on the ovarian epithelium, leading to an increased ovarian
cancer risk.

Carcinogenesis and Chemoprevention

Epithelial carcinogenesis refers to the process by which cells undergo neoplastic
transformation. Carcinogenesis is a multistep process, characterized by the
sequential accumulation of somatic mutations in a single cell, ultimately leading
to sufficient molecular alterations that result in phenotypic progression from
normal to a fully malignant phenotype.11 The different stages of carcinogenesis
include (1) initiation, in which carcinogenic factors directly damage the DNA,
(2) promotion, which involves the gradual accumulation of alterations in pro-
liferating premalignant cells, often influenced by epigenetic mechanisms, and
(3) progression, which is due to additional genetic alterations that facilitate the
final transformation to cancer. These stages typically evolve over many years,
often decades, explaining the frequent finding of early age of onset of cancer in
individuals with a hereditary predisposition, as these individuals are born with
inherent genetic alterations and thereby require fewer additional somatic muta-
tions to develop cancer. The number of major genetic alterations required to
achieve full transformation to malignancy is variable but is likely to number at
least five to six and typically involves alterations in genes involved in regulating
the cell cycle, signal transduction, and transcription. These include oncogenes,
tumor suppressor genes, apoptosis genes, as well as DNA repair genes.12

Cancer chemoprevention is defined as the use of chemical agents (natural,
synthetic, or biologic) to arrest or reverse the process of carcinogenesis.11,13

First described by Sporn in 1976, cancer chemoprevention is intended to abrogate
the multistep process of carcinogenesis.13 As such, cancer chemoprevention
arrests or reverses carcinogenesis while cells are dysplastic or preneoplastic. The
benefits of chemoprevention are obvious, as the costs and morbidity associated
with treatment of clinically evident cancers are immense, as is the social cost
associated with treatment failure.

Significant challenges, however, have limited progress in the field, especially
with regard to drug development and the regulatory process. Pharmaceutical
drug development typically follows a rigorous stepwise algorithm, including
preclinical, toxicology, and pharmacokinetic studies, as well as phase I, II, and
III studies to optimize dosing and demonstrate safety and efficacy. These steps
can often take 5–15 years to complete, thereby consumingmost of the patent life
and thus profit potential of novel emerging therapies. If the same standards for

1 Chemoprevention of Ovarian Cancer 5



development of therapeutic agents are applied to chemopreventive agents, the cost
and time required for development would be prohibitive. Cancer-prevention trials
addressing the outcome variable of cancer incidence are costly and require many
years to complete, potentially outlasting the scope of patent protection and thus
profit potential. To address these concerns, the National Cancer Institute (NCI),
Food and Drug Administration (FDA), and the pharmaceutical and research
community are striving to collaborate in order to develop an alternative road
map to drug development for chemopreventives.11,14 It has been proposed that
preclinical evaluation and phase I clinical trials might potentially be omitted if the
toxicity and pharmacokinetics of the agent of interest are already known from
animal and human studies and the agent is thought to be safe. Phase I studies can
further be accelerated for drugs already approved for other indications and shown
to be safe at dosages considered for chemoprevention. Phase II randomized trials
can be directed toward individuals at high risk of malignancy, with outcome
measures being alteration of surrogate end-point biomarkers thought to be pre-
dictive of cancer risk. Finally, Phase III clinical trials with cancer incidence as an
end point can be considered even as the preventive agents are brought to the clinic.
To date, this novel approach to drug development has yet to be fully implemented.
Of concern is the adverse experience from prior failed chemoprevention trials, such
as the ATBC Cancer Prevention Study, where intervention with beta-carotene,
shown in epidemiologic studies to reduce lung cancer risk, was associated with an
increased risk of lung cancer as well as overall deaths in smokers.15 Even simple
over-the-counter supplements such as vitamin E and A, thought by many to
enhance wellness, have recently been shown to increase overall mortality.16

These adverse outcomes make it critically important that chemopreventive agents
be carefully vetted prior to implementation in the general population.

Molecular Targets for Chemoprevention

Study of late-stage cancers has produced the majority of evidence on the genetic
and protein alterations that result in the development of cancer. This evidence
has demonstrated that numerous genetic alterations must occur to achieve
a clinically recognized tumor, affecting multiple pathways known to affect
cellular homeostasis, including control of cellular attachment, proliferation,
invasion, and implantation, as well as the complex factors associated with
angiogenesis. Several molecular targets within these protective pathways have
been characterized in carcinogenesis and are thus potential targets for
preventive interventions, although no one target has yet to be critically vali-
dated in ovarian cancer. Specific molecular targets include the HER-2/neu
receptor and the epidermal growth factor receptor (EGFR),phosphati-
dylinositol 3-kinase (PI3K)/Akt, p53, activator protein 1 (AP-1), and nuclear
factor kappa B (NF-kB). A broader and perhaps more attractive target may be
the apoptosis pathway, which has the potential to nonspecifically clear a broad
scope of cells with genetic damage.

6 A. Hoekstra and G.C. Rodriguez



HER2/neu and EGFR

The HER family of type I tyrosine kinase receptors includes EGFR (HER1/
Erb1), HER2 (encoded by the proto-oncogene neu), HER3, and HER4. HER2
promotes growth and is overexpressed in 20% to 30% of ovarian cancers.17

Overexpression is associated with advanced tumors and a worse prognosis.
EGFR is a transmembrane receptor that is also overexpressed in a proportion
of ovarian cancers and similarly associated with poor outcomes.18 The inhibi-
tion of EGFR kinase modulates signal transduction pathways without signifi-
cant cytotoxicity. Several synthetic, small-molecule tyrosine kinase inhibitors
(gefitinib, erlotinib) and an EGFR-specific monoclonal antibody (trastuzu-
mab) have been developed to target EGFR clinically. Erlotinib, an EGFR
inhibitor, is currently FDA approved for the treatment of non–small cell lung
cancer, breast cancer, and pancreatic cancer, and its preventive potential is
being studied.19 It has been investigated in advanced recurrent ovarian cancer
as well, showing a modest response rate of 6% with 44% of patients achieving
stable disease.20 Dietary phytochemicals identified to inhibit this receptor in
vitro include curcumin, genistein, resveratrol, and catechins.

PI3K/Akt

The PI3K/Akt pathway transduces extracellular growth regulatory signals to
intracellular mediators of growth and cell survival. Akt is an important reg-
ulator of cell proliferation and cell survival and contributes to tumor growth
and progression.21 It is activated in response to activation of a variety of growth
factors. Akt, in turn, inhibits apoptosis through phosphorylation of down-
stream transcription factors such as Bad, caspase-9, the forkhead transcription
factor family, and IkBa kinases. Phosphate and tensin homologue (PTEN) is a
well-known tumor suppressor gene that negatively regulates the PI3K/Akt
signaling pathway.22 Mutation of PTEN and upregulation of Akt has been
found in endometrial and prostate tumors and in preinvasive bronchial
lesions.23–25 Upregulation of this pathway is also found in 30% of ovarian
tumors.26 Several dietary phytochemicals have been shown to suppress and
inactivate Akt, including genistein (soybean), indole-3-carbinol, diosgenin
(fenugreek), curcuminoids (turmeric), black raspberries, and the polyphenol
epigallocatechin-3-gallate in green tea.27

p53

p53 is a tumor suppressor gene and transcription factor. It plays a critical role in
many cellular processes vital to normal homeostasis, including genomic stabi-
lity, cell cycle control, and regulation of apoptosis, all of which are integral to
abrogating the propagation of cells with damaged DNA and malignant

1 Chemoprevention of Ovarian Cancer 7



potential. With regard to ovarian cancer, a mutation in p53 is the most common
genetic alteration, present in more than 50%of cases. In addition, the frequency
of alterations in p53 in human ovarian cancers has been shown to correlate with
the number of lifetime ovulatory events in women. Importantly, the majority of
these mutations are transitions and are thus likely to represent spontaneous
errors in DNA replication rather than mutations induced by carcinogens.28–34

Thus, alterations in p53 are likely to play an important role in the stepwise
progression of ovarian carcinogenesis.

NF-kB

NF-kB is a family of protein dimers that bind to a common DNA sequence
called the kB site.35 NF-kB dimers typically reside in the cytoplasm until
activated by a variety of stimuli (free radicals, inflammatory molecules, cyto-
kines, carcinogens, tumor promoters, endotoxins, radiation, ultraviolet light,
and x-rays). Upon activation, it relocates to the nucleus where it induces the
expression of a variety of genes that have activity in the suppression of apop-
tosis and induce cellular transformation, proliferation, invasion, metastasis,
inflammation, and resistance to chemotherapy and radiation. Among the
genes it targets are cyclin D, apoptosis suppressor proteins such as Bcl-2 and
Bcl-XL, matrix metalloproteinases, and vascular endothelial growth factor
(VEGF; required for metastasis and angiogenesis).36 These target genes are
critical to the establishment of early and later stages of neoplastic tumor
growth. Inhibition of the NF-kB pathway may occur via blockage of activation
of the NF-kB signaling cascade, translocation of NF-kB into the nucleus, DNA
binding of the dimers, or interactions with transcription. Dietary agents have
been found to be potent inhibitors of NF-kB, including curcumin, resveratrol,
green tea catechins, and a variety of others.37–39 In vivo studies in a mouse model
have shown that blockage of this pathway decreases the tumorigenicity of ovarian
cancer cell lines, possibly through VEGF and interleukin-8 downregulation.40

AP-1

Many of the activated pathways in carcinogenesis lead to AP-1, which, in turn,
regulates other genes involved in carcinogenesis including cyclooxygenase-2
(COX-2), making it an optimal molecular target for chemoprevention. AP-1 is
a transcription factor that regulates many cellular processes, including prolifera-
tion, inflammation, differentiation, and apoptosis. It is activated by extracellular
stimuli at both transcriptional and posttranslational levels by growth factors,
hormones, stress, cytokines, and ultraviolet radiation. Modulation of this tran-
scription factor prevents carcinogenesis via antioxidant and anti-inflammatory
effects. AP-1 induces expression of proinflammatory genes, including COX-2 and
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inducible nitric oxide synthase (iNOS). Inhibitors of AP-1 have not yet been
identified, but genetically engineered inhibitors have been created. TAM67 is a
dominant negative inhibitor of AP-1 that has been shown to reverse carcinogen-
esis.41,42 In addition, a variety of natural chemopreventive agents have been shown
to inhibit AP-1, including curcumin, epigallocatechin gallate, resveratrol, COX-2
inhibitors, and caffeic acid phenethyl ester.

Apoptosis

The apoptosis pathway is arguably one of the most important in vivo mechan-
isms for cancer prevention. Activation of apoptosis leads to the efficient
disposal of cells that have undergone irreparable genetic damage and that are
thus prone to neoplastic transformation.43 It is therefore a key molecular path-
way for the elimination of premalignant cells in vivo. It is a biologic mechanism
associated with many known chemopreventive agents,44–51 and pharmacologic
agents that selectively enhance apoptosis have been shown to lower the risk of a
variety of cancers in animals and in humans.52 In addition, in animal models of
cancer as well as in humans, the efficacy of cancer-preventive agents has been
shown to correlate with the degree of apoptosis induced by these agents in the
target organ for prevention.52–55 Conversely, mutations in the genes involved in
the apoptosis pathway have been shown to be associated with enhanced cancer
risk.56 Among the various molecular targets for reversal of early ovarian
carcinogenesis, the apoptosis pathway holds great promise. This pathway is
markedly activated by the OC, a potent ovarian cancer preventive, suggesting
that agents that selectively activate apoptosis in the ovarian surface epithelium
may be potent ovarian chemopreventives.57,58

From a clinical perspective, the apoptotic pathway is a uniquely attractive
target for cancer prevention. Importantly, apoptosis-inducing agents are likely
to be more effective in cells harboring genetic damage, thereby sparing normal
cells.59 In addition, because the apoptotic mechanism has a cytocidal rather
than a cytostatic effect on precancerous cells, apoptosis-inducing agents would
be expected to destroy premalignant cells, rather than just arrest or slow their
growth. As a result, it may not be necessary to administer apoptosis-inducing
chemopreventives continuously to achieve effective cancer prevention as would
be the case for chemopreventives that have a cytostatic effect. Periodic or pulsed
administration of an apoptotic chemopreventive would lessen the long-term
exposure to the agent, thereby decreasing toxicity, as well as the risk of che-
moresistance.52 Taking this approach even further, a pharmacologic strategy
that uses periodic administration of two ormore apoptosis-inducing agents that
have synergistic potency may enhance the therapeutic ratio even more. This
strategy not only has the potential for increased cancer-preventive efficacy, but
also has the potential to further decrease long-term side effects by allowing a
lowering of the dose of each preventive administered.60
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Candidate Ovarian Cancer Chemopreventive Agents

Progestins

There is strong evidence suggesting that progestins may be potent chemo-

preventives for ovarian cancer. Routine use of estrogen-progestin combination

OC preparations markedly lowers subsequent ovarian cancer risk. The protec-

tive effect increases with the duration of use and persists for as long as 20 years

after discontinuation of use.61–65 The underlying protective mechanism of

action of OCs is not fully elucidated but is likely to involve a chemopreventive

effect of progestins on the ovarian surface epithelium.
As discussed above, there has been widespread belief that the ovarian cancer

protective effect of OC use is due to the ability of these agents to inhibit ovulation.

We challenged this presumption because routine OC use results in a disproportio-

nately greater protective effect than that which can be solely attributed to ovulation

inhibition. We hypothesized that the marked protective effect conferred by OCs

might be due to a potent chemopreventive biologic effect of contraceptive hormones

on the ovary. To test this hypothesis, we performed a study in primates (Cynomolgus

macaques) designed to evaluate the long-term biologic effect of the contraceptive

Triphasil (levonorgestrel/ethinyl estradiol; Wyeth, Madison NJ) on the ovar-

ies. The remarkable similarity of the Cynomolgus macaque to humans, parti-

cularly in regard to its 28-day menstrual cycle, makes this primate model ideal

for designing experiments pertinent to human ovarian and reproductive biol-

ogy. The purpose of our study was to search in the ovaries of contraceptive-

treated monkeys for molecular changes that had the potential to be respon-

sible for the known chemopreventive effects of OCs. Given the importance of

the apoptosis pathway in vivo for cancer prevention, we elected to investigate

whether long-term OC exposure induced apoptosis in the primate ovarian

epithelium.57,58 Eighty animals were prospectively randomized into four

groups including a control group, a group treated with Triphasil (which

contains the estrogen ethinyl estradiol and the progestin levonorgestrel), and

one group each treated either with ethinyl estradiol or levonorgestrel alone on

the same dosage and schedule as those animals receiving Triphasil. The

animals were maintained on the monthly contraceptive hormone schedule

for 3 years. During the third week of the last month of the study, the animals

were sacrificed; the ovaries were removed, formalin-fixed, sectioned, and then

examined for morphologic and immunohistochemical evidence of apoptosis by

observers blinded to treatment group. For each ovarian section, the percentage of

epithelial cells undergoing apoptosis was quantified. The results are summarized in

Table 1.1. Compared with control and ethinyl estradiol–treatedmonkeys, a striking

andstatistically significant increase inapoptosiswasnoted in theovarianepithelium

ofmonkeys treatedwithTriphasil (p5 0.01) or levonorgestrel (p5 0.001),with the

maximal effect (sixfold) seen in the group treated with levonorgestrel alone. The

degreeofapoptosiswasnotdifferentbetweenethinylestradiol–treatedmonkeysand
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controls. These data demonstrate the novel finding that OC exposure markedly

induces apoptosis in the ovarian epithelium and that the progestin component of
the pill is responsible for this effect.

The discovery that progestin markedly induces apoptosis in the ovarian

epithelium led us to search for factors that regulate this effect. Transforming

growth factor (TGF)-b has been implicated in the apoptotic pathway of a

variety of cell types including hormonally sensitive epithelia such as the breast
and prostate. In addition, well-known cancer-preventive agents such as the

retinoids and the antiestrogen tamoxifen have been shown to induce TGF-b
expression in the target tissues that they protect frommalignant change, includ-

ing epithelial cells in the upper aerodigestive tract and breast.66 Interestingly,

multiple members of the steroid hormone superfamily including the retinoids,
vitamin D, and estrogens have been shown to modulate expression of TGF-b,
and the promoter region for specific TGF-b isotypes contains features suggest-

ing hormonal control. Given the known importance of TGF-b as a regulator of

apoptosis and as a potential mediator of action of other chemopreventives, we
decided to examine whether progestins regulate TGF-b expression in the ovar-

ies of primates from the trial described above.58 Primate ovarian sections from

the four treatment groups noted above were stained immunohistochemically

with monoclonal antibodies reactive with either TGF-b1 or TGF-b2 and TGF-

b3 (TGF-b2/3). The ovarian sections were examined by two independent sets of
reviewers, all of whom were blinded to the hormone administration data.

Staining for TGF-b was evaluated in four separate ovarian compartments of

each study slide (ovarian surface epithelium, primordial oocyte cytoplasm,

granulosa cells of tertiary follicles, and endothelium in ovarian hilar vessels)
and graded according to degree of staining intensity from 0 to 3+ (TGF-b1)
and 0 to 4+ (TGF-b2/3). High expression of TGF-b1 was defined by the slide

reviewers as 2+ to 3+ staining intensity, whereas high expression of TGF-b2/3
was defined as 3+ to 4+ staining intensity. The quantitative results are

summarized in Tables 1.2 and 1.3. Progestin treatment, either combined with
estrogen (Triphasil group) or administered alone (levonorgestrel group), was

associated with a striking and highly statistically significant decrease in

Table 1.1 Apoptotic effect of hormone treatment on macaque ovarian epithelium

Study Group

Number of
Animals/
Group

Median Percent
of Apoptotic
Epithelial
Cells (%)

Range of Percent
of Apoptotic
Cells (%)

Control 20 3.9 0.1–33.0

Hormone treated

Ethinyl estradiol 20 1.8 0.1–28.6

Combination pill 17 14.5 3.0–61.0

Levonorgestrel 18 24.9 3.5–61.8

Multiple comparisons: control, levonorgestrel ( p 5 0.001); combination pill,
ethinyl estradiol ( p5 0.001); ethinyl estradiol, levonorgestrel ( p5 0.001); control,
combination pill ( p=0.01).
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expression of TGF-b1 in the ovarian epithelium (p 5 0.001) and a moderate
decrease in expression of TGF-b1 in the oocyte cytoplasm (p= 0.002; Table 1.2).
In contrast, progestin treatment was associated with a marked increase in expres-
sion of TGF-b2/3 in the ovarian epithelium (p 5 0.001). Without exception,
TGF-b2/3 expression in the ovarian epithelium was high (3 to 4+ staining) in
every monkey on progestin (N=34). Similarly, there was a significant increase in
TGF-b2/3 expression in the ovarian hilar endothelial cells in monkeys on proges-
tin (p 5 0.001). In contrast, progestin treatment was associated with a marked
decrease in TGF-b2/3 expression in granulosa cells (p 5 0.001; Table 1.3).

Within the ovarian epithelial compartment, comparison of the apoptotic index
with the degree of change in the expression of the TGF-b isoforms revealed a
significant correlation between changes in TGF-b expression and apoptosis (Table
1.4). The Pearson correlation between the proportion of high TGF-b expression and
the mean proportion of apoptotic cells across treatments was –0.998 (p=0.002) for
TGF-b1 and 0.973 (p = 0.03) for TGF-b2/3. Finally, overall, there was a negative
association between TGF-b2/3 overexpression and TGF-b1 overexpression
(kappa=–0.62; p 5 0.001). Taken together, these data demonstrate the novel

Table 1.2 Hormone regulation of TGF-b1 expression in the macaque ovary. Number (%) of
ovaries/treatment groupwith high TGF-b1 expression (2 to 3+) in each ovarian compartment

Treatment Group Epithelium
Granulosa
Cells Oocytes Endothelium

Control 18 (90) 7 (35) 7 (35) 0 (0)

Ethinyl estradiol 16 (84) 4 (21) 2 (13) 0 (0)

Triphasil 3 (19) 2 (13) 0 (0) 0 (0)

Levonorgestrel 1 (6) 2 (12) 0 (0) 0 (0)

Overall approximate
exact test:

p 5 0.001 0.31 0.002 1.00

Triphasil/
levonorgestrel
versus control/
ethinyl estradiol

p5 0.001 0.15 0.003 1.00

Table 1.3 Hormone regulation of TGF-b2/3 expression in the macaque ovary. Number (%) of
ovaries/treatment group with high TGF-b expression (3 to 4+) in each ovarian compartment

Treatment Group Epithelium Granulosa Cells Oocytes Endothelium

Control 6 (32) 12 (63) 14 (74) 5 (26)

Ethinyl estradiol 2 (10) 8 (38) 17 (81) 3 (23)

Triphasil 17 (100)* 1 (6)* 16 (94) 16 (94)*

Levonorgestrel 17 (100)* 1 (6)* 14 (82) 16 (94)*

*p5 0.001, approximate exact test. Pairwise comparisons of Triphasil/levonor-
gestrel versus control/ethinyl estradiol groups were statistically significant
( p5 0.001) for all compartments except oocytes, except for the granulosa
comparison with ethinyl estradiol ( p=0.03).
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finding that progestin-induced apoptosis in the ovarian epithelium is associated with

an isotype switch in expression of TGF-b. The finding that progestins activate these
two critical cancer-preventive–related pathways in the ovarian epithelium raises the

possibility that progestin-mediated chemopreventive effects, and not solely ovula-

tion inhibition as has been previously assumed, may underlie the reduction in

ovarian cancer risk associated with routine OC use.
A growing body of published human data is supportive of the notion that a

biologic effect related to progestins may be a major mechanism underlying the

cancer-preventive effect for both the OC as well as pregnancy, which confers potent

protection against subsequent ovarian cancer and which is associated with high

serum progesterone levels:

(a) An analysis of the data from theCancer andSteroidHormone Study (CASH) has
demonstrated that progestin-potentOCs confer greater protection against ovarian
cancer than do OCs containing weak progestin formulations.67 When comparing
OCs categorized by estrogen and progestin potency in 400 ovarian cancer cases
and 3000 controls, use of OC formulations with increased progestin potency
conferred twice the reduction in risk of ovarian cancer as that of those with
lower progestin potency, irrespective of the estrogen content (p 5 0.001). The
analyses also demonstrated a significant reduction (60% to 70%) in risk of
ovarian cancer associated with exposure to high-progestin-potency OCs even
among women who used OCs for a relatively short duration (less than 18
months).

(b) Further support for progestins as ovarian cancer preventives has come from an
analysis of data from the World Health Organization (WHO) by Risch, demon-
strating a 60%reduction in the risk of nonmucinous ovarian cancer inwomenwho
have only ever used depo-medroxyprogesterone acetate, a progestin-only contra-
ceptive.68 Progestin-only contraceptives do not reliably inhibit ovulation. Thus, the
60% reduction in ovarian cancer risk from a progestin-only contraceptive is further
evidence that progestins have a direct chemopreventive effect on the ovary.

Table 1.4 Relationship between treatment, TGF-b expression, and apoptosis in the macaque
ovarian epithelium

N

TGF-b1

Percent
2 to 3+
(%)

Mean Proportion
of Apoptotic Cells
in Ovarian
Epithelium (SE) N

TGF-b2/3

Percent 3

to 4+ (%)

Mean
Proportion of
Apoptotic Cells
in Epithelium
(SE)

Control 20 90 6.3 (1.6) 19 32 6.4 (1.7)

Ethinyl
estradiol

19 84 6.2 (2.1) 20 10 4.5 (1.6)

Triphasil 16 19 22.3 (4.1)* 17 100 21.2 (4.0)**

Levonorgestrel 17 6 25.1 (4.3)* 17 100 26.4 (4.1)*

SE, standard error.
*p 5 0.001 by Dunnett’s test of mean apoptotic index for treatment with control.
**p = 0.002 by Dunnett’s test of mean apoptotic index for treatment with control.
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(c) In addition, epidemiologic evidence has shown that twin pregnancy is more
protective against subsequent ovarian cancer than is singleton pregnancy.
Previously, it was presumed that women who have twins would be at greater
risk of ovarian cancer, presumably due to an increased likelihood of more
lifetime ovulatory events compared with that in women who do not have
twins, and the notion that increased ovulation would confer greater risk of
ovarian epithelial damage. Because women with twin pregnancy have
higher progesterone levels than do women with singleton pregnancy, it
has been proposed that the human epidemiologic evidence regarding twin
pregnancy is supportive of the notion of a biologic effect of progesterone as
conferring ovarian cancer protection and that the effect is dose dependent.69

(d) Finally, pregnancy at a later age is more protective than is pregnancy early
in life. In fact, a pregnancy after the age of 35 years is twice as protective
against ovarian cancer as is a pregnancy prior to the age of 25 years. It has
been proposed that this would suggest a protective effect of pregnancy that
is unrelated to effects on ovulation, supporting the notion that pregnancy
may clear premalignant or damaged cells from the ovary.69,70

Taken together, these data provide a strong rationale for an investigation of
progestins as chemopreventive agents for ovarian cancer and potentially opens the
spectrumofuseof theseagentsasovariancancerpreventives toallwomen, including
the elderly, who have the highest age-specific incidence of ovarian cancer. In addi-
tion, confirmation of this hypothesis could lead to the development of a highly
effective pharmacologic chemopreventive approach that can be applied to those
women with hereditary predisposition to ovarian cancer that are at greatest risk of
developing ovarian cancer. It is interesting to speculate that if routine OC use can
reduce ovarian cancer risk by 50%, a pharmacologic strategy that exploits the
mechanism of action underlying the protective effects of OCs could achieve even
greater protective effects, leading to improved longevity and quality of life for
women and effective ovarian cancer prevention. The Gynecologic Oncology
Group (GOG) has recently opened a protocol (GOG 214) that will examine the
chemopreventive biologic effect of the progestin levonorgestrel on surrogate end-
point biomarkers in the ovarian surface epithelium in women at increased risk of
ovariancancerwhohavedecidedtoundergorisk-reducingsalpingo-oophorectomy.

Vitamin D

Vitamin D has a spectrum of biologic effects in epithelial cells that may lead to
cancer prevention, including growth retardation, induction of cellular differ-
entiation, induction of apoptosis, and stimulation of TGF-b.71 A schematic
representation of vitamin D production and the variety of targets for beneficial
vitamin D action is shown in Fig. 1.1.72 The beneficial effects of vitamin D are
due to the activity of its dihydroxylated metabolite, 1,25(OH)2D3 (calcitriol),
the active form of the molecule.
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The human body obtains vitamin D (specifically vitamin D3, or cholecalci-
ferol) through synthesis by skin tissue exposed to sunlight or orally through the

diet. Of these two sources, however, very little is supplied by the diet as few

foods contain appreciable amounts of vitamin D3. During exposure to sunlight,
7-dehydrocholesterol (7-DHC), which is present in abundance in the skin, is

Fig. 1.1 Synthesis and targets of 1,25(OH)2D3. Adapted from Holick75
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converted by ultraviolet B (UVB) radiation to previtamin D3 (preD3). Once
formed, preD3 undergoes thermally induced transformation to vitamin D3.
Both previtamin D3 and vitamin D3 can be further converted by UVB radiation
to a number of degradation products (e.g., Fig. 1.1, upper right, lumisterol and
suprasterol), thereby limiting the excess production of vitamin D3 in skin. Thus,
there have been no reported cases of vitamin D intoxication related to excess
sun exposure. Vitamin D3 from either dietary or skin sources enters the circula-
tion and is metabolized in the liver by vitamin D3-25-hydroxylase (25-OHase)
to 25-hydroxyvitamin D3 (25(OH)D3). 25(OH)D3 reenters the circulation and
is converted in the kidney by 25-hydroxyvitamin D3-1-alpha-hydroxylase
(CYP27B1) to 1,25-dihydroxyvitamin D3 (1,25(OH)2D3), the active hormone.
A variety of factors, including serum phosphorus (Pi), parathyroid hormone
(PTH), calcium, and circulating levels of 1,25(OH)2D3, regulate the renal
CYP27B1. The enzyme 25-hydroxyvitamin D-24-hydroxylase (CYP24) cata-
bolizes both 25(OH)D3 and 1,25(OH)2D3 into biologically inactive metabolites
including calcitroic acid.

Factors that limit the amount of UVB radiation to which skin is exposed
significantly curtail the amount of vitamin D3 that is produced. This includes
covering of the skin with sunscreens or clothes. In addition, the ozone layer
absorbs UVB radiation, thereby decreasing the amount of UVB radiation
available for the skin to produce previtaminD3. Thus, during the wintermonths
at latitudes distant from the Equator, where the angle of sunlight is tangential,
sunlight passes through more ozone, severely limiting the amount of UVB
radiation that reaches the earth’s surface and thus the cutaneous production
of vitamin D3. In northern latitudes such as in mid–North America or Europe,
the skin is incapable of producing sufficient vitamin D3 during the winter, even
with adequate exposure to the sun. In addition to geographic factors, popula-
tions in industrialized countries generally avoid sunlight by remaining mainly
indoors and going outside only when fully clothed and/or protected by sun-
blocking products. As a result, it is now well accepted that vitamin D deficiency
is widespread and chronic in most industrialized countries, predisposing indi-
viduals to an increased risk of a number of diseases, including cancer.72–78

Historically, it was assumed that the most important role of 1,25(OH)2D3 was
the regulation of calciummetabolism and promotion of bone health via interaction
with its major target tissues, the bone, kidney, intestine, and parathyroid gland.
Recently, however, it has been shown that vitaminD is important not just for bone
health but also for overall health andwell-being. Research over the past decade has
demonstrated that the risk of a host of chronic diseases and cancer are increased in
individuals who live in higher latitudes or have vitamin D deficiency. In addition,
the vitamin D receptor has been shown to be expressed ubiquitously throughout
most epithelia as well as in cells of the immune system. Via interaction with the
vitamin D receptor (VDR) in these tissues, 1,25(OH)2D3 is now known to confer
potent biologic effects that include protection against diabetes, hypertension,
autoimmune diseases, and cancer.75 Moreover, it has been recently elucidated
that these same tissues express CYP27B1 and thereby have the capacity to produce

16 A. Hoekstra and G.C. Rodriguez



the active form of vitamin D3 (1,25(OH)2D3) from circulating 25(OH)D3 (Fig. 1.1,
middle upper right, peripheral cell). It has been suggested that it is the 1,25(OH)2D3

produced locally in tissues rather than systemic 1,25(OH)2D3 produced in the
kidney that is responsible for the nonskeletal benefits of vitamin D nutrition
including its cancer-preventive effect.79–91 This is supported by the finding that it
is the serum level of 25(OH)D3 and not that of 1,25(OH)2D3 that has been
consistently shown to be inversely correlated with cancer risk. Systemic levels of
1,25(OH)2D3 are typically highly regulated and held within a tight range, whereas
25(OH)D3 levels varymarkedly relative to overall vitaminDnutrition. Thus, in the
setting of vitamin D deficiency, low levels of circulating 25(OH)D3 substrate may
significantly curtail local production of 1,25(OH)2D3 in tissues, whereas systemic
1,25(OH)2D3 levels may remain normal.75,78

The mechanism underlying the cancer-protective effect of vitamin D nutri-
tion may involve the activation by 1,25(OH)2D3 of a number of biologic effects
related to cancer prevention in tissues, including retardation of growth, induc-
tion of cellular differentiation, induction of apoptosis, and upregulation of
TGF-b.71,92–95 Induction of these cancer-preventive biologic effects in healthy
tissue may cause genetically damaged cells to be efficiently eliminated rather
than to persist to transform into cancers.

As described above, the source of 1,25(OH)2D3 for the diverse health benefits
of the vitamin, including cancer prevention, is likely to be local production of the
active hormone via conversion by 1-alpha-hydroxylase (CYP27B1) of circulating
25(OH)D3. Locally produced vitamin D then interacts with the vitamin D
receptor, leading to transcriptional events within the cell. Local levels of
1,25(OH)2D3 are held in delicate balance between the activity of CYP27B1,
which promotes 1,25(OH)2D3 synthesis, and the catabolic deactivation of vita-
min D, which occurs primarily via the action of CYP24, which hydroxylates 25-
hydroxyvitamin D compounds, thereby decreasing their potency.75 Factors that
modify the activity of the vitamin D receptor, CYP27B1, and CYP24 have the
potential to impact vitamin D signaling, synthesis, and catabolism, thereby
having the potential to significantly modify the biologic effect and potency of
the vitamin. In this regard, a growing body of evidence has linked polymorphisms
in the vitamin D receptor, CYP27B1, and CYP24 with the risk of diseases known
to be beneficially affected by vitamin D.96–105

VitaminD and Cancer. It has been estimated by vitaminD experts that asmany
as 50,000–63,000 individuals in the United States and 19,000–25,000 in the
United Kingdom die annually from cancer due to insufficient vitamin D, at a
cost to society of $40 billion to $50 billion.106 Strong epidemiologic evidence has
linked vitamin D deficiency (as measured by either lower serum 25(OH)D3

levels or lower ultraviolet exposure) to an increased risk of a number of cancers
including those especially relevant to women (such as breast, ovarian, colon,
and uterine cancer).107–111 There is a geographic distribution for most of these
cancers that favors a higher risk in northern than in southern latitudes in the
United States. For example, as shown in Fig. 1.2, there is a geographic variation
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in incidence and mortality of ovarian cancer, with higher levels in the north.

Patterns for breast, colon, and prostate cancer all show a similar pattern

essentially exhibiting higher rates in the northern states. Similarly, some of

the highest cancer incidence rates in Europe occur in the extreme northern

part of the continent where for several months each winter, the significant

lack of ultraviolet light essentially confers a vitamin D ‘‘holiday.’’
With regard to human ovarian cancer, a study has correlated population-

based data regarding ovarian cancer mortality in large cities across the United

States with geographically based long-term sunlight data reported by the

National Oceanic and Atmospheric Administration. The study demonstrated

a statistically significant inverse correlation between regional sunlight exposure

and ovarian mortality risk.112 Given that sunlight induces production of pre-

vitamin D in the skin, it is interesting to speculate that vitamin D might confer

protection against ovarian cancer via direct biologic effects in vivo on nonma-

lignant ovarian epithelium similar to that induced by progestins. For example,

through induction of apoptosis/and or TGF-b in the ovarian epithelium, vita-

min D may cause the selective removal of nonmalignant but genetically

damaged ovarian epithelial cells.113,114

Recently published case-control data also support the notion that vitamin D

confers ovarian cancer prevention at dosages of vitamin D easy to achieve

through the diet. Compared with a low dietary intake of vitamin D, a high

dietary intake of vitamin D was associated with a 50% reduction in ovarian

Cancer Mortality Rates by State Economic Area (Age-adjusted 1970 US Population
Ovary: White Females, 1970–94

US = 8.38/100,000
9.32–11.16 (highest 10%)

4.85–6.58 (lowest 10%)

8.90–9.31
8.61–8.89
8.36–8.60
8.15–8.35
7.86–8.14
7.50–7.85
7.12–7.49
6.59–7.11

Fig. 1.2 Ovarian cancer mortality rates by state economic area. Data source: American
Cancer Society
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cancer risk.115 Given the limitations of a dietary questionnaire, and the fact that
the most important source of vitamin D is not dietary but rather via sunlight
exposure, the data from this study provide powerful evidence that it may be
possible to achieve ovarian cancer–preventive effects through doses of vitamin
D that can be administered safely via the oral route.

NSAIDs

Epidemiologic and laboratory evidence suggests that NSAIDs and other anti-
inflammatory agents may have chemopreventive effects against a variety of
tumors.116 The data on NSAID use and ovarian cancer has been somewhat
inconsistent, but on balance the evidence suggests a protective effect of NSAID
use against ovarian cancer.117–122 In addition to NSAIDs, limited evidence also
suggests a possible protective effect of acetaminophen.117,120 The molecular basis
for theprotectiveeffectof theseagentshasnotbeenwelldefinedbutmayinvolvean
inhibitory effect of these agents on ovulation, modulation of local inflammatory
mediators in the ovarian environment, enhancement of the immune response, or
possibly a direct chemopreventive biologic effect on the ovarian epithelium.123–125

It has been shown, for example, that NSAIDs induce apoptosis in cells derived
from human ovarian epithelium, similar to progestins.126–128 In addition, the
structure of acetaminophen contains an acetyl group that has similarity to the
chemicalstructureofprogesterone,raising thepossibility thatacetaminophenmay
have progesterone-like biologic effects on the ovarian epithelium.

Retinoids

Retinoids are natural and synthetic derivatives of vitamin A. They have great
potential for cancer prevention due to a broad range of important biologic
effects on epithelial cells, including inhibition of cellular proliferation, induc-
tion of cellular differentiation, induction of apoptosis, cytostatic activity, and
induction of TGF-b. Retinoids have been shown to alter the activity of several
key signaling pathways relevant to carcinogenesis, including AP-1, mitogen-
activated protein kinase (MAPK), and the PI3K/Akt pathway.129

The use of vitamin A analogues has been limited by the requirement for large
pharmacologic doses to reach therapeutic efficacy. In addition, high dosages of
naturally occurring retinoids produce significant side effects. By modifying the
basic retinoid structure, analogues with reduced toxicity have been developed.
An example of such a compound is fenretinide (N-4-hydroxy-phenyl retinamide
[4-HPR]), a retinamide derivative of vitamin A, which is a promising chemo-
preventive compound with therapeutic efficacy in a variety of carcinogenesis
models. 4-HPR currently is being evaluated in clinical trials as a chemopreven-
tive agent for oral leukoplakia and breast and lung cancer.
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Epidemiologic and laboratory evidence suggests a potential role for retinoids
as preventive agents for ovarian cancer.130 A high dietary intake of 3-carotene
has been associated with a decreased ovarian cancer risk, whereas low serum
retinol levels have been associated with an increased risk of ovarian cancer. In
vitro, it has been reported that the growth of human ovarian carcinoma cell
lines and normal human ovarian epithelium is inhibited by retinoids. The
mechanism underlying this effect may involve induction of TGF-b or apoptosis
in ovarian epithelial cells.131–138 The most significant evidence supporting a
rationale for retinoids as chemopreventives for ovarian cancer is that of an
Italian study suggesting an ovarian cancer–preventive effect from the retinoid
4-HPR. Among women randomized to receive either 4-HPR or placebo in a
trial designed to evaluate 4-HPR as a chemopreventive for breast carcinoma,
significantly fewer ovarian cancer cases were noted in the 4-HPR group com-
pared with that in controls.139,140

Resveratrol and Red Wine

Resveratrol is a red wine polyphenol synthesized by a variety of plant species in
response to injury, ultraviolet irradiation, and fungal attack. It is a phytoestro-
gen that has been found to have activity in carcinogen metabolism, cellular
proliferation, inflammation, cell cycle regulation, and apoptosis.141 It activates
the antioxidant response element (ARE) of a variety of genes, turning on de
novo synthesis of these genes that encode detoxification or antioxidant
enzymes/proteins. Studies using animal models have confirmed its inhibitory
role in carcinogenesis, showing a decrease in incidence of skin, breast, and
esophageal cancer when the animals were pretreated with reseveratrol.142

An Australian case-control study examined the relationship between alco-
hol, wine, and ovarian cancer. Prior epidemiologic studies had shown an
increased, decreased, or null association of ovarian cancer with alcohol intake.
However, many of these studies had limited power to detect an effect because of
small numbers, particularly for higher levels of alcohol intake, and did not
differentiate between the effects of types of alcohol. Six hundred ninety-six
women with epithelial ovarian cancer and 786 controls were interviewed, and
information about diet and alcohol consumption was elicited.143 Compared
with nondrinkers, the odds ratio (OR) for women who drank an average of=2
standard drinks/day was 0.49 (95% confidence interval [CI]=0.30 to 0.81) and
was 0.56 (95% CI=0.33 to 0.93) for women who drank=1 glass/day versus
nondrinkers. This effect was restricted to wine, as no effect was seen for beer
(OR=1.26, 95% CI=0.65 to 2.46) or sherry/spirits (OR=1.07, 95%
CI=0.59 to 1.95). Combining these results with the six previous population-
based studies gave a pooled OR of 0.72 (95% CI=0.54 to 0.97) for the highest
alcohol intake group versus nondrinkers. These data suggest that the benefit of
wine for protection from ovarian cancer was a consequence of antioxidants
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and/or phytoestrogens in wine rather than the effect of alcohol itself. The
relationship between consumption of wine and beer was further confirmed in
the Swedish Mammography Cohort.144 This cohort of 61,084 women was
followed for more than 13 years, and 266 women were diagnosed with epithelial
ovarian cancer during that time. Information on consumption of alcoholic
beverages was obtained through a mailed food frequency questionnaire.
There was a significant decrease in the risk of ovarian cancer with=1 glass/
week of wine with a relative risk (RR)=0.37 (95%CI, 0.15 to 0.93) and a trend
toward an increase in risk of ovarian cancer with=1 glass/week of beer, with
RR=1.35 (95% CI, 1.00 to 1.81).

Soy and Other Dietary Phytochemicals

Observations of decreased rates of a variety of diseases (i.e., breast and prostate
cancer, osteoporosis) in populations with high dietary intake of soy products
has led to the study of the impact of isoflavones and other dietary phytochem-
icals on human health. Dietary phytochemicals, including phytoestrogens and
isothiocyanates, are found in fruits, soy, and vegetables. Isoflavones, a class of
phytoestrogens found in soy-based foods, have antiestrogenic and antiproli-
ferative effects.145 The three major forms of soy isoflavones are genistein,
glycitein, and daidzein. The literature suggests that genistein offers the most
significant health benefits associated with the isoflavones. Isothiocyanates,
precursors of which are found in cruciferous vegetables, can inhibit metabolic
activation and enhance detoxification of carcinogens,146 alter apoptosis, pro-
tect against oxidative damage, and exert antiestrogenic effects,147 possibly in
synergy with isoflavones.148 The mechanism of action of most phytochemicals
involves the targeting of signal transduction pathways such as the NF-kB,
COX-2, Akt, MAPK, p53, androgen receptor, and estrogen receptor pathways.

Both epidemiologic and laboratory data support the role of phytochemicals
in the prevention of ovarian cancer. Block et al., in a review of more than
200 epidemiologic studies, found a significant protective effect of fruit and
vegetable intake against many cancer types, including ovarian cancer.149

Block and others found up to 1000 different phytochemicals, including sele-
nium, alkaloids, organosulfur compounds, nitrogen-containing compounds,
phenolics, and carotenoids, that may have chemopreventive activity in foods
such as avocado, cranberry, apple, grape, pomegranate, tea, peanuts, soy
products, milk, and in many other fruits and vegetables.150–152 In vitro studies
in a variety of cancer cell lines, including ovarian cancer, have shown that these
natural chemopreventive agents lead to inhibition of proliferation and
apoptosis.150,153–156

The role of isoflavones and isothiocyanates, as well as other dietary factors, in
the development of ovarian cancer was examined in the prospective California
Teachers Study. The California Teachers Study cohort analyzed dietary factors

1 Chemoprevention of Ovarian Cancer 21



and incidence of ovarian cancer among 97,275 women. Those who consumed
3mgper day of total isoflavones had a 44% lower risk of ovarian cancer than that
of women who consumed less than 1 mg (RR=0.56, CI=0.33 to 0.96). Typical
soy foods such as tofu or soymilk contain, on average, about 20 to 50 mg per
serving depending on processing.

Omega-3 Fatty Acids

Omega-3 fatty acids (OM-3FAs) are polyunsaturated fats that have been referred
to as essential fatty acids because they cannot be synthesized by mammals and
must be obtained from the diet.158 In early human diets, the ratio of omega-6
fatty acids (OM-6FAs) to OM-3FAs was approximately equal. The evolution of
the modern Western diet has altered the ratio of OM-6FAs/OM-3FAs such that
the OM-6FAs are in greater proportion than the OM-3FAs. The altered ratio of
OM-3FAs to OM-6FAs is thought to be partially responsible for the increased
risk of cardiovascular disease as well as cancers such as breast and colon. In fact,
the increase in breast cancer risk in Japanese women over the past four decades is
thought to be related to a change in diet favoring a high OM-6FAs/OM-3FAs
ratio.158 Inversely, changing the ratio of the OM-6FAs/OM-3FAs to favor the
OM-3FAs has been shown to have suppressive growth effects on cancerous cells
within in vitro systems and in vivo animal models.158

Epidemiologic studies indicate that populations that consume high amounts
of OM-3FAs have a lower incidence of breast, prostate, and colon can-
cers.159–161 Population-based studies have also shown that diets rich in poly-
unsaturated fatty acids (PUFAs) such as linolenic acids (an omega-3 fatty acid)
and fish (an important source of omega-3 fatty acids) have a protective effect
against ovarian cancer.159–164 Recently published data suggest that OM-3FAs
have definitive growth-suppressive effects on epithelial ovarian cancer cell lines
and that this effect may be mediated, in part, by p53 status.165 There is also
evidence that OM-3FAs may work by inducing the TGF-beta/Smad signaling
pathway as well as downregulating the COX-1 enzyme, both important mole-
cular cancer-preventive pathways.166

Combinatorial Chemoprevention

The process of carcinogenesis is complex and is heterogeneous with regard to
the numerous combinations of genetic and epigenetic events that can occur in
an individual cell leading to neoplastic transformation. Thus, optimal strategies
for cancer treatment involve simultaneous administration of multiple chemo-
therapeutic agents to overcome chemoresistance. Administration of multiple
agents, ideally working via different mechanisms of action, increases the dose
intensity and the likelihood that cancer cells will be susceptible to treatment. In
addition, the likelihood of treatment failure is decreased in that the acquisition
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of chemoresistance requires that resistant clones of cancer cells adapt to more
than one therapeutic agent.

Similar to chemotherapy treatment of full-fledged cancers, it is likely that an
optimal cancer-preventive strategy can be best achieved using a combination of
chemopreventive agents. A combinatorial chemopreventive strategy could
achieve enhanced cancer-preventive efficacy while minimizing the risk of failure
due to dysplastic cells that are resistant to one or more preventive agents.167,168

Fortunately, compared with fully malignant cells, the dysplastic cells targeted
by a chemopreventive approach are less likely to harbor multiple genetic
alterations, decreasing the likelihood for resistance. Importantly, if the combi-
nation of preventive agents chosen has a synergistic effect on cancer-preventive
molecular pathways and non-overlapping toxicities, it may be possible to
achieve both increased cancer-preventive efficacy while reducing the dosage
of each agent, thereby lessening the long-term risks associated with
chemoprevention.

Animal Models for Ovarian Cancer: Relevance of the Domestic

Fowl for Chemoprevention Research

The lack of a valid ovarian cancer animal model has been a major obstacle to
ovarian cancer prevention research. In order to develop effective chemopreven-
tive strategies for ovarian cancer in a timely fashion, animal models that closely
mimic human ovarian cancer are desperately needed. Human prevention trials
are costly, requiring large numbers of subjects and many years to complete.
Development of an animal model for ovarian cancer prevention research would
represent a significant breakthrough allowing the expedited evaluation of
numerous agents. Ideally, this would lead to the rapid identification of a select
number of agents with the greatest potential for ovarian cancer prevention and
treatment that could then be evaluated in human trials.

Great progress has beenmade over the past two decades in the development of
animal models for ovarian cancer. Each generation of animal model has had its
advantages and limitations. The earliest models employed a xenograft approach
in which human ovarian tumor cells or tissues were grown in immunodeficient
mice.169–173 The xenograft model preserved the complex interactions that occur
between cancers cells and their microenvironment, including stromal-epithelial
cell interactions, as well as influences of matrix proteins, growth factors, and
angiogenesis. Thus, this model was a great advance over cell culture model
systems and advanced the study of therapeutic interventions. However, an
important weakness in the xenograft model was the lack of host immunity,
which severely limited the ability to reliably predict the impact of noncancer
immune-host influences on outcomes. In addition, tumors were introduced in the
xenograft model rather than arising as primary lesions in the ovary thus allowing
the investigation of therapeutic, but not chemopreventive, interventions.
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Very recently, the advent of several genetically engineered mouse models has
facilitated the investigation of ovarian cancer pathogenesis and pharmacologic
interventions in the context of both an intact tumor microenvironment as well
as a host immune system.174–178 These genetically engineered models feature
both the development of ovarian cancers in situ in the ovary and a metastatic
pattern similar to that of human ovarian cancer. In addition, some of these
models even have one or more oncogene or tumor suppressor gene alterations
similar to that of human ovarian cancer.175,177 However, even these models
have features that significantly limit their usefulness for studying human ovar-
ian carcinogenesis. Importantly, genomic alterations occur in the germ line and
thus may confer abnormal influences during embryonic development, in con-
trast with human ovarian cancer, which occurs spontaneously in the mature
ovary. An additional limitation is the induction of ovarian tumors by genomic
alterations that occur infrequently in human ovarian cancer.174,176 Thus, some
of these models may have utility for studying interventions directed against
specific ovarian cancer genotypes but may not be useful for studying the natural
evolution of the disease at it occurs in humans.

In order for an ovarian cancer animal model to yield insights that are likely
to have a meaningful impact on the prevention or treatment of women with the
disease, it is important that the model recapitulates as many aspects of human
ovarian cancer as possible. Ideally, ovarian cancers in the model should be
adenocarcinomas that arise in the ovarian surface epithelium and have an
intraperitoneal spread pattern similar to that of human ovarian cancer. Pre-
ferably, the neoplastic process should arise in the mature ovary and not be
subject to abnormal influences present during embryologic development. In
order to account for the impact of the host on tumor growth and response to
therapy, the animal should have intact immunity. In addition, the tumors that
develop should have a genetic profile similar to that of human ovarian cancer.
Finally, for the purpose of chemoprevention research, it is ideal that the tumors
have a long latent phase.

The chicken ovarian cancer animal model poses an attractive alternative to
genetically engineered mouse models and has features that make it ideal for
ovarian chemoprevention research. The most relevant feature of the domestic
hen is its high incidence of spontaneous ovarian cancer, which ranges from 11%
to 35% between 4 and 6 years of life.179,180 This makes the laying chicken
unique relative to other animals that require either experimental induction or
genetic engineering to induce the development of ovarian tumors.169–178,181–193

Thus, the developing ovary in the chicken is not subject to the abnormal
influences associated with tissue-specific promoter-driven oncogenes. In addi-
tion, the chicken model shares many characteristics of human ovarian cancer.
Ovarian cancers arise in the adult, mature ovarian surface epithelium in animals
that have intact immunity. Tumors develop after a long latent phase, making
the model well suited for investigation of chemopreventive strategies. Similar to
human ovarian cancer, tumor incidence is impacted by the number of lifetime
ovulatory events, and progestins confer chemopreventive effects.194 Finally, we
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have recently observed a number of genetic features in chicken ovarian adeno-
carcinomas that parallel those in human ovarian cancer, including frequent
alterations in p53, and HER-2/neu, and infrequent alterations in ras.195 We
have shown alterations in p53 in 48% of chicken adenocarcinomas. In addition,
similar to human ovarian cancers, we found the prevalence of p53 alterations in
chicken ovarian cancers correlated with the number of lifetime ovulations.
Thus, in chickens as in women, the process of ovulation with repeated cycles
of rupture and then repair of the ovarian epitheliummay increase the number of
proliferative events and genetic errors in the ovarian surface epithelium, leading
to more p53 mutations. Overall, in the chicken, no mutations were seen in H-
ras, and only 2 of 172 tumors (1.1%) had K-ras mutations. Thus, mutations in
the ras oncogene are rare in chicken ovarian cancers, similar to that in human
ovarian cancers. Finally, 10 of 19 chicken ovarian adenocarcinomas (52.6%)
demonstrated significant HER-2/neu staining, and significant expression of
HER-2/neu was associated with the larger ovarian tumors, suggesting that it
may be a marker of cancer aggressiveness in the chicken. This is similar to what
has been shown in human ovarian carcinomas, where HER-2/neu overexpres-
sion has been reported in as high as 50% of human ovarian cancers and has
been associated with tumors that are more aggressive.196,197 Clearly, the
chicken, like any other animal model, is far removed from humans and thus
suffers from this great limitation. Nonetheless, the clinical and genetic findings
in the chicken model bear a resemblance to that in human ovarian carcinomas,
thereby providing support for the chicken ovarian cancer animal model. More
work is needed to further validate the model and importantly to test whether
chemopreventive interventions in the chicken can be reliably translated to
humans.

Although the best use of the chicken model remains to be determined, we
believe that the model is ideally suited for chemoprevention research. By 2 years
of age, young birds will have had more ovulatory events than occur in 1–2
lifetimes in women. These young birds, who rarely have malignancy, but who
presumably have incurred initiating events in the ovary, can be randomized to
chemopreventive interventions with the goal of determining the impact of these
interventions on ovarian cancer incidence 12–24 months later.
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Chapter 2

Staging and Surgical Treatment

Mario M. Leitao, Jr., and Richard R. Barakat

Introduction

The treatment of ovarian cancer truly involves a multimodal approach with
surgery as the cornerstone. Surgery serves many roles in addition to providing a
definitive diagnosis. In disease grossly confined to the ovary and/or pelvis,
surgery can provide accurate and comprehensive staging based on the known
patterns of spread. Many patients with clinically apparent early-stage ovarian
cancer will be upstaged after comprehensive surgical staging. Accurate staging
is crucial for a credible prognosis and as a guide for additional therapeutic
approaches. The role of surgery for grossly advanced ovarian cancer is cytor-
eduction (debulking) of large tumor volume, which results in improved out-
comes. Surgical cytoreduction also may improve the survival in select patients
with recurrent disease. Surgery is considered in the palliation of many symp-
toms of advanced ovarian cancer. Patients with ovarian cancer will benefit from
being treated by physicians with special expertise in the surgical management of
this disease. Invasive epithelial ovarian cancers account for the vast majority of
ovarian cancers. This chapter primarily refers to this type of ovarian cancer
unless otherwise specified.

Staging and Early-Stage Ovarian Cancer

Staging System

Ovarian cancer is staged primarily using criteria defined by the International
Federation of Gynecology and Obstetrics (FIGO).1 The FIGO staging system
for ovarian cancer is depicted in Table 2.1 and mandates surgical exploration for
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patients without obvious extrapelvic disease. There are correlates of the FIGO

staging system within the American Joint Committee on Cancer (AJCC)

TNMsystem (a staging system for classifying malignant tumors. T describes the

size of the tumor, N describes the regional lymph nodes that are involved, andM

describes metastasis). However, the majority of physicians treating patients with

ovarian cancer use the FIGO system, and almost all published literature relies on

this system. Patients with obvious extrapelvic disease at presentation will already

be either FIGO stage IIIC or IV, and in these cases the goal of surgery is

cytoreduction and not staging.
Comprehensive surgical staging of ovarian cancer appearing to be grossly

confined to the ovaries or pelvis includes total abdominal hysterectomy (TAH),

bilateral salpingo-oophorectomy (BSO), bilateral pelvic and para-aortic lym-

phadenectomy to the renal vessels, omental biopsy, peritoneal washing, and

systematic peritoneal surface biopsies. The results of a complete para-aortic

lymphadenectomy for ovarian cancer are shown in Fig. 2.1. This procedure

traditionally has been performed via laparotomy using a large vertical midline

abdominal incision.
Minimally invasive approaches with laparoscopy have been preliminarily

described and may be safely performed by experienced surgeons.2–9 Trocar site

placement for laparoscopic surgical staging of ovarian cancer is depicted in

Table 2.1 International Federation of Gynecology and Obstetrics (FIGO) staging system for
ovarian cancer (Pecorelli et al.1)

I Limited to the ovaries

IA Limited to one ovary, capsule intact, no tumor on ovarian surface, no malignant
cells in the ascites or peritoneal washings.

IB Limited to both ovaries, capsule intact, no tumor on ovarian surface, no malignant
cells in the ascites or peritoneal washings.

IC Limited to one or both ovaries, with any of the following: ovarian capsule ruptured,
tumor on ovarian surface, presence of malignant cells in the ascites or peritoneal
washings.

II Tumor involves one or both ovaries with pelvic extension.

IIA Extension and/or implants in uterus and/or tubes, no malignant cells in the ascites or
peritoneal washings.

IIB Extension to other pelvic organs, no malignant cells in the ascites or peritoneal
washings.

IIC Above with positive malignant cells in the ascites or positive peritoneal washings.

III Tumor involves one or both ovaries with confirmed peritoneal metastasis outside
the pelvis and/or regional lymph node metastasis.

IIIA Microscopic peritoneal metastasis beyond the pelvis.

IIIB Macroscopic peritoneal metastasis beyond the pelvis �2 cm in greatest dimension.

IIIC Macroscopic peritoneal metastasis beyond the pelvis �2 cm in greatest dimension,
and/or regional lymph node metastasis (including inguinal nodal metastasis),
and/or superficial liver capsular metastasis.

IV Distant metastasis beyond the peritoneal cavity, and/or parenchymal liver metastasis,
and/or malignant pleural effusion.
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Fig. 2.2. A minimum of four 5- to 12-mm trocars are used to allow for passage
of various laparoscopic instruments. Additional ports are sometimes helpful for
retraction of bowel. Multiple instruments are available. We have found that
using an argon beam coagulator (ABC) and various graspers facilitates the
lymphadenectomy. Typically, the para-aortic lymphadenectomy is performed
with the laparoscope in the suprapubic trocar and the ABC in the umbilical
trocar. The lymphadenectomy is then started by incising the peritoneum just
lateral to the upper common iliac artery and then extended cephalad to the
duodenum. The duodenum is then mobilized and the space developed to the

Left ovarian 

IMA 

Fig. 2.1 Appearance of the
para-aortic nodal region
after a comprehensive
para-aortic
lymphadenectomy.
IMA=inferior mesenteric
artery

Fig. 2.2 Trocar site
placement for laparoscopic
surgical staging of ovarian
cancer
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right renal vein. The lymphatic tissue overlying the inferior vena cava from
the aorta to the psoas fascia is removed in its entirety. The ureter courses nearby
and should be identified so as not to injure it. The left para-aortic lymphade-
nectomy is performed in a similar fashion by developing the space across the
aorta to the left psoas. The inferior mesenteric artery may be ligated and
transected if necessary to allow better visualization of this space. The lymphatic
packages may be removed directly through one of the port sites with or without
specimen retrieval bags. The omentectomy can be performed with the assistance
of a vessel-sealing device and also delivered through a trocar site with a speci-
men retrieval bag.

The pelvic lymphadenectomy and TAH&BSO is then performed by exchan-
ging the entry sites for the laparoscope and ABC. The lymphatic tissue over-
lying the external iliac artery from the circumflex iliac vein back to the mid
common region is then removed with the lateral boundary being the genitofe-
moral nerve. The dissection is carried to the lymphatic tissue overlying the
internal iliac artery and the tissue within the obturator space superior to the
obturator nerve. A total laparoscopic or laparoscopic-assisted vaginal hyster-
ectomy is performed either before or after the pelvic lymphadenectomy based
on surgeon preference. Descriptions of laparoscopic hysterectomies may be
found in various surgical texts and atlases.

The surgical and oncologic outcomes of laparoscopic surgical staging of
ovarian cancer appear to be very similar to those seen with surgical staging
via laparotomy (Table 2.2).2–9 However, it should be recognized that all of these
series are small retrospective reports and not all had a comparative group. The
lymph node counts as well as omental specimen size obtained laparoscopically

Table 2.2 Comparison of laparoscopy and laparotomy for the surgical staging of ovarian
cancer

Chi et al.7 p Value Ghezzi et al.8 p Value Park et al.9 p Value

N

LRS 20 15 19

LAP 30 19 33

Mean BMI, kg/m2

LRS 24.6 23.8 23.2

LAP 25.4 NS 25.8 0.05 22.7 NS

Mean pelvic lymph node counts

LRS 5.8 (L); 6.5 (R) 25.2 27.2

LAP 7.1 (L); 7.6 (R) NS 25.1 NS 33.9 NS

Mean para-aortic lymph node counts

LRS 2.9 (L); 3.8 (R) 6.5 6.6

LAP 4.8 (L); 4.4 (R) NS 7 NS 8.8 NS

Mean omental specimen, cm3

LRS 186 — 159.5
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appear to be similar to those obtained via laparotomy.7–9 Operative times for

laparoscopy were noted to be significantly longer in two series.7–8 Park et al.,

however, reported a significantly shorter time for laparoscopic staging.9 Mean

estimated blood loss, numbers of complications, and length of postoperative

hospital stays all appear to diminish when surgeons use a laparoscopic approach

compared with use of laparotomy.7–9 Lecuru and colleagues reported similar

oncologic outcomes regardless of initial surgical approach.6 The preliminary

results reported thus far for laparoscopy will require further long-term follow-

up. Ideally, a randomized trial is needed to truly compare laparoscopic and

laparotomic surgical staging for ovarian cancer in terms of both perioperative

outcomes as well as long-term oncologic outcomes. There also existed a theore-

tical concern about port-site metastasis after laparoscopy. This rate of port-site

metastasis is exceedingly low (0.64%) and is not seen as an isolated event.10

The importance of comprehensive surgical staging was first reported by

Young and colleagues in 1983.11 Systematic restaging was prospectively per-

formed in a cohort of patients referred to Ovarian Cancer Study Group institu-

tions with a diagnosis of ‘‘early’’ ovarian cancer. Upstaging occurred in 31% of

cases, with 23% of the entire cohort being upstaged to FIGO stage III due to

extrapelvic and retroperitoneal nodal metastases. Le et al. reported a 36% rate of

upstaging after comprehensive staging of disease grossly confined to the ovary,

with 60% of those upstaged reclassified as FIGO stage III.12 Isolated nodal

metastases were present in 12% of the cases in this series. Additional studies

demonstrated that microscopic lymph node metastases are detected in 9%–23%

Table 2.2 (continued)

Chi et al.7 p Value Ghezzi et al.8 p Value Park et al.9 p Value

LAP 347 NS — — 274.2 NS

Mean operative time, min

LRS 321 377 220.7

LAP 276 0.04 272 0.002 274.7 0.01

Mean estimated blood loss, ml

LRS 235 250 240

LAP 367 0.003 400 NS 568.2 0.005

Blood transfusions, N (%)

LRS — 1(6.7) 1(5.3)

LAP — — 2(10.5) NS 10(30.3) 0.04

Mean length of hospital stay, days

LRS 3.1 3 8.9

LAP 5.8 <0.001 7 0.001 14.5 0.002

Complications, N (%)

LRS 0(0) 2(13.3) —

LAP 2(7) NS 8(42.1) NS — —

LRS, laparoscopy; LAP, laparotomy; BMI, body mass index; NS, non-significant.
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of patients with clinical stage I or II disease.13–15 Comprehensive and optimal
staging is strongly associated with outcomes and affects treatment decisions.12,16

Bilateral pelvic and para-aortic lymph node dissection to the level of the
renal vessels should be performed in all patients undergoing staging. Isolated
para-aortic nodal and isolated contralateral nodal metastases are frequently
detected. Cass and colleagues found that 36% of patients with disease confined
to the ovary and nodal metastases had involvement of the para-aortic nodes
alone.14 In addition, 30% of the patients with nodal metastases had contral-
ateral involvement alone. Tsumura et al. reported only para-aortic nodal
metastases without pelvic nodal metastases in a similar group of patients.15 A
very large portion of the para-aortic metastases were found cephalad to the
inferior mesenteric artery. Palpation alone by specialists in the treatment of
ovarian cancer, even with the opening of the retroperitoneal spaces, will miss up
to 36% of all microscopic metastases, deeming it inadequate.17,18

Comprehensive staging with bilateral pelvic and para-aortic lymphadenect-
omy is not necessary in patients who have a final pathologic diagnosis of
ovarian borderline tumor as it is neither prognostic nor therapeutic if there is
no macroscopic disease. In a large review of the Surveillance, Epidemiology,
and End Results (SEER) database, the 10-year survival for stage III ovarian
borderline tumors was 96% compared with 99% for stage I.19 Similarly, the risk
of recurrence or death was reported by Winter and colleagues to be exactly the
same regardless of whether patients were staged or unstaged.20

Fertility Preservation

The ‘‘standard’’ approach for surgical staging in ovarian cancer will obviously
eliminate any possibility of future childbearing. Fertility-preserving surgical
approaches are not usually considered for patients with advanced disease and
in those with obvious involvement of both ovaries or uterus. However, it is the
preferred approach in young patients, desirous of fertility preservation, with
ovarian borderline tumors and those with germ cell and sex cord–stromal
tumors of the ovary with disease grossly confined to the ovary.21–28 Fertility
preservation may even be possible for patients with advanced-stage ovarian
borderline tumors. The rate of recurrence is slightly higher in patients with
ovarian borderline tumors who undergo fertility-sparing procedures, but the
overall survival is the same, regardless of stage, compared with that of patients
who undergo a TAH & BSO.21–28

Fertility-preserving procedures may also be an option in selecting young
patients with ovarian carcinoma grossly confined to only one ovary.29–36 All of
the above- mentioned procedures for staging are still performed except that the
contralateral normal-appearing ovary and normal-appearing uterus are left in
place. Biopsy of a normal contralateral ovary is not needed. Table 2.3 describes
the reported outcomes in patients with ovarian carcinoma that underwent
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fertility-sparing procedures. The best candidates would be patients with FIGO
stage I (preferably FIGO stage IA). The reported oncologic outcomes appear to
be similar to those reported in other series of traditionally treated patients with
early-stage ovarian carcinoma. The rates of recurrence for patients with fertility
preservation and those without were reported in two series in Table 2.3; the rates
for both groups were similar. All of these reports have small numbers of cases.

Surgery for Advanced-Stage Ovarian Cancer

Stage is apparent in patients with grosslymetastatic intraperitoneal disease. The
goal of surgery in the setting of advanced disease is tumor cytoreduction
(debulking). Tumor cytoreduction of advanced ovarian cancer has both theo-
retical and clinical benefits. The optimal approach to the management of
advanced ovarian cancer is an attempt at optimal cytoreduction followed by
postoperative chemotherapy. Randomized trials addressing the value of initial
cytoreduction have not been completed and reported. However, there is an
overwhelming body of nonrandomized literature supporting tumor cytoreduc-
tion for ovarian cancer. Interval cytoreduction after a course of neoadjuvant
chemotherapy may be an option for select patients. Cytoreductive, as well as
video-assisted thoracoscopic surgery (VATS) procedures may also be useful in
the management of patients with stage IV ovarian cancer.

Theoretical Benefits Supporting Surgical Cytoreduction

A key concept in understanding the potential benefits of tumor cytoreduction is
the ‘‘Gompertzian’’ cell growth curve. Tumor cell numbers tend to increase
exponentially over time, and the rate of growth is faster in the earlier part of the
curve when tumors are relatively small.37 Log-kill of tumors with chemotherapy
is therefore probably greater in tumors of smaller volume.37 Surgical cytoreduc-
tion of tumor volume is thought to offer patients a greater chance of response to
chemotherapy based on this concept. Surgical cytoreduction is generally not
attempted without a plan for administering postoperative chemotherapy, as
surgery alone is rarely curative.

The elimination of potentially chemoresistant cells is another potential
benefit of surgical cytoreduction. The probability of spontaneous mutations
and drug-resistant phenotypes increases as tumor size and cell numbers increase
according to themathematical model of Goldie and Coldman.38 It is reasonable
to think that primary cytoreductive surgery will remove existing resistant tumor
cells and decrease the spontaneous development of additional resistant cells. In
addition, surgery has the potential to remove large tumor masses with poor
blood flow, allowing better distribution of intratumoral chemotherapy. These
theoretical benefits are supported by the many reported clinical benefits.
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Clinical Benefits Supporting Surgical Cytoreduction

No prospective trials have been completed and reported addressing the benefit
of primary surgical cytoreduction prior to chemotherapy. Unsuccessful
attempts have been made to conduct such trials in the United States. In the
absence of a prospective trial, an overwhelming body of retrospective experi-
ence has been reported supporting the benefit of primary surgical cytoreduc-
tion. The immediate clinical benefits of surgical cytoreduction are improved
patient comfort, gastrointestinal function, nutrition, and quality of life.39 Opti-
mal surgical cytoreduction has been shown to improve both progression-free
and overall survival.

The concept of ‘‘maximal surgical effort’’ for patients with ovarian cancer
was introduced in the 1930s but was first quantified and correlated with out-
come in a report by Griffiths in 1975.40 This report was published before the
current practice of using platinum- and taxane-based regimens as standard
therapies. Single-agent melphalan was used after primary surgery in a series
of patients reported by Griffiths. The amount of residual tumor was an inde-
pendent predictor of survival. The respective mean survival times for patients
with no gross residual, gross residual�0.5 cm, gross residual of 0.6–1.5 cm, and
gross residual>1.5 cm were 39 months, 29 months, 18 months, and 11 months,
respectively (Table 2.4).11,41,42 These findings have been subsequently con-
firmed by many authors.

The value of surgical cytoreduction was further supported by a landmark
publication by Hoskins and colleagues.41 A subset analysis was performed of
two Gynecologic Oncology Group (GOG) randomized therapeutic trials. The
4-year survival was greatest for patients with no gross residual disease (60%)
compared with that for those with gross residual �1 cm (35%), gross residual

Table 2.4 Select reports of primary surgical cytoreduction prior to chemotherapy admini-
stration in patients with advanced epithelial ovarian cancer

Author Year
Residual
disease (cm) N

Mean/median survival
(months)

5-year survival
(%)

Griffiths40 1975 0 29 39

0–0.5 28 29

0.6–1.5 16 18

>1.5 16 18

Hoskins
et al.41

1994 0 97 60

�1 246 35

1–2 cm 31 35

�2 263 <20

Chi et al.42 2006 0 67 106

�0.5 70 66

0.6–1 99 48

1–2 53 33

>2 176 34
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1–2 cm (35%), and gross residual �2 cm (Table 2.1).11,41,42 There was no
difference in survival, regardless of increasing tumor residual, in the group of
patients with gross residual �2 cm. The greatest advantage was observed in
patients with tumor residual <2 cm, although those with no gross residual
appeared to have the best survival advantage. The group of patients with
gross residual of 1-2 cm and the group with no gross residual was small
compared with the other groups. This may account for the lack of statistical
significance between no gross residual and any gross residual or gross residual
of �1 cm and 1–2 cm. The GOG went on to establish the current definition of
‘‘optimal’’ cytoreduction as largest residual �1 cm based on these and other
subsequent reports, and the �1 cm cutoff point remains the currently accepted
definition of optimal cytoreduction. Recent reports support aggressive
attempts to achieve complete gross resections. A benefit is still maintained for
an optimal cytoreductive effort short of a complete gross resection and should
include extensive upper-abdominal procedures as needed.

The benefit of aggressive surgical cytoreduction has been questioned.43,44

Opponents suggest that aggressive surgery may only benefit patients with less
advanced disease and that the ability to achieve an optimal cytoreduction is
merely a reflection of tumor biology. Some argue that an optimal cytoreduction
was most beneficial in the era of less effective chemotherapeutic agents prior to
platinum and taxanes. A recent large meta-analysis incorporating 53 studies
and 6885 patients clearly demonstrated that one of the most powerful determi-
nants of survival among patients with stage III or IV ovarian cancer treated
with adjuvant platinum-based therapies was maximal cytoreduction
(Fig. 2.3).45 Patient cohorts with �75% maximal cytoreductive efforts had a
median survival of nearly 37 months compared with a median survival of only
23 months for cohorts with �25% maximal effort.
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Extensive upper-abdominal disease was the most frequent reason for sub-
optimal cytoreduction, and many centers reported optimal rates of less than
50%. A recent change in surgical approach has led to the routine use of
extensive upper-abdominal procedures.46 The following procedures, in addi-
tion to hysterectomy, bilateral salpingo-oophorectomy, and omentectomy, are
now performed and should be considered in order to obtain an optimal cytor-
eduction: enterectomy, colectomy, rectal resection, resection of retroperitoneal
nodal disease, diaphragm peritonectomy/resection, splenectomy, distal pan-
createctomy, liver resection, resection of porta hepatis disease, and cholecys-
tectomy.46 Optimal cytoreduction rates significantly improved at our institu-
tion (from 50% to 76%) after the incorporation of aggressive upper-abdominal
procedures.46

The addition of extensive upper-abdominal surgery has improved the survi-
val in patients with stages IIIC to IV epithelial ovarian cancer (EOC).47,48

Patients who require extensive upper-abdominal procedures to achieve optimal
cytoreduction have the same progression-free, disease-specific, and overall
survival compared with that of patients who do not require an extensive resec-
tion to achieve an optimal cytoreduction.47,48 These findings do not support the
notion that bulky upper-abdominal disease indicates poor tumor biology.
Patients with EOC who are seen by physicians who frequently perform radical
abdominal procedures to achieve optimal cytoreduction will have improved
survivals.48 The incorporation of these radical procedures at our institution has
resulted in a significant improvement of overall survival (unpublished abstract).
The overall median survival increased from 43 months during the period
1996–1999 to 58 months during the period 2001–2004 (p¼ 0.04).

We have also demonstrated that maximal removal of tumor provides the
greatest chances of long-term survival.42 Similar findings were reported by
Aletti and colleagues.48 In our series, the median survival for patients with no
gross residual was 106 months compared with 66 months for those with gross
residual �0.5 cm, 48 months for gross residual 0.6–1 cm, 33 months for gross
residual 1–2 cm, and 34 months for gross residual >2 cm (Table 2.4).11,41,42 No
gross residual disease was a strong independent predictor of survival compared
with that for gross residual disease �1 cm or gross residual >1 cm. The
difference seen for gross residual disease �0.5 cm compared with that for
gross residual 0.6–1 cm was not statistically significant, but there was still an
18-month difference.

The benefit of tumor cytoreduction for stage III ovarian carcinoma was
again recently supported by an ancillary analysis of 1895 patients that partici-
pated in published GOG protocols.49 Patients with no gross residual tumor
after initial cytoreduction prior to randomization to a platinum-taxane regimen
had the longest progression-free survival (PFS) and overall survival (OS). The
median PFS and OS for these patients were 33 months and 72 months, respec-
tively. In contrast, the median PFS and OS were 17 months and 42 months,
respectively, for patients with 0.1- to 1-cm residual and 14 months and 35
months, respectively, for those with >1-cm residual. The amount of residual
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disease was the strongest independent predictor of outcome on multivariate
analysis. Age and histologic cell type also were independent predictors to a
lesser degree.

All patients who have undergone an optimal cytoreduction should receive
platinum- and taxane-based adjuvant chemotherapy. Intraperitoneal chemo-
therapy should be discussed with all patients preoperatively. Adjuvant intra-
peritoneal and intravenous chemotherapy improves survival in patients with
optimally debulked stage III EOC compared with that for intravenous therapy
alone.50 Intraperitoneal catheters may be placed at the time of optimal
cytoreduction.

Stage IV Ovarian Carcinoma

Optimal cytoreduction has also been associated with an improved survival in
patients who have stage IV EOC (Table 2.5).51–57 The median survival for
‘‘optimally’’ debulked stage IV disease, however, is nearly half of that for
optimally debulked stage IIIC EOC. It is important to be able to appropriately
select those patients with stage IV EOCwho may have the greatest benefit from
an aggressive surgical cytoreduction.

VATS is now commonly used at our institution for patients withmoderate to

large pleural effusions.58 We define a moderate to large pleural effusion as the

presence of layering fluid occupying greater than or equal to one-third of the

pleural cavity on upright chest radiograph. VATS will identify macroscopic

disease in 65% of these patients. In addition, 48% of patients with moderate to

Table 2.5 Outcomes for patients with FIGO stage IV ovarian cancer who underwent primary
surgical cytoreduction followed by adjuvant chemotherapy

Series Year Residual (cm) No. patients Median survival (months)

Goodman et al.51 1992 <2 23 28

>2 12 22

Curtin et al.52 1997 <2 41 40

>2 51 18

Liu et al.53 1997 <2 14 37

>2 33 17

Munkarah et al.54 1997 <2 31 25

>2 61 15

Bristow et al.55 1999 <1 25 38

>1 59 10

Akahira et al.56 2001 <2 155 32

>2 70 16

Aletti et al.57 2007 <1 24 38

1–2 10 22

>2 15 11
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large pleural effusions will have macroscopic pleural-based disease measuring
>1 cm. Computed tomography (CT) scanning will miss 36% of these patients.
Primary chemotherapy (‘‘neoadjuvant’’) is given to patients with stage IV EOC
who have pleural-based disease that cannot be optimally debulked. An attempt
at interval cytoreduction is then considered after at least three to four cycles of
chemotherapy.

Aletti and colleagues have proposed a treatment strategy for patients with
stage IV EOC.57 Patients with unresectable extensive pleural disease or multiple
hepatic metastases are not the best surgical candidates and may be best treated
with either neoadjuvant chemotherapy or novel strategies. We would add that
VATS evaluation should be performed in patients with a moderate to large
pleural effusion. Careful selection of patients with stage IV EOC for attempted
cytoreduction is important and will offer patients the most favorable outcomes.

Interval Cytoreduction and Neoadjuvant Chemotherapy

Many patients are left with suboptimal disease despite aggressive attempts at
optimal cytoreduction. These patients will receive chemotherapy but have a
markedly worse outcome compared with that of optimally debulked patients.
Surgery may still be beneficial in select patients who cannot be optimally
debulked prior to chemotherapy. There are two primary groups of ‘‘subopti-
mal’’ patients. One group comprises patients that are left with suboptimal
disease despite an aggressive surgical attempt. These patients will go on to
receive chemotherapy, and it is unclear whether a second attempt at optimal
cytoreduction is beneficial. Another group comprises patients who do not
undergo an aggressive surgical attempt due to preoperative imaging or medical
status, or because they are deemed unresectable at the time of a diagnostic
laparotomy or laparoscopy. Interval cytoreduction after three to four cycles of
neoadjuvant chemotherapy followed by additional chemotherapy may be ben-
eficial in some of these patients.

Small retrospective and nonrandomized prospective reports have suggested
that outcomes are similar for those patients who receive primary chemotherapy
instead of undergoing a primary attempt at surgical cytoreduction.59 These
same studies have reported higher optimal cytoreduction rates after neoadju-
vant chemotherapy. These reports, however, made comparisons with cohorts of
patients that had initial optimal cytoreduction rates much lower than the rates
now reported in cohorts that have undergone aggressive surgical procedures by
specialists in the surgical treatment of advanced EOC.

A meta-analysis of primary platinum-based chemotherapy instead of pri-
mary cytoreduction was recently published.60 This meta-analysis included 21
studies with a total of 853 patients. The mean weighted median overall survival
for all cohorts was 24.5 months. The median survival in patients suboptimally
debulked and then treated with cisplatin and paclitaxel therapy is much greater
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(38 months).61 The reported outcomes using a neoadjuvant approach are sig-

nificantly inferior to optimal cytoreduction prior to chemotherapy administra-

tion. There will be select patients, however, who cannot undergo an initial

extensive surgical procedure as described previously. A neoadjuvant approach

with interval cytoreductionmay be the appropriate treatment for these patients.

The estimated median survival for cohorts undergoing 100% maximal interval

cytoreduction after neoadjuvant chemotherapy is 31 months compared with

12.5 months for cohorts with a 0% maximal interval cytoreduction.60

An interval cytoreduction after an initial aggressive attempt at maximal

debulking resulting in suboptimal residual is not likely to be beneficial. This is

slightly different from an interval cytoreduction for patients who had not

undergone an aggressive initial procedure as described above. A European

Organization for Research and Treatment of Cancer (EORTC) trial demon-

strated a significant survival benefit to an interval surgery after three cycles of

cyclophosphamide and cisplatin for suboptimally debulked patients.62 The

median overall survival was 26 months for patients who underwent an interval

surgery after three cycles of chemotherapy compared with 20 months for those

who went on to only receive three more cycles of chemotherapy. A similar study

conducted in the United States by the GOG did not have the same results.63 An

interval cytoreduction did not result in an improved survival compared with

merely completing 6 cycles of chemotherapy. The median survival for both

groups was 34 months. There are significant differences between the two trials

that explain the different results. The most important difference was that nearly

all of the patients enrolled in the GOG trial had their initial surgical procedures

performed by gynecologic oncologists with maximal attempts at optimal cytor-

eduction. In addition, 72% of the patients in the EORTC trial were left with

initial residual disease greater than 5 cm compared with only 44% of those in

the GOG trial. Table 2.6 summarizes these two trials. Interval cytoreduction is

unlikely to provide a significant benefit in patients who are initially treated by

Table 2.6 Randomized trials of interval cytoreduction

EORTC62 GOG63

N

Surgery* 140 216

No surgery 138 208

Median PFS (months)

Surgery 18 10.5

No surgery 13 10.7

HR (recurrence) p = 0.01 1.07 (95%CI: 0.87, 1.31)

Median OS (months)

Surgery 26 33.9

No surgery 20 33.7

HR (death) 0.69 (p=0.01) 0.99 (95%CI: 0.79, 1.24)
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specialists in the surgical management of patients with advanced EOC and who
are truly suboptimal after an aggressive surgical effort prior to chemotherapy.

Surgical Cytoreduction for Recurrent Ovarian Cancer

Repeated attempts at surgical cytoreduction at the time of diagnosis of recur-
rent ovarian cancer may be beneficial in select patients. There have been multi-
ple retrospective and some prospective nonrandomized series published that
have reported an association with improved survival and optimal secondary
surgical cytoreduction.64 There have been no completed trials that have rando-
mized patients with recurrent ovarian cancer to have secondary cytoreduction
followed by chemotherapy or to chemotherapy alone. The GOG currently has
an active trial that will randomize patients with platinum-sensitive recurrent
ovarian carcinoma to either surgery followed by chemotherapy or just chemo-
therapy alone.

Berek and colleagues first reported on a cohort of patients who underwent
optimal debulking (�1.5 cm) at the time of secondary cytoreduction.65 They
reported amedian survival of 20months compared with 5months for those who
were suboptimally debulked. Treatment-free interval, presence of symptoms,
presence of ascites, and tumor mass at recurrence were all important prognostic
factors in their review.

Table 2.7 summarizes the series of secondary cytoreduction reporting more
than 50 cases each that underwent attempts at surgical cytoreduction without
novel additional treatment approaches.66–77 Secondary cytoreduction is con-
sidered beneficial if an optimal cytoreduction is achieved. This is commonly
defined as the maximal size of residual tumor measuring<1 cm, which includes
complete gross resection of all tumor. However, many authors suggest that the
greatest benefit of secondary cytoreduction is seen if all grossly visible recurrent
tumor is resected.68,70,72,73,75,76 Cytoreductive surgery beyond the secondary

Table 2.6 (continued)

EORTC62 GOG63

Stage IV 22% 6%

Initial residual disease >5 cm 72% 44%

Initial cytoreduction by specialist Not indicated 95%

Interval cytoreduction by specialist Not indicated 99%

Completed six cycles of
chemotherapy

84% 95%

EORTC, European Organization of Research and Treatment of Cancer trial; GOG,
Gynecologic Oncology Group trial; PFS, progression-free survival; HR, hazard
ratio; OS, overall survival; CI, confidence interval.
* Refers to attempted interval cytoreduction followed by three additional cycles of
chemotherapy versus just three additional cycles of chemotherapy.
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setting may also benefit select patients.78,79 The exact size of residual disease
that should be considered optimal is still debatable, but we seek to achieve a
complete gross resection in the secondary or tertiary setting. If this is not
possible, cytoreduction to <1 cm may also be of benefit. Aggressive surgical
attempts that will leave residual tumor >1 cm are not warranted except in the
palliative setting.

Multiple tumor, disease, and patient characteristics have been reported to be
associated with outcome after secondary or tertiary cytoreduction. The only
consistent factor almost uniformly associated with an improved survival has
been ‘‘optimal’’ cytoreduction, however defined.66–79 The real challenge has
been selecting patients preoperatively for whom a secondary or tertiary cytor-
eduction would most likely offer the greatest benefit. The other factors that
have also been associated with outcome bymany authors, but not all, have been
disease-free interval (DFI) prior to recurrence, number of sites of recurrence,
presence of carcinomatosis, and ascites.68–72,74,75,77–79

We have recently published recommendations that may help in the process of
deciding if secondary cytoreduction should be offered (Table 2.8).74 These
recommendations were based on our multivariate analysis of survival incorpor-
ating multiple factors. DFI and number of sites of recurrent disease were the
only other independent predictors of survival in addition to size of residual
tumor. The presence of ascites was significant on univariate analysis but not
multivariate. The median survival for patients with �0.5 cm of residual tumor
after secondary cytoreduction was 56 months compared with 27 months for
those with >0.5 cm of residual tumor. The median survival after secondary
cytoreduction was 60 months for patients with a single site of recurrence
compared with 27.5 months for patients with carcinomatosis (defined as �20
tumor nodules). The optimal cut-point method for prognostic variables and
applied smoothing techniques were used to look at survival as a function of
DFI. There was little change in survival in patients with a DFI of 6 to 12
months. There was a significant increase in survival as the DFI increased
from 13 to 30 months and then plateaued after 30 months.

Based on our analysis, secondary cytoreduction should be offered to all
patients with a single site of recurrent disease regardless of DFI as well as all
patients with a DFI of >30 months regardless of number of sites of disease
(Table 2.8). Patients with carcinomatosis and a DFI of<12 months should not

Table 2.8 Recommendations for secondary cytoreduction (Chi et al.74)

Disease-free
interval

Single site of
recurrence

Multiple sites of recurrence but no
carcinomatosis Carcinomatosis

6–12 months Offer SC Consider SC No SC

12–30 months Offer SC Offer SC Consider SC

>30 months Offer SC Offer SC Offer SC

SC, secondary cytoreduction.
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be considered for secondary cytoreduction. This is not to say that other algo-
rithms are not valid, and it is important to understand that these decisions must
be individualized based on the patient’s goals, performance status, operative
risk, and available therapeutic options.

Results from the DESKTOP OVAR trial, a large, multicenter, retrospective
review, led to the design of an algorithm that will be used in a nonrandomized
prospective trial.75 The algorithm will have patients with a good performance
status and aDFI>6months undergo an attempted secondary cytoreduction. In
addition, these patients must have had no residual after initial surgery and also
currently not have large-volume (>500 ml) ascites. Patients with recurrent
disease who do not meet the above criteria but in whom surgery is still being
considered will undergo a diagnostic laparoscopy. If there is no peritoneal
carcinomatosis, secondary cytoreduction via laparotomy will be attempted.
Patients with carcinomatosis will not undergo a laparotomy and will go on to
platinum-based chemotherapy. Platinum-based chemotherapy will also be
given to all patients after secondary cytoreduction.

Predicting Optimal Cytoreduction

Another challenging aspect is the ability to accurately predict, preoperatively,
which patients can be optimally cytoreduced. Limited data exist that address
the role of CT scanning to predict for optimal resectability. No single feature
has been uniformly associated with unresectability. A model for predicting
surgical outcome in patients with advanced ovarian carcinoma undergoing
primary surgical cytoreduction was proposed by Bristow and colleagues.80

Thirteen CT features were identified that had good specificity, positive predic-
tive value, negative predictive value, and accuracy based on their criteria. Points
were assigned to these criteria. In addition, GOG performance status of�2 was
also included due to its predictive value. A Predictive Index score was then
created by adding up the individual point assignments. A Predictive Index score
of �4 had the highest overall accuracy (92.7%) in predicting surgical outcome
using receiver operating characteristic (ROC) curve analysis. The likelihood of
having a suboptimal resection was 87.5% with a Predictive Index score �4.
Additionally, 85% of the patients who were truly optimally cytoreduced were
identified correctly.

Funt et al. attempted to correlate CT findings with surgical outcome in
patients undergoing secondary cytoreduction.81 Two radiologists unaware of
surgical outcomes retrospectively reviewed CT images and tried to assess for
resectability using many of the features described by Bristow and colleagues.
Pelvic sidewall invasion and hydronephrosis were significant independent pre-
dictors of suboptimal resectability. Large- or small-bowel obstruction, nodal or
perihepatic liver metastasis, ascites, peritoneal carcinomatosis, involvement of
bladder, rectum, sigmoid, or vagina, or infrarenal para-aortic lymphadenopathy
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were not strong indicators of tumor resectability. This was a small study of only
36 cases; therefore, some of the non-significance noted for other CT findings in
predicting optimal cytoreduction may be related to these small numbers. Despite
these reports, there are no single CT findings that alone predict suboptimal
resectability with 100% accuracy. It is not entirely clear why pelvic sidewall
invasion would be unresectable in the recurrent setting as it is often not found to
be unresectable in the primary setting. However, this may be explained by the
hypothesis that tumor cells become fibrin-entrapped on previously traumatized
peritoneal surfaces.82

It should be kept in mind that the retrospective series published on the many
aspects of secondary and tertiary cytoreduction include heterogeneous groups
of patients and surgeons, involve tumors with different biological behavior, and
have strong selection biases in the authors’ criteria for surgical interventions.
The GOG has recently initiated a multi-institutional randomized trial attempt-
ing to define the role of surgery in patients with their first recurrence. This trial
will randomize patients who have recurred more than 6 months after comple-
tion of initial therapy to either undergo surgery or not. There will then be a
second randomization to one of two chemotherapeutic regimens. This trial will
provide important information once it is completed.

Intraoperative Heated Chemotherapy

An interesting treatment modality being investigated in the setting of recurrent
ovarian carcinoma limited to the peritoneal cavity is hyperthermic intraperito-
neal chemotherapy (IPHC, HIPEC).83,84 Hyperthermia has been shown to
increase the response to cytotoxic agents in human cell lines and animal mod-
els.85,86 Small series in optimally cytoreduced recurrent ovarian carcinoma have
shown some promise.83,84 However, the infusion must be done over 90 minutes
and, therefore, increases operating room times. A mean operating room time of
nearly 10 hours was reported by Helm and colleagues.83 The preliminary
reported median survivals do not appear to be strikingly better than those
seen in Tables 2.3, 2.4, 2.5, 2.6, and 2.7. HIPEC is an interesting concept but
must undergo further rigorous investigation before it can be offered to patients
outside of a clinical trial.

Surgery for Malignant Bowel Obstruction

Another potential role of surgery is in the palliative setting, most often in the
management of malignant bowel obstruction (MBO).87–92 Tumor removal
alone for symptom control is rarely attempted. MBO is the most common
reason for hospital admission during the last year of life in patients with ovarian
carcinoma.93 The available data are from limited small series of highly selected
cases. The median survival seen in patients who undergo attempted surgical
correction seems to be better than that for those who have a drainage
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gastrostomy placed with or without total parenteral nutrition (TPN).89,91,94,95

Surgical correction and successful palliation is possible in 84% and 71% of

patients with MBO, respectively, if appropriately selected.91 However, nearly

25% of patients will have a grade 3 or 4 perioperative complication, and there is

a perioperative mortality of 6%.91 Many factors must be considered when

discussing management options with patients who have a MBO. In a review

by Ripamonti et al., the following factors were believed to be absolute contra-

indications for attempted surgical correction of MBO: ileus secondary to dif-

fuse carcinomatosis, ascites requiring frequent paracentesis, diffuse palpable

intra-abdominal masses with liver involvement, recent laparotomy with unsuc-

cessful correction ofMBO, previous surgery revealing diffuse metastatic cancer,

and involvement of the proximal stomach (Table 2.9).89 Surgical management

of MBO is controversial, challenging, and highly individualized.
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Chapter 3

Novel Therapeutic Targets

John Farley and Michael J. Birrer

Introduction

Ovarian cancer remains an important health problem for women in the United

States. It is estimated that there will be 21,650 cases of invasive ovarian cancer

resulting in 15,520 deaths in 2008.1 Ovarian cancer has the highest case fatality

rate of any gynecologic cancer,1 and it is the most common cause of death from

cancers of the female genital tract.1–3 The high case fatality rate results from the

frequent diagnosis of epithelial ovarian cancer at an advanced stage: 75% of all

cases are diagnosed as stage III or IV, where the disease has spread throughout

the abdomen.1,4,5 Patients with advanced-stage disease have a 5-year survival of

only 29%. Despite years of clinical trials, there is a only a limited number of

chemotherapeutic agents with activity against epithelial ovarian cancer. Further,

all patients with this disease (regardless of histology and tumor grade) are treated

up-front in the same fashion with the standard of the combination of platinum

and paclitaxel (Taxol, Bristol-Myers Squibb Co, Corporate Headquarters, 345

Park Avenue, NewYork, NewYork 10154). Epithelial ovarian cancer is initially a

chemoresponsive tumor with response rates in the 80% range.1–5 Unfortunately,

most patients develop recurrent disease, which rapidly acquires chemoresistance.
The identification and characterization of the genes and their protein pro-

ducts that contribute to the malignant phenotype has greatly increased our

understanding of human carcinogenesis. There are a variety of cell surface

receptors, signaling pathways, and nuclear proteins that stimulate cellular

proliferation, or inhibit cell death, and are possible targets for novel therapeutic
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agents. These new agents that target these pathways usher in a new era of
rational therapeutics, which promises to revolutionize our approach to cancer
patients. The first and best example of successfully targeted molecular therapy
is Gleevec (STI571; imatinib; Novartis Pharmaceuticals; One Health PlazaEast
Hanover, NJ 07936-1080) in the treatment of gastrointestinal stromal tumors
and chronic myeloid leukemia (CML).6–8

Oncologists are beginning to investigate a variety of new biologic agents for the
treatment of ovarian cancer.9,10 The ideal molecular target for clinical therapeutic
applications should be differentially expressed by the tumor, have a potential
drugable molecular site, and be necessary for the viability of the cancer cell.11

The molecular heterogeneity of ovarian cancer compared with other disease sites,
such as hematologic malignancies, has made the successful transfer of molecular
agents into the ovarian cancer treatment armamentarium problematic.11 As
opposed to the singular molecular abnormality observed in gastrointestinal
stromal tumor (GIST) (c-kit) or chronic lymphocytic leukemia (CLL) (BCR-
ABL) for which imatinib is effective, ovarian cancer possesses a multitude of
molecular abnormalities any of which may play a pivotal role in ovarian cancer
proliferation and survival. An appreciation and understanding of the complex
pathways of growth deregulation in gynecologic cancers is providing a framework
for the rational application and testing of novel therapies.9,10 This review will
summarize the emerging biologic therapies with an emphasis on the molecular
pathways they affect and their relevance to gynecologic malignancies.

Receptor Tyrosine Kinases

Receptor tyrosine kinases (RTKs) provide attractive targets for anticancer
therapy. Members of this family that are frequently activated in cancer cells
include the epidermal growth factor receptor family and vascular endothelial
growth factor receptors. Inhibitory compounds fall into two broad categories:
monoclonal antibodies and small-molecule inhibitors.12

Endothelial Growth Factors: Vascular Endothelial Growth Factor

Angiogenesis is the formation of new blood vessels, required by many biologic
processes including the development of cancer.13 New vessel formation can be
stimulated by a variety of factors including vascular endothelial growth factor
(VEGF).14,15 VEGF mediates angiogenic signals to the vascular endothelium
through high-affinity RTKs that are thought to activate the mitogen-activated
protein kinase (MAPK) pathway. There are six known VEGF proteins: VEGF-
A, VEGF-B, VEGF-C, VEGF-D, VEGF-E, and placenta-derived growth fac-
tor (PlGF) 1 and 2.16 There are three VEGF receptors designated VEGFR-1,
VEGFR-2, and VEGFR-3. VEGFR-1 and VEGFR-2 are mainly limited to
vascular endothelium and VEGFR-3 is restricted to the lymphatic endothe-
lium.17 Although many stimulators and inhibitors of angiogenesis have been
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identified, the trigger that causes a dormant tumor to transform into a proan-

giogenic tumor remains elusive.18,19 Tumor growth beyond 2–3 mm is depen-

dent on new vessel formations.
Microvessel density (MVD) is an independent prognostic factor for overall

survival in primary tumors of the breast and in malignancies of the female genital

tract.20 A direct correlation has been observed betweenMVDwith higher grade and
depth of invasion in stage I adenocarcinomas of the endometriumandwith prognosis

in stage I and II and recurrent disease.20 In early-stage ovarian cancer, increased

VEGFprotein expression by immunohistochemistry was associated with a decreased

disease-free survival: 18 months versus greater than 120 months for VEGF nonex-

pressor.21 In a multivariate analysis, only VEGF expression was associated with
poorer survival in these early-stage ovarian cancer patients. In ovarian epithelial

adenocarcinoma, highermicrovessel counts in the primary ovarian tumor or omental

metastases may serve as a prognostic indicator for survival.20 The dependence of

tumor growth on new vessel formation is further supported by the observed tumor

stabilization or regression when endothelial cell proliferation is inhibited.22,23

There have been three main approaches to targeting angiogenesis in the treat-

ment of cancer (Table 3.1). The first has been to target VEGF itself, the second to

block the VEGF binding site on its cell surface receptors, and finally to inhibit

tyrosine kinase activation and downstream signaling with small molecules at the

intracellular level.16,24 Several naturally occurring angiogenesis inhibitors have been
identified in preclinical assays including platelet factor-4 (PF-4), thrombospondin

(TSP), angiostatin, and endostatin. Angiostatin and endostatin synergistically inhi-

bit both endothelial cell proliferation and ovarian tumor growth in preclinical

models.25 In two phase I trials, angiostatin has been well tolerated with no dose-

limiting toxicity.24

Table 3.1 Current anti-angiogenic agents under evaluation for the treatment of epithelial
ovarian cancer (Martin and Schilder16)

Type Agent Target

Ligand binding

Bevacizumab VEGF-A

VEGF-Trap VEGF A, B, C, D, E; PlGF 1 and 2

Receptor binding

Pertuzumab HER2

Volociximab A5b1
Imc-1121b VEGFR-2

RTK inhibition Valatanib VEGFR 1, 2, 3; PDGFR; c-kit

Sunitinib PDGFR; VEGFR 1, 2, 3; c-kit; FLT-3

AMG-706 VEGFR 1, 2, 3; PDGFR; c-kit

Erlotinib EGFR

Sorafenib Raf; VEGFR 2, 3; FLT-3; c-kit; PDGFR-b

VEGF, vascular endothelial growth factor; PlGF, placental-derived growth factor; HER,
human epidermal growth factor; PDGFR, platelet-derived endothelial cell growth factor
receptor; EGFR, epidermal growth factor; mTOR, mammalian target of rapamycin; PKC,
protein kinase C; RTK, receptor tyrosine kinase.
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Bevacizumab is a humanizedmonoclonal antibody that targets angiogenesis by

binding to VEGF-A, effectively blocking the interaction of VEGF with its recep-

tor. Bevacizumab has been fairly well tolerated by patients. In the earliest trials of

bevacizumab in combination with chemotherapy in patients with colorectal can-

cer, there was a 1.5% to 3% risk of bowel perforation.16,26,27 Grade 3 and 4

toxicities related to the use of bevacizumab to date in patients with ovarian cancer

include hypertension, thrombosis, proteinuria, and bowel perforation.14,28

Bevacizumab is the first targeted biologic molecule to show significant

single-agent activity in ovarian carcinoma.16 This agent was evaluated in

patients with recurrent advanced epithelial ovarian cancer who had disease

progression through multiple prior chemotherapeutic regimens.29 A 16%

response rate was observed, with 62.5% of patients demonstrating stable dis-

ease for greater than 6 months. The median overall survival (OS) was 6.9

months, and the median progression free survival (PFS) was 5.5 months. The

Gynecologic Oncology Group (GOG) has evaluated the efficacy of bevacizu-

mab in recurrent ovarian cancer, and early results showed a PFS in some that

was at least 6 months.28 Because of the early promising results of the phase II

trial in ovarian cancer, the GOG is evaluating bevacizumab in a phase III trial,

protocol 218, in combination with first-line chemotherapy for advanced stage

III or IV epithelial ovarian cancer.
The efficacy and safety of bevacizumab in combination therapy with cyclo-

phosphamide in heavily pretreated patients with recurrent ovarian cancer has

been investigated.30 Two patients (13.3%) had a complete response and six

patients (40.0%) had a partial response. The median duration of this response

was 3.9 months.30 In this population of very heavily pretreated patients, with at

least five prior regimens, bevacizumab in combination with cyclophosphamide

had significant activity with a response rate of 53%, without significant toxicity.

Despite being heavily pretreated and having confirmed intra-abdominal cancer,

no gastrointestinal perforations developed. Bevacizumab in combination with

sorafenib is currently under phase II evaluation for efficacy against relapsed

ovarian cancers (Annunziata and Kohn, personal communication).
Bevacizumab has shown anecdotal activity in recurrent fallopian tube carci-

noma: a case of a complete response in a woman with refractory metastatic

fallopian tube carcinoma treated with bevacizumab was reported.31 At the

present time, more than 50 different anti-angiogenic agents are under clinical

study in cancer patients (Table 3.1).24 VEGF-Trap (AVE0005) binds VEGF-A

similarly to bevacizumab, but also binds VEGF-B, PlGF1, and PlGF2. Vala-

tanib (PTK787) targets all VEGFR tyrosine kinases as well as platelet derived

growth factor receptor (PDGFR) and the c-kit protein tyrosine kinase.16 Suni-

tinib targets PDGFR, VEGFR, c-kit, and FLT-fms-related tyrosine kinase and

has shown activity in one patient with ovarian cancer in a phase I clinical trial.

GOG protocols 229B and 230B are evaluating thalidomide in the treatment of

recurrent or persistent endometrial carcinomas and sarcomas. These protocols

are too early for assessment of activity.
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The Epidermal Growth Factor Receptor Family (Erb Family)

One of the best characterized pathways driving malignant changes in epithelial

cells is the epidermal growth factor receptor (EGFR) family of membrane

proteins.32–36 The EGFR family consists of four structurally similar receptor

tyrosine kinase (RTK) proteins including ErbB-1 (EGFR), ErbB-2 (HER2/

Neu), ErbB-3, and ErbB-4.35 These receptors are activated by binding of the

ligands EGF, transforming growth factor alpha, amphiregulin, and the neur-

egulins. Upon binding to one of these ligands, the receptors form homodimers

or heterodimers at the cell surface. Dimerization initiates tyrosine kinase

activation through autophosphorylation of serine residues and is accompanied

by recruitment of downstream signal transduction molecules including steroid

receptor coactivators 2 (src2), growth factor receptor-bound protein 2 (GRB2),

and src homology 3 (SH3).32,35 This complex induces downstream signaling via

activation of Ras, Raf, and MAPK, ultimately activating gene transcrip-

tion.37,38 The broad biologic effects mediated by the EGF family of receptors

include cell proliferation, development, differentiation, and migration.39–43

The ErbB family of receptors may be amplified, mutated, or overexpressed

on the protein level in cancers of the female genital tract.44,45 EGFR was

overexpressed in 19% to 77% of all epithelial ovarian cancers, and ErbB-4

was overexpressed in 94% of epithelial ovarian tumors.46 Clinical trial evalua-

tion of ErbB inhibitors in gynecologic malignancies is progressing, albeit at a

slightly slower pace than that in lung or colon cancer.
Effective inhibitors of ErbB family receptors target their extracellular and

intracellular domains (Table 3.2). One strategy has used monoclonal antibodies

that recognize the receptor’s extracellular domain and compete for binding of

endogenous ligands or induce receptor downregulation from the cell sur-

face.47,48 Cetuximab (C225) is a recombinant chimeric humanized version of a

mouse monoclonal antibody that targets EGFR1.49 Cetuximab has been

approved for use in metastatic colon cancer and unresectable head and neck

cancer. It is being evaluated in advanced cervical cancer in combination with

cisplatin (GOG 76DD) and with radiation (GOG 9918).
A number of murine monoclonal antibodies (muMAbs) were also developed

against the extracellular domain of ErbB-2 (HER2/Neu).10,50 The most

encouraging results were obtained using muMAb 4D5, which demonstrated

direct antiproliferative effects in vitro against human breast cell lines that

overexpress the HER2 receptor. The humanized version of muMAb 4D5,

trastuzumab (Herceptin; Nomenclature Standards Committee no. 688097;

Genentech Inc, South San Francisco, CA), binds the extracellular domain of

HER2with three times greater affinity than the parent muMAb 4D5. TheGOG

recently evaluated trastuzumab in the treatment of patients with recurrent

ovarian cancer that had overexpression of ErbB-2. They found a 10% positivity

of ErbB-2 expression in the patients analyzed with few responses.51 To date, the

usefulness of anti-ErbB-2 receptor therapy in ovarian cancer has been
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disappointing. Although trastuzumab is able to produce a low response rate as

a single agent in pretreated ovarian cancer patients with overexpression of

ErbB-2, its usefulness is likely limited due to the low frequency of strong

ErbB-2 expression in ovarian cancer.52

Second-generation antibodies targeting the EGFR family are under devel-

opment. Panitumumab (ABX-EGF) is a fully humanized monoclonal antibody

directed against EGFR that binds with high affinity to the EGFR receptor.

Panitumumab has been approved for therapy of refractory metastatic colon

cancer.
Matuzumab (EMD72000) is a humanized monoclonal antibody directed

against EGFR.53 Matuzumab has been evaluated in patients with recurrent,

EGFR-positive ovarian or primary peritoneal cancer.54 Of 75 women screened

for the study, 37 were enrolled and treated. Unfortunately, there were no

objective responses, although 7 patients (21%) were on therapy for more than

3 months with stable disease.54 In this population of very heavily pretreated

patients with epithelial ovarian and primary peritoneal malignancies, there was

no evidence of significant clinical activity.
Finally, pertuzumab (2C4) is the first in a new class of therapeutic agents

designed to inhibit the dimerization of HER2 with EGFR and other ErbB

tyrosine kinases (Table 3.2). A phase II evaluation of pertuzumab in refractory

or recurrent ovarian cancer yielded somewhat promising results, with objective

Table 3.2 Inhibitors of EGFR family tyrosine kinase in preclinical and clinical development
(Heymach et al.53)

Type Agent Target Source

EGFR TKI

(reversible)

Erlotinib EGFR OSI/Genentech/Roche

Gefitinib EGFR AstraZeneca

Lapatinib EGFR, ErbB2 GlaxoSmithKline

EGFR TKI

(irreversible)

Canertinib (CI-1033) EGFR, ErbB2,
ErbB3

Pfizer

EKB-569 EGFR, ErbB2 Wyeth

HKI272 EGFR, ErbB2 Wyeth

VEGFR/EGFR
TKI

ZD6474 EGFR,
VEGFR-2

AstraZeneca

AEE788 EGFR,
VEGFR-2

Novartis

Monoclonal
antibody

Cetuximab EGFR Imclone/Bristol-
MyersSquibb/Merck

Panitumumab
(ABX-EGF)

EGFR Abgenix/Amgen

Matuzumab
(EMD72000)

EGFR EMD/Merck KgGA

Pertuzumab (2C4) EGFR-ErbB2 Genentech/Roche

MDX214 EGFR Medarex

TKI, tyrosine kinase inhibitor.
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tumor responses or CA125 responses in 15% of patients.53,55 Median PFS for
phosphorylated HER2 positive (pHER2+) patients was 20.9 weeks versus 5.8
weeks for pHER2 and 9.1 weeks for unknown pHER2 status.55 Further studies
with pHER2 as a diagnostic could be warranted.

A second approach to inhibition of activation of the ErbB family of receptors
is based on the mutational analysis of the intracytoplasmic ATP binding site.
Mutations that lack tyrosine kinase activity do not display the full range of
biochemical responses.39,42,56 Small molecules have been isolated that bind to
and compete at the intracytoplasmic ATP binding site, thus blocking tyrosine
kinase activity. These agents as a group are classified as small-molecule tyrosine
kinase inhibitors (TKIs). The reversible TKIs include erlotinib, gefitinib, and
lapatinib.57–60 Irreversible inhibitors like CI1033 (canertinib) and EKB-569 have
also been developed that specifically bind to the Cys residues in the ErbB
receptor ATP-binding pocket. Theoretically, these irreversible inhibitors should
achieve a longer in situ half-life at the ErbB receptor target site (Table 3.2).

A phase II trial by the GOG assessed the activity of the small-molecule TKI
gefitinib (ZD1839; Iressa; Astrazeneca Pharmaceuticals; P.O. Box 15437 DE
19850-5437) in patients with recurrent or persistent epithelial ovarian or primary
peritoneal carcinoma and explored the clinical value of determining the status of
the EGFR.61 The response rate for patients with EGFR-positive tumors was only
9% (1 of 11). EGFR expression was associated with longer progression-free
survival (p = 0.008).61 Interestingly, the patient with the only objective response
had a mutation in the catalytic domain of the tumor’s EGFR. Gefitinib, although
well tolerated, had minimal activity in an unscreened patient population with
recurrent ovarian or primary peritoneal carcinoma. Prescreening patients for
activating mutations in EGFR may improve response rate to gefitinib.61

Erlotinib (OSI-774; Tarceva; Genetech and OSI Pharmaceuticals; One Anti-
body WayOceanside, CA 92056) monotherapy was evaluated in patients with
refractory, recurrent, EGFR-positive epithelial ovarian tumors whose disease
had progressed through prior taxane and/or platinum-based chemotherapy.62

Only two patients were found to have partial responses, lasting 8 and 17 weeks,
giving an objective response rate of 6%. The median overall survival was only 8
months indicating erlotinib had marginal activity in recurrent refractory ovar-
ian cancer but was generally well tolerated.62 The combination of erlotinib with
chemotherapy or other targeted agents should be considered.

This raises the question of whether additional benefit may be derived from
the use of newer EGFR inhibitors currently in development (Table 3.2). Advan-
tages of these new agents include improved potency or pharmacokinetics of
EGFRblockade, inhibition of multiple EFGR family members, activity against
erlotinib- or gefitinib-resistant mutations, dual inhibition of VEGF, and addi-
tive or synergistic activity in combination with chemotherapy.53 Some examples
of second-generation EGFR inhibitors include lapatinib, an oral dual kinase
inhibitor that targets both EGFR and Her253; EKB-569, an oral, irreversible
inhibitor of the EGFR and Her2 tyrosine kinases; HKI272, an irreversible
tyrosine kinase inhibitor with dual activity against EGFR and Her2; canertinib
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(CI-1033), an oral, irreversible inhibitor of all four members of the ErbB
receptor family; and ZD6474 (vandetanib), an oral inhibitor of both EGFR
and VEGFR. In vitro studies have shown activity of HKI272 in non–small cell
lung cancer (NSCLC) cell lines with acquired resistance to gefitinib.63 A phase
II, open-label clinical trial evaluated canertinib in 105 patients with ovarian
cancer who failed prior platinum-based therapy. No responses were observed.64

Although the currently available ErbB inhibitors erlotinib, gefitinib, and
cetuximab represent important advances in EGFR-targeted therapy, the overall
magnitude of this benefit has been modest. Furthermore, resistance to EGFR
inhibitors eventually emerges in almost all cases, even in patients initially sensi-
tive to treatment. The correlation between target expression and clinical response
is unclear, as there has been no clear association between EGFR expression
levels and response to EGFR target therapies, particularly with the intracellular
domain inhibitors.65 Additionally, there appears to be cross-talk between the
ErbB family of receptors and downstream pathways initiated by the ErbB family
of receptors. Until accurate quantitative assays for EGFR activity are developed,
it is important not to limit enrollment in clinical trial by EGFR status and to
collect tumor tissue for future evaluation of EGFR status.65 Perhaps EGFR
inhibitors in ovarian cancer can be better employed when combined with cyto-
toxic chemotherapy rather than as a single therapeutic agent.

c-kit

The transmembrane receptor tyrosine kinase KIT (CD117 antigen) is the
product of the c-kit proto-oncogene.7 Imatinib mesylate (Gleevec) blocks the
kinase activity of the KIT tyrosine kinase. Imatinib mesylate also inhibits the
BCR-Abl tyrosine kinase.66 It has been well established that the Bcr-Abl
protein, created as a consequence of a (9:22) chromosomal translocation, is
critical to the development of CML.66 As a result, patients with CML have
achieved durable responses when treated with the drug.8

Expression of the c-kit proto-oncogene in the female genital tract has been
described.67 In a study by Inoue, one squamous cell carcinoma of the cervix,
two small-cell carcinomas of the cervix, two serous adenocarcinomas of the
ovary, and two immature teratomas of the ovary expressed the c-kit protein.67

In another study, 92%of benign ovarian tumors and 71%ofmalignant ovarian
epithelial tumors expressed c-kit.67 Unfortunately, clinical application of c-kit
in gynecologic malignancies has been disappointing.20,68 In a phase II trail of
stage III or IV platinum- and taxane-resistant ovarian cancer, whose tumor
expressed c-kit (CD117) or platelet-derived growth factor receptor (PDGFR),
no objective responders were found.68 In another phase II evaluation, patients
with recurrent epithelial ovarian cancer (EOC) who had received no more than
4 prior regimens and who had good end-organ function were administered
imatinib without objective responses. The results of these studies indicate
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imatinib likely has minimal activity as a single agent in EOC given the complex
molecular abnormalities in epithelial ovarian cancers. Its ability to modulate its
molecular targets suggests that it may be considered in combinatorial therapy.

Ras/Raf Pathway

The ras family of oncoproteins are integral modulators of signal transduction
pathways, and its members are potent inducers of mitogenesis and invasion,69,70

Mutant oncogenic forms of ras (H-ras, N-ras, KA-ras, KB-ras) have been found
in up to 30% of all human cancers. K-ras mutations have been found in 50% of
mucinous ovarian cancers and 40% of low malignant potential (LMP) tumors
but are generally uncommon in serous ovarian cancers (4% of epithelial
ovarian cancers).69,70 In one extensive study of epithelial ovarian lesions, only
1 cystadenoma (5%), 6 LMP tumors (30%), and 1 ovarian carcinoma (4%)
demonstrated an activated Ki-ras gene.69 Approximately 10% to 30% of
endometrial cancers, however, show K-ras mutations.70 H-ras mutations have
been associated with the progression of papillomavirus-induced lesions in the
uterine cervix.71

The Ras proteins are low-molecular-weight guanine triphosphates
(GTPases) that have been implicated in malignant transformation, invasion,
and metastasis.39 These GTPases require prenylation, a lipid posttranslational
modification catalyzed by farnesyltransferase (FTase), which attaches them to
the plasma membrane.39 FTase inhibitors (FTIs) have been investigated as
anticancer therapeutics.72 One FTI, SCH66336, has been evaluated in a phase
I trial evaluating the combination of paclitaxel (Taxol) and SCH66336 in adult
patients with solid malignancies.39 The maximum tolerated dose was found to
be 175 mg/m2 of Taxol every 3 weeks with SCH66336 at 100 mg twice a day.
Clinical responses were remarkable, with a 43% response rate and only 24%
progression rate after three cycles. Also of note, three patients with prior taxane
exposure exhibited profound and durable responses to the combination of
Taxol and SCH66336.

Ras signals are propagated through activation of Raf proteins. The presence
of Raf mutations in gynecologic malignancies appears to be a rare event.
Sorafenib (BAY 43-9006) was developed as a Raf kinase inhibitor but has
also been found to inhibit VEGFR-2 and -3, FLT-3, c-kit, and PDGFR-b.
This agent has shown striking activity in patients with renal cell carcinoma.73

Preliminary results evaluating sorafenib in combination with gemcitabine in
patients with recurrent ovarian carcinoma have been reported.73 Of 18 asses-
sable patients, six had demonstrated partial responses, one by decrease in tumor
volume and five by declines in tumor marker, and an additional 10 were found
to have stable disease. Phase II clinical trials are in progress to evaluate the
efficacy of sorafenib in combination with bevacizumab for patients with recur-
rent epithelial ovarian cancer or renal cell carcinoma.
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Mammalian Target of Rapamycin

Mammalian target of rapamycin (mTOR), a member of the phosphatidylinositol
kinase–like kinases, is involved in regulation of membrane trafficking, protein
turnover, transcription, translation, and maintenance of the cytoskeleton.16,74,75

mTOR has a central role in controlling malignant cellular growth. The pathway
from growth factor receptor stimulation to mTOR activation proceeds through
and in parallel with phosphatidylinositol 3-kinase (PI3K) andAkt-protein kinase
B.75 In response to extracellular stimuli, phosphorylates the 30-hydroxyl of
phosphatidylinositol-4,5-bis-phosphate (PIP2), which leads to activation of Akt.
ActivatedAkt phosphorylates and inhibits the tuberous sclerosis complex (TSC),
which removes its inhibitory effect on mTOR. As a result, mTOR is viewed as an
important target for anticancer drug development. Inhibitors ofmTOR currently
under evaluation in cancer clinical trials are rapamycin (sirolimus; Rapamune;
Wyeth; 401 N.Middletown Roadpearl River, NY 10965) and derivatives temsir-
olimus (CCI-779; Wyeth; 401 N. Middletown RoadPearl River, NY 10965),
everolimus, (RAD001; Novartis Pharma AG; One Health Plaza East Hanover,
NJ 07936-1080), and AP23573 (Ariad Pharmaceuticals; Cambridge, MA).75

Rapamycin and derivatives temsirolimus and everolimus bind to the FKBP12-
rapamycin binding (FRB) domain adjacent to the kinase domain of mTOR. The
resulting complex may alter the composition and/or conformation of the multi-
protein mTOR complexes and impair upstream signaling that is necessary for
mTOR activation.75 They inhibit cell proliferation by arresting cells in G1 phase,
induce apoptosis in selected models, and have limited normal tissue toxicity.

Dysregulation of the mTOR pathway has been demonstrated in ovarian can-
cer. Efforts to inhibit mTOR signaling to arrest progress of cells through the cell
cycle can also lead to inhibition of angiogenesis. Temsirolimus has shown activity
in patients with advanced renal cell carcinoma and is to be tested as a single agent
in patients with recurrent ovarian carcinoma and in a phase I trial in combination
with carboplatin and paclitaxel.16 Everolimus has shown activity in multiple solid
tumors in the phase I setting, and trials with this agent for patients with recurrent
ovarian cancer are planned. Everolimus enhanced cisplatin-induced apoptosis in
ovarian cancer cells with high Akt/mTOR activity in vitro, with minimal effect in
cells with low Akt-mTOR activity.76 Mouse xenografts of SKOV-3 cells revealed
that everolimus inhibits tumor growth, angiogenesis, intraperitoneal dissemination
of tumor, ascites production, and prolongs survival. It is likely that other regula-
tors of cell function play a role in tumor growth and angiogenesis.

Matrix Metalloproteinases

Matrix metalloproteinases (MMPs) are a family of zinc-containing proteolytic
enzymes that are responsible for the breakdown of connective tissue proteins,
invasion through stroma, establishment of metastases, and the promotion of
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tumor-related angiogenesis.77 MMPs have been associated with ovarian and
cervical cancer carcinogenesis, invasion, and metastasis. MMP expression in
ovarian cancer cell lines correlates with the invasiveness of the cells.78,79 The
hydroxamate peptidomimetic inhibitor batimastat and its orally bioavailable
analogue marimastat were the first MMP inhibitors to be studied.80 These
molecules bind covalently to the zinc atom at the MMP active site. Marimastat
(BB-2516) was the first matrix metalloproteinase inhibitor to enter clinical trials
in the field of oncology and has reached a phase III trial in pancreatic cancer.24

Batimastat potentiated the antineoplastic activity of cisplatin on ovarian cancer
xenographs in nude mice.77 Clinical trials ofMMPs, however, have been largely
disappointing with the notable exception of advanced gastric cancer.78

Heat Shock Proteins

Heat shock protein 90 (Hsp90) is an essential protein chaperone that mediates the
stability and activity of a number of oncogenic signaling proteins, including
mutant p53, hypoxia-inducible factor-1a protein (HIF-1a), Raf-1, HER2/Neu,
and Akt.81 Inhibition of a heat shock protein that regulates multiple oncogenic
signaling proteins is attractive for epithelial malignancies where multiple pathways
are affected. 17-Allylaminogeldanamycin (17-AAG), the modified derivative of
the ansamycin antibiotic geldanamycin, binds to Hsp90 and displaces bound
proteins causing them to be improperly folded and degraded. It specifically inhibits
the chaperone function of Hsp90, resulting in simultaneous depletion of multiple
oncogenic proteins.82 Expression of Hsp90 protein in gynecologic malignancies
has been found to correlate with certain clinicopathologic factors such as steroid
receptor status and favorable prognosis in endometrial cancers.8317-AAG has
been shown to enhance paclitaxel-mediated cytotoxicity and result in supra-addi-
tive growth inhibition effects in vitro and in vivo.81 17-AAG and its orally
bioavailable counterpart 17-(Dimethylaminoethylamino)-17-Demethoxygeldana-
mycin are currently under evaluation in phase I trails.84

The proteasome is a large intracytoplasmic protease complex that degrades
proteins conjugated with ubiquitin.85 Ubiquitin-tagged proteins include those
involved in cell cycle control, transcription, cyclin dependent kinase inhibitors
(CKIs), apoptosis, and tumor growth.86 PS-341 (bortezomib) is a specific and
selective inhibitor of the 26S proteasome.87 In a recent study, bortezomib induced
responses in more than 50%of heavily pretreated patients with multiple myeloma,
leading to its Food and Drug Administration (FDA) approval.86 Bortezomib has
shown activity in several tumor lines including ovarian cancer and enhanced the
antitumor efficacy of chemotherapy and radiation therapy.86 The combination of
bortezomib and carboplatin was evaluated in a phase I trial in recurrent ovarian
cancer patients.88 Diarrhea, rash, neuropathy, and constipation were dose-limiting
toxicities. Carboplatin had no effect on bortezomib pharmacodynamics as mea-
sured by percent inhibition of the 26S proteasome. The overall response rate to this
combination was 47%, with two complete responses (CRs) and five partial
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responses, including one CR in a patient with platinum-resistant disease.88 In

another phase I trial of bortezomib combined with carboplatin, 21 ovarian cancer

patients with recurrent and platinum- and taxane-resistant disease had no

responses, but 44% of patients experienced stable disease.89

Mitogen-Activated Protein Kinase Pathway

The mitogen-activated protein kinase (MAPK) kinase pathway is a major

signal transduction pathway that clearly plays a central role in a variety of

human cancers (Fig. 3.3).90 TheMAPK pathway receives stimuli from a variety

of upstream receptors in pathways activated in cancer cells and transmits the

downstream signals important for a number of biologic processes including

proliferation, survival, and motility.90 The MAPK-ERK kinase (MEK) is a

critical signaling protein for multiple oncogenic pathways including the EGFR

family, VEGF, PDGF, and activated Ras. PD 184352 (CI-1040) was the first

MEK inhibitor reported to modulate phosphorylation of MAPK in tumor-

bearing animals with approximately 80% suppression on colon cancer tumor

growth in mice.90 Tumor models of colon, pancreatic, and breast cancer have

been shown to be sensitive to CI-1040. MEK inhibition has also shown synergy

with standard anticancer chemotherapies.91

TheMAPK pathway is activated in ovarian cancer. CL100 is an endogenous

dual-specificity phosphatase that inhibits MAPK. Downregulation of CL100

may play a role in the progression of human ovarian cancer by activating the

MAPK pathway, as malignant ovarian epithelial cells displayed 10–25 times

less activity of CL100 compared with that of normal ovarian epithelial cells.92

Induced expression of CL100 in ovarian cancer cells suppressed intraperitoneal

tumor growth in nude mice. The MEK inhibitor PD98059 sensitized ovarian

cancer cell lines to cisplatin.93

AZD6244 (ARRY-142886) is a potent, selective, orally available, and non-

ATP competitive small-molecule inhibitor of MEK-1/2.94 Significant suppres-

sion of tumor growth in response to AZD6244 treatment was observed in

several xenograft mouse models derived from a range of tumor types including

melanoma, breast, pancreatic, lung, colon, and hepatocellular carcinomas.95 In

the Calu-6 lung cancer xenograft model, AZD6244 suppressed tumor growth,

and studies using human colorectal xenograft models (SW620, Colo205)

demonstrate that AZD6244 inhibits tumor growth by slowing cell proliferation

and by induction of apoptosis.
Four phase II monotherapy studies are currently ongoing, one each in the

indications of melanoma, pancreatic cancer, colorectal cancer, and NSCLC.

Because all four phase II clinical studies have only recently started, no efficacy

data and only limited safety data are currently available. TheGOG is also about

to activate GOG 239, a phase II study of AZD6244 in the treatment of recurrent

low-grade serous carcinoma of the ovary.
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Fig. 3.1 Signal transduction, regulation of the cell cycle, and apoptotic pathways. The
covalent modification of intracellular constituents is illustrated by receptor and nonreceptor
protein tyrosine kinases. Input from tyrosine kinases results in increased generation of
activated ras bound to GTP, which in turn associates with ras effectors: raf, Rho, Rac,
and RassF1. Raf MAP kinase kinase kinase (MAPKKK) propagates the signal to
microtubule-associated protein kinase kinase (MAPKK), which activates MAPK. MAPK
phosphorylates a host of substrates, including cytoplasmic phospholipase A2, cytoskeletal
components, protein synthesis machinery, and, most importantly, transcription factors such
as myc, c-Jun, and ATF. Parallel pathways exist that use different MAPKKKs, MAPKKs,
and MAPKs. Different MAPKs, such as ERK, JNK, and p38, phosphorylate and activate
downstream targets that ultimately drive the cell cycle. The upstream activators of the
MAPKKK are not as well characterized as other portions of the cascade; as such only
ras, PAK 1, and rac have been listed for simplicity. Although the MAP kinase cascades are
parallel in nature, there is extensive cross-talk between these pathways. The generation of
‘‘secondary messengers’’ that act upon intracellular receptor sites is exemplified by
G-protein–coupled receptors. G-proteins interact with adenylate cyclase and certain phos-
pholipases. Consequent hydrolysis of membrane phosphatidylinositol 4,5-bis-phosphate
yields inositol 1,4,5-tris-phosphate (IP3), which releases Ca2, from internal stores, and
diacylglycerol (DAG), which activates protein kinase C (PKC). Activation of PI3’K by
tyrosine kinases increases IP3 levels, allowing cross-talk between growth factor and
G-protein–coupled receptors. The ultimate effect of growth factors is to trigger the enzy-
matic cascade involving cyclins and cyclin-dependent kinases (CDKs) that play critical roles
in stimulating cells to enter and transit through the cell cycle
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Inhibitors of Cell Cycle Regulators

The progression of the cell from the G1 to the S phase is accompanied by

phosphorylation and inactivation of the retinoblastoma gene product (Rb

protein) by serine/threonine kinases known as cyclin-dependent kinases

(CDKs).96 The CDKs form complexes with proteins called cyclins. There are

at least nine CDKs (CDK1–CDK9) and 15 cyclins (cyclin A through cyclin

T).96 These complexes are in turn inhibited by a combination of small proteins

called CDK inhibitors (CKIs). The INK4 (inhibitor of CDK4) family consists

of p16ink4a, p15ink4b, p18ink4c, and p19ink4d, and they specifically inhibit cyclin

D–associated kinases.97 The protein kinase inhibitor protein family of p21waf1,

p27Kip1, and p57kip2 inhibit the cyclin E/cdk2 and cyclin A/cdk2 complexes.98

Loss of expression of CKIs confers a poor prognosis in a variety of cancers.99

Loss of p27Kip1 predicts poor prognosis in breast, lung, colon, or gastric cancer.

Loss of p16ink4a is associated with poor prognosis in NSCLC and melanoma.99

Strategies for therapeutic intervention in the modulation of CDK activity are

divided into direct efforts that target the CDK subunit or indirect efforts that

target the regulatory pathways that govern CDK activity.97

Small-molecular CDK inhibitors can be divided into eight families: purine

derivatives, butyrolactone I, flavopiridols, staurosporins (UCN-01), toyocamy-

cin, 9-hydroxyellipticine, polysulfates, and paullones.97 Of the CDK inhibitors,

flavopiridol has advanced the closest toward clinical application. Flavopiridol

is a semisynthetic flavonoid isolated from a plant that is indigenous to India.97

Flavopiridol inhibits cdk1, cdk2, and cdk4, decreases cyclin D1, causes selective

induction of apoptotic cell death, and has anti-angiogenic properties.100,101

Two phase I clinical trials with flavopiridol administered as a 72-hour infusion

every 2 weeks, and one clinical trial with flavopiridol administered as a 1-hour

infusion every 3 weeks, have been completed.102,103 Minor response rates of

10% have occurred, but more importantly disease stabilization occurred in

approximately 7% to 10% of patients who received flavopiridol.102,103

UCN-01, a staurosporine analogue, has activity against several protein kinaseC

isoenzymes.97 UCN-01 is able to override the G2 checkpoint induced by

DNA-damaging agents and override the DNA damage–induced S-phase check-

point,104 thus driving the cells toward apoptosis. UNC-01 also increases cytotoxi-

city in cells that contain mutated p53 genes and enhances the effect of a variety of

chemotherapeutic agents to include cisplatin and camptothecan.105 In ovarian

cancer cell lines, UCN-01 enhances cisplatin cytotoxicity and apoptosis regardless

of p53 status, but wild-type p53 was observed to increase the degree of sensitiza-

tion.105 A phase I trial of UCN-01 has recently been completed in humans.97

Clinical features included an unusually long half-life that was 100 times longer

than that observed in preclinicalmodels. The recommended phase II dose ofUCN-

01 was 42.5 mg/m2 given as a 72-hour infusion. A phase II study of topotecan and

UCN-01 in patients with advanced ovarian cancer has also been conducted.106

Twenty-nine patients are evaluable for toxicity and efficacy. Three patients (10%)
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achieved a partial response.106 The median time to progression was 3.3 months,
and the median overall survival was 9.7 months. The most common grade 3–4
toxicities were neutropenia (79%), anemia (41%), thrombocytopenia (14%),
hyperglycemia (10%), and pain (10%). The combination of UCN-01 and topote-
can was generally well tolerated, however, this combination is not considered to
have significant antitumor activity against advanced ovarian cancer.

Inhibitors of Poly(ADP-ribose) Polymerase

Poly(ADP-ribose) polymerase (PARP) comprises a family of enzymes that add
ribose moieties to areas of damaged DNA in order to signal recruitment of a
DNA repair complex.107 To date, seven isoforms have been identified: PARP-1,
PARP-2, PARP-3, PARP-4 (Vault-PARP), PARP-5 (tankyrases), PARP-7,
and PARP-10. PARP is involved in base excision repair, a key pathway in the
repair of DNA single-strand breaks.107,108 PARP-1, the best characterized
member, works as a DNA damage nick-sensor protein that uses beta-NAD+
to form polymers of ADP-ribose and has been implicated in DNA repair,
maintenance of genomic integrity, and mammalian longevity.107

Carriers of germ-line heterozygous mutations in BRCA1 or BRCA2 are at
highly elevated risk of developing breast, ovarian, and other cancers. Tumors
arising as a result of a BRCA mutation generally show loss of the wild-type
allele and retention of the mutated allele, suggesting that they are functionally
deficient for BRCA1 or BRCA2. Both BRCA1 and BRCA2 proteins are
important for the repair of double-strand DNA breaks by homologous recom-
bination and the gene conversion pathway.107,108 As a result, both BRCA1- and
BRCA2-deficient cells have an elevated use of error-prone repair pathways,
including the base-excision repair pathway initiated by PARP.107,108

PARP-1 activity is essential in BRCA mutant cells.109 BRCA1 or BRCA2
dysfunction profoundly sensitizes cells to the inhibition of PARP enzymatic
activity, resulting in chromosomal instability, cell cycle arrest, and subsequent
apoptosis.109,110 This may be because the inhibition of PARP leads to the
propagation of single-strand breaks to double-strand breaks and the persistence
ofDNA lesions normally repaired by homologous recombination. These results
illustrate how different pathways cooperate to repair damage and suggest that
the targeted inhibition of particular DNA repair pathways may allow the design
of specific and less toxic therapies for cancer.

There is a wealth of preclinical data showing that coadministration of a
PARP-1 inhibitor with cytotoxic drugs that cause single- and double-strand
DNA breaks potentiates the activity of these agents and causes persistent DNA
single-strand breaks.111–113 It is these intriguing data regarding BRCA dysfunc-
tion and sensitivity of cancer cells to PARP inhibition that have led to the
investigation of an orally available PARP-1 inhibitor KU-00559436 (KuDOS;
AstraZeneca, Astrazeneca Pharmaceuticals, P.O. Box 15437 DE 19850-5437) as a
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single anticancer agent; a phase I study ongoing with this agent has already shown
indications of activity in BRCA-defective patients with metastatic disease using a
continuous oral dosing schedule.112 This PARP inhibitor is also under investiga-
tion in combination with carboplatin as a DNA-damaging agent in the phase I
setting for the assessment of toxicity in women with known BRCA-mutant breast
or ovarian cancer (Annunziata and Kohn, personal communication).

A phase II study of AG014699, a potent tricyclic indole PARP inhibitor, in
metastatic breast and ovarian cancer in proven carriers of a BRCA1 or BRCA2
mutation is in development (sponsored by Cancer Research UK). AG014699 has
also completed both phase I and II studies in combination with temozolo-
mide.112,114 Inhibition of the target enzyme was shown in peripheral blood cells
and tumor biopsies. Enhanced temozolomide-induced myelosuppression was
observed when full-dose temozolomide was combined with a PARP inhibitory
dose of AG014699; however, a 25% dose reduction of the temozolomide dose
meant that the regimen was well tolerated, and this small phase II study reported a
doubling of the response rate and median time to progression compared with that
of temozolomide alone.114,115 After these initial studies, there are several PARP
inhibitors also scheduled to begin clinical trials as chemopotentiating or
radiopotentiating agents. Novel agents INO-1001 (Inotek, now part of
Genentech, Genentech, Inc. 1 DNA WaySouth San Francisco, CA 94080(650)
225-1000), ABT888 (Abbott, Abbott Laboratories, 100 Abbott Park Road,
Abbott Park, Illinois 60064-3500), and GPI 21016 (MGI Pharma, 6611 Tribu-
tary St Baltimore, MD 21224) are in late preclinical development in this
indication.

Conclusion

The molecular revolution has provided enormous potential for the treatment of
many human diseases including cancer. The variety of cell surface receptors,
signaling pathways, and nuclear proteins that stimulate cellular proliferation or
inhibit cell death provide a rich environment for the development of clinically
relevantmolecular agents for the treatment of cancer. In the field of gynecologic
oncology, we are now just beginning to investigate these new targeted agents.
These new biologic therapies will usher in a new era of customized therapy that
will certainly revolutionize the way we approach gynecologic cancer patients.

References

1. Jemal A, Siegel R, Ward E, et al. Cancer statistics, 2008. CA Cancer J Clin. 2008;58:71–96.
2. Bhoola S, Hoskins WJ. Diagnosis and management of epithelial ovarian cancer. Obstet

Gynecol. 2006;107:1399–1410.
3. Cannistra SA. Cancer of the ovary. N Engl J Med. 2004;351:2519–2529.

78 J. Farley and M.J. Birrer



4. Piccart MJ, Bertelsen K, Stuart G, et al. Long-term follow-up confirms a survival
advantage of the paclitaxel-cisplatin regimen over the cyclophosphamide-cisplatin com-
bination in advanced ovarian cancer. Int J Gynecol Cancer. 2003;13(Suppl 2):144–148.

5. Tummala MK, McGuire WP. Recurrent ovarian cancer. Clin Adv Hematol Oncol.
2005;3:723–736.

6. Heinrich MC, Blanke CD, Druker BJ, Corless CL. Inhibition of KIT tyrosine kinase
activity: a novel molecular approach to the treatment of KIT-positive malignancies.
J Clin Oncol. 2002;20:1692–1703.

7. Demetri GD. Targeting c-kit mutations in solid tumors: scientific rationale and novel
therapeutic options. Semin Oncol. 2001;28:19–26.

8. Mauro MJ, Druker BJ. STI571: targeting BCR-ABL as therapy for CML. Oncologist.
2001;6:233–238.

9. BookmanMA. Biologic therapies for gynecologic cancer. Curr Opin Oncol. 1995;7:478–484.
10. Bookman MA. Biological therapy of ovarian cancer: current directions. Semin Oncol.

1998;25:381–396.
11. Darcy KM, Schilder RJ. Relevant molecular markers and targets. Gynecol Oncol.

2006;103:S6–S13.
12. Goel S, Mani S, Perez-Soler R. Tyrosine kinase inhibitors: a clinical perspective. Curr

Oncol Rep. 2002;4:9–19.
13. Folkman J. Seminars in Medicine of the Beth Israel Hospital, Boston. Clinical applica-

tions of research on angiogenesis. N Engl J Med. 1995;333:1757–1763.
14. Aguilar Z, Akita RW, Finn RS, et al. Biologic effects of heregulin/neu differentiation

factor on normal and malignant human breast and ovarian epithelial cells. Oncogene.
1999;18:6050–6062.

15. Pegram M, Hsu S, Lewis G, et al. Inhibitory effects of combinations of HER-2/neu
antibody and chemotherapeutic agents used for treatment of human breast cancers.
Oncogene. 1999;18:2241–2251.

16. Martin L, Schilder R. Novel approaches in advancing the treatment of epithelial ovarian
cancer: the role of angiogenesis inhibition. J Clin Oncol 2007;25:2894–2901.

17. Veikkola T, KarkkainenM, Claesson-Welsh L, Alitalo K. Regulation of angiogenesis via
vascular endothelial growth factor receptors. Cancer Res. 2000;60:203–212.

18. Hanahan D, Folkman J. Patterns and emerging mechanisms of the angiogenic switch
during tumorigenesis. Cell. 1996;86:353–364.

19. Hanahan D, Weinberg RA. The hallmarks of cancer. Cell. 2000;100:57–70.
20. Abulafia O, Triest WE, Sherer DM. Angiogenesis in malignancies of the female genital

tract. Gynecol Oncol. 1999;72:220–231.
21. Paley PJ, Staskus KA, GebhardK, et al. Vascular endothelial growth factor expression in

early stage ovarian carcinoma. Cancer. 1997;80:98–106.
22. Holmgren L, O’Reilly MS, Folkman J. Dormancy of micrometastases: balanced prolifera-

tion and apoptosis in the presence of angiogenesis suppression. Nat Med. 1995;1:149–153.
23. Li CY, Shan S, Huang Q, et al. Initial stages of tumor cell-induced angiogenesis: evalua-

tion via skin window chambers in rodent models. J Natl Cancer Inst. 2000;92:143–147.
24. Verhoef C, de Wilt JH, Verheul HM. Angiogenesis inhibitors: perspectives for medical,

surgical and radiation oncology. Curr Pharm Des. 2006;12:2623–2630.
25. Yokoyama Y, Dhanabal M, Griffioen AW, Sukhatme VP, Ramakrishnan S. Synergy

between angiostatin and endostatin: inhibition of ovarian cancer growth. Cancer Res.
2000;60:2190–2196.

26. Giantonio BJ, Catalano PJ, Meropol NJ, et al. Bevacizumab in combination with
oxaliplatin, fluorouracil, and leucovorin (FOLFOX4) for previously treated metastatic
colorectal cancer: results from the Eastern Cooperative Oncology Group Study E3200.
J Clin Oncol. 2007;25:1539–1544.

27. Hurwitz H, Fehrenbacher L, Novotny W, et al. Bevacizumab plus irinotecan, fluorour-
acil, and leucovorin for metastatic colorectal cancer.N Engl J Med. 2004;350:2335–2342.

3 Novel Therapeutic Targets 79



28. Burger RA, Sill MW, Monk BJ, Greer BE, Sorosky JI. Phase II trial of bevacizumab in
persistent or recurrent epithelial ovarian cancer or primary peritoneal cancer: a Gyneco-
logic Oncology Group Study. J Clin Oncol. 2007;25:5165–5171.

29. Monk BJ, Han E, Josephs-Cowan CA, Pugmire G, Burger RA. Salvage bevacizumab
(rhuMAB VEGF)-based therapy after multiple prior cytotoxic regimens in advanced
refractory epithelial ovarian cancer. Gynecol Oncol. 2006;102:140–144.

30. Chura JC, Van Iseghem K, Downs LS Jr, Carson LF, Judson PL. Bevacizumab plus
cyclophosphamide in heavily pretreated patients with recurrent ovarian cancer. Gynecol
Oncol. 2007;107:326–330.

31. Arora N, Tewari D, Cowan C, Saffari B, Monk BJ, Burger RA. Bevacizumab demon-
strates activity in advanced refractory fallopian tube carcinoma. Int J Gynecol Cancer.
2008;18:369–372.

32. Agus DB, Bunn PA Jr, Franklin W, Garcia M, Ozols RF. HER-2/neu as a therapeutic
target in non-small cell lung cancer, prostate cancer, and ovarian cancer. Semin Oncol.
2000;27:53–63; discussion 92–100.

33. Christensen JG, Schreck RE, Chan E, et al. High levels of HER-2 expression alter the
ability of epidermal growth factor receptor (EGFR) family tyrosine kinase inhibitors to
inhibit EGFR phosphorylation in vivo. Clin Cancer Res. 2001;7: 4230–4238.

34. Cuello M, Ettenberg SA, Clark AS, et al. Down-regulation of the erbB-2 receptor by
trastuzumab (herceptin) enhances tumor necrosis factor-related apoptosis-inducing
ligand-mediated apoptosis in breast and ovarian cancer cell lines that overexpress erbB-
2. Cancer Res. 2001;61:4892–4900.

35. Franklin WA, Veve R, Hirsch FR, Helfrich BA, Bunn PA Jr. Epidermal growth factor
receptor family in lung cancer and premalignancy. Semin Oncol. 2002;29:3–14.

36. Kumar R,MandalM, Vadlamudi R. New insights into anti-HER-2 receptor monoclonal
antibody research. Semin Oncol. 2000;27:84–91; discussion 2–100.

37. LeiW,Mayotte JE, Levitt ML. EGF-dependent and independent programmed cell death
pathways in NCI-H596 nonsmall cell lung cancer cells. Biochem Biophys Res Commun.
1998;245:939–945.

38. Leu CM, Chang C, Hu C. Epidermal growth factor (EGF) suppresses staurosporine-
induced apoptosis by inducing mcl-1 via the mitogen-activated protein kinase pathway.
Oncogene. 2000;19:1665–1675.

39. Arteaga CL, Khuri F, Krystal G, Sebti S. Overview of rationale and clinical trials with
signal transduction inhibitors in lung cancer. Semin Oncol. 2002;29:15–26.

40. Hackel PO, Zwick E, Prenzel N, Ullrich A. Epidermal growth factor receptors: critical
mediators of multiple receptor pathways. Curr Opin Cell Biol. 1999;11:184–189.

41. Hunter T. Signaling – 2000 and beyond. Cell. 2000;100:113–127.
42. Riese DJ 2nd, Stern DF. Specificity within the EGF family/ErbB receptor family signal-

ing network. Bioessays. 1998;20:41–48.
43. Yarden Y, Sliwkowski MX. Untangling the ErbB signalling network. Nat Rev Mol Cell

Biol. 2001;2:127–137.
44. Gullick WJ, Marsden JJ, Whittle N, Ward B, Bobrow L, Waterfield MD. Expression of

epidermal growth factor receptors on human cervical, ovarian, and vulval carcinomas.
Cancer Res. 1986;46:285–292.

45. Scoccia B, Lee YM,Niederberger C, Ilekis JV. Expression of the ErbB family of receptors
in ovarian cancer. J Soc Gynecol Invest. 1998;5:161–165.

46. Goff BA, Shy K, Greer BE, Muntz HG, Skelly M, Gown AM. Overexpression and
relationships of HER-2/neu, epidermal growth factor receptor, p53, Ki-67, and tumor
necrosis factor alpha in epithelial ovarian cancer. Eur J Gynaecol Oncol. 1996;17:
487–492.

47. Fan Z, Lu Y, Wu X, Mendelsohn J. Antibody-induced epidermal growth factor receptor
dimerization mediates inhibition of autocrine proliferation of A431 squamous carcinoma
cells. J Biol Chem. 1994;269:27595–27602.

80 J. Farley and M.J. Birrer



48. Mendelsohn J. Epidermal growth factor receptor inhibition by a monoclonal antibody as
anticancer therapy. Clin Cancer Res. 1997;3:2703–2707.

49. Divgi CR, Welt S, Kris M, et al. Phase I and imaging trial of indium 111-labeled anti-
epidermal growth factor receptor monoclonal antibody 225 in patients with squamous
cell lung carcinoma. J Natl Cancer Inst. 1991;83:97–104.

50. Bookman MA, Darcy KM, Clarke-Pearson D, Boothby RA, Horowitz IR. Evaluation
of monoclonal humanized anti-HER2 antibody, trastuzumab, in patients with recur-
rent or refractory ovarian or primary peritoneal carcinoma with overexpression of
HER2: a phase II trial of the Gynecologic Oncology Group. J Clin Oncol.
2003;21:283–290.

51. CobleighMA, Vogel CL, Tripathy D, et al. Multinational study of the efficacy and safety
of humanized anti-HER2 monoclonal antibody in women who have HER2-overexpres-
sing metastatic breast cancer that has progressed after chemotherapy for metastatic
disease. J Clin Oncol. 1999;17:2639–2648.

52. Serrano-Olvera A, Duenas-Gonzalez A, Gallardo-Rincon D, Candelaria M, De la
Garza-Salazar J. Prognostic, predictive and therapeutic implications of HER2 in invasive
epithelial ovarian cancer. Cancer Treat Rev. 2006;32:180–190.

53. Heymach JV, Nilsson M, Blumenschein G, Papadimitrakopoulou V, Herbst R. Epider-
mal growth factor receptor inhibitors in development for the treatment of non-small cell
lung cancer. Clin Cancer Res. 2006;12:4441s–4445s.

54. Seiden MV, Burris HA, Matulonis U, et al. A phase II trial of EMD72000 (matuzumab),
a humanized anti-EGFRmonoclonal antibody, in patients with platinum-resistant ovar-
ian and primary peritoneal malignancies. Gynecol Oncol. 2007;104:727–731.

55. Gordon MS, Matei D, Aghajanian C, et al. Clinical activity of pertuzumab (rhuMAb
2C4), a HER dimerization inhibitor, in advanced ovarian cancer: potential predictive
relationship with tumor HER2 activation status. J Clin Oncol. 2006;24:4324–4332.

56. Al-Obeidi FA, Lam KS. Development of inhibitors for protein tyrosine kinases. Onco-
gene. 2000;19:5690–5701.

57. Baselga J, Averbuch SD. ZD1839 (’Iressa’) as an anticancer agent. Drugs. 2000;60(Suppl
1):33–40; discussion 1–2.

58. Bianco C, Bianco R, Tortora G, et al. Antitumor activity of combined treatment of
human cancer cells with ionizing radiation and anti-epidermal growth factor receptor
monoclonal antibody C225 plus type I protein kinase A antisense oligonucleotide. Clin
Cancer Res. 2000;6:4343–4350.

59. Ciardiello F, Bianco R, Damiano V, et al. Antitumor activity of sequential treatment with
topotecan and anti-epidermal growth factor receptor monoclonal antibody C225. Clin
Cancer Res. 1999;5:909–916.

60. Sewell JM,Macleod KG, Ritchie A, Smyth JF, Langdon SP. Targeting the EGF receptor
in ovarian cancer with the tyrosine kinase inhibitor ZD 1839 ("Iressa"). Br J Cancer.
2002;86:456–462.

61. Schilder RJ, SillMW,ChenX, et al. Phase II study of gefitinib in patients with relapsed or
persistent ovarian or primary peritoneal carcinoma and evaluation of epidermal growth
factor receptor mutations and immunohistochemical expression: a Gynecologic Oncol-
ogy Group Study. Clin Cancer Res. 2005;11:5539–5548.

62. Gordon AN, Finkler N, Edwards RP, et al. Efficacy and safety of erlotinib HCl, an
epidermal growth factor receptor (HER1/EGFR) tyrosine kinase inhibitor, in patients
with advanced ovarian carcinoma: results from a phase II multicenter study. Int J Gynecol
Cancer. 2005;15:785–792.

63. Kwak EL, Sordella R, Bell DW, et al. Irreversible inhibitors of the EGF receptor may
circumvent acquired resistance to gefitinib. Proc Natl Acad Sci USA. 2005;102:
7665–7670.

64. Campos S, Hamid O, Seiden MV, et al. Multicenter, randomized phase II trial of oral
CI-1033 for previously treated advanced ovarian cancer. J Clin Oncol. 2005;23:5597–5604.

3 Novel Therapeutic Targets 81



65. Arteaga CL. Epidermal growth factor receptor dependence in human tumors: more than
just expression? Oncologist. 2002;7(Suppl 4):31–39.

66. Druker BJ. David A. Karnofsky Award lecture. Imatinib as a paradigm of targeted
therapies. J Clin Oncol. 2003;21:239s–245s.

67. Inoue M, Kyo S, Fujita M, Enomoto T, Kondoh G. Coexpression of the c-kit receptor
and the stem cell factor in gynecological tumors. Cancer Res. 1994;54:3049–3053.

68. Alberts DS, Liu PY, Wilczynski SP, et al. Phase II trial of imatinib mesylate in recurrent,
biomarker positive, ovarian cancer (Southwest Oncology Group Protocol S0211). Int
J Gynecol Cancer. 2007;17:784–788.

69. Teneriello MG, Ebina M, Linnoila RI, et al. p53 and Ki-ras gene mutations in epithelial
ovarian neoplasms. Cancer Res. 1993;53:3103–3108.

70. Annunziata CM, Azad N, Hoskins E, Kohn EC. Tumor angiogenesis and metastasis. In:
Hoskins WJ YRC, Markman M, Perez CA, Barakat R, Randall M, eds. Principles and
Practice of Gynecologic Oncology. Philadelphia: Lippincott Williams &Wilkins: In press.

71. Alonio LV, Picconi MA, Dalbert D, et al. Ha-ras oncogene mutation associated to
progression of papillomavirus induced lesions of uterine cervix. J Clin Virol. 2003;
27:263–269.

72. Sun J, BlaskovichMA, Knowles D, et al. Antitumor efficacy of a novel class of non-thiol-
containing peptidomimetic inhibitors of farnesyltransferase and geranylgeranyltransfer-
ase I: combination therapy with the cytotoxic agents cisplatin, Taxol, and gemcitabine.
Cancer Res. 1999;59:4919–4926.

73. Hutson TE. Safety and tolerability of sorafenib in clear-cell renal cell carcinoma: a phase
III overview. Expert Rev Anticancer Ther. 2007;7:1193–1202.

74. Gao N, Flynn DC, Zhang Z, et al. G1 cell cycle progression and the expression of G1
cyclins are regulated by PI3K/AKT/mTOR/p70S6K1 signaling in human ovarian cancer
cells. Am J Physiol Cell Physiol. 2004;287:C281–C291.

75. Dancey JE. Therapeutic targets: mTOR and related pathways. Cancer Biol Ther. 2006;
5:1065–1073.

76. Mabuchi S, Altomare DA, Cheung M, et al. RAD001 inhibits human ovarian cancer cell
proliferation, enhances cisplatin-induced apoptosis, and prolongs survival in an ovarian
cancer model. Clin Cancer Res. 2007;13:4261–4270.

77. Giavazzi R, Garofalo A, Ferri C, et al. Batimastat, a synthetic inhibitor of matrix
metalloproteinases, potentiates the antitumor activity of cisplatin in ovarian carcinoma
xenografts. Clin Cancer Res. 1998;4:985–992.

78. Brown PD. Matrix metalloproteinase inhibitors: a novel class of anticancer agents. Adv
Enzyme Regul. 1995;35:293–301.

79. Formenti S, Felix J, Salonga D, Danenberg K, Pike MC, Danenberg P. Expression of
metastases-associated genes in cervical cancers resected in the proliferative and secretory
phases of the menstrual cycle. Clin Cancer Res. 2000;6:4653–4657.

80. Hidalgo M, Eckhardt SG. Development of matrix metalloproteinase inhibitors in cancer
therapy. J Natl Cancer Inst. 2001;93:178–193.

81. NguyenDM, LorangD, ChenGA, Stewart JHt, Tabibi E, SchrumpDS. Enhancement of
paclitaxel-mediated cytotoxicity in lung cancer cells by 17-allylamino geldanamycin: in
vitro and in vivo analysis. Ann Thorac Surg. 2001;72:371–378; discussion 8–9.

82. An WG, Schulte TW, Neckers LM. The heat shock protein 90 antagonist geldanamycin
alters chaperone association with p210bcr-abl and v-src proteins before their degradation
by the proteasome. Cell Growth Differ. 2000;11:355–360.

83. Nanbu K, Konishi I, Mandai M, et al. Prognostic significance of heat shock
proteins HSP70 and HSP90 in endometrial carcinomas. Cancer Detect Prev.
1998;22:549–555.

84. Neckers L, Schulte TW, Mimnaugh E. Geldanamycin as a potential anti-cancer
agent: its molecular target and biochemical activity. Invest New Drugs.
1999;17:361–373.

82 J. Farley and M.J. Birrer



85. Yoshida H, Kitamura K, Tanaka K, et al. Accelerated degradation of PML-
retinoic acid receptor alpha (PML-RARA) oncoprotein by all-trans-retinoic acid
in acute promyelocytic leukemia: possible role of the proteasome pathway.
Cancer Res. 1996;56:2945–2948.

86. Cheson BD. Hematologic malignancies: new developments and future treatments.
Semin Oncol. 2002;29:33–45.

87. Sunwoo JB, Chen Z, Dong G, et al. Novel proteasome inhibitor PS-341 inhibits activa-
tion of nuclear factor-kappa B, cell survival, tumor growth, and angiogenesis in squa-
mous cell carcinoma. Clin Cancer Res. 2001;7:1419–1428.

88. Aghajanian C, Dizon DS, Sabbatini P, Raizer JJ, Dupont J, Spriggs DR. Phase I trial of
bortezomib and carboplatin in recurrent ovarian or primary peritoneal cancer. J Clin
Oncol. 2005;23:5943–5949.

89. Ramirez PT, Landen CN Jr, Coleman RL, et al. Phase I trial of the proteasome inhibitor
bortezomib in combination with carboplatin in patients with platinum- and taxane-
resistant ovarian cancer. Gynecol Oncol. 2008;108:68–71.

90. Sebolt-Leopold JS, Dudley DT, Herrera R, et al. Blockade of the MAP kinase pathway
suppresses growth of colon tumors in vivo. Nat Med. 1999;5:810–816.

91. MacKeigan JP, Collins TS, Ting JP.MEK inhibition enhances paclitaxel-induced tumor
apoptosis. J Biol Chem. 2000;275:38953–38956.

92. ManzanoRG,Montuenga LM,DaytonM, et al. CL100 expression is down-regulated in
advanced epithelial ovarian cancer and its re-expression decreases its malignant poten-
tial. Oncogene. 2002;21:4435–4447.

93. Hayakawa J, Ohmichi M, Kurachi H, et al. Inhibition of BAD phosphorylation either at
serine 112 via extracellular signal-regulated protein kinase cascade or at serine 136 via Akt
cascade sensitizes human ovarian cancer cells to cisplatin. Cancer Res. 2000; 60:5988–5994.

94. Friday BYC, Sminth P, Adejei A. A potential role for the modulation of a negative
feedback loop between Erk and Raf mediating sensitivity to the MEK inhibitor
AZD6244 (ARRY-142886) in human lung cancer cell lines. Proc Am Assoc Cancer
Res. 2006;47:A4868.

95. Tran ESK, Chow P, Huynh H. Targeted inhibition of the MEK-ERK signaling cascade
by the selective MEK 1/2 inhibitor AZD6244 (ARRAY-142886) for the treatment of
hepatocellular carcinoma. Proc Am Assoc Cancer Res. 2006;47:A5470.

96. MorganDO, Fisher RP, Espinoza FH, et al. Control of eukaryotic cell cycle progression
by phosphorylation of cyclin-dependent kinases. Cancer J Sci Am. 1998;4(Suppl 1):
S77–S83.

97. Senderowicz AM, Sausville EA. Preclinical and clinical development of cyclin-dependent
kinase modulators. J Natl Cancer Inst. 2000;92:376–387.

98. Sherr CJ, Roberts JM. CDK inhibitors: positive and negative regulators of G1-phase
progression. Genes Dev. 1999;13:1501–1512.

99. Tsihlias J, Kapusta L, Slingerland J. The prognostic significance of altered cyclin-
dependent kinase inhibitors in human cancer. Annu Rev Med. 1999;50:401–423.

100. Kerr JS,Wexler RS,Mousa SA, et al. Novel small molecule alpha v integrin antagonists:
comparative anti-cancer efficacy with known angiogenesis inhibitors. Anticancer Res.
1999;19:959–968.

101. Patel V, Senderowicz AM, Pinto D Jr, et al. Flavopiridol, a novel cyclin-dependent
kinase inhibitor, suppresses the growth of head and neck squamous cell carcinomas by
inducing apoptosis. J Clin Invest. 1998;102:1674–1681.

102. Senderowicz AM, Headlee D, Stinson SF, et al. Phase I trial of continuous infusion
flavopiridol, a novel cyclin-dependent kinase inhibitor, in patients with refractory
neoplasms. J Clin Oncol. 1998;16:2986–2999.

103. Tan AR, Headlee D, Messmann R, et al. Phase I clinical and pharmacokinetic study of
flavopiridol administered as a daily 1-hour infusion in patients with advanced neo-
plasms. J Clin Oncol. 2002;20:4074–4082.

3 Novel Therapeutic Targets 83



104. Bunch RT, Eastman A. 7-Hydroxystaurosporine (UCN-01) causes redistribution of
proliferating cell nuclear antigen and abrogates cisplatin-induced S-phase arrest in
Chinese hamster ovary cells. Cell Growth Differ. 1997;8:779–788.

105. Husain A, Yan XJ, Rosales N, Aghajanian C, Schwartz GK, Spriggs DR. UCN-01 in
ovary cancer cells: effective as a single agent and in combination with cis-diamminedi-
chloroplatinum(II) independent of p53 status. Clin Cancer Res. 1997;3:2089–2097.

106. Welch S, Hirte HW, CareyMS, et al. UCN-01 in combination with topotecan in patients
with advanced recurrent ovarian cancer: a study of the Princess Margaret Hospital
Phase II consortium. Gynecol Oncol. 2007;106:305–310.

107. de la Lastra CA, Villegas I, Sanchez-Fidalgo S. Poly(ADP-ribose) polymerase inhibi-
tors: new pharmacological functions and potential clinical implications. Curr Pharm
Des. 2007;13:933–962.

108. McCabe N, Lord CJ, Tutt AN, Martin NM, Smith GC, Ashworth A. BRCA2-deficient
CAPAN-1 cells are extremely sensitive to the inhibition of poly (ADP-ribose) polymerase:
an issue of potency. Cancer Biol Ther. 2005;4:934–936.

109. Bryant HE, Schultz N, Thomas HD, et al. Specific killing of BRCA2-deficient tumours
with inhibitors of poly(ADP-ribose) polymerase. Nature. 2005;434:913–917.

110. Farmer H, McCabe N, Lord CJ, et al. Targeting the DNA repair defect in BRCA
mutant cells as a therapeutic strategy. Nature. 2005;434:917–921.

111. Calabrese CR, Almassy R, Barton S, et al. Anticancer chemosensitization and
radiosensitization by the novel poly(ADP-ribose) polymerase-1 inhibitor AG14361.
J Natl Cancer Inst. 2004;96:56–67.

112. Plummer ER. Inhibition of poly(ADP-ribose) polymerase in cancer. Curr Opin
Pharmacol. 2006;6:364–368.

113. Tentori L, Graziani G. Chemopotentiation by PARP inhibitors in cancer therapy.
Pharmacol Res. 2005;52:25–33.

114. Plummer ER, Calvert H. Targeting poly(ADP-ribose) polymerase: a two-armed strat-
egy for cancer therapy. Clin Cancer Res. 2007;13:6252–6256.

115. Azzabi A, Hughes AN, Calvert PM, et al. Phase I study of temozolomide plus paclitaxel
in patients with advanced malignant melanoma and associated in vitro investigations.
Br J Cancer. 2005;92:1006–1012.

84 J. Farley and M.J. Birrer



Chapter 4

Biomarker Targets and Novel Therapeutics

Mary Clouser, Lisa M. Hess, and Setsuko K. Chambers

Introduction

Epithelial ovarian cancer is the leading cause of gynecologic cancer death

among developed nations worldwide1 and is the fifth leading cause of overall

cancer mortality among women in the United States.2 Despite the high mortal-

ity rates, ovarian cancer has a relatively low prevalence (0.075% of the U.S.

female population). For women with regional and distant disease, the 5-year

survival rates are 69% and 30%, respectively.3

Themajority of women diagnosed with ovarian cancer (approximately 75%)

present with advanced-stage disease.4 Barriers to developing effective screening

programs for ovarian cancer include its relatively low prevalence; lack of

specific clinical symptoms; and that the cell of epithelial cancer origin is not

clear with lack of a well-defined molecular precursor. Most ovarian cancer

diagnoses (approximately 90%) are sporadic, and the remaining 10% are

hereditary (e.g., primarily related to BRCA1/2 mutations). There are no

known, specific, validated biomarkers to date that could be used for early

detection among those at high risk for ovarian cancer.
Although a meta-analysis of 53 studies including those using modern chemo-

therapeutic agents demonstrated that greater primary surgical cytoreduction sig-

nificantly increases median survival of ovarian cancer, it is unlikely that any

further advances in surgical technology will significantly impact patient survival.5

However, surgical improvements are needed to further reduce surgical complica-

tions, to improve patient quality of life, and to ensure that as many patients as

possible are optimally debulked. Thus, the pursuit of new therapeutics is of utmost

importance if advancements are to be made in the survival of ovarian cancer.
In the 1990s, the combination of intravenous platinum plus a taxane became

the standard of care based on phase III studies done by the Gynecologic
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Oncology Group (GOG).6,7 The majority of advances in cytotoxic drug devel-
opment since then have been limited to patients in the best category, including
those optimally debulked (less than 1 cm of residual disease), those who are
candidates for consolidation therapy, or those who have platinum-sensitive
disease. More recently, a transition is being made to the use of intraperitoneal
cisplatin-based chemotherapy as the standard of care for the front-line treat-
ment of patients with optimally debulked, advanced ovarian cancer. This
transition is taking place due to a series of randomized trials of intraperitoneal
cisplatin.8–11 The most recent large phase III study conducted by the GOG
showed a 16-month median survival advantage for women treated with the
intraperitoneal regimen and a 25% decrease in risk of death (hazard ratio [HR],
0.75; 95% confidence interval [CI], 0.58–0.97).9

The natural history of epithelial ovarian cancer is such that after the primary
surgery and chemotherapy, there is usually a remission period. The goal of primary
therapy is to extend this remission period as long as possible and to maintain high
patient quality of life. In an effort to extend this initial remission period, consolida-
tion therapy is used by some clinicians but remains controversial due to the impact
on patient quality of life and varied findings related to efficacy.12 Unfortunately,
the majority of these advanced ovarian cancer patients will experience recurrent
disease, regardless of consolidation therapy, and will require additional chemo-
therapy regimens. Ultimately, these patients are very likely to develop drug-resis-
tant disease. This remains an area in high need of additional therapies.

Targeted therapy has been successful in a number of other solid tumors, but these
may not serve as valid models for the development of targeted therapies in ovarian
cancer. For example, gastrointestinal stomal tumors (GISTs) were found to arise
from amutation in c-kit in up to 90% of all cases. Treatment with the c-kit tyrosine
kinase inhibitor, imatinib, resulted in a 53%response rate in advancedGIST.13 This
has been a major success that has changed the treatment of these tumors but is
unlikely to provide an example for therapeutic development in ovarian cancer due
to the fact thatmultiple gene interactions govern the pathogenesis of ovarian cancer.
In breast cancer, the combination of bevacizumab and paclitaxel (combination
biologic and cytotoxic approach) improved progression-free survival compared
with that of paclitaxel alone (11.8 vs. 5.9 months; HR, 0.60; p < 0.001) but was
associated with significantly higher toxicity and no significant differences in overall
survival (26.7 vs. 25.2 months; HR= 0.88; p=0.16), precluding the development
of the combination for U.S. Food and Drug Association (FDA) approval.14

Combination therapy targeting multiple pathways may, nevertheless, serve as a
model for how biologics may be useful to treat ovarian cancer.

Rationale for Molecularly Targeted Agents

Ovarian cancer is believed to be the result of an accumulation of genetic
alterations, and therefore ongoing work in the area of treatment and prognos-
tics has focused on targeting specific pathways related to the genes thought to be

86 M. Clouser et al.



involved in the carcinogenic process. Increasingly, evidence supports a two-
pathway model of complex multiple genetic alterations in ovarian carcinogen-
esis.15,16 This model differentiates between low- and high-grade pathways that
are characterized by either a stepwise mutation process or by greater genetic
instability that leads to rapid metastasis.15 Early data show that there are
different expression patterns between the low-grade and high-grade carcinomas,
with low-grade tumors expressing higher estrogen and progesterone receptor and
E-cadherin, whereas high-grade tumors were more likely to express matrix
metalloproteinase-9 (MMP-9), B-cell leukemia/lymphoma 1 (BCL1), p53, and
Ki-67.16 This suggests that no single approach to targeted therapy ormolecularly
targeted prognostic factors may be valid across all ovarian carcinomas.

Genes that have been studied in ovarian cancer include oncogenes, including
human epidermal growth factor receptor 2 (HER2/neu), c-myc, c-fms, and tumor
suppressor genes, such as p53, BRCA1, and BRCA2. Both oncogenes and tumor
suppressor genes have a role in normal cell growth regulation. Proto-oncogenes
normally stimulate cell growth but when altered can promote the transformation
of cells into cancer. Tumor suppressor genes normally inhibit cell division and/or
promote cell death but when inactivated allow for the potential immortalization
of cells and the growth of cancer. Multiple molecular markers have been studied
in untreated ovarian cancer tissue samples, ascitic cells, and normal ovarian
tissues in hope of gathering information on their correlation with each other
and also with the apoptotic index.17Unfortunately, it would appear thatmultiple
gene interactions govern the pathogenesis of ovarian cancer thus making
single-gene–targeting therapies unlikely to succeed.15–17

There is accumulating evidence that angiogenesis plays a central role in
ovarian cancer disease progression.18,19 Angiogenesis is one of the cardinal
processes leading to invasion and metastasis of solid tumors. Yoneda et al.
studied the expression of angiogenesis-associated genes and progression of
tumors generated by ovarian carcinoma cell lines in a nude mouse xenograft
model.19 They found that the formation of ascites was associated with the
expression of vascular endothelial growth factor (VEGF) and other angiogen-
esis factors and that tumor growth rate was proportional to tumor vascularity.

The angiogenic-signaling pathway may be triggered by downregulation of p53
function. p53 functions to downregulate the angiogenic promoter VEGF and to
upregulate the angiogenic inhibitor thrombospondin-1 (TSP-1). Loss of p53 func-
tion, extremely common among epithelial ovarian cancers, may therefore be
associated with a pro-angiogenic state. In normal tissues, the amount of angiogen-
esis occurring is controlled by a balance of pro-angiogenic and anti-angiogenic
factors; however, in tumor tissue, this balance is often disrupted. Pro-angiogenic
proteins such as VEGF, basic fibroblast growth factor, and angiogenin are often
more highly expressed than in normal tissue, whereas anti-angiogenic proteins such
as angiostatins, endostatin, and TSP-1 are present at low levels or not at all.

Recent evidence has shown that dendritic cell precursors infiltrating tumors
are transformed into endothelial-like cells in the tumor microenvironment
under the influence of VEGF. These dendritic precursor cells were detected at
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high frequency in ovarian cancers; growth of these cancers may be dependent
on their presence.20

Epidermal growth factor receptor (EGFR) is overexpressed in 35% to 70% of
epithelial ovarian cancers. EGFR is a member of the type 1 tyrosine kinase (TK)
family of growth factor receptors, which play critical roles in cellular growth,
differentiation, and survival. Activation of these receptors typically occurs via
specific ligand binding, resulting in hetero- or homodimerization between recep-
tor family members, with subsequent autophosphorylation of the tyrosine kinase
domain. This activation triggers a cascade of intracellular signaling pathways
involved in both cellular proliferation (the ras/raf/MAP kinase pathway) and
survival (the PI3 kinase/AKT pathway). Members of this family, including
EGFR and HER2/neu, have been directly implicated in cellular transformation.

There is correlative evidence in the ovarian cancer literature showing a rela-
tionship betweenEGFRpositivity and a shorter progressive-free period aswell as
shorter overall survival for those with ovarian cancer.21 Chemotherapy response
has been shown to be significantly correlated with EGFR status as well. After 5
years, 63% of patients with negative versus 25% with positive EGFR were still
alive indicating the possibility of impaired response of EGFR-positive carcino-
mas to chemotherapy containing platinum compounds.21

Similar to EGFR, other EGF receptors are overexpressed in ovarian cancer
as well, such as HER2/neu (10% to perhaps 30% of epithelial ovarian cancers),
for which the literature on prognosis is conflicting. HER2/neu encodes a cell
surface glycoprotein similar in structure to EGFR.22 Based on work by Vermeij
et al., it would appear that the EGFR or HER2/neu directed molecular treat-
ments could benefit approximately 25% of all patients with invasive epithelial
ovarian cancer.23 However, results are not consistent, with other studies show-
ing no association with HER2/neu expression and stage, grade, cell type, and
residual tumor and no significant survival effect.24

Platelet-derived growth factor receptor (PDGFR) has also been reported to
be associated with shorter survival.25 Therefore, the inhibition of EGFR,
HER2, and PDGFR are among the targets that could play a significant role
in preventing progression of ovarian cancer.

Continued clinical testing of novel noncytotoxic agents is critical for the
development of effective salvage and primary treatment regimens. Ideally, these
noncytotoxic agents should be directed toward mechanisms thought to be
important in the process of ovarian tumor progression, such as angiogenesis
and EGFR inhibition.

Molecularly Targeted Agents for Recurrent Disease

There are many new novel molecularly targeted agents being tested in recurrent
ovarian cancer. Drugs that act on VEGF/VGFR include bevacizumab, suniti-
nib, and sorafenib. Drugs that act as an EGFR TK inhibitor include erlotinib,
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gefitinib, and cetuximab. Imatinib was developed to target c-kit and has also

been also found to inhibit colony stimulating factor 1 (CSF-1)–induced prolif-

eration of a cytokine-dependent cell line, suggesting it may also act through

inhibition of c-fms signaling.26,27 HER2/neu agents include trastuzumab and

pertuzumab. Protein kinase C (PKC) and rapamycin (mTOR) have also been

targeted in ovarian cancer in the form of enzastaurin and temsirolimus. The

epithelial cell adhesion molecule (EpCAM) inhibitor, catumaxomab, has been

tried in patients with refractory ascites or as consolidation therapy. There are also

agents that act on multiple pathways including imatinib (discussed above),

lapatinib, HKI-272, CI-1033, bortezomib, and others.
In terms of single-agent, molecularly targeted approaches, the experience

with bevacizumab to date has shown the most promise (Table 4.1). In a patient

population that was less heavily pretreated and in whom more than 50% were

platinum sensitive, 40% of patients were progression-free at 6 months.31 What

is notable, however, is that the toxicity profile in platinum-resistant patients is

dramatically different from that of standard cytotoxic chemotherapy.30 Unfor-

tunately, the experience with single-agent EGFR inhibitors has been largely

disappointing (Table 4.1).
In addition to the molecularly targeted agents summarized in Table 4.1, a

number of other agents or their combinations are in clinical trials. In order to

target those factors known to be critical to ovarian cancer progression, the

Arizona Cancer Center has completed accrual of a phase II open label study of

the combination of erlotinib (150 mg/day) plus bevacizumab (10 mg/kg) in

ovarian cancer patients who are refractory to standard drug regimens. Target-

ing VEGF and EGFR signal transduction pathways simultaneously, this novel

strategy is hoped to further enhance the response seen in previous clinical trials

of bevacizumab or erlotinib alone. Further, resistance to EGFR antibody may

result from activation of the VEGF pathway, with redundancy of signaling

pathways, advancing the rationale for combination therapy. To date, we con-

firm both the impressive responses as well as the dramatically different toxicity

profiles by application of this dual molecularly targeted approach.
Agents are being developed that target more than one signaling pathway,

including several described below. Lapatinib (GW572016) is an orally active

small molecule that inhibits multiple receptor dimers including downstream

signaling pathways regulated by erbB1 (EGFR) and erbB2 (HER2/neu) TKs.38

Studies of lapatinib done in solid tumors as a single agent or in combination

showed evidence of safety and activity.39,40 To date, only one phase I combina-

tion (lapatinib plus carboplatin) trial has been done in recurrent, platinum-

sensitive epithelial ovarian or primary peritoneal carcinoma cancer patients.41

At the time the study abstract was published, two subjects were evaluable for

response, and both exhibited a complete response with no evidence of disease.41

HKI-272 is a low-molecular-weight, irreversible, pan-erbB receptor TK

inhibitor.42 It has been shown to inhibit the growth of tumor cells that express

EGFR and HER2/neu in both culture and xenograft studies.42 A phase I study
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in 73 solid tumor patients, 3 of whom had ovarian tumors, saw two responses in

HER2–positive breast cancers.42

CI-1033 is a pan-erbB inhibitor and acts directly with the adenosine tripho-

sphate binding site of the erbB receptor family (EGFR, HER2/neu, erbB3, and

erbB4), inhibiting their activation and downstream signaling pathways.43 A

phase II study done in 105 ovarian cancer patients who had failed prior

platinum-based therapy showed no response.43 Stable disease was confirmed

in 34% patients with a 1-year survival rate of 38.5%.43 Analysis of archival

baseline tumor samples showed that the highest frequencies of expression were

in erbB3 and erbB4 and the lowest in erbB2 leading to the conclusion that there

appears to be no association between baseline erbB expression and disease

stability.43

The E1A gene product of human adenovirus type 5 downregulates HER2/

neu. A phase I intraperitoneal administration study of the E1A-lipid complex in

ovarian cancer patients found that intraperitoneal therapy is feasible with the

most common toxicities being asthenia, abdominal pain, nausea/vomiting, and

fever.44 HER2/neu was found to be downregulated in the tumor cells of 2 of the

15 (18%) patients, but no correlation between dose and biological activity was

found.44

BIBF 1120 is an inhibitor of VEGF, PDGF, and fibroblast growth factor

(FGF) receptor kinases and also inhibits members of the Src family of tyrosine

kinases.45 One phase I study in patients with solid malignancies showed it was

well tolerated with the most common toxicities being nausea, vomiting, diar-

rhea, abdominal pain, and fatigue.45

Matuzumab (EMD72000) is a humanized monoclonal antibody that binds

the ligand-binding portion of EGFR with higher affinity than natural ligands,

therefore this antibody should be able to cause antibody-dependent cellular

cytotoxicity in human tumor cells expressing EGFR.46 A phase II study that

treated 37 women with platinum-resistant ovarian and primary peritoneal

malignancies, the majority of who had more than four prior lines of chemother-

apy, showed no evidence of significant clinical activity as monotherapy.46 Seven

patients (2.1%) were on therapy for more than 3 months with stable disease.46

Phosphatidylinositol 30-kinase (PI3K) has been found to be involved in a

wide range of cancer signaling pathways. Amplification and/or mutations of

PI3K and its subunit PIK3CA are found in ovarian tumors, and amplification

of PIK3CA has been associated with early tumor-related mortality.47 PI3K

triggers the activation of AKT, promoting the inhibition of apoptosis and cell

cycle progression.47 Transcription of PIK3CA may also play a key role in

platinum resistance.48 A microarray study investigating a number of PI3K

genes in 89 ovarian cancer specimens found that only PIK3R3 had significantly

upregulated mRNA expression in ovarian cancers compared with normal

ovarian tissue, suggesting that this gene may serve as a future therapeutic

target.49 Targeting this important pathway is a broad-spectrum PI3K inhibitor,

SF-1126, undergoing phase I trials, including at the Arizona Cancer Center.
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Bortezomib (PS-3410) is a small-molecule proteasome inhibitor derived
from leucine and phenylalanine.50 It has multiple activities including the degra-
dation of several critical intracellular proteins, including p53 and p21, involved
in cell cycle regulation, blocking cell growth and division.50 In addition, it
blocks nuclear factor kappa B (NF-kB) transcriptional activity leading to
reduced levels of growth factors such as VEGF, interleukin-6, and cell adhesion
molecules.50 Preclinical studies have also hinted that the proteasome inhibitors
may overcome ovarian cancer cells that have become platinum resistant making
this a very interesting molecule.51 At least two phase I studies have examined
bortezomib in combination with carboplatin in ovarian cancer. In study of 21
women (18 evaluable for response) with platinum- and taxane-resistant ovarian
cancer, all patients had stable disease or progressive disease.50 The second study
in 15 patients with no more than three prior chemotherapy regimens for
recurrent disease had and overall response rate of 47% with two complete
responses and five partial responses including one complete response in a
patient with platinum-resistant disease.52

ECO-4601 is a farnesylated dibenzodiazepinone with broad micromolar in
vitro cytotoxic activity and also in tumor xenograft models and selectively binds
to the peripheral benzodiazepine receptor resulting in both apoptosis and the
inhibition of the Ras-mitogen activated protein kinase (MAPK) pathway.53 A
phase I study of 15 solid tumor patients including two ovarian cancers observed
stable disease in six of the seven evaluable patients, one of which was ovarian.53

In ovarian cancer, urokinase plasminogen activator (uPA) and/or plasmino-
gen activator inhibitor 1 has been shown to be a strong prognostic indicator of
both progression-free and overall survival.54–56 uPA has also been shown to be
elevated inmalignant compared with benign ovarian tumors and in comparison
with normal ovarian epithelium.54,57 uPA binding to its receptor (uPAR) has
been shown to result in a variety of carcinogenic processes, including invasion,
adhesion, migration, proliferation, and induction of signaling events that result
in cellular differentiation,58 suggesting that it mediates a host of cellular activ-
ities. Furthermore, the activity of uPA appears to be dynamic and furthermore
dependent on the particular cellular environments and states it encounters.58

The actions of uPA appear to underlie promotion of invasiveness of ovarian
cancer cells by CSF-1.59 Taken together, the uPA/uPAR axis appears to be a
logical therapeutic target in ovarian cancer. Earlier trials in refractory ovarian
cancer that had targeted the matrix metalloproteinase (MMP) pathway, a
pathway also important to invasiveness and adhesiveness of ovarian cancer
cells, had not shown benefit.60

Å6 is a capped, 8-amino-acid peptide derived from human single-chain
uPA.61 This peptide interferes with binding of endogenous uPA to uPAR. A
phase I trial in 16 patients with advanced gynecologic cancer showed five patients
with stable tumor measurements for at least four cycles, with one staying on
study for 12 months.61 In addition, one patient had a confirmed cancer antigen
125 (CA-125) response with stable disease on computed tomography (CT) scan
after 14 cycles.61 Baseline biomarker levels were not found to be predictive of
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response, and trends over time did not correlate with outcome.61 Encouragingly,
a phase II randomized trial of Å6 in patients with asymptomatic CA-125
progression of epithelial ovarian, fallopian tube, or primary peritoneal cancer
revealed that Å6 therapy was associated with a statistically significant progres-
sion-free survival (log rank p value = 0.01) with a median progression-free
survival of 100 days (95% CI, 64–168) compared with 49 days (95% CI,
29–67) in patients who took placebo.62 Treatment was not associated with CA-
125 response (Fishers’s exact = 0.44).62

Immunotherapy

Although a complete review of immunotherapy research in ovarian cancer is
beyond the scope of this chapter, it is important to note a few points. The role of
the immune system is well documented in other cancers, such as cervical cancer
and melanoma, and is increasingly being found to play a role in ovarian
tumorigenesis. In general, tumor-related antigens fall into a number of distinct
categories, such as differentiation antigens (e.g., tyrosinase, mesothelin), post-
translational/modification (e.g., MUC1, cathepsin D), mutational antigens
(e.g., CD4, b-catenin, caspase-8, p53), amplification antigens (e.g., HER2/
neu, HSP90, HoxB7, folate receptor), slice variant antigens (e.g., NY-CO-37,
ING1), viral antigens (e.g., HPV), and cancer-testis antigens (e.g., NY-ESO-1,
LAGE-1).63,64 NY-ESO-1 peptide vaccines have been investigated in phase I
studies of ovarian cancer, as NY-ESO-1 has been shown to be expressed inmore
than 40% of ovarian carcinomas.65 Intratumoral T-cells are associated with
improved progression-free and overall survival from ovarian cancer.66 This
furthers the potential value of NY-ESO-1 in ovarian cancer, due to the strong
T-cell response to NY-ESO-1–derived peptides.63

p53 has been targeted in ovarian cancer, as the clinical and prognostic
significance of p53 mutations in patients with ovarian carcinoma has long
been appreciated. p53 acts as a tumor suppressor by inducing both growth
arrest and apoptosis. The tumor suppressor gene TP53 is found mutated in a
high percentage of ovarian tumors and may act as a checkpoint control for
recognizing damaged DNA and inducing repair or apoptosis.67 Tumor cells
lacking functional p53 can evade apoptosis induced by both p53 transcription
targets and Fas ligand with intracellular sequestration of death receptors caus-
ing resistance to apoptosis and insensitivity to chemotherapeutic agents.68

Intraperitoneal gene therapy of ovarian cancer patients using adenoviral vec-
tors for delivery of wild-type p53 has been investigated in a variety of phase I
and II trials but has failed to show therapeutic benefit.69

The finding of a p53-specific memory T-cell response in a case-control study
of women with primary epithelial ovarian cancer and patients with benign
ovarian tumors and healthy controls70 suggests that in the cancer patients,
sufficient amounts of cancer-derived p53 was presented to induce the formation
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of such a T-cell response and supports the rationale of using p53 peptides in
vaccination strategies aimed at the induction of p53-specific immunity.70 The
highest p53 responses occur after primary treatment, a time point at which most
ovarian cancer patients have minimal residual disease making this the impor-
tant target period for these therapies.70

Nearly 50% of ovarian cancer patients generate antibodies to cathepsin D
and 40% generate antibodies to glucose-regulated protein 78 (GRP78), neither
of which were detected in the serum from controls.64 Mesothelin (a differentia-
tion antigen expressed in the mesothelia of the peritoneum) has been detected in
50% to 100% of ovarian cancers. This antigen has been shown to bind to CA-
125, and it is thought to play a role in the peritoneal spread of ovarian cancer.71

A number of agents that target mesothelin are under early clinical development
(e.g., SS1P/CAT-5001, MORAb-009 CRS-207).71

The CA-125 antigen is a marker for initial disease progression or regression
and is a common clinical measure used to determine disease recurrence. Ore-
govomab is a murine monoclonal antibody used to stimulate immunity against
CA-125.72 A 5-year phase II trial follow-up assessment failed to find a statisti-
cally significant survival effect of maintenance therapy with oregovomab com-
pared with placebo: 57.5 versus 48.6 months, respectively (adjusted HR, 0.72;
95% CI, 0.41–1.25).73 Accrual is complete for the subsequent phase III trials,
with survival data pending completion of long-term follow-up (OVA-Gy-17A
and B trials).

Readers are referred to work of Odunsi and Sabbatini and that of others for
a more complete review of immunotherapy and the potential prognostic and
therapeutic role of tumor-related antibodies in ovarian cancer.63,64,74,75

In summary, unlike the successes seen in breast cancer, to date there have
been no new molecularly targeted agents that have translated to a significant
survival advantage in ovarian cancer. Targeting single receptors in a pathway
(e.g., EGFR) has not been a successful strategy to date due to the redundancies
in signaling pathways in ovarian cancer. Further, little correlation is observed in
these molecularly targeted trials between expression of the target and clinical
response. Future strategies in the treatment of ovarian cancer are likely to
require hitting multiple targets if they will ultimately prove to be successful.
Prescreening of the tumor for target expression prior to trial eligibility is
unlikely to be appropriate, as expression of the target alone is not likely to be
indicative of activation of its signaling pathways.

Molecular Targets as Prognostic Factors

There are a number of molecules described to be prognostic factors in ovarian
cancer, some of which are already targeted in clinical trials, and others that may
also prove to be appropriate for therapeutic targeting in the future. Several of
these molecular targets are summarized in Table 4.2; some have been addressed
in the prior section, and others are described in more detail below.
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The EpHA2 TK receptor is overexpressed and correlates with poor prog-
nosis in ovarian cancer.76 A particularly novel therapeutic approach is being
investigated preclinically by targeting EpHA2 via small interfering ribonucleic
acids (siRNAs) incorporated in liposomes, delivered intravenously or intraper-
itoneally in mouse models.77

The macrophage colony-stimulating factor (CSF-1) receptor, c-fms, is acti-
vated in many ovarian cancers but is not activated in normal ovarian epithe-
lium.59,78,79 CSF-1 is also found in the plasma of patients with ovarian cancer
with normal CA-125 levels (and is elevated in 70% of all ovarian cancer
patients) and may be a complementary marker for these patients.79 The co-
expression of CSF-1 with c-fms in the metastasis of ovarian cancer patients
leads to a 2.3-fold increased risk for recurrence80; such co-expression suggests
that CSF may regulate cellular growth/ invasion by autocrine processes.81 A
number of agents have been developed that target c-fms (e.g., vatalanib,
ABT869, CYT645, Ki20227), but to date, only imatinib, developed to target
c-kit, has been tested in ovarian cancer and has not demonstrated significant
activity among recurrent ovarian cancer patients.35,82

Several tumor suppressor genes (Table 4.2) have been identified to be impor-
tant for development of ovarian cancer. In the future, in women at risk for
development of the disease, these can serve as candidates for gene therapy
reinstitution of normal function. Further, identification of regulatorymolecules
that downregulate their expression may serve as therapeutic targets in this high-
risk population.

Conclusion

Since the introduction of platinum-based chemotherapy, no treatment has been
shown to improve survival in patients with advanced ovarian cancer until the
incorporation of taxanes into the primary treatment for this disease. Several
large randomized trials have suggested that the combination of platinum with a
taxane is an active first-line therapy for women with advanced ovarian cancer.
Although a majority of women with advanced ovarian cancer will demonstrate
an objective or subjective response to these drug combinations, the responses
are generally of limited duration. Second-line chemotherapy for ovarian cancer
has, in general, been a disappointment in the setting of platinum- and taxane-
resistant disease with the best single agents yielding approximately 20%
response rates. Therefore, there remains a need for an improved therapeutic
approach in the management of ovarian cancer.

However, amolecularly targeted approach in ovarian cancer is challenged by
the differing pathways of carcinogenesis, the redundant signaling pathways
present in ovarian carcinogenesis, and the lack of a single pathway that can
be targeted for therapeutic intervention or prognostic evidence. It appears from
the experience to date that tumor expression of a molecular target alone is not a
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good predictor of clinical response to an agent targeted to that molecule and its

downstream signaling pathways. Further, cross-talk between pathways, adapt-

ability of the cancer cell, incomplete inhibition of the target due to inability to

efficiently deliver the agent, and/or excessive toxicity due to lack of selectivity of

the agent confound success in this era of molecularly targeted therapies. It is

highly likely that a better understanding of the multiple pathways in ovarian

tumorigenesis and combinations of key targeted therapies will be needed to

significantly impact the survival of ovarian cancer. Trials of combinations of

molecularly targeted agents or those agents combined with cytotoxic chemo-

therapies are in progress or under development as described here. The optimal

timing, dose, and schedules of these combinations will be the key to preventing

unpredictable and excessive toxicities yet maximizing durable therapeutic

effect.
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Chapter 5

Tumor Suppressor Genes

Zhen Lu and Robert C. Bast, Jr.

Introduction

A tumor suppressor gene inhibits one or more function(s) required for malig-

nant transformation, including self-sufficiency in growth signals, insensitivity

to antigrowth signals, evasion of apoptosis, limitless replicative potential, and

tissue invasion and metastasis or sustained angiogenesis.1 Some tumor suppres-

sor genes are lost in the germ line, whereas the function of other tumor

suppressor genes is lost through somatic change. At present, loss of function

has been described for some 16 putative tumor suppressor genes in epithelial

ovarian cancer (Table 5.1). During oncogenesis, loss of tumor suppressor gene

function can occur through deletion, mutation, or epigenetic silencing. Loss of

heterozygosity has been observed in 11 putative tumor suppressors, inactivating

mutations in four of these genes (p53, PTEN, BRCA1, and BRCA2), and

promoter methylation and silencing in eight. In each case, only a fraction of

ovarian cancers from different patients lose the function of a particular sup-

pressor protein.
Epithelial ovarian carcinomas have been thought to arise from the ovarian

surface epithelium or from cysts immediately beneath the ovarian surface.

Recent evidence suggests that cancers with similar histology can arise from

endometriosis, the fallopian tube, or directly from the peritoneal surface. More

than 90% of epithelial ovarian cancers are clonal diseases that arise from the

progeny of single cells.2 Strong hereditary factors (BRCA1, BRCA2, and

HNPCC) predispose to ovarian cancers in no more than 10% of cases. More

than 90% of ovarian cancers arise from somatic genetic changes. With a few

possible exceptions, chemical carcinogens that drive somatic genetic changes
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Table 5.1 Putative tumor suppressor genes in epithelial ovarian cancer (modified from Bast
and Mills149)

Gene Chromosome
Mechanisms of
downregulation Function

ARHI (DIRAS3) 1p31 Imprinting; LOH;
promoter methylation;
transcription
downregulated by
E2F1 and E2F4

26-kDa GTPase; inhibits
proliferation and
motility; induces
autophagy and
dormancy; upregulates
p21 and p27; inhibits
cyclin D1, PI3K, Ras-
MAP, Stat3

RASSF1A 3p21 Promoter
hypermethylation

Inhibits proliferation and
tumorigenicity;
interacts with Ras
downregulating
cyclin D1

DLEC1 3p22.3 Promoter
hypermethylation

166-kDa cytoplasmic
protein that inhibits
anchorage-dependent
growth

SPARC 5q31 Promoter
hypermethylation

32-kDa Ca++ binding
protein; regulates
tumorigenesis and
proliferation, also
adhesion and
metastasis

DAB-2 (DOC2) 5q13 LOH 105-kDa a mitogen-
rsponsive
phosphoprotein which
inhibits anchorage-
independent growth
and tumorigenicity

LOT-1 (ZAC1) 6q25 Imprinting; LOH;
transcription
downregulated by
EGF, TPA

55-kDa nuclear zinc
finger protein inhibits
proliferation and
tumorigenicity

RPS6KA2 6q27 Monoallelic expression
in ovary; LOH

90-kDa ribosomal S6
serine threonine kinase
that inhibits growth
and arrests cells in G1
phase

PTEN
(MMAC-1)

10q23 Promoter methylation;
LOH; mutation;
aberrant expression of
microRNA

PI3 phosphatase;
decreases proliferation;
induces apoptosis;
inhibits angiogenesis
and invasion by
regulating COX-2;
inhibits the production
of VEGF
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have not been identified. The pattern of p53 mutations in ovarian cancers is

consistent with spontaneous mutation associated with cell proliferation.3

Prior to menopause, spontaneous mutations can occur during proliferation

of ovarian surface epithelial cells to repair ovulatory defects. After menopause,

epithelial proliferation can occur in response to follicle-stimulating hormone

(FSH), luteinizing hormone (LH), estrone, or androgen. If proliferation is the

critical mechanism driving ovarian oncogenesis, genetic events requiring only a

‘‘single hit’’ may be favored. Oncogenes can be activated with alteration of a

single allele with mutation or amplification. In general, however, both alleles of

a tumor suppressor gene must be inactivated to ensure loss of function, con-

sistent with the ‘‘two-hit hypothesis’’ originally proposed to explain the

Table 5.1 (continued)

Gene Chromosome
Mechanisms of
downregulation Function

OPCML 11q25 Promoter methylation;
LOH; mutation

GPI-anchored IgLON
family member;
suppresses oncogenic
Ras activity; inhibits
proliferation and
tumorigenicity

BRCA2 13q12-13 Mutation; LOH Binds RAD51 in repair of
DNA double-strand
breaks (DSBs)

ARLTS1 13q14 Promoter methylation ADP ribosylation factor
induces apoptosis

WWOX 16q23 LOH; mutation Decreases anchorage-
independent growth
and tumorigenicity

P53 17p13.1 Mutation 53-kDa nuclear protein
induces autophagy and
cell cycle arrest;
promotes DNA
stability; induces
apoptosis

OVCA1 17p13.3 LOH 50-kDa protein; decreases
proliferation and
clonogenicity;
decreases cyclin D1

BRCA1 17q21 Mutation; LOH Participates directly in
repair of DNA DSBs
through homologous
recombination;
regulates the S-phase
checkpoints and the
G2-M transition

PEG3 19q13 Imprinting; LOH;
promoter methylation;

Induces p53-dependent
apoptosis
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behavior of the Rb tumor suppressor gene in patients with familial or sporadic
retinoblastoma. If only one allele of a tumor suppressor gene is lost or damaged,
the second allele can still produce the correct protein. Although levels of the
normal suppressor protein may be reduced, they are often still adequate to
check tumor progression.

There are, however, notable exceptions to the two-hit rule for tumor
suppressors. Certain mutations in the p53 gene product can function as a
‘‘dominant negative,’’ where the mutated p53 protein can complex with the
wild-type p53 protein from the nonmutated allele.4 Another group of genes
that can be lost with a single hit are imprinted tumor suppressor genes.
Approximately 70 human genes are known to be imprinted. Although the
nucleotide sequence remains unchanged, either the maternal or the paternal
allele is silenced by epigenetic change, generally involving promoter methyla-
tion. Because one allele has been permanently silenced in all normal tissues,
function of the remaining allele might be lost with only a single genetic or
epigenetic event. Three of the putative tumor suppressor genes whose function
is lost in ovarian cancer are known to be imprinted (ARHI, LOT1, and PEG3).

Putative tumor suppressor genes are distributed throughout the genome of
ovarian cancer cells. Each of these genes is described below according to its
chromosomal assignment.

Chromosome 1

ARHI is a maternally imprinted tumor suppressor gene that maps to a site of
loss of heterozygosity (LOH) on chromosome 1p31 and encodes a 26-kDa
GTPase with 50% to 60% homology to Ras and Rap.5 ARHI is downregulated
in >60% of invasive ovarian and breast cancers and cannot be detected in
approximately one half. Loss of ARHI expression from the single functioning
maternal allele can occur through several mechanisms including LOH, methy-
lation and silencing of the functional allele, transcriptional regulation with
E2F1 and E2F4, and shortened mRNA half-life.5–10

When ARHI expression was measured in normal, benign, and malignant
ovarian tissues using immunohistochemistry (IHC) and in situ hybridization
(ISH), strong ARHI expression was found in normal ovarian surface epithelial
cells, cysts, and follicles.11 Within individual cells, ARHI protein was detected
predominately in the cytoplasm but occasionally in the nucleus. Reduced ARHI
expression was observed in tumors of low malignant potential as well as in
invasive cancers. ARHI expression was downregulated in 63% of 407 invasive
ovarian cancer specimens and could not be detected in 47% of the samples.11,12

Conversely, 37% of ovarian cancers expressed ARHI at levels comparable with
those observed in normal ovarian epithelial cells.ARHIprotein expression varied
between different histotypes, with more frequent expression in clear cell and
endometrioid cancers than in serous, mucinous, or transitional cancers. ARHI
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expression did not correlate with grade, stage, or overall survival but was asso-
ciated with prolonged disease-free survival.11

Reexpression of ARHI at supraphysiologic levels (1) inhibits growth of
ovarian and breast cancer cells and xenografts, (2) decreases invasiveness, and
(3) induces caspase-independent, calpain-dependent apoptosis.13 Reexpression
of ARHI at physiologic levels still inhibits clonogenic growth and motility of
ovarian cancer cells but is associated with autophagy rather than apoptosis.
ARHI participates directly in the formation of autophagosomes, and knock-
down of ARHI inhibits both spontaneous and rapamycin-induced autophagy.
ARHI inhibits signaling through Ras/mitogen-activated protein (MAP) and
phosphoinositide 3 (PI3) kinase, upregulating tuberous sclerosis complex 1/2
(TSC1/2) and downregulating mammalian target of rapamycin (mTOR), a
known stimulus for inducing autophagy in multiple systems.14 ARHI-expres-
sing autophagic ovarian cancer cells die within 6 days in culture. In xenografts,
reexpression of ARHI also induces autophagy, but cancer cells survive, remain
dormant for weeks, and grow promptly whenARHI levels are reduced. Growth
factors and cytokines found at the xenograft site—Vascular endothelial growth
factor (VEGE), IL-8, and insulin-like growth factor 1 (IGF-1)—can rescue
ovarian cancer cells from autophagic death in culture and can partially reverse
ARHI-mediated inhibition of signaling through PI3 kinase. These findings
suggest that reexpression of ARHI can induce autophagic cell death or con-
tribute to dormancy depending upon the tumor microenvironment.

In addition to regulating autophagy, ARHI downregulates cyclin D1,
induces the cyclin-dependent kinases (CDK) inhibitors p21WAF1/CIP1 and
p27KIP1, and prevents translocation of Stat3 to the nucleus.15 Physiologic
expression of ARHI not only inhibits proliferation through cell cycle arrest
but also inhibits motility and invasion of ovarian cancer cells.

Chromosome 3

RASSF1A, a new ras effector, was characterized by Dammann et al.16 The gene is
located at chromosome 3p21.3, a region that frequently shows allelic loss in many
cancers.17 RASSF1 encodes for more than seven isoforms including RASSF1A,
RASSF1B, and RASSF1C, derived from alternative messenger RNA (mRNA)
splicing and promoter usage.18 Methylation of the RASSF1A gene promoter has
beenobserved inmanyhuman tumors includingovarian cancer and is an important
mechanism for inactivation of the RASSF1A.19–24

In endometrial cancers, RASSF1A hypermethylation has been reported to be
associated with advanced-stage disease,25 and association with risk of recurrent
cancer and poor survival is controversial.25,26 The studies confirmed that
RASSF1A hypermethylation was significantly associated with advanced staging
of the cancers but did not correlate with survival. In addition, the frequency of
RASSF1A hypermethylation was distinctly higher in type I endometrial carcino-
mas (61%)when comparedwith type II cancers (27%) suggesting that the two types
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of cancers may adopt different genetic and epigenetic pathways, and this feature
may be helpful in distinguishing the two subtypes of endometrial cancers.24

RASSF1A is thought to be responsible for the Ras-dependent growth inhibi-
tion through its proapoptotic function.27 Shivakumar and co-workers28 showed
that RASSF1A can induce cell cycle arrest by inhibiting accumulation of cyclin
D1, thus preventing G1/S-phase cell cycle progression. Loss of RASSF1A
expression by methylation may shift the balance toward a growth-promoting
effect without the necessity of activating Ras mutations.

DLEC1 is located at chromosome 3p22-p21.3,29 and the gene contains 37
exons and spans approximately 59 kb. The predicted DLEC1 protein contains
1755 amino acids. However, its exact biologic function is still unclear because
the predicted amino acid sequence of DLEC1 has no significant homology to
any of the known proteins or domains.30

The potential involvement of DLEC1 in epithelial ovarian cancer remains
unknown. DLEC1 downregulation was found in ovarian cancer cell lines and
primary ovarian tumors. Overexpression of DLEC1 in two ovarian cancer cell
lines resulted in 41% to 52% inhibition of colony formation. Whereas methyla-
tion was not detected in normal ovarian epithelium, hypermethylation of
DLEC1 was detected in ovarian cancer cell lines with reduced DLEC1 tran-
scripts. Treatment with a demethylating agent and a histone deacetylase
enhanced DLEC1 expression in 90% and 80% of ovarian cancer cell lines,
respectively. No chromosomal loss of chromosome 3p22.3 in any ovarian
cancer cell line or tissue was found.31

Chromosome 5

SPARC (secreted protein acidic and rich in cysteine) is a secreted calcium-
binding, acidic matrix glycoprotein that maps to chromosome 5q31.32,33 A sig-
nificant downregulation of SPARC mRNA expression was observed in ovarian
tumor tissues. Lower levels and a more diffuse pattern of SPARC mRNA
expression were associated with low malignant potential specimens.33 Despite
the lack of detectable SPARC mRNA, SPARC immunoreactivity was consis-
tently observed within the cytoplasm of cancer cells. Variable SPARC immunos-
taining was observed in normal surface epithelial cells.34 In contrast, high-level
expression of SPARC mRNA and protein was detected in stroma of ovaries
containing malignant tumor cells, particularly at the tumor-stromal interface of
the invading tumors.35 The downregulation of SPARCmRNAexpression can be
accounted for by aberrant hypermethylation of its CpG-rich region.33

Treatment with SPARC inhibits the proliferation of both normal and cancer
cells but induces apoptosis only in cancer cells.36 Putative SPARC receptors are
present on ovarian epithelial cells.36 Higher levels of SPARC receptors are
found on human ovarian surface epithelial cells than on cancer cells, consistent
with its tumor suppressor function. Decrease in ligand-receptor interaction by
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the downregulation of SPARC and/or its receptor could contribute to ovarian
carcinogenesis. SPARC not only can regulate proliferation but can also inhibit
adhesion and metastasis. Loss of SPARC enhances ovarian carcinoma cell
adhesion, a key step in peritoneal implantation.37 SPARC appears to inhibit
adhesion by regulating levels of lysophosphatidic acid (LPA) receptors and by
attenuating extracellular signal-regulated kinase (ERK) 1/2 and protein kinase
B/Akt signaling.38 Evidence from in vivo studies also suggests that stromal
expression of SPARC can normalize the microenvironment of ovarian cancer
cells by downregulating the VEGF-integrin-matrix metalloproterinases (MMP)
axis, as well as decreasing the levels and activity of bioactive lipids.39

Dab2/DOC2 (for ‘‘disabled-2/differentially’’) is located at chromosome
5p1340,41 and is frequently inactivated by homozygous gene deletion in tumors.42

Expression of Dab2 is absent in ovarian carcinoma cell lines and in 58% to
85% of ovarian cancers examined but was present in normal ovarian epithelial
cell lines and tissues.43 Loss of Dab2 expression appears to be an early event in
ovarian oncogenesis.44 There is at least a fivefold decrease in expression of
Dab2/DOC2 in serous epithelial ovarian cancer cells compared with that in
normal ovarian epithelium.45

Dab2 functions in the mitogenic signal transduction pathway,42 and further-
more, when DOC-2 was transfected into the ovarian carcinoma cell line SKOv3,
the stable transfectants showed a significantly reduced rate of growth and a
decreased ability to form tumors in nude mice.41 It has been postulated that the
functional role of DOC-2/DAB2 is to modulate signaling mediated by peptide
growth factor receptor tyrosine kinases. Using sequence-specific peptides, it has
been demonstrated that in the presence of growth factors, the second proline-rich
domain of DOC-2/DAB2 binds to Grb2, interrupting the interaction between
SOS and Grb2, consequently suppressing the downstream phosphorylation of
ERK. These findings suggest that DOC-2/DAB2 has multiple effects on the
RAS-mediated signal cascades in malignant cells.46

Chromosome 6

LOT1, the human homologue of the rat Lot1 gene, is localized at 6q25
and encodes a zinc-finger nuclear transcription factor that was identified
through analysis of differential gene expression in normal and malignant
rat ovarian surface epithelial cells. Decreased or lost expression of LOT1
occurs in human and rat ovarian carcinoma cells. Loss of LOT1 expression
can occur through several mechanisms including LOH, imprinting, and
transcriptional downregulation in the presence of epidermal growth factor
(EGF) and 12-0-Tetradecanoylphorbol 13-acetate (TPA).47–50

Both human and rat ovarian carcinoma cell lines exhibit loss or decreased
expression of this gene. Furthermore, transfection of LOT1 into ovarian cancer
cell lines suppresses cancer cell growth.47
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RPS6KA2, the p90 ribosomalS6 kinase-3 gene, maps to 6q25 and is mono-
allelically expressed in normal ovary.51 Thus, loss of the single expressed allele
may be sufficient to eliminate RPS6KA2 function. Although the loss of a single
expressed allele of RPS6KA2 is sufficient to cause loss of expression in cancer
cells, sequencing analysis of families harboring polymorphisms showed no
evidence for imprinting.

Reexpression of RPS6KA2 in cell lines reduced proliferation, suppressed
colony growth, and arrested cells in G1 phase of the cell cycle with a significant
increase in apoptosis.51 The kinase activity of RPS6KA2 is essential for its
antiproliferative effect, but the biochemical mechanism is as yet unknown.

Chromosome 10

Phosphatase and tensin homolog (PTEN), found on chromosome 10q23, is a
dual protein/lipid phosphatase. Phosphatidyl-inositol 3,4,5 triphosphate (PIP3),
its main substrate, is the product of phosphoinositide 3 kinase (PI3K). Increased
PIP3 recruits AKT to the membrane where It can be activated by other kinases.
Thus, loss of PTEN function can enhance signaling through the PI3 kinase
pathway. Loss of PTEN function can occur through several mechanisms includ-
ing mutation, deletion, promoter methylation,52,53 or aberrant expression of
microRNAs (miR-214, miR-199a, miR-200a, and miR-100).54

Mutation of PTEN is found in approximately 15% of ovarian endometrioid
carcinomas that are mostly of low grade.55,56 PTEN mutations are uncommon
in other tumor types, consistent with a separate pathway of development for
endometrioid carcinomas. Loss of heterozygosity at 10q23 was found not only
in endometrioid and clear cell ovarian cancers but also in adjacent deposits of
endometriosis.57 PTEN mutations have also been detected in 21% of endome-
triotic cysts that are not associated with carcinoma. These findings support
endometriosis as a precursor for both endometrioid and clear-cell carcinomas.
Sporadically, PTEN alterations can be observed in other histologic types of
ovarian cancer.58,59 Downregulation of PTEN protein is frequently detected in
serous and mucinous epithelial ovarian tumors60 and can be associated with
elevated levels of miR-214. Significantly, miR-214 negatively regulates PTEN
by binding to its 30 untranslated region (30-UTR) leading to inhibition of PTEN
translation and activation of the Akt pathway.61

PTEN mutation and enhanced Akt activity is often found in primary
endometrial cancers in which cyclooxygenase 2 (COX-2) is expressed at high
levels, associated with an aggressive phenotype. Akt can regulate COX-2 gene
and protein expression in these lesions.62 When PTEN is mutated, Akt signals
via the NF-kB/IkB pathway to induce COX-2 expression. COX-2, in turn, can
inhibit apoptosis, increase angiogenesis, and promote invasiveness.62 As
COX-2 can be elevated in ovarian cancers, a similar interaction could be
sought in ovarian neoplasms.
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Recent studies have reported that reexpression of PTEN inhibits the production
of VEGF, an angiogenesis and vascular permeability factor.63–66 PTEN over-
expression markedly inhibited ascitic fluid production and peritoneal dissemina-
tion, as well as tumor growth in ovarian cancer (SHIN-3) xenografts.67

Chromosome 11

OPCML (also called OBCAM) is a member of the IgLON family of immuno-
globulin (Ig) domain-containing glycosylphosphatidylinositol (GPI)-anchored
cell adhesion molecules and is located at 11q25. OPCML is frequently somati-
cally inactivated in epithelial ovarian cancer by allele loss and by CpG island
methylation.68–70 OPCML mRNA is expressed in 19% of ovarian epithelial
carcinoma compared with 85% of normal ovarian tissues and 76% of benign
ovarian tumors.71 A somatic missense mutation of OPCML detected in a
clinical specimen of epithelial ovarian cancer has also shown clear evidence of
loss of function.68

Because activation of the Ras signaling pathway occurs frequently in human
ovarian cancers, the effect of oncogenic Ras on the expression status of
OPCML was explored. Studies revealed that Ras(V12)-mediated oncogenic
transformation was correlated with loss of OPCML expression. Furthermore,
the OPCML promoter was found to be hypermethylated in Ras-transformed
human ovarian epithelial cells, and treatment with the DNA methyltransferase
inhibitor 50-aza-20-deoxycytidine increased the activity of the OPCML promo-
ter and restored OPCML expression in ovarian cancer cells. In addition,
suppression of oncogenic Ras activity by stable siRNA specific for
HRas(V12) led to the demethylation and reexpression of OPCML in ovarian
cancer cells.72 These studies demonstrate that oncogenic Ras activity may be
responsible for the observed OPCML promoter hypermethylation and epige-
netic gene silencing of OPCML and suggests a possible link between RAS
signaling pathway and inactivation of OPCML in ovarian cancer.

Chromosome 13

BRCA2, located at 13q12-q13,73,74 is a well-established tumor suppressor gene
that contributes to the pathogenesis of a fraction of familial ovarian and breast
cancers. Germ-line BRCA2 mutations are present in 3% to 6% of all epithelial
ovarian cancers.75,76 In addition, decreased BRCA2 expression may be asso-
ciated with loss of heterozygosity.77,78

BRCA2, like BRCA1, has been implicated in homologous recombination, a
process that repairs DNA double-strand breaks in an error-free manner,
through interaction with the RAD51 protein.79 Cells lacking BRCA2 repair
DNA by the error-prone mechanism of nonhomologous end-joining (NHEJ),
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leading to chromosomal rearrangements and genomic instability.79 Many types
of BRCA2-deficient cells exhibit increased sensitivity to DNA-damaging
agents.80,81

ARLTS1 is located on chromosome 13q14.3. It is composed of two exons
with the second exon encompassing the entire open reading frame. This open
reading frame encodes a protein with 196 amino acids with a molecular mass
of 21 kDa. ARLTS1 has significant homology with members of the Ras super-
family, particularly the ARF (ADP-ribosylation factor) and ARL (ARF-like)
members, leading to its designation as ADP-ribosylation factor-like tumor
suppressor gene 1.82 ARLTS1 is downregulated by promoter hypermethylation
in ovarian cancer.83

ARLTS1 is frequently downregulated in ovarian primary tumors and cell
lines, and restoration of its expression by adenoviral ARLTS1 or by the
demethylating agent 5-AZA-2-deoxycytidine (5-AZA) effectively induced
apoptosis in vitro and suppressed ovarian cancer tumorigenicity in nude mice.
In addition, ARLTS1 Trp149Stop polymorphism greatly reduced the protein
apoptotic function in ovarian cancer.83

Chromosome 16

WWOX is a candidate tumor suppressor gene that exhibits LOH or homozy-
gous deletion in several tumor types. The protein, encoded by an alternatively
spliced transcript, variant 4, which lacks exons 6—8, may interfere with normal
WWOX function in a dominant negative fashion in ovarian cancer.84,85

Immunohistochemical staining showed very low levels of WWOX expres-
sion in 30% of ovarian tumors. The remaining ovarian carcinomas (70%)
stained moderately to strongly positive for this protein. Reduced expression
of WWOX was found in mucinous (70%) and clear cell (42%) histotypes.
Reduced WWOX expression demonstrated a significant association with clin-
ical stage IV, lack of progesterone receptor (PR) expression, and shorter overall
survival.86 WWOX expression strongly inhibits anchorage-independent
growth. Additionally, WWOX induces a dramatic inhibition of xenograft
growth in vivo.84

Chromosome 17

p53, which maps to 17p13.1, is the most common genetic alteration discovered
to date in ovarian cancer. It is often accompanied by an overexpression of the
mutant form of p53 protein.87 LOH on chromosome 17p13.17p13.3 is one of
the most frequent changes in ovarian cancers.88–93 Loss of functional p53 often
involves inactivation of one allele by point mutation and the other by chromo-
somal deletion.94

118 Z. Lu and R.C. Bast



Immunocytochemically detectable p53 expression is correlated with subcel-
lular localization of aberrant p53 and particular types of mutations. Missense
mutations showed strong nuclear or nuclear plus cytoplasmic staining, whereas
deletion of the major nuclear localization signal showed exclusive staining of
the cytoplasm.95 In ovarian cancer, inactivated p53 can accumulate in both
major cell compartments, depending on the type of the underlying mutation.
The most common alteration of p53 in ovarian cancer results in its inactivation
and the overexpression of a nonfunctional protein in the nucleus of the cell.96–99

p53 overexpression is seen in approximately 4% of borderline tumors,100 10%
to 15% of early, and 40% to 50% of advanced cancers.101 The frequency of
overexpression of a mutant p53 is also found to be significantly higher in
advanced stage III/IV disease (40% to 60%) compared with stage I cases
(10% to 20%).98 Therefore, the higher frequency of p53 overexpression in
advanced-stage cases may indicate that this is a late event in ovarian carcino-
genesis. Alternatively, it is possible that loss of p53 may give an aggressive
phenotype associated with a more rapid dissemination of the disease. Although
p53 mutations are found in all histologic types, it is most common in high-grade
serous carcinoma.102

The p53 protein contains four functional domains: a transcriptional activa-
tion domain, a tetramerization domain, and two DNA-binding domains. In
addition to possessing transcriptional activation properties, transcriptional
repression has been described, although these promoter sites are less well
characterized103–107. Either loss of wild- type p53 function, gain of oncogenic
function, or the ability to activate p53 inappropriately severely decreases the
capacity for controlled cellular proliferation and growth. Numerous stimuli can
activate p53, including UV irradiation-induced DNA damage, inappropriate
proto-oncogene activation, mitogenic signaling, and hypoxia. Depending on
the cellular context, one of several responses is implemented, such as cell cycle
arrest, senescence, differentiation, or induction of the apoptotic cascade.

The majority of genetic alterations in p53 are missense mutations of single
residues, largely occurring in the DNA-binding domain.108 Mutant p53 protein
has the ability to form a tetramer with wild-type p53, acting as a dominant
negative to repress normal physiologic processes of p53, possible by inducing an
inactive conformation of the DNA-binding domain and reducing the ability to
transactivate/repress target genes.109–112 Normally, p53 exists in a negative
feedback loop with human double-minute 2 oncoprotein (HDM2), which
tightly controls both p53 and HDM2 levels in the cell. Loss of transcriptional
activity, however, may result in decreased HDM2, stabilizing the p53 mutant
and increasing the p53 mutant protein.113 A recent study has shown that p53
activation can also induce autophagy by the activation of AMP-activated
kinase (AMPK), which, in turn, inhibits mammalian target of rapamycin
(mTOR) through the TSC1/TSC2 complex.114 Recent research has also demon-
strated that p53 controls microRNA expression, directly transactivating miR-
34a, miR-34b, and miR-34c through the presence of a p53 response element
30 kb upstream of the miRNA mature sequence in several cell types.115–118
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OVCA1 is a candidate tumor suppressor gene and is located at a highly
conserved region on chromosome 17p13.3 that shows frequent loss of hetero-
zygosity in breast and ovarian carcinomas.84

Subcellular localization studies indicate that OVCA1 is localized to punctate
bodies scattered throughout the cell but is primarily clustered around the
nucleus. Overexpressing OVCA1 resulted in 50% to 60% reduction in colony
number in colonogenic assay. The clones that expressed exogenous OVCA1
were found to have dramatically reduced rates of proliferation. Reduced
growth rates correlated with an increased proportion of the cells in the G1
fraction of the cell cycle and decreased levels of cyclin D1. The low levels of
cyclin D1 appeared to be caused by an accelerated rate of cyclin D1 degrada-
tion. Overexpression of cyclin D1 was able to override OVCA1’s suppression of
clonal outgrowth.119 These results suggest that slight alterations in the level of
OVCA1 may result in cell cycle deregulation and promote tumorigenesis.

BRCA1, located at 17q21120–123 encodes a second tumor suppressor that has
been implicated in familial ovarian and breast cancer. Germ-line BRCA1
mutations are present in 6% to 8% of all epithelial ovarian cancers.124,125

Less commonly, epithelial ovarian cancers contain somatic mutations in this
gene.126 In addition, aberrant expression of BRCA1 may occur through loss of
heterozygosity. LOH has been correlated with clinical parameters such as
tumor histology and stage. A study revealed an incidence of 35% of LOH at
at least one locus, with an increased prevalence in advanced stage (44%) versus
early-stage (14%) tumors as well as with serous histology (39%).127 In addition,
the loss of BRCA1 expression can also occur through promoter hypermethyla-
tion128–132 and haploinsufficiency leading to an overall decrease in BRCA1
function as a result of inactivation of one BRCA1 allele.133

Immunohistochemical analysis of BRCA1 in sporadic epithelial ovarian
cancers revealed a significant reduction in the BRCA1 protein in 75% of benign
cystadenomas, 100% of borderline epithelial ovarian tumors, and 34% of
serous epithelial ovarian cancers.134 There was also a sharp decline in BRCA1
expression with increasing tumor grade. Russell et al.135 demonstrated reduced
or absent protein expression in 90% of serous epithelial ovarian cancers, with a
44% incidence of LOH at the BRCA1 locus. However, there was no significant
correlation between LOH status and levels of RNA and protein expression.
This group also reported that 80% of BRCA1-positive tumors were stage I or II
compared with 21%and 38%of tumors classified as having intermediate or low
levels of BRCA1 staining, respectively,135 implying that BRCA1 loss is a late
event in tumor progression.

BRCA1 is a target for ATM/ATR phosphorylation and functions as a
mediator protein in the DNA damage checkpoints.136 Loss of function of the
BRCA1 gene is associated with defects in the S-phase checkpoint and G2-M
transition.137,138 In response to DNA damage, the role of BRCA1 in the
regulation of the G2-M checkpoint is linked to ATM-mediated phosphoryla-
tion and activation of the CHK1 signaling cascade,139,140 and cells with defi-
cient BRCA1 are unable to undergo G2-M arrest.141 BRCA1 is required for
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DNA double-strand break repair by homologous recombination. BRCA1
associates with protein complexes that are involved in the repair of DNA
double-strand breaks usually through the error-free mechanism of homologous
recombination (HR).142 Cells without normal BRCA1 activity, which are
reduced to using error-prone pathways, accumulate genetic alterations as a
result of failure to arrest and repair DNA damage or self-destruct, thereby
leading to genomic instability and neoplastic progression. BRCA1 is important
for maintaining the genomic stability. Cells lacking BRCA1 showed the accu-
mulation of chromosomal abnormalities including chromosomal breaks, severe
aneuploidy, and centrosome amplification.143

Chromosome 19

PEG3, also known as Pw1, is one of several genes identified in an imprinted
region mapped to human chromosome 19q13.4.144,145 This 19-kb gene encodes
amultifunctional protein with primarily nuclear localization.146 PEG3 silencing
is associated with DNA hypermethylation, but not gene deletion. PEG3 was
downregulated in 75% of 40 ovarian cancers. The gene was hypermethylated in
11 of 42 (26%) ovarian cancers, and its expression was downregulated in 10 of
those 11 cancers. LOH at PEG3 was detected in 5 of 25 (20%) informative
cases.

Loss of PEG3 expression is frequently observed in ovarian cancer, and
reexpression of PEG3 markedly inhibited ovarian cancer growth.147 The role
of PEG3 in p53-mediated apoptosis was explored. It has been shown that Peg3/
Pw1 is upregulated in the p53-mediated cell death process and induces Bax
translocation independent of apoptosis.148 Results from these studies suggest
not only that Bax translocation is an important regulatory step in p53-mediated
apoptosis, but also that PEG3may function as a downstreammodulator of p53
to regulate Bax redistribution. These events lead to the cell’s propensity to favor
apoptosis over growth arrest after p53 induction.

Conclusion

Of the 16 tumor suppressor genes reviewed, loss of heterozygosity or inactivat-
ing mutations has been observed in 11. Five putative tumor suppressor genes
have been silenced by somatic promoter methylation without genetic altera-
tions. Further studies will be required to determine whether the loss of these
epigenetically silenced genes is associated with a poor prognosis in the clinic or
an increase in tumorigenesis in murine knockout models. Loss of ARHI func-
tion is associated with genetic alterations in 30% to 40% of ovarian cancers,
and downregulation of ARHI has been linked to a significantly shorter disease-
free survival. Knockout of ARHI in murine systems has not been possible.
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Cattle and swine express ARHI orthologs, but mice do not, precluding con-
venient preparation of knockout animals. ARHI is one of several genes that are
expressed by man, but not by mice, including COL21A1, STK17A, and
GPR145. ARHI maps to an apparent evolutionary breakpoint in the rodent
lineage where chromosomes have been rearranged relative to the human gen-
ome since the two species shared a common ancestor.149

During oncogenesis, loss of tumor suppressor gene function can occur
through deletion, mutation, or epigenetic silencing, and the frequency of loss
for different genes in ovarian cancers varies substantially. The function of
several putative tumor suppressor genes is lost in a majority of ovarian cancers,
including p53 (50% to 70%), ARHI (64%), DLEC1 (73%), SPARC (70% to
90%), DOC2 (58% to 85%), RPS6KA2 (64%), OPCML (56% to 83%),
ARLTS1 (62%), and PEG3 (75%). Other tumor suppressor genes are dysre-
gulated less frequently, including RASSF1A (46%), LOT-1 (39%), OVCA1
(37%), PTEN (35%), WWOX (30% to 49%), BRCA1 (6% to 8%), and
BRCA2 (3% to 6%). Taken as a group, the many presumed functions of
tumor suppressor genes control critical points in a wide range of cellular
signaling pathways that regulate proliferation, differentiation, apoptosis, and
response to genetic damage. Several tumor suppressor genes affect prolifera-
tion, whereas others, such as ARHI, affect both proliferation and motility. Of
the signaling pathways that are dysregulated in ovarian cancer, Ras/MAP is
affected by ARHI and DOC2, whereas PI3K is inhibited by PTEN and ARHI.
Stat3 is also functionally inhibited by ARHI. Further study of the interactions
between tumor suppressors and activated oncogenes will enable us to under-
stand the genetic basis of ovarian cancer and to manage patients with ovarian
cancer more precisely and effectively in the clinic.

References

1. Hanahan D, Weinberg R. The hallmarks of cancer. Cell. 2000;100:57–70.
2. Jacobs IJ, Kohler MF, Wiseman R, et al. Clonal origin of epithelial ovarian cancer:

analysis by loss of heterozygosity, p53 mutation and X chromosome inactivation. J Natl
Cancer Inst. 1992;84:1793–1798.

3. KohlerMF,Marks JR,Wiseman RW, et al. Spectrum of mutation and frequency of allelic
deletion of the p53 gene in ovarian cancer. J Natl Cancer Inst. 1993;85:1513–1519.

4. Baker SJ, Markowitz S, Fearon ER, et al. Suppression of human colorectal carcinoma cell
growth by wild-type p53. Science. 1990;249:912–915.

5. Yu Y, Xu F, Peng H, et al. NOEY2 (ARHI), an imprinted putative tumor suppressor gene
in ovarian and breast carcinomas. Proc Natl Acad Sci USA. 1999;96:214–219.

6. Peng H, Xu F, Pershad R, et al. ARHI is the center of allelic deletion on chromosome 1p31
in ovarian and breast cancers. Int J Cancer. 2000;86:690–694.

7. Luo RZ, Peng H, Xu F, et al. Genomic structure and promoter characterization of an
imprinted tumor suppressor gene ARHI. Biochim Biophys Acta. 2001;1519:216–222.

8. Yuan J, Luo RZ, Fujii S, et al. Aberrant methylation and silencing of ARHI, an imprinted
tumor suppressor gene in which the function is lost in breast cancers. Cancer Res.
2003;63:4174–4180.

122 Z. Lu and R.C. Bast



9. Lu Z, Luo RZ, Peng H, et al. E2F-HDAC complexes negatively regulate the tumor
suppressor gene ARHI in breast cancer. Oncogene. 2006;25:230–239.

10. Lu Z, Luo RZ, Peng H, et al. Transcriptional and posttranscriptional down-regulation of
the imprinted tumor suppressor gene ARHI (DRAS3) in ovarian cancer.Clin Cancer Res.
2006;12:2404–2413.

11. Rosen DG, Wang L, Jain AN, et al. Expression of the tumor suppressor gene ARHI in
epithelial ovarian cancer is associated with increased expression of p21WAF1/CIP1 and
prolonged progression-free survival. Clin Cancer Res. 2004;10:6559–6566.

12. Wang L, Hoque A, Luo RZ, et al. Loss of the expression of the tumor suppressor gene
ARHI is associated with progression of breast cancer. Clin Cancer Res. 2003;9:3660–3666.

13. Bao JJ, Le XF, Wang RY, et al. Reexpression of the tumor suppressor gene ARHI
induces apoptosis in ovarian and breast cancer cells through a caspase-independent
calpain-dependent pathway. Cancer Res. 2002;62:7264–7272.

14. Lu Z, Luo RZ, Lu Y, et al. A Ras-related imprinted tumor suppressor gene ARHI regulates
autophagy and tumor dormancy in ovarian cancer. J Clin Invest. 2008;118:3917–29.

15. Nishimoto, A, Yu, Y, Lu, Z, et al. ARHI directly inhibits STAT3 translocation and
activity in human breast and ovarian cancer cells. Cancer Res. 2005;65:6701–6710.

16. Dammann R, Li C, Yoon J-H, et al. Epigenetic inactivation of a RAS association family
protein from the lung tumor suppressor locus 3p21.3. Nat Genet. 2000;25:315–319.

17. KokK,Naylor SL, Buys CH.Deletions of the short arm of chromosome 3 in solid tumors
and the search for suppressor genes. Adv Cancer Res. 1997;71:27–92.

18. Byun D-S, Lee M-G, Chae K-S, et al. Frequent epigenetic inactivation of RASSF1A by
aberrant promoter hypermethylation in human gastric adenocarcinoma. Cancer Res.
2001;61:7034–7038.

19. Yoon J-H, Dammann R, Pfeiffer GP. Hypermethylation of the CPG island of the
RASSF1A gene in ovarian and renal cell carcinomas. Int J Cancer. 2001;94:212–217.

20. Agathanggelou A, Honorio S, Macartney DP, et al. Methylation associated inactivation
of RASSF1A from region 3p21.3 in lung, breast and ovarian tumors.Oncogene. 2001;20:
1509–1518.

21. Burbee DG, Forgacs E, Zochbauer-Muller S, et al. Epigenetic inactivation of RASSF1A
in lung and breast cancers phenothype suppression. J Natl Cancer Inst. 2001;93:691–699.

22. Dammann R, Takahashi T, Pfeiffer GP. The CpG island of the novel tumor suppressor
gene RASSF1A is intensely methylated in primary small cell lung carcinomas. Oncogene.
2001;20:3563–3567.

23. Lee M-G, Kim H-Y, Byun D-S, et al. Frequent epigenetic inactivation of RASSF1A in
human bladder carcinoma. Cancer Res. 2001;61:6688–6692.

24. Liao X, Siu MK, Chan KY, et al. Hypermethylation of RAS effector related genes and
DNA methyltransferase 1 expression in endometrial carcinogenesis. Int J Cancer.
2008;123:296–302.

25. Jo H, Kim JW, Kang GH, et al. Association of promoter hypermethylation of the
RASSF1A gene with prognostic parameters in endometrial cancer. Oncol Res. 2006;16:
205–209.

26. Pijnenborg JM, Dam-de Veen GC, Kisters N, et al. RASSF1A methylation and K-ras
and B-raf mutations and recurrent endometrial cancer. Ann Oncol. 2007;18:491–497.

27. Vos MD, Ellis CA, Bell A, et al. Ras uses the novel tumor suppressor RASSF1 as an
affector to mediate apoptosis. J Biol Chem. 2000;275:35669–35672.

28. Shivakumar L, Minna J, Sakamaki T, et al. The RASSF1A tumor suppressor blocks cell
cycle progression and inhibits cyclin D1 accumulation.Mol Cell Biol. 2002;22:4309–4318.

29. Rauch T, Li H,WuX, et al.MIRA-assistedmicroarray analysis, a new technology for the
determination of DNA methylation patterns, identifies frequent methylation of home-
odomain-containing genes in lung cancer cells. Cancer Res. 2006;66:7939–7947.

30. Daigo Y, Nishiwaki T, Kawasoe T, et al. Molecular cloning of a candidate tumor
suppressor gene, DLC1, from chromosome 3p21.3. Cancer Res. 1999;59:1966–1972.

5 Tumor Suppressor Genes 123



31. Kwong J, Lee JY, Wong KK, et al. Candidate tumor-suppressor gene DLEC1 is fre-
quently downregulated by promoter hypermethylation and histone hypoacetylation in
human epithelial ovarian cancer. Neoplasia. 2006;8:268–278.

32. SwaroopA, Hogan BL, Francke U.Molecular analysis of the cDNA for human SPARC/
osteonectin/BM-40: sequence, expression, and localization of the gene to chromosome
5q31-q33. Genomics. 1988;2:37–47.
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Chapter 6

Epigenetics and Ovarian Cancer

Kenneth P. Nephew, Curt Balch, Shu Zhang, and Tim H-M. Huang

Cancer Epigenetics: Introduction

Epigenetics is a broad term that refers to all stably heritable alterations in gene
expression that occur without changes in DNA base sequence. Epigenetic
phenomena include deoxycytosine methylation, histone protein modifications,
nucleosome position effects on DNA, and gene regulation by noncoding RNA
molecules (Fig. 6.1); the overall epigenetic state corresponding with a specific
cell phenotype is referred to as an ‘‘epigenome.’’ The Human Genome Project,
completed in 2003, has provided a wealth of data regarding the relationship of
DNA sequence to human health, and one interesting outcome of that project
was the observation that humans possess far fewer genes than previously
predicted.1 That vast underestimation of human genes suggested amuch greater
role for phenotype-specific gene regulation by other mechanisms, including
epigenetic modifications. Consequently, a Human Epigenome Project, an inter-
national public/private consortium, has now been initiated to provide a set of
normal, reference epigenomes to permit study of the role of epigenetics in
biological processes such as differentiation, proliferation, and various disease
states, including cancer.2

To date, the best-studied epigenetic process is methylation of deoxycytosine,
usually located within the dinucleotide CpG, and catalyzed by enzymes known as
DNA methyltransferases (DNMTs).3 DNA methylation is strongly correlated
with gene silencing, and in normal cells, heterochromatin and the inactive female
X chromosome are extensively methylated.4 This modification also occurs within
repeat elements, where it is believed to silence potentially harmful transposable
elements.5 Aside from heterochromatin and repeats, distinct regions, usually
within 50 untranslated regions and the first exons of genes, are normally protected
from this modification.3 It is now well established, however, that these localized
‘‘CpG islands’’ become increasingly hypermethylated during tumor advancement
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from benign to invasive disease, with an inverse progressive decrease in global
DNA methylation levels.6

In addition to methylation of DNA, modifications to its associated histone
proteins represent another epigenetic level of gene regulation, although it is now
accepted that both DNA methylation and histone alterations jointly cooperate
to govern specific gene expression patterns.7 Acetylation of histones (catalyzed
by histone acetyltransferases) is associated with chromatin relaxation and gene
activation, whereas histone deacetylation (catalyzed by histone deacetylases) is
well correlated with chromatin compaction and gene silencing.8 Whereas DNA
methylation is associated with gene repression, histone methylation can be
either activating or repressive in a site-specific manner. For example, di- and
tri-methylation of histone H3 lysine 4 (H3K4me2 and H3K4me3) is associated
with active transcription, whereas trimethylation of H3K27 (H3K27me3) is
strongly linked with gene repression.9 Such histone modifications, and their
specific associations with gene activation/repression have led to a ‘‘histone
code’’ hypothesis in which various adapter proteins bind to designated histone
‘‘marks’’ and translate the code to effectuate the appropriate transcriptional
responses.10 Similar to DNA methylation, distinct aberrations in histone pat-
terns occur in neoplasia, including a global loss of H4K20 acetylation and
H4K16 trimethylation, in addition to extensive rearrangements of other acti-
vating and repressive histone marks.11 The H3K4 methyltransferase hASH2 (a
human homolog of a Drosophila trithorax protein) has been recently identified
as a transforming oncogene in mouse embryonic fibroblasts,12 and the H3K27
methyltransferase EZH2, and its associated polycomb proteins, have also been
demonstrated as overexpressed in numerous malignancies.13

In one global analysis of histone marks in embryonic stem (ES) cells, a
number of gene promoters were found to (seemingly paradoxically) simulta-
neously possess both H3K4me2 activating and H3K27me3 repressive marks;
this ‘‘bivalent’’ epigenetic state was associated with low levels of transcriptional
activity and was restricted to various development and lineage-specific genes.14

In 2007, Ohm et al. discovered that a number of DNA-methylated genes in
adult tumors similarly possess a bivalent state in ES cells, which subsequently
lose the H3K4me2 activating mark (while also gaining additional repressive
histone marks) in embryonic carcinoma cells.15 That finding has now led to a
carcinogenesis model in which aberrant gene repression is initiated by H3K27
trimethylation, catalyzed by EZH2, and ultimately leading to permanent gene
silencing by DNA methylation in adult tumors.16,17 Thus, although numerous
genetic mutations have now been established as contributory to tumorigenesis,
it is now becoming apparent that epigenetics plays an equal (or perhaps even
greater) role in the establishment of the recently hypothesized ‘‘cancer stem cell’’
pluripotent phenotype.16–19

As the nucleosome, the basic chromatin-packaging unit of 147 bp of DNA
wrapped around a histone octamer, precludes DNA access by transcription
factors and polymerases, nucleosome positioning represents another epigenetic
modulator of gene expression. To alterDNA/nucleosomepackaging,ATP-dependent
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chromatin-remodeling protein complexes elicit octamer transfer (in trans) or sliding (in
cis) and include the SWI/SNF family, the imitation SWI (ISWI) group, and theMi-2
family of complexes,20 and can, depending on the specific constituent enzymes, be
either transcriptionally repressive or activating. Similar to DNA methylation and
histone modifications, cancer cells frequently possess altered composition of nucleo-
some-destabilizing complexes, including dysregulation of components of both activat-
ing (SWI/SNF) and repressive (NuRD) multisubunit chromatin-remodeling
assemblies.21,22

The most recently discovered epigenetic phenomenon is gene expression
regulation by noncoding RNA molecules, including 21- to 23-nucleotide sin-
gle-stranded RNAs known as microRNAs. MicroRNAs are often transcribed
as polycistrons that are then processed to 60- to 70-nucleotide hairpin structures
(‘‘pre-miRNAs’’) that are then exported from the nucleus. In the cytoplasm,
pre-miRNAs are further processed by an endonuclease, Dicer, to the single-
stranded mature molecule that is incorporated into a multisubunit riboprotein
known as the RNA-induced silencing complex (RISC).23 Within the RISC,
another group of small RNAs associate directly with a subunit of the degrada-
tion complex known as the Piwi family of proteins.24 These ‘‘Piwi-interacting
RNAs’’ (piRNAs) are believed to interact with other novel small RNAs, target
the RISC complex to parasitic DNA sequences (such as transposons), and
contribute to germ-line and stem cell maintenance.25,26 Although microRNAs
are believed to play a significant role in animal development and normal
pluripotent stem cell regulation,27,28 a large number of these small RNA mole-
cules have also been shown as dysregulated in various tumors, where they may
act as either tumor suppressors or oncogenes.29 Several nowwell-known tumor-
suppressing microRNAs include let-7, which targets the RAS oncogene, and
mir-15/16, targeting the apoptosis inhibitor BCL2, while oncogenic miRNAs
include miR-372/373, inhibitory to the p53 tumor-suppressing pathway, and
the miR17-92 cluster, which cooperates with the Myc oncoprotein to elicit cell
proliferation.6

Epigenetic Aberrations in Ovarian Cancer

The two most significant obstacles to the effective treatment of ovarian cancer
are the lack of early diagnostic markers and the development of drug resistance
after therapy of advanced disease. A dire need for improved early-detection
strategies is based on the grim statistic that more than 70% of patients are
initially diagnosed with stage III/IV tumors due to a lack of distinct symptoms
and biomarkers for early malignancy.3,30,31 Moreover, although surgical
debulking followed by chemotherapy regimens (typically paclitaxel and carbo-
platin) results in complete remission in 80% of advanced-stage ovarian cancer,
chemoresistance almost inevitably ensues (after a median period of 18 months),
after which the disease is essentially untreatable.32
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Similar to all cancers studied to date, ovarian tumors possess numerous epige-
netic aberrations, including the characteristic global DNA hypomethylation and
CpG island hypermethylation described above.33 Specific examples of hypomethy-
lation include chromosome-1 satellite-2 and Long interspersed nuclear element-1
(LINE-1) repetitive elements.33,34Using anRNA interference approach, our group
demonstrated that knockdown of twoDNAmethyltransferase enzymes in ovarian
cancer cells resulted in extensive loss of CpG hypermethylation and substantially
reduced cell survival.35 A number of genes have now been characterized as silenced
by promoter methylation in ovarian cancer cells and tumors (for more extensive
review, see Refs. Balch et al.8 and Barton et al.36), including the imprinted genes
ARH1 and PEG3,37 proapoptotic genes such as LOT1, DAPK, TMS1/ASC,
and Apaf-1,8,38 and cell adhesion genes including OPCML, ICAM-1, and
CDH1.9–41 One of the most commonly methylated genes in ovarian cancer is the
RAS association domain family isoform 1A (RASSF1A), encoding a microtubule-
stabilizing protein that is also an inhibitor of the anaphase-promoting complex, a
ubiquitin ligase that targets mitotic cyclins for degradation.42 A newly identified
gene, HSulf-1, encoding an arylsulfatase that acts on cell surface heparin sulfate
proteoglycans and inhibits growth factor signaling and angiogenesis,43 was found
methylated inmore than 50%ofovarian tumors and cell lines.44Methylationof the
well-known tumor suppressor PTEN, which negatively regulates growth signaling
through the oncoprotein Akt, has also been observed in ovarian cancer,45 as has
methylation of the p53-stabilizing gene 14-3-3 sigma.46 Another interesting gene
associated with ovarian tumor chemoresistance is MCJ (methylation controlled
DNAJ), recently discovered to encode an inhibitor of c-jun–mediated upregulation
of the multidrug-resistance transporter ABCB2.47,48 Interestingly, in addition to
hypermethylated genes, a number of genes have also been demonstrated as hypo-
methylated and overexpressed in ovarian cancer, including SNCG, an oncogene of
unknown function; claudin-4, encoding a tight junction protein;maspin, encoding a
serine protease inhibitor; and TRAG-3, a gene implicated in Taxolresistance.49–52

In addition to redistributions of DNAmethylation patterns, another epigenetic
aberration in ovarian cancer is atypical modifications of histones and dysregulated
expression of histone-modifying enzymes; histone modifications also contribute
significantly to normal ovarian functions, including estrogen synthesis, folliculo-
genesis, and luteal phase activity.53 In malignancy, however, ovarian tumors were
found to possess significantly altered expression of chromatin-modifying pro-
teins,54 and another study demonstrated several specific histone modifications
(but not promoter DNA methylation) as responsible for silencing of the differ-
entiation genes GATA4 and GATA6 in ovarian cancer cells.55 Two other genes
upregulated by histone acetylation include the well-known tumor suppressor Rb
and the cyclin-dependent kinase inhibitor CDKN1, whereas interestingly, the Id1
(inhibitor of differentiation-1) gene was found downregulated by a histone deacety-
lase (HDAC) inhibitor.56 Using a dominant-negative histone overexpression
approach, our group established a role for H3K27 in ovarian cancer chemoresis-
tance,57 and another group demonstrated that loss of H3K27 trimethylation is
associated with poor prognosis in ovarian and other malignancies.58
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As mentioned above, another epigenetic phenomenon is repositioning of
nucleosomes (histone octamers) during gene activation or repression. In ovarian
cancer, overexpression of Rsf-1, a component of the remodeling and spacing
factor (RSF) chromatin-remodeling complex, has been strongly correlated with
advanced-stage and high-grademalignancies.59,60 Another protein overexpressed
in ovarian cancer, MTA-1 (metastasis-associated gene-1), is a component of the
nuclear remodeling and deacetylation (NuRD) gene-repressive complex.61,62 Simi-
larly, the protein product ofBRCA1, a gene having germ-linemutations linked to
greatly increased ovarian cancer risk, was demonstrated to interact with a com-
ponent of the ATP-dependent nucleosome-destabilizing complex SWI/SNF,
likewise suggesting altered chromatin modeling in the pathogenesis of this malig-
nancy.63 In another study of the SWI/SNF component Brm (Brahma), a protein
frequently downregulated in ovarian cancer, Brm expression was found to be
restored by HDAC inhibitors, suggesting a link between repressive histone
modifications and altered chromatin remodeling in carcinogenesis.64

The most recently discovered epigenetic phenomenon, gene regulation by
non–protein-encoding microRNAs, has also now been established as altered in
ovarian cancer. Specifically, in a panel of 69 ovarian tumors, the most significantly
upregulated microRNAs were 200a, 200b, and 141; one common target of these is
the tumor suppressor BAP-1 (BRCA-1-associated protein), and a microRNA
found downregulated, miR-140, targets oncoproteins such as c-SRK, MMP13,
and FGF2.65 Similar to other malignancies, the tumor suppressor phosphatase
and tensin homolog (PTEN)–targeting microRNA miR-214 was found upregu-
lated in ovarian cancer; additionally, expression of miR-214 and two other micro-
RNAs, miR-199a andmiR-200a, was found to correlate positively with advanced-
stage and high-grade tumors.66 Interestingly, a group of six miRNAs clustered on
chromosome 19, and seven clustered on chromosome 14, were upregulated by the
DNA methyltransferase inhibitor decitabine (described later), demonstrating that
microRNA genes can be regulated by DNA methylation.67

Epigenetics in Ovarian Cancer Management

Methylation Biomarkers for Screening/Prognosis

As redistributed DNA methylation (genomic hypomethylation with localized
CpG island hypermethylation) is a hallmark of ovarian tumors, specific hypo-
methylated sequences and individual or panels of hypermethylated genes repre-
sent possible biomarkers for disease detection and prognosis. Hypomethylated
sequences that have been put forth as ovarian cancer biomarkers include LINE-
1 repetitive elements and chromosome-1 satellite-2 sequences.33,34 In a study of
CpG island hypermethylation, using amicroarray-based genome-wide approach,
our group identified a panel of 112 methylated loci 95% predictive of short (<12
months) progression-free survival (PFS) in 40 stage III/IV ovarian cancer
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patients.68 Similarly, an examination of peritoneal fluid from 57 ovarian cancer
patients revealed that methylation levels of a 15-gene panel likewise could distin-
guish short versus long overall patient survival,69 and another study by our group
demonstrated an association of PFS with hypermethylation of 28S and 18S
ribosomal DNA genes.70 Other groups have also identified differential methyla-
tion patterns in ovarian cancer cells and tumors, using simultaneous PCR-based
methylation assessment of multiple candidate genes.71–73 Using another
approach, gene expression profiling, it was found that transcription levels of 12
chromatin-modifying genes could successfully define a distinct ‘‘signature’’ for
ovarian tumors.54 Individual methylated genes with possible prognostic value in
ovarian cancer include HOXA11, linked with postsurgical residual tumor and
overall poor prognosis74; MCJ, strongly associated with chemoresistance; and
14-3-3-sigma, significantly correlated with elevated serum CA-125 levels and
high-grade malignancy.46,48

In addition toDNA-methylated genes, microRNAs could also conceivably be
used as biomarkers for ovarian cancer prognosis. For example, it was found that
overall microRNA profiles could clearly distinguish normal from malignant
ovarian tissues and that specific upregulated or downregulated clusters could
further specify clear cell, endometrioid, and serous subtypes.65 In another study,
10 downregulated miRNAs were found to correlate positively with advanced-
stagemalignancy and 13with high-grade ovarian tumors,67 and a separate report
noted an association of miR-214 (an inhibitor of the tumor suppressor PTEN)
with chemoresistance in ovarian cancer cell lines and tumors.66

In addition to tumor-methylated genes, a number ofmethylated genes have also
been identified in patient serum and plasma, including hMLH1, BRCA1, and
RASSF1A, offering thepossibilityofminimally invasivebiomarkerassessment.75,76

Specifically, hMLH1methylationwas found to correlatewithpatient tumor relapse
in25%ofpatients, after carboplatin/Taxol therapy, andalsoassociatedwithmicro-
satellite instability.75 Though much improved and now increasingly reproducible,
gene expression signatures for ovarian cancer have, to date, been limited to invasive
removaloftumors/biopsiesandthusmaynotrepresentapracticalapproachforearly
detection. Similarly, though also now improved, serum proteome profiles have
suffered validation setbacks due to bias and a lack of reproducibility.77 Conse-
quently, methylated DNA sequences yet represent a feasible, minimally invasive
approachforovariancancer screening,possibly inconjunctionwithother indicators
such as cancer antigen 125 (CA-125) levels and transvaginal sonographs.78

Epigenetic Therapies

DNA Methylation Inhibitors

Several drugs have been discovered that inhibit DNA methyltransferase activ-
ity, resulting in genomic hypomethylation.Most of these are cytosine analogues
that covalently and irreversibly bind to the active site of these enzymes,
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ultimately resulting in their cellular depletion.79 The hypomethylating activity
of these inhibitors is replication-dependent, requiring several cell divisions to
complete the demethylation of each DNA strand.80 The first of these to be
characterized was the ribonucleotide 5-azacytidine (trade name Vidaza; Phar-
mion Corp., Boulder, CO), now approved by the U.S. Food and Drug Admin-
istration (FDA) for the treatment of myelodysplastic syndrome (MDS).81

In addition to azacytidine, its deoxyribose analogue, 5-aza-20-deoxycytidine
(5-aza-dC; decitabine; Dacogen; MGI Pharma, Bloomington, MN)82 is a potent
methylation inhibitor. Decitabine is effective at submicromolar concentrations
and has been shown to effect demethylation in numerous ovarian cancer cell
lines, with reversal of silencing of several tumor suppressor genes.8,83 Decitabine-
mediated DNA methylation was also associated with the reversal of repressive
histone methylation at H3K9 and H3K27.57,84 In addition to decitabine, our
group has also examined another DNA methylation inhibitor, zebularine,
demonstrating that this agent possesses potent antiproliferative activity against
a number of ovarian cancer cell lines.85 Although decitabine remains a promising
therapy for ovarian and other malignancies, its potency is somewhat limited by
inactivation by intracellular deaminases. To achieve a more stable compound, a
decitabine-guanine dinucleotide, S-110, was synthesized and found to be slightly
less toxic than the mononucleotide, with substantially less deamination.86 In that
pilot study, S-110 was also found to reactivate the methylated tumor suppressor
p16 in bladder cancer cells, apparently using a DNA methylation inhibition
mechanism identical to that of decitabine, after cleavage of the dinucleotide by
intracellular phosphodiesterases.86

A number of non-nucleotide agents, including the antiarrhythmic procaina-
mide, epigallocatechin-3-gallate (EGCG; a component of tea), procaine (a local
anesthetic), and the antihypertensive hydralazine, were also found to possess
DNA-demethylating activity, albeit with a much lower potency than that of
decitabine.87–89 As these drugs and natural compounds are already approved
for human consumption, examination of their use in clinical trials might be
greatly facilitated.

Histone Deacetylase Inhibitors

As histone deacetylation is another transcriptional silencingmechanism, the use
of histone deacetylase inhibitors (HDACIs) is another strategy to relieve epi-
genetic gene repression. Numerous HDACIs, which antagonize the action of
histone deacetylases by chelation of an essential zinc ion cofactor,90 are now
under extensive investigation, based on their abilities to selectively induce
differentiation and apoptosis in tumor, but not normal, cells.90 Interestingly,
these compounds can induce specific genes while repressing others and also
inhibit other protein (i.e., nonhistone) deacetylases, including those that act on
p5391 and tubulin.92

To date, the hydroxamate structural class of HDACIs has demonstrated the
greatest promise in preclinical and clinical studies. One such hydroxamate,
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suberoylanilide hydroxamic acid (SAHA; vorinostat; Zolinza; Merck & Co,
Whitehouse Station, NJ), has recently been approved for the therapy of cuta-
neous T-cell lymphoma and is currently being evaluated in 80 separate clinical
trials for various malignancies (clinicaltrials.gov). In ovarian cancer cells and
xenografts, vorinostat has demonstrated potent antigrowth activity and mini-
mal toxicity,93 although a phase II trial for advanced ovarian cancer demon-
strated low toxicity but minimal patient response.94 Another hydroxamate,
PXD101 (belinostat; CuraGen Corp., Branford, CT), has also shown potent
activity against human ovarian cancer xenograft models95 and is now being
studied in a phase I trial in the United Kingdom (www.beatson.org.uk). A third
hydroxamate, scriptaid, was also recently demonstrated as highly antiprolifera-
tive against a number of ovarian cancer cell lines,96 and another novel HDACI,
R306465, was demonstrated to inhibit xenograft tumor growth of A2780
ovarian cancer cells and to activate the cell cycle regulator p21 in vivo; inter-
estingly, R306465 possessed isotype-preferential activity toward class I (but not
class II) histone deacetylases.97

Another potentially clinically useful HDACI is the short-chain fatty acid
valproate (VPA), which has been previously used as an anticonvulsant.90 In two
preclinical studies, VPA was found to be strongly antiproliferative against the
human ovarian cancer cell line SK-OV-3 in both cultured cells and in xenograft
tumors.93

Novel Epigenetic Therapies and Combination Strategies

While HDAC and methyltransferase inhibitors have demonstrated ovarian
cancer activity as single agents, it is strongly believed that combinations of
these two inhibitor types, in addition to conventional therapies, will be most
effective.98 Based on the fact that pluripotent/multipotent progenitors possess
increased epigenetic repression,99,100 it has been hypothesized that epigenetic
inhibitors could (possibly in combination with conventional chemotherapies)
elicit differentiation of the cancer stem cells believed to be solely responsible for
tumorigenesis.98 Also in accordance with the cancer stem cell theory, epigenetic
therapies might also allow tumor resensitization to conventional agents by
reversing repressive chromatin states associated with the pluripotent phenotype
of tumor progenitors, which are believed to be recalcitrant to traditional
therapies directed toward their rapidly dividing descendants. Consequently, a
number of combinatorial strategies have demonstrated promise in preclinical
and clinical studies for ovarian cancer. In two preclinical studies, it was found
that vorinostat was effective alone against paclitaxel-resistant ovarian cancer
cells but was more effective in combination with this taxane.101,102 Another
study, both in vitro and in vivo, combined belinostat with carboplatin, demon-
strating substantial benefit, over either alone, in three-dimensional cultures and
mouse xenografts of platinum-resistant ovarian cancer cells,103 whereas a simi-
lar approached used the HDACI VPA to resensitize platinum-resistant cells to
cisplatin.104 In an assessment of the methyltransferase inhibitor zebularine, our
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group demonstrated that agent to completely reverse cisplatin resistance in
recalcitrant ovarian cancer cells,85 and others have reported similar resensitiz-
ing effects using decitabine in cisplatin-resistant cells and xenografts.105,106

A comparable approach is currently being examined by our group in a phase
I/II trial of decitabine paired with carboplatin, with a similar study under way in
the United Kingdom (clinicaltrials.gov). Another phase I/II study, combining
Vidaza with VPA and carboplatin, is currently in progress at the M.D. Ander-
son Cancer Center (Houston, TX) (www.mdanderson.org). In a study of the
non-nucleoside hydralazine, in combination with VPA and standard che-
motherapy, some degree of response was observed in 7 of 7 ovarian cancer
patients, with most patients showing primarily mild hematologic toxicities.107

In addition to DNAmethylation and histone deacetylase inhibitors, various
recently developed agents have been designed to target other components of the
repressive epigenetic machinery, including inhibitors of histone acetyltrans-
ferases and methylcytosine-binding proteins.108,109 Another epigenetic repres-
sor, the polycomb protein EZH2 (trimethyltransferase for H3K27), is highly
expressed in various aggressive malignancies108,109 and has been demonstrated as
largely responsible for gene repression and maintenance of embryonic stem
cells.110,111 Consequently, an S-adenosyl-homocysteine inhibitor, 3-deazaadenosine
(DZNep), has now been developed and demonstrated to substantially reduce
H3K27 levels, activate a large number of apoptosis and differentiation-related
genes, and elicit apoptosis in MCF-7 breast cancer cells.112 Such novel inhibitors
may allow for combinatorial regimens targeted toward repressive epigenetic events
directly responsible for tumor initiation and progression.

Conclusion

Epigenetic alterations have now been established as intimately involved in the
initiation, development, and progression of ovarian malignancies, including the
eventual evolution to a drug-resistant phenotype. As a large number of these
alterations have now been demonstrated to be highly specific to this gynecologic
malignancy, such modifications represent highly promising biomarkers for
early detection, therapy response, and prognosis. Further, as transcriptionally
repressive epigenetic changes, such as DNAmethylation, occur in several genes
involved in apoptotic and differentiation pathways, reactivation of those genes
might allow for resensitization of tumor cells to drugs that rely on such path-
ways. An increasing body of evidence now supports a role for possible tumor
progenitors, known as ‘‘cancer-initiating cells,’’ in the propagation of fully
drug-resistant tumors. As normal multipotent stem cells possess a high degree
of epigenetic repression, it is possible that therapies that reverse such repression
could be highly effective against drug-resistant disease. Toward this end, our
group has now identified candidate ovarian cancer-initiating cells from human
ovarian stage III serous adenocarcinomas, based both on the ability of those
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cells to form anchorage-independent spheres and to serially propagate in con-
secutively engrafted animals.113 Based on five distinct attributes,114,115 those
tumor progenitors fulfilled all currently accepted criteria for the existence of a
population of ovarian cancer-initiating cells, which are now being subjected to
comprehensive genome-wide analyses to identify specific epigenomes responsi-
ble for tumor initiation and growth. In summary, it is increasingly evident
epigenetics plays a prominent role in ovarian cancer, and a greater understand-
ing of this phenomenon will likely lead to much improved diagnostic and
therapeutic interventions.

Acknowledgments The authors gratefully acknowledge grant support from the U.S. National
Institutes of Health, National Cancer Institute grants CA085289 (to K.P.N.), CA113001 (to
T. T-H. H), Ovar’coming Together (Indianapolis, IN, to C.B.), the Walther Cancer Institute
(Indianapolis, IN, to K.P.N.), and Phi Beta Psi Sorority (Brownsburg, IN, to K.P.N.)

References

1. International Human Genome Sequencing Consortium. Finishing the euchromatic
sequence of the human genome. Nature. 2004;431:931–945.

2. Garber K. Momentum building for human epigenome project. J Natl Cancer Inst.
2006;98:84–86.

3. Jones P. A. DNA methylation and cancer. Oncogene. 2002;21:5358–5360.
4. Baylin SB, Herman JG, Graff JR, Vertino PM, Issa JP. Alterations in DNAmethylation:

a fundamental aspect of neoplasia. Adv Cancer Res. 1998;72:141–196.
5. Bestor TH. The host defence function of genomic methylation patterns. Novartis Found

Symp. 1998;214:187–195; discussion 195–189, 228–132.
6. Esteller M. Epigenetics in cancer. N Engl J Med. 2008;358:1148–1159.
7. Fahrner JA, Eguchi S, Herman JG, Baylin SB. Dependence of histone modifications and

gene expression on DNA hypermethylation in cancer. Cancer Res. 2002;62:7213–7218.
8. Balch C, Huang TH, Brown R, Nephew KP. The epigenetics of ovarian cancer drug

resistance and resensitization. Am J Obstet Gynecol. 2004;191:1552–1572.
9. Bernstein BE, Meissner A, Lander ES. The mammalian epigenome. Cell. 2007;128:

669–681.
10. Turner BM. Cellular memory and the histone code. Cell. 2002;111:285–291.
11. Esteller M. Cancer epigenomics: DNA methylomes and histone-modification maps. Nat

Rev Genet. 2007;8:286–298.
12. Luscher-Firzlaff J, Gawlista I, Vervoorts J, et al. The human trithorax protein hASH2

functions as an oncoprotein. Cancer Res. 2008;68:749–758.
13. Sparmann A, van Lohuizen M. Polycomb silencers control cell fate, development and

cancer. Nat Rev Cancer. 2006;6:846–856.
14. Bernstein BE, Mikkelsen TS, Xie X, et al. A bivalent chromatin structure marks key

developmental genes in embryonic stem cells. Cell. 2006;125:315–326.
15. Ohm JE, McGarvey KM, Yu X, et al. A stem cell-like chromatin pattern may predispose

tumor suppressor genes to DNA hypermethylation and heritable silencing. Nat Genet.
2007;39:237–242.

16. Ohm JE, Baylin SB. Stem cell chromatin patterns: an instructive mechanism for DNA
hypermethylation? Cell Cycle. 2007;6:1040–1043.

17. Balch C, Nephew KP, Huang TH, Bapat SA. Epigenetic ‘‘bivalently marked’’ process of
cancer stem cell-driven tumorigenesis. Bioessays. 2007;29:842–845.

6 Epigenetics and Ovarian Cancer 141



18. Feinberg AP, Ohlsson R, Henikoff S. The epigenetic progenitor origin of human cancer.
Nat Rev Genet. 2006;7:21–33.

19. Jordan CT, Guzman ML, Noble M. Cancer stem cells. N Engl J Med. 2006;355:
1253–1261.

20. Vignali M, Hassan AH, Neely KE,Workman JL. ATP-dependent chromatin-remodeling
complexes. Mol Cell Biol. 2000;20:1899–1910.

21. Roberts CW, Orkin SH. The SWI/SNF complex – chromatin and cancer. Nat Rev
Cancer. 2004;4:133–142.

22. Srinivasan R, Mager GM, Ward RM, Mayer J, Svaren J. NAB2 represses transcription
by interacting with the CHD4 subunit of the nucleosome remodeling and deacetylase
(NuRD) complex. J Biol Chem. 2006;281:15129–15137.

23. Cullen BR. Transcription and processing of human microRNA precursors. Mol Cell.
2004;16:861–865.

24. Murphy D, Dancis B, Brown JR. The evolution of core proteins involved in microRNA
biogenesis. BMC Evol Biol. 2008;8:92.

25. Aravin AA, Hannon GJ, Brennecke J. The Piwi-piRNA pathway provides an adaptive
defense in the transposon arms race. Science. 2007;318:761–764.

26. Seto AG, Kingston RE, Lau NC. The coming of age for Piwi proteins. Mol Cell. 2007;
26:603–609.

27. Stadler BM, Ruohola-Baker H. Small RNAs: keeping stem cells in line. Cell. 2008;
132:563–566.

28. Stefani G, Slack FJ. Small non-coding RNAs in animal development. Nat Rev Mol Cell
Biol. 2008;9:219–230.

29. Esquela-Kerscher A, Slack FJ. Oncomirs – microRNAs with a role in cancer. Nat Rev
Cancer. 2006;6:259–269.

30. American Cancer Society,Key Statistics About Ovarian Cancer. American Cancer Society
Center, 250 Williams Street, Atlanta, GA, 2006.

31. Bast RC, Jr. Status of tumor markers in ovarian cancer screening. J Clin Oncol. 2003;
21:200–205.

32. Ozols RF. Systemic therapy for ovarian cancer: current status and new treatments. Semin
Oncol. 2006;33:S3–11.

33. Widschwendter M, Jiang G, Woods C, et al. DNA hypomethylation and ovarian cancer
biology. Cancer Res. 2004;64:4472–4480.

34. Pattamadilok J, Huapai N, Rattanatanyong P, et al. LINE-1 hypomethylation level as a
potential prognostic factor for epithelial ovarian cancer. Int J Gynecol Cancer.
2007;18:711–7.

35. Leu YW, Rahmatpanah F, Shi H, et al. Double RNA interference of DNMT3b and
DNMT1 enhances DNA demethylation and gene reactivation. Cancer Res. 2003;63:
6110–6115.

36. Barton CA, Hacker NF, Clark SJ, O’Brien PM. DNA methylation changes in ovarian
cancer: implications for early diagnosis, prognosis and treatment. Gynecol Oncol.
2008;109:129–139.

37. Feng W, Marquez RT, Lu Z, et al. Imprinted tumor suppressor genes ARHI and PEG3
are the most frequently down-regulated in human ovarian cancers by loss of heterozyg-
osity and promoter methylation. Cancer. 2008;112:1489–1502.

38. Terasawa K, Sagae S, Toyota M, et al. Epigenetic inactivation of TMS1/ASC in ovarian
cancer. Clin Cancer Res. 2004;10:2000–2006.

39. Arnold JM, Cummings M, Purdie D, Chenevix-Trench G. Reduced expression of inter-
cellular adhesion molecule-1 in ovarian adenocarcinomas. Br J Cancer. 2001;85:
1351–1358.

40. Sellar GC, Watt KP, Rabiasz GJ, et al. OPCML at 11q25 is epigenetically inacti-
vated and has tumor-suppressor function in epithelial ovarian cancer. Nat Genet.
2003;34:337–343.

142 K.P. Nephew et al.



41. Yuecheng Y, Hongmei L, Xiaoyan X. Clinical evaluation of E-cadherin expression and
its regulation mechanism in epithelial ovarian cancer. Clin Exp Metastasis. 2006;23:
65–74.

42. Rong R, Jin W, Zhang J, Sheikh MS, Huang Y. Tumor suppressor RASSF1A is a
microtubule-binding protein that stabilizes microtubules and induces G2/M arrest.Onco-
gene. 2004;23:8216–8230.

43. Backen AC, Cole CL, Lau SC, et al. Heparan sulphate synthetic and editing enzymes in
ovarian cancer. Br J Cancer. 2007;96:1544–1548.

44. Staub J, Chien J, Pan Y, et al. Epigenetic silencing of HSulf-1 in ovarian cancer:implica-
tions in chemoresistance. Oncogene. 2007;26:4969–4978.

45. Kurose K, Zhou XP, Araki T, Cannistra SA, Maher ER, Eng C. Frequent loss of PTEN
expression is linked to elevated phosphorylated Akt levels, but not associated with p27
and cyclin D1 expression, in primary epithelial ovarian carcinomas. Am J Pathol.
2001;158:2097–2106.

46. Akahira J, Sugihashi Y, Suzuki T, et al. Decreased expression of 14-3-3 sigma is asso-
ciated with advanced disease in human epithelial ovarian cancer: its correlation with
aberrant DNA methylation. Clin Cancer Res. 2004;10:2687–2693.

47. Hatle KM, Neveu W, Dienz O, et al. Methylation-controlled J protein promotes c-Jun
degradation to prevent ABCB1 transporter expression. Mol Cell Biol. 2007;27:
2952–2966.

48. Shridhar V, Bible KC, Staub J, et al. Loss of expression of a new member of the DNAJ
protein family confers resistance to chemotherapeutic agents used in the treatment of
ovarian cancer. Cancer Res. 2001;61:4258–4265.

49. Gupta A, Godwin AK, Vanderveer L, Lu A, Liu J. Hypomethylation of the synuclein
gamma gene CpG island promotes its aberrant expression in breast carcinoma and
ovarian carcinoma. Cancer Res. 2003;63:664–673.

50. Litkouhi B, Kwong J, Lo CM, et al. Claudin-4 overexpression in epithelial ovarian cancer
is associated with hypomethylation and is a potential target for modulation of tight
junction barrier function using a C-terminal fragment of Clostridium perfringens enter-
otoxin. Neoplasia. 2007;9:304–314.

51. Rose SL, Fitzgerald MP, White NO, et al. Epigenetic regulation of maspin expression in
human ovarian carcinoma cells. Gynecol Oncol . 2006;102:319–324.

52. Yao X, Hu JF, Li T, et al. Epigenetic regulation of the taxol resistance-associated gene
TRAG-3 in human tumors. Cancer Genet Cytogenet. 2004;151:1–13.

53. LaVoie HA. Epigenetic control of ovarian function: the emerging role of histone mod-
ifications. Mol Cell Endocrinol. 2005;243:12–18.

54. Ozdag H, Teschendorff AE, Ahmed AA, et al. Differential expression of selected histone
modifier genes in human solid cancers. BMC Genomics. 2006;7:90.

55. Caslini C, Capo-chichi CD, Roland IH, Nicolas E, Yeung AT, Xu XX. Histone mod-
ifications silence the GATA transcription factor genes in ovarian cancer. Oncogene.
2006;25:5446–5461.

56. Strait KA, Dabbas B, Hammond EH, Warnick CT, Iistrup SJ, Ford CD. Cell cycle
blockade and differentiation of ovarian cancer cells by the histone deacetylase inhibitor
trichostatin A are associated with changes in p21, Rb, and Id proteins.Mol Cancer Ther.
2002;1:1181–1190.

57. Abbosh PH, Montgomery JS, Starkey JA, et al. Dominant-negative histone H3 lysine 27
mutant derepresses silenced tumor suppressor genes and reverses the drug-resistant
phenotype in cancer cells. Cancer Res. 2006;66:5582–5591.

58. Wei Y, Xia W, Zhang Z, et al. Loss of trimethylation at lysine 27 of histone H3 is a
predictor of poor outcome in breast, ovarian, and pancreatic cancers. Mol Carcinog.
2008;47:701–6.

59. Shih IeM, Sheu JJ, Santillan A, et al. Amplification of a chromatin remodeling gene, Rsf-
1/HBXAP, in ovarian carcinoma. Proc Natl Acad Sci USA. 2005;102:14004–14009.

6 Epigenetics and Ovarian Cancer 143



60. Davidson B, Trope CG, Wang TL, Shih Ie M. Expression of the chromatin remodeling
factor Rsf-1 is upregulated in ovarian carcinoma effusions and predicts poor survival.
Gynecol Oncol. 2006;103:814–819.

61. Nicolson GL, Nawa A, Toh Y, Taniguchi S, Nishimori K, Moustafa A. Tumor metas-
tasis-associated human MTA1 gene and its MTA1 protein product: role in epithelial
cancer cell invasion, proliferation and nuclear regulation. Clin Exp Metastasis.
2003;20:19–24.

62. Nawa A, Nishimori K, Lin P, et al. Tumor metastasis-associated human MTA1 gene: its
deduced protein sequence, localization, and association with breast cancer cell prolifera-
tion using antisense phosphorothioate oligonucleotides. J Cell Biochem.
2000;79:202–212.

63. Bochar DA, Wang L, Beniya H, et al. BRCA1 is associated with a human SWI/SNF-
related complex: linking chromatin remodeling to breast cancer. Cell. 2000;102:257–265.

64. Glaros S, Cirrincione GM, Muchardt C, Kleer CG, Michael CW, Reisman D. The
reversible epigenetic silencing of BRM: implications for clinical targeted therapy. Onco-
gene. 2007;26:7058–7066.

65. Iorio MV, Visone R, Di Leva G, et al. MicroRNA signatures in human ovarian cancer.
Cancer Res. 2007;67:8699–8707.

66. Yang H, KongW, He L, et al. MicroRNA expression profiling in human ovarian cancer:
miR-214 induces cell survival and cisplatin resistance by targeting PTEN. Cancer Res.
2008;68:425–433.

67. Zhang L, Volinia S, Bonome T, et al. Genomic and epigenetic alterations deregulate
microRNA expression in human epithelial ovarian cancer. Proc Natl Acad Sci USA.
2008;105:7004–7009.

68. Wei SH, Balch C, Paik HH, et al. Prognostic DNA methylation biomarkers in ovarian
cancer. Clin Cancer Res. 2006;12:2788–2794.

69. Muller HM, Millinger S, Fiegl H, et al. Analysis of methylated genes in peritoneal fluids
of ovarian cancer patients: a new prognostic tool. Clin Chem. 2004;50:2171–2173.

70. Chan MW, Wei SH, Wen P, et al. Hypermethylation of 18S and 28S ribosomal DNAs
predicts progression-free survival in patients with ovarian cancer. Clin Cancer Res.
2005;11:7376–7383.

71. Teodoridis JM, Hall J, Marsh S, et al. CpG island methylation of DNA damage response
genes in advanced ovarian cancer. Cancer Res. 2005;65:8961–8967.

72. Makarla PB, Saboorian MH, Ashfaq R, et al. Promoter hypermethylation profile of
ovarian epithelial neoplasms. Clin Cancer Res. 2005;11:5365–5369.

73. Okochi-Takada E, Nakazawa K, Wakabayashi M, et al. Silencing of the UCHL1 gene in
human colorectal and ovarian cancers. Int J Cancer. 2006;119:1338–1344.

74. Fiegl H, Windbichler G, Mueller-Holzner E, et al. HOXA11 DNA methylation-A novel
prognostic biomarker in ovarian cancer. Int J Cancer. 2008;123:729–9.

75. GiffordG, Paul J, Vasey PA,Kaye SB, BrownR. The acquisition of hMLH1methylation
in plasma DNA after chemotherapy predicts poor survival for ovarian cancer patients.
Clin Cancer Res. 2004;10:4420–4426.

76. Ibanez de Caceres I, Battagli C, Esteller M, et al. Tumor cell-specific BRCA1 and
RASSF1A hypermethylation in serum, plasma, and peritoneal fluid from ovarian cancer
patients. Cancer Res. 2004;64:6476–6481.

77. Ransohoff DF. Lessons from controversy: ovarian cancer screening and serum proteo-
mics. J Natl Cancer Inst. 2005;97:315–319.

78. Rosenthal AN, Menon U, Jacobs IJ. Screening for ovarian cancer. Clin Obstet Gynecol .
2006;49:433–447.

79. Santini V, Kantarjian HM, Issa JP. Changes in DNA methylation in neoplasia: patho-
physiology and therapeutic implications. Ann Intern Med. 2001;134:573–586.

80. Goffin J, Eisenhauer E. DNA methyltransferase inhibitors-state of the art. Ann Oncol.
2002;13:1699–1716.

144 K.P. Nephew et al.



81. Kaminskas E, Farrell A, Abraham S, et al. Approval summary: azacitidine for treatment
of myelodysplastic syndrome subtypes. Clin Cancer Res. 2005;11:3604–3608.

82. Issa JP. Decitabine. Curr Opin Oncol. 2003;15:446–451.
83. Sasaki M, Kaneuchi M, Fujimoto S, Tanaka Y, Dahiya R. Hypermethylation can

selectively silence multiple promoters of steroid receptors in cancers. Mol Cell Endocri-
nol. 2003;202:201–207.

84. Nguyen CT, Weisenberger DJ, Velicescu M, et al. Histone H3-lysine 9 methylation
is associated with aberrant gene silencing in cancer cells and is rapidly reversed by 5-aza-
2’-deoxycytidine. Cancer Res. 2002;62:6456–6461.

85. Balch C, Yan P, Craft T, et al. Antimitogenic and chemosensitizing effects of the
methylation inhibitor zebularine in ovarian cancer.Mol Cancer Ther. 2005;4:1505–1514.

86. Yoo CB, Jeong S, Egger G, et al. Delivery of 5-aza-2’-deoxycytidine to cells using
oligodeoxynucleotides. Cancer Res. 2007;67:6400–6408.

87. Lee WJ, Shim JY, Zhu BT. Mechanisms for the inhibition of DNA methyltransferases
by tea catechins and bioflavonoids. Mol Pharmacol. 2005;68:1018–1030.

88. Segura-Pacheco B, Trejo-Becerril C, Perez-Cardenas E, et al. Reactivation of tumor
suppressor genes by the cardiovascular drugs hydralazine and procainamide and their
potential use in cancer therapy. Clin Cancer Res. 2003;9:1596–1603.

89. Villar-Garea A, Fraga MF, Espada J, Esteller M. Procaine is a DNA-demethylating
agent with growth-inhibitory effects in human cancer cells. Cancer Res. 2003;63:
4984–4989.

90. Marks P, Rifkind RA, Richon VM, Breslow R, Miller T, Kelly WK. Histone deacety-
lases and cancer: causes and therapies. Nat Rev Cancer. 2001;1:194–202.

91. Zeng L, Zhang Y, Chien S, Liu X, Shyy JY. The role of p53 deacetylation in p21Waf1
regulation by laminar flow. J Biol Chem. 2003;278:24594–24599.

92. BlagosklonnyMV, Robey R, Sackett DL, et al. Histone deacetylase inhibitors all induce
p21 but differentially cause tubulin acetylation, mitotic arrest, and cytotoxicity. Mol
Cancer Ther. 2002;1:937–941.

93. Takai N, Kawamata N, Gui D, Said JW, Miyakawa I, Koeffler HP. Human ovarian
carcinoma cells: histone deacetylase inhibitors exhibit antiproliferative activity and
potently induce apoptosis. Cancer. 2004;101:2760–2770.

94. Modesitt SC, Sill M, Hoffman JS, Bender DP. A phase II study of vorinostat in the
treatment of persistent or recurrent epithelial ovarian or primary peritoneal carcinoma:
a Gynecologic Oncology Group study. Gynecol Oncol. 2008;109:182–186.

95. Plumb JA, Finn PW, Williams RJ, et al. Pharmacodynamic response and inhibition of
growth of human tumor xenografts by the novel histone deacetylase inhibitor PXD101.
Mol Cancer Ther. 2003;2:721–728.

96. Takai N, Ueda T, Nishida M, Nasu K, Narahara H. A novel histone deacetylase
inhibitor, Scriptaid, induces growth inhibition, cell cycle arrest and apoptosis in
human endometrial cancer and ovarian cancer cells. Int J Mol Med. 2006;17:323–329.

97. Arts J, Angibaud P,MarienA, et al. R306465 is a novel potent inhibitor of class I histone
deacetylases with broad-spectrum antitumoral activity against solid and haematological
malignancies. Br J Cancer. 2007;97:1344–1353.

98. Jones PA, Baylin SB. The epigenomics of cancer. Cell. 2007;128:683–692.
99. Boyer LA, Plath K, Zeitlinger J, et al. Polycomb complexes repress developmental

regulators in murine embryonic stem cells. Nature. 2006;441:349–353.
100. Bibikova M, Chudin E, Wu B, et al. Human embryonic stem cells have a unique

epigenetic signature. Genome Res. 2006;16:1075–1083.
101. Cooper AL, Greenberg VL, Lancaster PS, van Nagell JR Jr, Zimmer SG, Modesitt SC.

In vitro and in vivo histone deacetylase inhibitor therapy with suberoylanilide hydro-
xamic acid (SAHA) and paclitaxel in ovarian cancer. Gynecol Oncol. 2007;104:596–601.

102. Sonnemann J, Gange J, Pilz S, Stotzer C, Ohlinger R, Belau A, Lorenz G, Beck JF.
Comparative evaluation of the treatment efficacy of suberoylanilide hydroxamic acid

6 Epigenetics and Ovarian Cancer 145



(SAHA) and paclitaxel in ovarian cancer cell lines and primary ovarian cancer cells from
patients. BMC Cancer. 2006;6:183.

103. Qian X, LaRochelle WJ, Ara G, et al. Activity of PXD101, a histone deacetylase
inhibitor, in preclinical ovarian cancer studies. Mol Cancer Ther . 2006;5:2086–2095.

104. Lin CT, Lai HC, Lee HY, et al. Valproic acid resensitizes cisplatin-resistant ovarian
cancer cells. Cancer Sci. 2008;99:1218–1226.

105. Plumb JA, Strathdee G, Sludden J, Kaye SB, Brown R. Reversal of drug resistance in
human tumor xenografts by 2’-deoxy-5-azacytidine-induced demethylation of the
hMLH1 gene promoter. Cancer Res. 2000;60:6039–6044.

106. Strathdee G, MacKean MJ, Illand M, Brown R. A role for methylation of the hMLH1
promoter in loss of hMLH1 expression and drug resistance in ovarian cancer.Oncogene.
1999;18:2335–2341.

107. Candelaria M, Gallardo-Rincon D, Arce C, et al. A phase II study of epigenetic therapy
with hydralazine and magnesium valproate to overcome chemotherapy resistance in
refractory solid tumors. Ann Oncol. 2007;18:1529–1538.

108. Lau OD, Kundu TK, Soccio RE, et al. HATs off: selective synthetic inhibitors of the
histone acetyltransferases p300 and PCAF. Mol Cell. 2000;5:589–595.

109. Sansom OJ, Maddison K, Clarke AR. Mechanisms of disease: methyl-binding domain
proteins as potential therapeutic targets in cancer. Nat Clin Pract Oncol.
2007;4:305–315.

110. Bracken AP, Dietrich N, Pasini D, Hansen KH, Helin K. Genome-wide mapping of
Polycomb target genes unravels their roles in cell fate transitions. Genes Dev. 2006;
20:1123–1136.

111. O’Carroll D, Erhardt S, Pagani M, Barton SC, Surani MA, Jenuwein T. The polycomb-
group gene Ezh2 is required for early mouse development. Mol Cell Biol. 2001;21:
4330–4336.

112. Tan J, Yang X, Zhuang L, et al. Pharmacologic disruption of Polycomb-repressive
complex 2-mediated gene repression selectively induces apoptosis in cancer cells. Genes
Dev. 2007;21:1050–1063.

113. Zhang S, Balch C, Chan MW, et al. Identification and characterization of ovarian
cancer-initiating cells from primary human tumors. Cancer Res , 2008;68:4311–20.

114. Clarke MF, Dick JE, Dirks PB, et al. Cancer stem cells – perspectives on current status
and future directions: AACR Workshop on cancer stem cells. Cancer Res. 2006;66:
9339–9344.

115. Dalerba P, Cho RW, Clarke MF. Cancer stem cells: models and concepts. Annu Rev
Med. 2007;58:267–284.

146 K.P. Nephew et al.



Chapter 7

Aberrant Epithelial Differentiation in Ovarian

Cancer

Elizabeth R. Smith, Kathy Qi Cai, Callinice D. Capo-chichi, and Xiang-Xi Xu

Introduction

It is well recognized that cancer cells often appear in an inappropriately differ-

entiated stage, and the term ‘‘dedifferentiation’’ is often used.1–4 Dedifferentia-

tion is a prominent feature of cancer cells; however, the causative mechanism is

not well understood. Even themeaning of ‘‘dedifferentiation’’ is not well defined

and is often used to refer to various aspects of cell changes associated with

neoplastic transformation. The phenotype of ovarian cancer described as

‘‘undifferentiated’’ or ‘‘dedifferentiated’’ often refers to the apparent changes

of the cancer cells toward a less epithelial-like morphology. However, such a

definition is subjective and lacks molecular determinants.
To provide a molecular interpretation of ‘‘dedifferentiation’’ of cancer cells,

one may consider the concept of cell lineage differentiation prominent in

developmental biology, in which a primordial cell undergoes change in its

global gene expression profile toward a specific mature cell type. By analogy,

dedifferentiation of cancer cells may be caused by the loss of one ormore critical

genes that are key in inducing the differentiation of a primordial cell type to

derive the ovarian surface epithelial cells (Fig. 7.1). ‘‘Dedifferentiation’’ may

seem to mean a reversion of the process of differentiation; however, cancer cells

are not just epithelial cells of the reversed differentiation but are cells with an

aberrantly differentiated state. The dedifferentiation of cancer cells thus is

defined as a loss of key gene(s) involved in the process of differentiation to

derive ovarian surface epithelial cells, resulting in an apparent differentiation

stage that is not identical to a normal cell lineage. Likely, the one or more

critical gene(s) is a transcription factor(s)/regulator(s), which can activate or

suppress the transcription of a large panel of genes that enable the cells to take
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on a new identity. Recent works suggest the loss of the transcription factor
GATA6 in ovarian cancer may be the underlying mechanism of ‘‘dedifferentia-
tion’’ of ovarian cancer cells. In this chapter, we summarize recent studies on the
cause and consequences of the loss of GATA6 in ovarian cancer and discuss the
relevance of dedifferentiation in ovarian tumorigenesis.

GATA Transcription Factors in Cell Lineage Differentiation:

The Extraembryonic Endoderm Lineages

The expression or the nuclear functions of GATA6 transcription factor are lost in
a majority of epithelial ovarian cancer cells.5,6 However, whether GATA6 is
important for the formation of the ovarian surface epithelium is unclear, as little
is known about the derivation of the ovarian surface epithelial cells. Nevertheless,
the role of GATA6 in the formation of extraembryonic endodermmay provide an
excellent analogy for the role of GATA6 in ovarian surface epithelial cells (Fig.
7.2). Similar to the ovarian surface epithelium, the primitive endoderm is a simple
epithelium consisting of a single layer of cells that covers the inner cell mass.7 The
primitive endoderm cells are derived from the differentiation of the pluripotent
cells of the inner cell mass at approximately embryonic day 4.5 (E4.5), around the
time of implantation of the blastocysts onto the uterine surface. GATA6 is
necessary for the differentiation and formation of the primitive endoderm cells
derived from the inner cellmass (Fig. 7.2). Subsequently, some primitive endoderm
cells mature to become visceral endoderm cells, and others migrate to cover the

Dedifferentiation

epithelial cell:
GATA6-positive

cancer cell:
GATA6-negative

primordial cell

Differentiation

Fig. 7.1 Definition of ‘‘dedifferentiation’’ in cancer. ‘‘Dedifferentiation’’ of cancer cells is defined
as the loss of a gene(s) such as GATA6 that is critical for the derivation of the epithelial cells
from a primordial cell type. However, dedifferentiation of cancer cells is not the reversion of
differentiation back to a normal, more primitive cell type; rather, dedifferentiation leaves the
cancer cells in an aberrant stage that is different from a normal cell lineage5,6
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surface of the blastocysts and develop into parietal endoderm.7,8 Both visceral and
parietal endoderms are known as extraembryonic endoderm, precursors for the
extraembryonic tissues of the embryos. The development of extraembryonic endo-
derm can be modeled in embryoid bodies in vitro.9 After aggregation, embryonic
stem cells differentiate and forman extraembryonic endoderm-like cell layer on the
surface. The resemblance of embryoid bodies to early embryos can be seen in a
side-by-side comparison of a section of an E5.5 mouse embryo embedded in uteri
to a section of an embryoid body (Fig. 7.3). The endoderm cells stain positive for
GATA4, an extraembryonic endoderm marker (Fig. 7.3). However, aggregation

GATA6

E6.5E3.5 E4.5

GATA6

PrE

VE

PE

Fig. 7.2 The role of GATA6 in the development of extraembryonic endoderm. Around the time
of implantation of mouse blastocysts at E3.5, an early cell lineage, the primitive endoderm is
derived from the pluripotent cells of the inner cell mass (ICM), and the primitive endoderm
cells form an epithelium covering the ICM. GATA6 is required for the differentiation and
formation of primitive endoderm (PrE) epithelium. GATA6 deficiency results in the failure to
form both visceral endoderm (VE) and parietal endoderm (PE), which are extraembryonic
endoderm and are derived from PrE at a later stage. Thus, GATA6 is an essential and a
determining factor in the differentiation of extraembryonic endoderm cell lineages

E5.5 embryo Embryoid bodies

GATA6 (–/–)WTWT
VE

Cell aggregates

Fig. 7.3 Role of GATA6 in the differentiation and formation of visceral endoderm in embryoid

body models. The requirement of GATA6 in the formation of visceral endoderm is shown in
the formation of embryoid bodies from aggregation of embryonic stem cells. When mouse
embryonic stem cells are allowed to aggregate, a visceral endoderm-like extraembryonic
endoderm outer layer forms, as shown in immunostaining of a section with GATA4, which
is strongly expressed in extraembryonic endoderm cells. The embryoid body resembles a
section of an E5.5 mouse embryo implanted into a uterus. Aggregation of GATA6-null
embryonic stem cells fails to form an extraembryonic endoderm, suggesting the requirement
of GATA6 in the differentiation and formation of extraembryonic outer layer
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of GATA6-null embryonic stem cells does not lead to the formation of extraem-
bryonic endoderm in embryoid bodies (Fig. 7.3).9 Nevertheless, differentiation of
the embryonic stem cells does occur in GATA6-null embryonic stem cells, as
indicated by the loss of the pluripotent marker Oct-3/4.9 Thus, in the absence of
GATA6, embryonic stem cells undergo aberrant differentiation into an abnormal
cell type.

The GATA transcription factors bind a consensus A/T-G-A-T-A-A/G
sequence in promoters and are conserved in insects and vertebrates, from fly
to humans. All GATA family members contain DNA binding motifs, a tran-
scription activation domain, and a nuclear localization sequence (Fig. 7.4). The
GATA factors have been well studied in a developmental biology context: they
function in cell lineage specification during embryonic development and organ
formation.10 In mammals, there are six GATA family members: GATA1, 2,
and 3 are involvedmainly in the development of the hematopoietic systems11,12;
GATA4, 5, and 6 are expressed in a wide range of tissues and function in the
formation of most, if not all, organs during embryonic development.10 GATA4
and GATA6 are first expressed during the formation of extraembryonic endo-
derm differentiated from the pluripotent embryonic stem cells of the inner cell
mass during early embryonic development.9,13,14 Using an embryoid body
model for in vitro analysis, GATA4 and GATA6 were shown to be two of the
most upstream factors during the extraembryonic endoderm differentiation of
pluripotent embryonic stem cells.9,15 Thus, in embryonic stem cells, GATA6 is
both necessary and sufficient and is a key gene in the differentiation of extra-
embryonic endoderm lineages.

The importance of GATA6 and other family members in the differentiation

and cell lineage formation in many other tissues is recognized. GATA4 and

GATA6 are expressed in the heart,16 liver,17 lung,18 gastric epithelium,19 intes-

tine and colon,20 testis,21 and ovary22,23 and likely play critical roles in the

development of these organs. GATA factors are not tissue-specific but rather

function in the specification and differentiation of cell lineages within an organ,

ZnTAD Zn nlsTAD
441

GATA4

Transcriptional activation DNA binding

404

GATA5

ZnTAD Zn nlsTAD
443

GATA6

ZnTAD Zn nlsTAD

Fig. 7.4 GATA transcription factors. GATA4, 5, and 6 genes contain two zinc-finger DNA
binding domains (Zn), 2 transcription activating domains (TAD), and a nuclear localization
signal sequence (nls). GATA transcription factors bind to specific sequences in promoters and
regulate gene transcription. Mouse GATA4, GATA5, and GATA6 have 441, 404 and 443
amino acid respectively

150 E.R. Smith et al.



such as the differentiation of an epithelial cell lineage from stromal cells.
GATA6 is expressed in ovarian surface epithelial cells,9,10 and presumably,
GATA6 is important for the formation and maintenance of the differentiated
state of ovarian surface epithelial cells. Thus, loss of GATA6 in ovarian cancer
cells may be the underlying mechanism of dedifferentiation.

Loss of GATA6 Function in Ovarian Cancer

GATA factors are often expressed in the differentiated cells after completion of
development. However, in adult cells, the functions of these transcription
factors have not been as extensively investigated. One can speculate that the
expression of GATA factors in the differentiated cells functions to maintain the
differentiated states of the cells in postdevelopment tissues. Thus, GATA
transcription factors play a critical role in lineage determination during devel-
opment and function in maintenance of cell differentiation in adult tissues.10

GATA6 is expressed in many epithelial cell types, and GATA6 likely plays a
role in the initial differentiation of the cells.10 The critical role of GATA6 and
other family members in the differentiation and cell lineage formation has been
investigated in the development of colon,20 lung,18 mammary glands,24,25 and
liver.17 Both GATA4 and GATA6 are expressed in the epithelial cells of
morphologically normal human ovarian surface epithelium.5,6 By immunos-
taining, all of the surface epithelial cells are intensely positive for GATA6
staining in the nucleus. Western blot analysis and immunofluorescence micro-
scopy also confirmed the expression of GATA6 in isolated primary surface
epithelial cells from human and rat ovaries.5

The investigation of GATA6 expression in ovarian cancer was first
prompted by the earlier finding of the loss of expression of Dab2,26 which is a
transcription target of GATA6.27 The loss of Dab2 was found to be an early
event in ovarian tumorigenicity, correlating closely with dysplastic morpholo-
gic transformation of ovarian surface epithelia.26,28,29 It was suggested that the
distortion of an ovarian surface epithelium needs two factors: the loss of Dab2
expression and the loss of a collagen IV and laminin that compose the basement
membrane.28 Interestingly, both Dab2 and collagen IV are regulated by
GATA6 during the differentiation of embryonic stem cells to epithelial-like
extraembryonic endoderm cells.27 Indeed, the finding that GATA6 expression
is lost in ovarian cancer fits with the hypothesis that GATA factors might
function in the maintenance of ovarian surface epithelial differentiation by
regulating expression of Dab2 and collagen IV. In immunostaining of ovarian
cancer, GATA6 was found completely lost in 30% of ovarian cancer in the
initial report.5 With the subsequent accumulation of additional samples and
analyses, the current estimate of the percentage of GATA6-negative cancer is
higher, about 50%. The GATA6 staining patterns of most of the rest of ovarian
cancer cases are abnormal, either very weak, cytoplasmic instead of nuclear
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staining, or only present in a fraction of cancer cells. The truly GATA6-positive
ovarian cancer, with strong nuclear staining and good quality tissues, is less
than 10%. Thus, it is certain that about 90% of ovarian cancer exhibits a loss of
GATA6 function, either by the absence or the mislocalization of the GATA6
protein.

The loss of GATA6 was also demonstrated in cultured cells by bothWestern
blots to examine the protein or Northern blot to measure mRNA.5,6 Primary
ovarian surface epithelial cells show strong GATA6 expression as determined
by Western blot, Northern blot, and immunofluorescence microscopy. In con-
trast, GATA6 mRNA and protein are absent in the majority of ovarian cancer
cell lines, suggesting that the loss of GATA6 in ovarian cancer is at the
transcription level.6 The ovarian clear cell carcinoma line, ES2, in which both
GATA6 and Dab2 are expressed strongly, is one of the few exceptions among
ovarian cancer cell lines.5 Even in some of the nontumorigenic HIO lines,
GATA6 is already absent, correlating with the loss of expression of Dab2,
collagen IV, and laminin. These HIO lines are primary ovarian surface epithe-
lial cells transfected with the SV-40 T-antigen to prolong life span in culture.5

Thus, it appears that loss of GATA6 is an early event and not a consequence of
neoplastic transformation, and loss of GATA6 is common in ovarian cancer.

In some ovarian cancer classified as GATA6-positive, heterogeneity in the
expression of GATA6 among cancer cells of the same tumors is a general
feature. Often, 10% to 20% of the tumor cells that are GATA6-positive in
the nucleus are scattered amongGATA6-negative tumor cells. It is not known if
these GATA6-positive cells are derived from cancer cells by regaining their
GATA6 expression or if these GATA6-positive tumor cells have never lost the
expression. Thus, variable GATA factor expression exists in morphologically
indistinguishable tumors cells. This heterogeneity in GATA factor expression
may contribute to the heterogeneity among cancer cells within a tumor mass.

Beside loss of expression, the inactivation of GATA6 function may be the
result of mislocalization of GATA6 protein in the cells. In some of the ovarian
cancers in which GATA6 expression was classified as positive, the staining
appears to be cytoplasmic rather than nuclear.5 Analysis of established ovarian
cancer cell lines by immunofluorescence microscopy has confirmed that in some
cell lines such as SKOV-3 cells, GATA6 is cytoplasmic, whereas it is nuclear in
others such as ES2. In primary ovarian surface epithelial cells, GATA6 is
nuclear. Because GATA6 is a transcription factor, its function is believed to
reside in the nucleus, where GATA6 interacts with specific promoters to mod-
ulate transcription. Thus, mislocalization of GATA6 predicts a loss of its
cellular function. By combining the number of tumors that have lost or have
nuclear exclusion GATA6 protein, the majority (90%) of ovarian cancer lose
the function of GATA6.

The loss of GATA6 expression correlates closely with neoplastic transfor-
mation of the ovarian surface epithelium, as observed in contiguous ovarian
surface epithelium connecting morphologically normal to malignant cells
(Fig. 7.5). In previous studies,25,28 the ovarian surface epithelium immediately
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adjacent to tumor areas was considered to be preneoplastic. These preneoplas-
tic lesions often lack an intact basement membrane as indicated by the absence

of collagen IV and laminin staining, as well as the loss of Dab2 expression. In

the morphologically normal epithelia immediately adjacent to tumor areas,

both GATA6 and Dab2 are positive. However, the contiguously connected
neoplastic cells are negative for both GATA6 and Dab2 staining. The neoplas-

tic cells in the transformed epithelium that is immediately connected to the

morphologically normal ovarian surface epithelial cells are likely most similar

to the normal cells and thus are considered early tumor cells. Such analysis
suggests that the loss of GATA6 is an early event in ovarian epithelial

transformation.
Loss of GATA4, GATA5, andGATA6 factors has been implicated in colon,

lung, and gastric cancer development.30,31 Loss of GATA3 is reported to be
involved in the loss of differentiation and development of mammary tumors.32

GATA6was identified as a tumor suppressor of gliomas.33,34 In ovarian cancer,

GATA6 expression is lost or the protein is mislocalized: cytoplasmic instead of
nuclear. The loss of GATA6 is an early and general event and correlates closely

with neoplastic transformation of ovarian surface epithelia.5,6 It is suggested

that loss of the differentiation–determining GATA6 accounts for the dediffer-

entiation of epithelial characteristics in tumors as GATA6 inactivation is
associated with the loss of proteins required for epithelial organization, such

as Dab2 and laminin.

GATA6 Dab2

Fig. 7.5 Loss of GATA6 correlates closely with neoplastic transformation of ovarian surface

epithelial cells. An example of human ovarian cancer stained with GATA6 and Dab2 in
adjacent tumor sections. This slide shows an ovarian surface epithelium that consists of a
morphologic normal surface epithelium (arrowhead) contiguously linking malignant cells
(arrow) either invaded into stroma or expanded into areas around the ovary. The epithelial
cells in the morphologic normal epithelium are positive for GATA6 and Dab2, and the
malignant cells are negative for GATA6 and Dab2. Some scattered cells in the stroma are
Dab2 positive but negative for GATA6. These cells are macrophages in which Dab2 expres-
sion is not GATA6-dependent
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Mechanism for the Loss of GATA Factors in Ovarian Cancer

The majority of ovarian cancer is negative for GATA6 expression; however,

GATA6 gene deletion or mutation is not common, and additional mechanisms

must explain the loss of GATA6 function in ovarian cancer. In a subset of

ovarian cancer, GATA6 protein is present but does not reside in the nucleus

where GATA6 protein fulfills its function in transcriptional regulation.5 Thus,

one mechanism for GATA6 inactivation is mislocalization. GATA6 has a

classic nuclear localization motif, such that aberrant changes in the nuclear

importing machinery may affect GATA6 nuclear entry. Alternatively, gain of a

cytoplasmic protein that sequesters GATA6, or loss of a nuclear protein that

can help to station GATA6 in the nucleus, may be an additional possibility.

GATA factors are known to interact with coreceptors, such as Nkx type

transcription factors or FOG (friend of GATA).10 It is possible that the absence

of a GATA6 cofactor may affect GATA6 nuclear localization and function in

transcriptional regulation. These potential mechanisms for the mislocalization

of GATA6 remain to be investigated.
Epigenetic silencing of GATA6 is likely a mechanism for the loss of GATA6

expression in ovarian cancer, as that was established in ovarian cancer cell lines.

Chromatin remodeling and chromatin structure are thought to be responsible for

establishing and maintaining states of differential gene expression and thus cell

functional differentiation during embryonic development.35 The various histone

modifications that can determine transcriptional activity are known as the ‘‘his-

tone codes.’’36Multiple acetylations at both histoneH3 andH4 subunits lead to a

relatively open chromatin structure and are associated with active transcription;

lack of histone acetylation (hypoacetylation) produces a more condensed chro-

matin structure and correlates with transcription silencing.37 The modulation of

the levels of acetylation at histone H3 and H4 are catalyzed by enzymatic

activities of histone acetyltransferases (HATs) and histone deacetylases

(HDACs). Additionally, the unacetylated histone lysine residues can be further

modified by histone methyltransferases (HMTs) to further strengthen the tran-

scriptional status. HistoneH3 di- or trimethylation at lysine 4 also associates with

active transcription.38,39 In contrast, histone H3 di- and trimethylation at lysine 9

are associated with transcription silencing. The histone H3 lysine methylation

recruits the chromodomain-containing proteins HP1 to the locus and leads to the

assembling of heterochromatin, a transcriptional inactive state.40

In cancer, genes can be silenced after changes in DNA and histone epigenetic

modification. Epigenetic modulation of chromatin through DNAmethylation on

CpG sites, histone covalent methylation or acetylation, and RNA-associated

interference are thought to be commonmechanisms accounting for the alterations

of gene expression in cancer.41–43 Aberrant methylation of CpG islands, CpG-rich

sequences around promoter regions, is generally believed to be the cause of gene

silencing.42,43 The methylated nucleotide of the CpG islands then recruits histone-

modifying enzymes thatmodify histone of the chromatin in those regions, resulting

154 E.R. Smith et al.



in changes in transcriptional states.42 The promoter region of the GATA6 gene
contains CpG-rich sequences. However, in GATA6-negative ovarian cancer cells,
the GATA6 promoter was found unmethylated.6 Treatment with 5-azadeoxycyti-
dine, a DNA methyltransferase inhibitor, did not reactivate GATA6 expression,
consistent with the finding that the GATA6 promoter is unmethylated in ovarian
cancer cells. Thus, methylation of promoter CpG island appears not to be a
common mechanism for the silencing of GATA6 in ovarian cancer.

Histone modification and transcription silencing can occur before DNA
methylation, as has been reported for transgenes44 and in the case of
p16INK4a.45 However, without CpG methylation, the patterns of histone mod-
ification at the GATA6 promoter region of GATA6-positive normal cells and
GATA6-negative cancer cells differ significantly, as determined by chromatin
immuno-precipitation (ChIP) assays.6 The loss of GATA6 expression associates
with histone H3 and H4 hypoacetylation and loss of histone H3/lysine 4 tri-
methylation at the promoter, compared with GATA6-positive ovarian surface
epithelial or cancer cells. Either an increase in HDAC or a decrease in HAT
activity specifically associated with GATA6 gene loci, but not a change in the
global activities of the histone-modifying enzymes, may account for the GATA6
promoter histone H3 and H4 hypoacetylation.6 However, the presence of high
levels of histone H3/lysine 4 dimethylation, the absence of histone H3/lysine 9
dimethylation, and the lack of HP1 association with the loci suggest that the
GATA6 gene exhibits euchromatic, but not heterochromatic, structures despite
the silencing of GATA6 expression. Consistently, inhibition of HDACs by the
inhibitor trichostatin A is sufficient to restore the acetylation of histone and
reexpression of the GATA6 gene in ovarian cancer cells. Inhibition of histone
deacetylation increases the DNase I sensitivity of the GATA6 promoter. DNase
I sensitivity indicates the accessibility of the DNA strands, correlating with the
openness of the chromatin conformation. A recent report46 shows that GATA4
and GATA5 promoters are methylated in a fraction of ovarian cancer cell lines
examined. Thus, the exact mechanism for the silencing of GATA factors may
vary among cell lines. Nevertheless, the opened or condensed chromatin con-
formations as a result of epigenetic marking determine the expression of GATA6
and thus dedifferentiation in ovarian cancer cells.

Thus, in ovarian cancer cells, the alteration of chromatin conformation as a
result of histone modification, including the hypoacetylation of histone H3 and
H4 and the associated reduction in di- and trimethylation of histoneH3 lysine 4,
is a causative mechanism for the loss of GATA6 expression. No consistent
global changes in histone-modifying enzymatic activities were identified to
explain the changes in histone modification. One possibility is that the altera-
tion of histonemodification at the GATA6 loci is a result of a random error and
infidelity of the epigenetic marking machineries. However, the direction of the
drift may favor the silencing of GATA6, assuming the loss of GATA6 allows
the cells to escape the constraint of the tissue environment and proliferate.
Ultimately, cells with modified chromatin and silencing of GATA6 expression
may emerge.
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Therefore, before factors that can regulate and promote dedifferentiation are
identified, a hypothesis is put forward that dedifferentiationmay be the result of
errors and infidelity in the maintenance of histone codes and the subsequent
selection of dedifferentiated cells, which escape growth regulation imposed on
the differentiated cells of the tissue environment.

Consequence of GATA6 Inactivation and Epithelial

Dedifferentiation

In ovarian cancer, the loss of GATA6 correlates closely with the neoplastic
morphologic transformation of ovarian surface epithelia (Fig. 7.5).5,6 The
identification of potential links of the loss of GATA6 to the possible dediffer-
entiated cell properties and neoplastic phenotypes is an important task. Pre-
sumably, the effectors are the transcriptional targets of GATA6, and several
GATA6 transcriptional targets with tissue specific functions are known.10 For
example, in the comparison of endoderm differentiation of wild-type and
GATA6 null embryonic stem cells, several GATA6 transcriptional targets,
including Dab2 and collagen IV, have been identified.27

In ovarian surface epithelial cells and derived carcinomas, GATA6 and
Dab2 expressions are closely correlated (Fig. 7.5).5,6 The consequential loss of
Dab2 and laminin after GATA6 suppression by small interfering RNA
(siRNA) was demonstrated in ovarian epithelial cells.5 A transcriptional rela-
tionship between GATA6 and Dab2 has been established; however, whether
GATA6 directly regulates the transcriptional expression of laminin and col-
lagen IV has not yet been demonstrated.

The GATA6 transcription target Dab2 is a tumor suppressor, and loss of
Dab2 is an early step in ovarian tumorigenicity.26 Dab2 is an adaptor protein in
cellular vesicular trafficking,47 and Dab2 associates with endocytic cargos
through its binding to a N-P-X-Y motif often found in the cytoplasmic tail of
glycoproteins such as low-density lipoprotein (LDL) receptor family members,
as well as to adaptor protein 1 (AP-1) and the vesicular coat protein clathrin.
The C-terminal part of Dab2 binds the motor protein myosin VI. As a result,
Dab2 mediates directional transport of cargos along actin filaments. The
directional trafficking of the cargos is a critical component of epithelial polar-
ity, and the loss of apical polarity of the endoderm cells in Dab2 null embryos is
thought to be the basis for the disruption of epithelial structure of the extra-
embryonic endoderm.48 The early lethality and embryonic phenotype of Dab2
knockout resembles the close correlation between Dab2 loss and morphologic
neoplastic transformation of ovarian surface epithelia. Thus, loss of Dab2 likely
accounts for a major factor in the loss of structural organization of ovarian
surface epithelia in cancer.29

When ovarian surface epithelial cells in culture are treated with specific
siRNA to downregulate GATA6 expression, Dab2 and laminin expression
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are lost as a consequence of GATA6 suppression, though the expression of
collagen IV was not determined in the study.5 In ovarian cancer tissues, the
expression of GATA6 and collagen IV is not well correlated as determined by
immunostaining. In some ovarian cancer cell lines, either GATA4 or GATA6 is
absent, though collagen IV is expressed.49 It is possible that tumor cells lose the
expression of a GATA factor and collagen IV initially, and collagen IV expres-
sion is a gain-of-function that occurs in later stages of tumor development. This
would be consistent with the observation that ovarian cancer cells often lose
extracellular collagen IV and laminin initially, and the restoration of collagen
IV and laminin expression correlates with tumor cell spreading in later stages.49

The majority of ovarian malignancies are derived from ovarian surface
epithelial cells, which are flat or cuboidal cells, form a single-cell layer of
epithelium, and are organized by a sheet of basement membrane.50 Normal
ovarian surface epithelial cells are polarized, and Dab2 is essential to maintain
the epithelial polarity, which is also important for epithelial organization.8 The
basement membrane consisting of a layer of collagen IV and laminin, which are
produced and deposited by the epithelial cells, is also important for the orga-
nization of epithelium.28 The expression of Dab2 that is involved in establish-
ment and maintenance of epithelial polarity and collagen IV and laminin that
compose the epithelial basement membrane are markers or characteristics of
epithelium, and the losses of Dab2, laminin, and collagen IV as results of
GATA6 suppression indicate the loss of epithelial characteristics or dediffer-
entiation. Suppression of GATA6 and dedifferentiation would result in base-
ment membrane independence and loss of apical polarity of epithelial cells.
Based on the idea that GATA6 determines cell lineage differentiation in devel-
opment, the loss of GATA6 functions and the potential transcription targets
such as the epithelial specific markers Dab2, collagen IV, and laminin was
postulated to be the underlying mechanism for epithelial dedifferentiation in
ovarian cancer5(Fig. 7.6). Indeed, losses of Dab2 and basement membrane are
two events closely associated with neoplastic transformation of ovarian surface
epithelia28 and are proposed to be the required factors for disorganization and
morphologic distortion of ovarian surface epithelia in tumorigenesis. Addition-
ally, it is likely GATA6 regulates the expression of additional genes involved in
other aspects of epithelial function and regulation, and loss of GATA6 has
additional as yet unidentified consequences or targets in the neoplastic trans-
formation of ovarian surface epithelial cells.

A scenario can be postulated that impairment in executing epigenetic inherent
markers such as the histone acetylation status of GATA6 promoter leads to a
gradual drift in epigenetic coding and ultimately the loss ofGATA6 expression in
some cells. The absence of GATA6 leads to the loss of expression of its transcrip-
tion targets including Dab2, collagen IV, and laminin and presents the cells in a
state of dedifferentiation. The dedifferentiated cells no longer obey the growth
regulation imposed by epithelial tissue structure, and the dedifferentiated state of
the cells will collaborate with acquired oncogenic mutations to initiate the devel-
opment of ovarian tumors.
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Aberrant Differentiation of Cancer Cells and the Concept

of Cancer Stem Cells

The stem cell concept explains the process of embryonic development.51 In

mammals, the entire embryo is derived from pluripotent cells of the inner cell

mass.8 These stem cells of the early embryos, known as embryonic stem cells,

can be isolated, cultured, and expanded in vitro and can be used to derive

genetically engineered animals. In the embryos, these pluripotent embryonic

stem cells progressively differentiate into multipotent, unipotent, and differen-

tiated cells of various tissue types. Multipotent and unipotent stem cells have

also been identified in some postdevelopmental tissues. These tissue stem cells

may differentiate into specific cell types in the tissues and provide the ability for

tissue renewal and repair functions.
The concept of cancer stem cells, or initiating cells, has recently been revisited

and started an excitement in the cancer research field.52,53 The cancer stem cell

theory is analogous to the stem cell concept in developmental biology. The hypoth-

esis of the cancer stem cell theory holds that only a subpopulationwithin the cells of

the tumor mass has the property of ‘‘stem cells,’’ which may proliferate, self renew,

and change/differentiate to give rise to the heterogeneous populations of neoplastic

cells composing the tumormass. These cancer stem cells are thought to underlie the

ability for cancer to metastasize, to become drug-resistant, and to reoccur.

Obviously, the concept of cancer stem cells makes drastic impact on the thinking

on cancer etiology, mutation theory, and therapeutic strategy.

GATA6

Dab2 Collagen IV
Laminin

Other genes

Epithelial
organization

Other
properties

Fig. 7.6 Role of GATA6 in epithelial organization by the regulation of gene expression in

ovarian surface epithelial cells. The scheme illustrates the role of GATA6 in the expression
of Dab2, collagen IV, laminin, and additional unidentified genes. Dab2 is required for
maintaining apical polarity of the ovarian surface epithelial cells. Laminin and collagen IV
compose a basement membrane that is important for the organization of an epithelium. The
loss of Dab2-medited epithelial apical polarity and a basement membrane are two critical
events in the morphologic transformation and disorganization of an epithelium
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Several reports have claimed the isolation of ovarian cancer stem cells54,55 or
the ‘‘side population,’’ a more conservative reference to the cancer stem cells.56

The existence and the definite identification of ovarian cancer stem cells are
urgent issues, and these will likely be resolved soon as many labs are actively
pursuing these questions. The origin of the cancer stem cells is a critically
important question that will impact on the understanding of the development
of ovarian cancer. In theory, ovarian cancer stem cells may derive either from
the mutations of the primordial cells (referred to as tissue stem cells) or from the
dedifferentiation of ovarian surface epithelial cells (Fig. 7.7). During organo-
genesis in embryonic development, presumably, GATA6-positive ovarian sur-
face epithelial cells are derived from a primordial cell type that is GATA6-
negative. In adult ovaries, the existence of tissue stem cells, or primordial cells,
that can generate ovarian surface epithelial cells has not been established.
However, ovarian surface epithelial cells need to be constantly replenished
over the reproductive period. During ovulation, the ovarian surface is ruptured
at the area where the ovum is released. It is thought that the normal ovarian
surface epithelial cells, not a special population of stem/primordial cells, sur-
rounding the wound proliferate and heal the opening.57 Yet another possibility
is that during oncogenic transformation, the GATA6-positive ovarian surface
epithelial cells undergo dedifferentiation, and GATA6 expression is lost. Possi-
bly, some fraction of these dedifferentiated cancer cells may revert to an aberrant
differentiated state that resembles the stem or primordial cells that exist during
embryonic development. These dedifferentiated cancer cells may then further

Epithelial
Cell

GATA6 +

Cancer
Cell

GATA6 –

Dedifferentiation
mutations

Primordial
stem Cell
GATA6 –

Cancer
Stem Cell
GATA6 –

mutations

Fig. 7.7 Relationship of dedifferentiation to ovarian cancer stem cells. An illustration of
relationships between precursor cells, cancer cells, and cancer stem cells is shown. As an
analogy to the derivation of extraembryonic endoderm cells from pluripotent cells of the inner
cell mass, the GATA6-positive ovarian surface epithelial cells are presumably derived from a
GATA6-negative primordial cell lineage. Cancer stem cells might either originate from the
accumulated mutations of this primordial cell lineage or might form as a result of
dedifferentiation and progressive mutations of the ovarian surface epithelial cells. These
cancer stem cells would be able to ‘‘differentiate,’’ or change to produce a heterogeneous
population of cells composing the tumor masses
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change/differentiate to generate a heterozygous population of ovarian cancer

cells and mediate the disseminations and spreading of ovarian cancer.

Conclusion

Rather than a subjective observation of cell morphology, we define ‘‘dediffer-

entiation’’ in cancer as a loss of critical gene(s) required for the differentiation/

derivation of the cells from a primordial cell. The inactivation of this critical

differentiation gene(s), often a transcription factor, results in the drastic altera-

tion of gene expression profile, which makes the cancer cells show behaviors

distinct from the normal precursor cells.
Recent findings lead to a suggestion that the loss of the GATA6 transcrip-

tion factor may underlie the mechanism of ‘‘dedifferentiation’’ of ovarian

cancer cells. GATA6 appears to be inactivated in ovarian cancer cells by

alterations in histone modification and changes in chromatin conformation

that result in a transcriptional inactive state. The observed consequences of

the loss of GATA6 in ovarian surface epithelial cells further suggest that

dedifferentiation is not an incidental bystander of neoplastic transformation

but a critical co-conspirator and an active participant. In brain tumors, GATA6

was found to be a tumor suppressor gene.33,34 It is then reasoned that dediffer-

entiation is an important factor in neoplastic transformation, and dedifferentia-

tion, in synergy with mutations of critical genes, enable the cancer cells to

display their malignant phenotypes (Fig. 7.8). Lastly, further understanding

of dedifferentiation may lead to improved comprehension of cancer etiology

and provide rationale and strategy for differentiation therapy and epigenetic

targeting in the prevention and treatment of cancer.

ovary

GATA6 +
Dab2 +
ose

ovarian tumor

GATA6 +
Dab2 +
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oc

GATA6 –
Dab2 –

– GATA6
Dedifferentiation

Fig. 7.8 Hypothesis that dedifferentiation as defined by the loss of GATA6 contributes to

morphologic transformation and is an important step in ovarian epithelial tumorigenesis. De-
differentiation, or the loss of GATA6 that is key in maintaining differentiation status, is a step
in ovarian tumorigenesis. Loss of GATA6 leads to the loss of Dab2, a transcription target.
Loss of Dab2 is thought to contribute to morphologic transformation of ovarian surface
epithelium
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Chapter 8

The Human Kallikrein Gene Family:

New Biomarkers for Ovarian Cancer

George M. Yousef and Eleftherios P. Diamandis

The Human Kallikrein Gene Family

Structure and Genomic Organization

The term ‘‘kallikrein’’ (derived from the Greek kallikreas, for pancreas) was

introduced in the 1930s to describe proteolytic enzymes that can release small

vasoactive peptides from high-molecular-weight precursors. There are two

categories of human kallikreins; the plasma and the tissue kallikreins. The

plasma kallikrein is encoded by a single gene on chromosome 4. This enzyme

(a serine protease) releases the vasoactive peptide bradykinin from a high-

molecular-weight precursor synthesized in the liver.1 The human tissue kallik-

rein family is localized on chromosome 19 and also encodes for serine protease

enzymes.2–4

Recently, a new classification emerged for tissue kallikreins that is not based

on the functional definition but rather on structural criteria and map location.

Based on the newer definition, the number of genes that are included in this

family increased to 15, a number that is comparable with that of homologous

families found in rat and mouse.5,6 Because all kallikreins (except KLK1) do

not have classic ‘‘kallikrein’’ activity, they are better defined as ‘‘kallikrein-

related peptidases.’’ A list of the official names of all kallikrein genes and

proteins is included in Table 8.1, and a schematic diagram showing the

human tissue kallikrein gene locus on chromosome 19q13.4 is shown in

Fig. 8.1. All kallikrein genes map within an approximately 300-kb region, and

the lengths of the genes, the distances between them, as well as the direction of

transcription have now been accurately defined.7,8 The kallikrein family is

bounded from the telomeric side by the Siglec family of genes9 and
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Table 8.1 Official and other gene and protein names formembers of the human kallikrein gene
family

Official Gene
Symbol Other Names/Symbols

GenBank Accession
Number

UniGene
Cluster

OMIM
ID

SwissProt
ID

KLK1 Pancreatic/renal
kallikrein, hPRK

M25629

M33105

Hs.123107 147910 Q07276

KLK2 Kallikrein-related
peptidase 2

Human glandular
kallikrein 1,

hGK-1

M18157 Hs.181350 147960 P20151

KLK3 Kallikrein-related
peptidase 3

Prostate-specific antigen,
PSA, APS

X14810

M24543
M27274

Hs.171995 176820 P07288

KLK4 Kallikrein-related
peptidase 4

Prostase, KLK-L1,
EMSP1, PRSS17,
ARM1

AF113141

AF135023
AF148532

Hs.218366 603767 Q9Y5K2

KLK5 Kallikrein-related
peptidase 5

KLK-L2, HSCTE

AF135028

AF168768

Hs.50915 605643 Q9Y337

KLK6 Kallikrein-related
peptidase 6

Zyme, Protease M,
Neurosin, PRSS9

AF013988

AF149289
U62801
D78203

Hs.79361 602652 Q92876

KLK7 Kallikrein-related
peptidase 7

HSCCE, PRSS6

L33404

AF166330

Hs.151254 604438 P49862

KLK8 Kallikrein-related
peptidase 8

Neuropsin; Ovasin;
TADG-14, PRSS19,
HNP

AB009849

AF095743
AB010780
AF055982

Hs.104570 605644 O60259

KLK9 Kallikrein-related
peptidase 9

KLK-L3

AF135026 Hs.448942 605504 Q9UKQ9

KLK10 Kallikrein-related
peptidase 10

NES1, PSSSL1

AF055481

NM_002776

Hs.69423 602673 O43240

KLK11 Kallikrein-related
peptidase 11

TLSP/Hippostasin,
PRSS20

AB012917 Hs.57771 604434 Q9UBX7

KLK12 Kallikrein-related
peptidase 12

KLK-L5

AF135025 Hs.159679 605539 Q9UKR0

KLK13 Kallikrein-related
peptidase 13

KLK-L4

AF135024 Hs.165296 605505 Q9UKR3

KLK14 Kallikrein-related
peptidase 14

KLK-L6 protein

AF161221 Hs.283925 606135 Q9P0G3

KLK15 Kallikrein-related
peptidase 15

Prostinogen, HSRNASPH

AF303046 Hs.250770 610601 Q9H2R5

OMIM, Online Mendelian Inheritance in Man.
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centromerically by the testicular acid phosphatase gene (ACPT).10 New, uni-
form nomenclatures are now established for the human tissue kallikreins and
their rodent orthologs.11,12 There are many common structural features of the
human kallikrein genes and proteins.13 All genes are formed of five coding
exons, andmost of them have one or more extra 50 untranslated exons. The first
coding exon always contains a 50 untranslated region, followed by the methio-
nine start codon, located�50 bp away from the end of the exon. The stop codon
is always located �156 bp from the beginning of the last coding exon. More-
over, exon sizes are nearly identical, and the positions of the residues of the
catalytic triad of serine proteases are conserved. All kallikrein proteins are
synthesized as a pre/pro peptides with a signal peptide of about 17–20 amino
acids at the amino terminus, followed by an activation peptide of about 4–9
amino acids (with the exception of KLK5), followed by the mature (enzymati-
cally active) protein. Finally, all proteins contain 10–12 cysteine residues that
will form 5–6 disulfide bonds. The position of the cysteine residues is also fully
conserved.

Tissue Expression and Hormonal Regulation

Many kallikreins are transcribed predominately in few tissues, as indicated by
Northern blotting. By using the more sensitive RT-PCR technique, kallikreins
are found to be expressed at lower amounts in several other tissues. The tissue
expression of kallikrein mRNAs and proteins is summarized elsewhere.14

Kallikrein abundance can be categorized as highly restricted (KLK2 and
KLK3 in prostate), restricted (KLK5 in skin, salivary gland, breast, and eso-
phagus; KLK6 in brain and central nervous system; KLK7 in esophagus, heart,
liver, and skin; KLK8 in breast, esophagus, skin, and tonsil; KLK13 in

Fig. 8.1 Schematic presentation of the human kallikrein locus on chromosome 19q13.4. Gene
locations are indicated by arrowheads that show the direction of transcription. Gene lengths
are shown in kilobases. Position of the location of expanded regions in the mouse and rat
genome that contain closely related KLK1 paralogs is indicated. Non-kallikrein genes are
shaded in gray
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esophagus and tonsil), or wide (KLK1, 4, 9–12, 14, and 15). Interestingly, many
kallikreins are expressed in endocrine-related organs, including the prostate,
testis, ovary, and breast.15

In the ovary, there is abundant expression of the mRNA of KLK6–8 and
KLK10, followed by lower levels of KLK1, 9, 11, 14, and 15. At the protein
level, KLK1, 6, 7, 10–11 show highest expression levels, followed by KLK8 and
KLK14.14 Given the coexpression of many kallikreins in the same tissue, it is
possible that these kallikreins may act in concert in cascade pathways, reminis-
cent of the coagulation and apoptotic processes.

Several reports confirmed that many kallikreins are under steroid hormone
regulation.16–18 An interesting observation is the different patterns of hormonal
regulation in different tissues (e.g., KLK4 is upregulated by androgen in pros-
tate and breast cancer cell lines and by estrogen in endometrial cancer cell lines).

Kallikreins in Normal Physiology

From a functional point of view, kallikreins are serine proteases (SPs). SPs are
peptidases with a uniquely activated serine residue in the substrate-binding
pocket. They are involved in many vital functions such as digestion, blood
clotting, fibrinolysis, fertilization, and complement activation and are related
to many diseases including cancer, arthritis, and emphysema.19

Accumulating evidence indicates that kallikreins might have diverse functions in
different tissues and developmental stages. KLK1 has a known role in blood
pressure regulation by cleaving low-molecular-weight kininogen to produce vasoac-
tive kinin peptides. Intact kinin binds to bradykinin B2 receptor in target tissues and
exerts a broad spectrum of biological effects including blood pressure reduction via
vasodilation, smooth muscle relaxation or contraction, pain induction, and media-
tion of the inflammatory response.19 Low renal synthesis and urinary excretion of
tissue kallikreins have been linked to hypertension in animals and humans.20 Apart
from its kininogenase activity, KLK1 has been implicated in the processing of
growth factors and peptide hormones in light of its presence in pituitary, pancreas,
and other tissues. As summarized by Bhoola et al.,19 KLK1 has been shown to
cleave proinsulin, low-density lipoprotein, prorenin, angiotensinogen, vasoactive
intestinal peptide, procollagenase, and the precursor of atrial natriuretic factor.

KLK3 (also known as prostate specific antigen; PSA) has been shown to
rapidly hydrolyze semenogelin I and semenogelin II, as well as fibronectin,
resulting in liquefaction of the seminal clot after ejaculation.21 Several other
potential substrates for KLK3 have been identified, including IGFBP-3, TGF-
b, parathyroid hormone-related peptide, and plasminogen.22 KLK2 is found to
be able to cleave semenogelin I and semenogelin II but at different cleavage sites
and with lower efficiency than that of KLK3.23 The mouse and porcine ortho-
logs of KLK4 were originally designated ‘‘enamel matrix serine proteases’’
because of their predicted role in normal teeth development.24 Recent evidence
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shows that a splice variant of kallikrein 4 is a predominately nuclear protein
that might have a role in controlling gene expression.25

A few kallikreins, especially KLK5 and KLK7, are expressed in the stratum
corneum of the skin and are known to be involved in desquamation of corneo-
cytes.26 Another group of kallikreins, KLK6, KLK8, and KLK11, are highly
expressed in the central nervous system where they are thought to play a role in
neural plasticity.27 Another possible mechanism for kallikrein action is the activa-
tion of proteinase-activated receptors (PARs). Activation of these receptors elicits
different responses in several tissues. In addition, they switch-on cell signaling
pathways (e.g., the MAP kinase pathway), leading to cell growth and division.28

Regulation of Kallikrein Activity

Kallikrein activity is controlled at both the mRNA and protein levels. Besides
KLK3 and KLK2, and more recently KLK10, no other kallikrein gene pro-
moter has been functionally tested. TATA box variants are found in the three
classic kallikreins (KLK1–3).29 Also, androgen response elements have been
identified and experimentally verified.30 No obvious TATA boxes are found in
the promoter of other kallikreins. At the protein level, there are different
mechanisms for controlling serine protease activity by which unwanted activa-
tion is avoided and precise spatial and temporal regulation of the proteolytic
activity is achieved. One important mechanism is by producing kallikreins in an
inactive ‘‘proenzyme’’ (or zymogen) form, which is activated as necessary. The
N-terminal extension of the mature enzyme, or the ‘‘prosegment,’’ sterically
blocks the active site and thus prevents binding of substrates. The activation of
the zymogen can occur intracellularly (i.e., in the trans-Golgi apparatus or in
the secretory granules) or extracellularly after secretion, and it can be autolytic
or dependent on the activity of another enzyme. Autoactivation is a common
phenomenon among kallikreins. KLK2, but not KLK3, is capable of autoacti-
vation.31 KLK4 is also autoactivated during the refolding process, and there is
evidence that KLK6 is also capable of autoactivation.32

Proteolytic activation is irreversible. Hence, other means of switching off the
activity of these enzymes are needed. Once activated, serine proteases are
controlled by ubiquitous endogenous inhibitors.33 Some molecular complexes
of kallikreins with protease inhibitors have clinical applicability because they
can improve the diagnostic sensitivity or specificity of cancer biomarkers such
as PSA.34

The coexpression of many kallikreins in the same tissues and the parallel
differential regulation of groups of kallikreins in pathologic conditions raise the
possibility of the existence of a common mechanism that controls expression of
groups of kallikrein genes in a cluster, as a ‘‘locus control region.’’ Added to this are
the relatively short distances between adjacent kallikreins (which could be as short
as the 1.5 kb between KLK1 and KLK15) and the absence of classic promoter
sequences, as shown by prediction analysis, in all kallikreins except KLK1–3.
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Kallikreins can be also targeted by microRNAs (miRNAs). The first bioinfor-
matic prediction of the potential interaction between miRNAs and kallikreins
with experimental verification has been recently published.35 miRNAs represent
an important tool of posttranscriptional regulation of kallikrein activity that can
explain aberrancies between the mRNA and protein expression levels.36

Kallikrein Expression in Cancer

Kallikreins as Cancer Biomarkers

Accumulating evidence indicates that many kallikreins are differentially
expressed in various malignancies. KLK6 (zyme/protease M) was originally
isolated by differential display from an ovarian cancer library,37 and KLK10
was cloned by subtractive hybridization from a breast cancer library38 and later
proved to act as a tumor suppressor gene.39

A number of kallikreins were shown to be putative prognostic and/or pre-
dictive cancer markers. In breast cancer, the expression of KLK5 and KLK14 is
indicative of poor patient prognosis,40 whereas higher levels of KLK9, KLK13,
and KLK15 mRNA and the KLK3 protein forecast a favorable disease out-
come.41 The apparent relationship between kallikreins and testicular cancer has
been published,42 and the differential expression of KLK10, KLK14, and
KLK13 splice variants in testicular cancer tissues have also been reported.43

A microarray study has identified at least one kallikrein (KLK11) is over-
expressed in lung carcinoma.44 Recently, in silico analysis provided evidence
that some kallikreins are differentially regulated in pancreatic cancer.45 This
was confirmed by microarray analysis.46 Recent evidence also indicates over-
expression of three kallikreins (KLK7, KLK8, and KLK10) in colon cancer.45

Another report showed downregulation of the KLK10 gene in acute lympho-
blastic leukemia.47

The potential clinical utility of kallikreins as cancer biomarkers has been
proved by many reports. Prostate-specific antigen (KLK3) and, more recently,
human glandular kallikrein (KLK2) are useful biomarkers for prostate cancer.48

KLK11 is also shown to be a potential marker for ovarian and prostate cancer.49

Recent reports demonstrate that kallikrein mRNA and proteins can be useful
serum biomarkers for diagnosis, monitoring, and prognosis of different can-
cers.15 In addition to their diagnostic/prognostic utilities, kallikreins have poten-
tial for being used for therapeutic applications. A synthetic KLK1 inhibitor is
found to suppress cancer cell invasiveness in human breast cancer cell lines.50

An interesting observation is that many kallikreins were found to be dysre-
gulated in malignancies of different tissues, for example, KLK5 in ovarian and
breast cancer51 and the downregulation of KLK14 in multiple malignancies.52

This lack of ‘‘tissue specificity’’ points to the possibility that kallikreins might be
involved in a ‘‘common’’ pathway or biological process that is involved in
cancer initiation and/or progression.
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Differential Expression of Kallikreins in Ovarian Cancer

The dysregulation of kallikreins in ovarian cancer is well documented. KLK6 was
isolated by differential display from an ovarian cancer library.37 Kallikreins were
identified among the top differentially expressed genes in ovarian cancer in a global
analysis.53 Recently, an in silico analysis of kallikrein gene expression in ovarian
cancer was performed by using the databases of the Human Genome Anatomy
Project. This study showed that at least seven kallikreins are upregulated in ovarian
cancer compared with that in normal ovarian tissues. This was also confirmed at
the protein level.54 A review showing the prognostic value of manymembers of the
human kallikrein family in ovarian cancer has been also published.18

Subcellular Localization of Kallikreins in Ovarian Cancer

Immunohistochemistry (IHC) enables kallikrein protein distribution in differ-
ent cell types, independently from its quantity in the tissue. In addition, it
provides a semiquantitative analysis of expression levels. Because kallikreins
are secreted proteins, it was not unexpected that immunostaining of kallikreins
was mainly cytoplasmic and in some tissues displayed a characteristic pattern
that was membranous, droplet-like, supranuclear, subnuclear, or luminal.
KLK4 appears to be a notable exception. Recently, Xi et al. suggested that
one variant of KLK4 is a predominately nuclear protein that is overexpressed in
prostate cancer.25 Many kallikreins were analyzed by IHC and showed upre-
gulation in ovarian cancer compared with that in normal ovarian tissues. KLK4
is localized to the cytoplasm of ovarian cancer, but not normal cells, with focal
membranous staining.55 KLK10 and KLK14 are found to have an intracyto-
plasmic pattern of staining in the epithelial cells (and occasional stromal cells)
of serous ovarian cancers.56,57 Underwood et al., using peptide antibody against
the KLK8 protein, showed cytoplasmic granular staining (that might represent
a secretion pathway) in tumor cells of different histologic types. In endome-
trioid carcinoma, the staining was most prominent in the glandular lumens.58

KLK9 shows moderate cytoplasmic staining, with no nuclear or stromal stain-
ing pattern in ovarian cancer cells.59

Kallikrein Splice Variants in Ovarian Cancer

The mechanism by which a single gene gives rise to more than one mRNA
transcript is referred to as differential splicing. This system is often tightly
regulated in a cell type–specific or developmental stage–specific manner and
increases genome complexity by generating different proteins from the same
mRNA. The presence of more than one mRNA form for the same gene is
common among kallikreins. These variant mRNAs may result from alternative
splicing, a retained intronic segment, or use of an alternative transcription
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initiation site. To date, there are at least 82 documented splice variants of the 15
kallikrein genes.60 A better understanding of alternative splicing can lead to the
use of gene variants as drug targets, therapeutic agents, or diagnostic markers.60

Slawin et al. reported a prognostic significance of a splice variant–specific RT-
PCR assay for KLK2 in detecting prostate cancer metastasis.61 Nakamura et al.
reported differential expression of the brain and prostate types of KLK11
between benign, hyperplastic, and malignant prostate cancer cell lines.62 Some
of the alternatively spliced forms were also found to be tissue specific.

Several kallikrein splice variants were identified in ovarian cancer.Dong et al.55

identified three alternative splice forms of KLK4 expressed in ovarian cancer
tumor tissues and cell lines, but not in normal ovaries: one with intronic insertion
from intron 3; the second has intronic insertion from intron 2 and exon 4 deletion,
and the third has deleted exon 4. A novel KLK5 mRNA transcript with a short
50 untranslated region and a KLK7 splice variant with a long 30 untranslated
region are highly expressed in ovarian cancer cell lines but are expressed in very
low levels in normal ovarian epithelial cells.63 Another splice variant was identi-
fied, KLK5-SV2, which is overexpressed in ovarian cancer tissues and cell lines.64

A recent report showed that KLK6-splice variant 1 is expressed at much higher
levels in ovarian cancer compared with the ‘‘classic’’ variant.65

Mechanisms of Kallikrein Involvement in Ovarian Cancer

Themechanism by which kallikreins might be involved in the pathogenesis and/
or progression of ovarian cancer is not yet fully understood. Preliminary reports
indicate a possible role of kallikreins in controlling vital processes, like apop-
tosis, angiogenesis, and tumor metastasis by cleavage of specific substrates,
including growth factors, hormone receptors, or connective tissue. The involve-
ment in growth and apoptotic activities was reported for KLK3 (PSA), which
can digest insulin-like growth factor–binding protein (IGFBP-3)66 and para-
thyroid hormone–related protein (PTHrP).

As proteolytic enzymes, kallikreins can be involved in tumor progression
because of their role in extracellular matrix degradation. Many studies have
shown that a variety of proteolytic enzymes are overproduced either by the cancer
cells themselves or by the surrounding stromal cells, with an associated unfavor-
able clinical prognosis. Experimental evidence indicates that KLK2 and KLK4
can activate the proform of another serine protease, the urokinase-type plasmi-
nogen activator (uPA).67 Urokinase activates plasmin from its inactive form
(plasminogen), which is ubiquitously located in the extracellular space leading
to degradation of the extracellular matrix proteins. Plasmin can also activate
precursor forms of collagenases, thus promoting the degeneration of collagen in
the basement membrane surrounding the capillaries and lymph nodes. Another
kallikrein, KLK7, can degrade the alpha chain of human fibrinogen.68

Modulation of angiogenic activity is another possible mechanism for kallik-
rein involvement in cancer. The kinin family of vasoactive peptides, liberated by
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KLK1 action, is believed to regulate the angiogenic process.69 It was recently
reported that immunolabeling of KLK1 is intense in the angiogenic endothelial
cells derived frommature corpora lutea.69 Also, KLK3 is reported to have anti-
angiogenic activities.70

A recent study has shown that expression of kallikreins increases the malignant
behavior of ovarian cancer cells.71 Transfecting cancer cells with kallikreins led to
significantly increased invasive behavior, and when these cells were inoculated into
theperitoneumofnudemice, theyresulted inaremarkable increase in tumorburden.

Ovarian cancer is a ‘‘hormone-related’’ malignancy. Sex hormones are
known to affect its initiation and/or progression.72 Oral contraceptive pills
decrease the risk of ovarian cancer,73 and the growth of ovarian carcinoma
cell lines is sensitive to estrogen.74 Progesterone promotes cell differentiation
and apoptosis, and it has been shown to inhibit DNA synthesis and cell divi-
sion.75 Also, studies have shown a prognostic value of the progesterone receptor
in ovarian cancer.76 Moreover, appreciable evidence implicates androgens in
the pathogenesis of ovarian cancer77 and supports the existence of a physiologic
interaction between androgens and the ovarian surface epithelium, as well as
the possible role of this interaction in ovarian neoplasia.78 Androgens have also
been shown to stimulate growth of rodent ovarian epithelial cells in vivo,
leading to benign ovarian neoplasms.79 Ovarian cancer patients have higher
levels of circulating androgens than do women without cancer.80 Additionally,
the majority of ovarian cancers express androgen receptor (AR),81,82 and
ovarian cancer cell growth is inhibited in vitro by antiandrogens.83 Recent
observations show a correlation between AR and susceptibility to ovarian
cancer.82 Given the fact that most kallikreins are regulated by sex hormones,17

kallikreins could represent downstream targets by which steroids are involved
in the malignant process. This, however, could not be verified in a recent
study.65 The elevation of serum concentration of kallikreins in cancer could
also be due to the increased vasculature (angiogenesis) of cancerous tissues and
the destruction of the glandular architecture of the tissues involved, with sub-
sequent leakage of these proteins into the general circulation.

Clinical Utility of Kallikreins in Ovarian Cancer

Kallikreins as Diagnostic Markers

The clinical utility of kallikreins in ovarian cancer spans both the diagnostic and
prognostic applications. For diagnostic purposes, many kallikreins have
been shown to be elevated, at both the mRNA and protein levels, in ovarian
cancer compared with patients with normal ovaries. Kallikreins can be mea-
sured in serum, tissue, or ascites fluid.84 Reports on the diagnostic value of
kallikreins in ovarian cancer are summarized in Table 8.2. Among all kallik-
reins, KLK6 and KLK10 show the best promise as serum biomarkers for
ovarian cancer, specially the serous type.
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Table 8.2 Kallikreins as diagnostic markers for ovarian cancer

Type of Analysis Kallikrein Clinical Significance References

Protein in serum KLK6 � Serum levels elevated in 66% to 68% of
cancer patients

� The diagnostic sensitivities at 90% and
95% specificity are 52% and 47%,
respectively

90, 92

KLK10 � Serum levels elevated in cancer compared
with normal and benign disease (54%
sensitivity at 90% specificity)

� Elevated in 35% of CA-125–negative cancers
(at 90% specificity)
� Significantly associated with serous type

89

Protein in serum
and ovarian
tissue

KLK10 � A member of a multianalyte test for ovarian
cancer diagnosis

88

KLK14 � Elevated serum levels in 65% of ovarian
cancer patients versus normal

� Higher levels in 40% of ovarian cancer
tissues compared with normal

57

Protein in ovarian
tissue extract

KLK5 � Elevated in 55% of ovarian cancers
compared with normal

97

mRNA from
ovarian tissue

KLK4 � Elevated in 100% of serous carcinoma of late
stage

55

KLK6 � Significantly elevated in low-malignant-
potential tumors and ovarian cancer

98

KLK5,
KLK7

� Significantly elevated in ovarian cancer,
especially serous type

63

KLK7 � Elevated in 67% of low-malignant-potential
tumors and 78% of carcinomas

99

KLK8 � Overexpressed in 67% of ovarian cancers
and 40% of low-malignant-potential tumors
compared with normal

58

KLK10 � Significantly elevated in 91% of serous
cancers, 73% of nonserous cancers, and 73%
of primary peritoneal carcinoma compared
with normal

100

KLK14 � Downregulated in ovarian cancer

� Stepwise decrease in normal > benign >
cancer

52, 101

IHC of ovarian
cancer

KLK6 and
KLK10

� Expressed in 100% of CA-125–negative
cancers

87

Protein from
ascites fluid

KLK5–8,
10, 11,
13, 14

� Ovarian cancer ascites contained higher
levels compared with benign effusions and
ascites from other cancer types

86

Microarray KLK5–8 � Among the top upregulated genes in ovarian
cancer compared with normal tissue and
other diseases

102
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Recent reports indicate the potential diagnostic utility of kallikreins in ascites
fluid. Among kallikreins, KLK6–10 showed the highest statistical power in
distinguishing ovarian cancer ascites from that of benign causes and other cancer
groups. It was shown that kallikreins could identify false-negative cases of
cytology.85,86 Combinations of kallikreins achieved areas under the receiver
operating characteristics (ROC) curve of 0.994 and 0.961 in separating ovarian
cancer from benign effusion and from other cancer groups, respectively.86

The diagnostic utility of kallikreins can also extend to their use as immuno-
histochemical markers. A recent study has shown that in ovarian cancers that
lacked CA125 expression by IHC, all specimens (100%) expressed KLK10 and
KLK6.87 Kallikrein mRNAs are also detected in circulating tumor cells in the
blood and ascites fluid of ovarian cancer patients, but this application lacked
sensitivity and specificity for detecting disseminated disease.85

Although the sensitivity and specificity of individual kallikrein proteins
are not superior to that of standard markers, like CA-125, the use of kallik-
reins as a part of a multianalyte test significantly improves the diagnostic
sensitivity and specificity.88 In patients with early-stage cancer (stage I/II),
the combination of CA-125 and KLK10 results in 21% increase in sensitivity
compared with that of CA-125 alone.89 The combination of KLK6 and CA-
125 can also lead to improved sensitivity of detection of early-stage disease.
When combined with CA-125, at 90% specificity, sensitivity increases to
72% (for all patients) and to 42% in stage I or II disease.90 A recent review
included kallikreins among the most promising new markers that are now
being investigated to complement CA-125 for ovarian cancer diagnosis/
prognosis.91

Another interesting application is distinguishing benign and borderline
ovarian tumors. Preliminary reports indicate that KLK10 and KLK6 can
have better ability than CA-125 in distinguishing ovarian cancer from benign
ovarian tumors.89,90

Prognostic Applications

Clinical utility of kallikreins in ovarian cancer extends beyond diagnosis.
Table 8.3 summarizes published data about the prognostic utility of different
kallikreins in ovarian cancer. These data show that a group of kallikreins,

Table 8.2 (continued)

KLK6–8,
10, 11

� Significantly upregulated in ovarian
cancer

103

KLK6–8,
10, 11

� Overexpressed in ovarian cancer 104

Bioinformatics
analysis

KLK5–8,
10,11, 14

� Parallel overexpression in ovarian cancer
compared with normal

54

KLK6 � Elevated 25-fold in ovarian cancer 53, 63
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namely KLK4–7, KLK8, KLK10, and KLK15, are markers of poor prognosis in
ovarian cancer. That is, higher kallikrein mRNA and/or protein levels correlate
with more aggressive forms of the disease and a decreased disease-free survival
(DFS) and overall survival (OS) of patients. The remaining subset of kallik-
reins, namely KLK8, KLK9, KLK11, and KLK13–14, seem to be markers of
favorable prognosis, with higher levels of their mRNA or proteins associated
with earlier-stage disease and increased DFS and OS.

Data from a recent report suggested that KLK6might have value for patient
monitoring in ovarian cancer.92 A recent pilot study shows that some kallikrein
proteins could be included with other clinical variables to develop a multi-
parametric ‘‘score’’ that can predict the surgical outcome and thus help in
preoperative risk stratification and identifying candidates for alternative or
adjuvant therapeutic strategies.93 Another study showed evidence that a
group of kallikreins and multiparametric combinations with other biomarkers
and clinical variables can significantly assist with ovarian cancer classification,
prognosis, and response to platinum-based chemotherapy.94

Kallikrein expression in ovarian cancer may also be clinically useful in
determining the prognosis in subgroups of patients. Subclassification of large
heterogeneous groups into smaller subgroups is becoming an important tool for
individualizing treatment options in ovarian cancer patients and thus avoiding
unnecessary treatments with high costs and unwanted side effects.

Therapeutic Applications

It is possible that some kallikreins may become valuable therapeutic targets
when the biological pathways that are involved are delineated. For example, the
enzymatic activity of these serine proteases may initiate or terminate biological
events (e.g., tumor invasion, angiogenesis, activation or inhibition of hormones,
growth factors, other enzymes, receptors, or cytokines). Once known, these
events could be manipulated, for therapeutic purposes, by specific enzyme
inhibitors or activators. Another potential therapeutic approach is the cell-
specific activation of therapeutic agents.95 Preliminary reports show potential
success by using the KLK3 (PSA) promoter to express molecules in a tissue-
specific fashion.96 A third possible therapeutic approach involves immunother-
apy and/or development of cancer vaccines. With our increasing knowledge of
the hormonal regulation of kallikreins, hormonal activation (or repression) of
kallikrein activity could be investigated in the future.

Conclusion

Accumulating evidence, at both the mRNA and protein levels, indicates that
many kallikreins are differentially expressed in ovarian cancer. The mechanism
by which kallikreins are involved in the pathogenesis and/or progression of
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cancer is not fully understood and is possibly through controlling vital processes,

like apoptosis, angiogenesis, and tumor metastasis, by cleavage of specific

substrates. Kallikreins can be measured in serum, tissue, and ascites fluid of

ovarian cancer patients. Reports show that kallikreins can be useful serum

biomarkers for diagnostic, monitoring, and prognostic purposes. They can be

also useful immunohistochemicalmarkers. In addition, kallikreins have potential

for being used for therapeutic applications. KLK6 and KLK10 show the best

promise as serum biomarkers for ovarian cancer. Although kallikreins might not

have superior sensitivity and specificity to that of existing markers, the use of

kallikreins as a part of a multianalyte test significantly improves the diagnostic

and prognostic accuracy. Further large-scale studies are needed to evaluate the

applicability of this approach.
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Chapter 9

Soluble Epidermal Growth Factor Receptor:

A Biomarker of Epithelial Ovarian Cancer
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Karl C. Podratz, Jill L. Reiter, and Nita J. Maihle

Definition: The Epidermal Growth Factor Receptor and Soluble

Epidermal Growth Factor Receptor Isoforms

The epidermal growth factor receptor (EGFR) is the prototypic member of the

ErbB receptor tyrosine kinase family, which includes ErbB1 (EGFR), ErbB2

(HER2, Neu), ErbB3 (HER3), and ErbB4 (HER4).1–3 Biochemical and struc-

tural studies show that the mature form of EGFR is a 170-kDa plasma mem-

brane protein that is composed of extracellular, transmembrane-spanning, and

intracellular domains.4 The extracellular domain is divided into four subdo-

mains: subdomains I and III function in growth factor binding, and subdo-

mains II and IV confer secondary and tertiary structure to the extracellular

domain through cysteine residues. The intracellular domain also is divided into

subdomains: a tyrosine kinase subdomain and a carboxy-terminal regulatory

subdomain that includes several tyrosine autophosphorylation sites. In general,

growth factor binding to EGFR results in receptor dimerization with any mem-

ber of the ErbB receptor family, transphosphorylation of tyrosine residues,

docking of numerous cytoplasmic proteins containing either SH2 or PTBmotifs,

and activation of protein phosphorylation cascades (e.g., Ras-Raf-MAP kinase

or PI-3 kinase). Activation of these cascades, in turn, effect gene expression,

cellular proliferation and survival, and changes in cell shape, adhesion, and

motility.5,6 Consequently, EGFR plays an important role in normal cellular

proliferation, survival, and differentiation.7,8

In addition to the full-length EGFR, cells synthesize ‘‘soluble’’ isoforms of

EGFR (soluble epidermal growth factor receptor; sEGFR) by alternative

mRNA processing. These sEGFR isoforms contain only elements of the extra-

cellular domain and, therefore, are secreted. Alternative EGFR transcripts

A.T. Baron (*)
Division of Hematology, Oncology, Blood andMarrow Transplantation, Department
of Internal Medicine, Lucille P. Markey Cancer Center, University of Kentucky,
408 Ben F. Roach Building, 800 Rose Street, Lexington, KY, 40536-0093, USA
e-mail: a.baron@uky.edu

M.S. Stack, D.A. Fishman (eds.), Ovarian Cancer,
Cancer Treatment and Research 149, DOI 10.1007/978-0-387-98094-2_9,
� Springer ScienceþBusiness Media, LLC 2009

189



encoding sEGFR isoforms have been isolated from normal rat,9 mouse,10–12

chicken,13 and human tissues,12,14–16 as well as from malignant human

cells.17–21 Because alternatively splicedmRNAs use alternative polyadenylation

signals and stop codons, amino acids distinct from full-length EGFR are

commonly present at the carboxy-terminus of sEGFR isoforms (Fig. 9.1).

The human vulvar carcinoma cell line A431, for example, synthesizes a mutant

sEGFR isoform from a 2.8-kb mRNA transcript that resulted from a gene

amplification and translocation event.17–22 This mutant sEGFR isoform har-

bors 17 unique amino acids at its carboxy-terminus that are unrelated to full-

length EGFR. Two naturally occurring alternative EGFR transcripts of 1.8 and

3.0 kb have been cloned and sequenced from normal human placenta.12,14 The

1.8-kb transcript encodes a 60-kDa sEGFR protein that has two unique car-

boxy-terminal amino acids,14 whereas the 3.0-kb transcript encodes a protein

product that is homologous with the extracellular domain of EGFR through

amino acid residue 603, but then adds 78 unique carboxy-terminal amino

acids.12 Heterologous expression studies demonstrate that this 3.0-kb transcript

is translated into a 110-kDa sEGFRN-linked glycoprotein.Moreover, this 110-

kDa sEGFR protein circulates in human blood and may have utility as a risk

assessment, early detection, diagnostic, and prognostic biomarker of epithelial

ovarian cancer.23–27

Soluble isoforms of plasma membrane receptors are widespread in animal

systems and may play important physiologic roles in intercellular communica-

tion, cellular proliferation and differentiation, tissue morphogenesis, tissue

regeneration and wound repair, inflammation, embryogenesis, and carcinogen-

esis.3,28 Soluble receptor isoforms, for example, may function to: (i) activate

signal transduction pathways through precursor molecules of membrane-bound

Fig. 9.1 A structural diagram comparing the full-length 170-kDa human EGFR with human
sEGFR isoforms is shown. The full-length EGFR contains an extracellular domain with four
distinct subdomains (I–IV), a transmembrane-spanning domain, and a cytoplasmic domain.
sEGFR isoforms include themutant p115 sEGFR fromA431 cells and the wild-type placental
p60 and p110 sEGFR proteins. The filled boxes correspond with unique carboxy-terminal
amino acids not present in the full-length p170 EGFR. The chart to the right of the diagram
indicates the mRNA transcript size, the number of unique amino acids, the molecular weight,
and a reference for each transcript/protein
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growth factors; (ii) transport growth factor ligands in body fluids; (iii) modulate
growth factor degradation by specific proteolytic enzymes; (iv) competitively
inhibit growth factor stimulation of their cognate holoreceptors; (v) affect the
bioavailability of growth factors bound to the extracellular matrix; and (vi)
regulate the tyrosine kinase activity of their cognate holoreceptors. In this
regard, sEGFR molecules have been shown to bind to epidermal growth factor
(EGF),29–33 to inhibit the tyrosine kinase activity of the EGFR holoreceptor,34,35

and to block ligand-dependent transformation and cellular proliferation in
vitro.9,20,36 Although sEGFR molecules can bind to EGF directly, the mechan-
ism of signal abrogation appears to involve heterodimer formation between the
sEGFR analogue and the membrane-bound EGFR holoreceptor, rather than
EGF sequestration.34,35 Consequently, sEGFR isoforms may function as domi-
nant negative regulators of EGFR signal transduction pathways in animal
systems.

Epidemiology of Epithelial Ovarian Cancer

Ovarian cancer is composed of a biologically diverse group of neoplasms of
germ cell, stromal, and epithelial origin.37,38 However, among women over the
age of 35, 95% of ovarian tumors originate from the surface epithelium of the
ovary. Globally, epithelial ovarian carcinoma (EOC) represents the seventh
most common type of women’s cancer after breast, cervix, colon and rectum,
stomach, corpus uteri, and lung cancer.39 Although the incidence of EOC varies
worldwide, the highest incidence rates, with the exception of Japan, are found in
industrialized countries. For women in the United States, EOC ranks fifth in
incidence and is the leading cause of death for gynecologic malignancies: 22,430
new cases and 15,280 deaths from this disease were estimated for 2007.40

Epithelial ovarian cancer, therefore, represents an important women’s health
problem of public concern.

Etiology of Epithelial Ovarian Cancer

Age, family history of EOC, positive germ-line BRCA1 mutation status, and a
personal history of breast cancer are well-known risk factors of EOC. The
incidence of EOC is uncommon in women under 40 years of age, increases
sharply between 40 and 80 years of age, and then decreases moderately.41

Incidence rates for EOC increase from 2 to 3 cases per 100,000 women in the
third decade of life to 59 cases per 100,000 women in the eighth decade.
Combined data from 12 case-control studies performed in the United States
estimate the risk of developing EOC before age 65 to be 0.8%.42 However, the
overall lifetime risk of developing ovarian cancer in the United States is between
1.4% and 1.8%43; therefore, approximately 1 woman in 60 will develop this
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gynecologic cancer in her lifetime (American Cancer Society, Cancer Facts &
Figures 2007; http://www.cancer.org/docroot/STT/stt_0.asp). In contrast,
women with a positive family history of EOC have a 9.4% estimated lifetime
risk of developing EOC.42 Moreover, the risk of developing EOC increases to 1
in 2 (40% to 60% lifetime risk) for women with a family history of EOC who
have a germ-line BRCA1 mutation44,45 and up to fourfold for women with a
prior history of breast carcinoma.38

Pregnancy, oral contraceptive use, and lactation decrease the risk of devel-
oping EOC. Parity is an independent protective factor of EOC, whereby each
birth is associated with a 16% reduction in a woman’s risk of developing EOC
regardless of age at first birth.46 Oral contraceptives decrease a woman’s risk for
developing EOC by 30% to 60%, increasing approximately 11%with each year
until reaching 6 years of use.46,47 For women without a family history of EOC,
plus three or more term pregnancies, and 4 or more years of oral contraceptive
use, the lifetime risk of developing EOC is 0.6%. In contrast, nulliparous
women who have not used oral contraceptives have a 3.4% lifetime risk of
developing EOC. Finally, women who breast-feed their children have a
decreased risk of developing EOC of approximately 1% per month of lacta-
tion.48 In general, pregnancy, oral contraceptive use, and lactation are thought
to be protective, because they suppress ovulation and wounding of the ovary’s
surface epithelium, thereby decreasing the probability of cellular transforma-
tion in this regenerative layer of epithelial cells.

EGFR plays an important role in follicle development within the ovary and
in regulating the proliferation of ovarian surface epithelial cells.49 It is, there-
fore, not surprising that EGFR and sEGFR isoforms may have clinical utility
as tumor and serum biomarkers of EOC. Amplification of the EGFR proto-
oncogene and overexpression of EGFR are common abnormalities of human
ovarian carcinoma–derived cell lines and tumors; hence, EGFR is thought to
play a critical role in the etiology of EOC.50–53 Lower serum sEGFR concen-
trations in older, postmenopausal women and in EOC patients compared with
that in healthy women of similar age are consistent with the following concepts:
(i) sEGFR isoforms are dominant negative regulators of EGFR signal trans-
duction, (ii) high serum sEGFR concentrations may represent endogenous
protective factors of EOC, and (iii) low sEGFR concentrations in the circula-
tion may increase a woman’s risk of developing this ‘‘silent’’ cancer.25,26

Pathogenesis of Epithelial Ovarian Cancer with Respect to EGFR

and sEGFR Concentrations

Although EOC is associated with industrialization, late age of occurrence
suggests that this relationship may be biased by a higher standard of living
and increased personal longevity. Unlike other cancers, there is little evidence
that exposure to xenobiotic carcinogens or biological vectors plays an
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important role in the etiology of EOC. Rather, molecular and biochemical
studies indicate that genetic alterations in oncogenes and tumor suppressor
genes may be more important in the etiology and pathogenesis of EOC than
environmental exposures. In this regard, EGFR/ERBB family members are
frequently amplified and/or overexpressed in human tumor cell lines and neo-
plasms,54 including cancer of the ovary.50,52 In addition, primary tumors
expressing high levels of EGFR are often associated with increased production
of TGF-a,55 the most widely expressed EGF-family ligand. In the ovary,
malignant tumor tissues have been shown to release more EGF and TGF- a
than do benign tissues, and aneuploid carcinomas have been shown to release
more EGF and TGF-a than do diploid carcinomas.56 Elevated coexpression of
EGFR and its ligands, therefore, may establish growth stimulatory autocrine
and/or paracrine loops in ovarian carcinomas.53 Clinically, amplification of
EGFR and/or overexpression of EGFR are associated with a shorter time to
disease recurrence, as well as decreased patient survival for EOC.50 The EGFR/
ErbB receptor tyrosine kinase family and its growth factor ligands thus play an
important clinical role in the molecular pathogenesis of EOC.

Clinical Presentation of Epithelial Ovarian Cancer

History

Physicians rely on the patient’s history of symptoms and physical examination;
laboratory tests for tumor antigens such as CA-125, alpha-fetoprotein (endo-
dermal sinus tumors), and Müllerian-inhibiting factor (granulosa cell tumors);
and on various imaging modalities such as x-ray, sonography, computed tomo-
graphy (CT) and magnetic resonance imaging (MRI) scans to detect, confirm,
and/or monitor for the presence of epithelial ovarian tumors.37,38,57,58 These
methods of detection are limited in that they only identify the tumor when it is
macroscopic and perhaps already metastatic. In addition, several of these
detection methods are expensive (e.g., CT and MRI scans) or relatively non-
specific for epithelial ovarian cancer (e.g., CA-125). Therefore, simple, cost-
effective, specific, and sensitive methods of screening are needed to detect and
better diagnose EOC.

Symptoms

Women who have EOC usually are asymptomatic or have vague, nonspecific
symptoms such as indigestion, bloating, and/or changed bowel habits.59 Con-
sequently, EOC typically goes undetected and untreated until in its advanced
stages. In the unscreened population, 70% to 75% of women with EOC are
diagnosed with stage III or IV disease,60,61 which is associated with 5-year
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survival rates of just 15% to 31% and disease-free survival rates of less than

10%.40,57,62,63 In comparison, 5-year survival rates for stage I EOC patients are

substantially better, in the range of 90% to 95%.40,64 Despite new therapy

options,65,66 the age-adjusted mortality rate for patients with EOC has not

changed substantially over the past 20 years.40,67 Look has estimated that the

mortality rate of EOC could be reduced by 50% if the number of patients

diagnosed with early-stage EOC could be increased from 20% to 80% by a

screening program.39 Early detection, therefore, represents a potentially prac-

tical approach for controlling the burden of EOC in the human population.

Laboratory Findings of sEGFR and EGF Concentrations
in Epithelial Ovarian Cancer

Sera from healthy men and women contain a p110 sEGFR isoform.23,25,26

Furthermore, patients with stages I through IV EOC have significantly lower

preoperative serum values of p110 sEGFR than that of healthy women.24,26 In a

first report, preoperative serum sEGFR concentrations were shown to have

100% sensitivity and 100% specificity to discern 21 stage III/IV EOC cases

from 21 healthy women of similar ages using a cutoff threshold of 1500 fmol/

ml.24 After cytoreductive tumor debulking surgery, serum sEGFR concentra-

tions increased to normal values for many EOC patients enrolled in a clinical

trial of cyclophosphamide plus carboplatin combination chemotherapy.

Compared with that in healthy women, serum EGF concentrations were sig-

nificantly higher only in EOC cases immediately after but not prior to cytor-

eductive surgery.24 Moreover, serum sEGFR and EGF concentrations were

strongly associated in EOC patients prior to tumor debulking surgery but not in

healthy women or in EOC patients after cytoreductive surgery. Taken together,

these data suggest that epithelial ovarian tumors may concomitantly affect

sEGFR and EGF concentrations in the systemic circulation and that serum

sEGFRmay be a useful diagnostic, prognostic, and/or theragnostic biomarker

of EOC (Table 9.1).

Table 9.1 Major points

�Men and women express a 3.0-kb alternative mRNA transcript of the EGFR proto-
oncogene that encodes a 110-kDa sEGFR serum protein.

� Patients with EOC have significantly lower preoperative serum p110 sEGFR concentrations
than that of healthy women (nonsurgical volunteers).

� Serum sEGFR concentrations in EOCpatients increase to normal values after cytoreductive
tumor debulking surgery.

� Serum EGF concentrations are significantly higher in EOC patients after cytoreductive
surgery but not preoperatively.
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A cross-sectional study of serum sEGFR concentrations among healthy
women has shown that sEGFR concentrations are inversely associated with
serum follicle-stimulating hormone (FSH) and luteinizing hormone (LH) con-
centrations and with age.25 Consequently, sEGFR concentrations are lower in
older, postmenopausal women compared with that in younger, premenopausal
women. Accordingly, these data suggested that age- or menopause-specific
cutoff thresholds for serum sEGFR might be more appropriate than fixed
cutoff thresholds. Using a cutoff threshold of �624 fmol/ml, pretreatment
serum sEGFR concentrations had 56% sensitivity and 95% specificity in dis-
cerning stages I through IV EOC cases from healthy women overall.26 Sensi-
tivity was lower for stage I/II (34%) compared with stage III/IV (61%) EOC
cases. Using menopausal status-specific cutoff values that maintained 95%
specificity across strata, sensitivity was found to be higher for premenopausal
(74%) compared with postmenopausal (50%) women. Furthermore, test sensi-
tivity for detecting stage I/II versus stage III/IV EOC among premenopausal
women was 64% and 81%, respectively. Among postmenopausal women, test
sensitivity was 28% for stage I/II versus 54% for stage III/IV EOC. Stratifica-
tion of the cases and controls into groups between 20 and 40, 41 and 60, and 61
and 87 years of age followed by selection of cutoff values at the 95th percentile
for each group of controls showed a sensitivity of 72.7%, 60.6%, and 33.3% for
each age group, respectively. Accordingly, test sensitivity for detecting stage I/II
or stage III/IV EOC in these age groups was shown to be 66.7% or 75.0%,
40.7% or 68.1%, and 28.6% or 34.0%, respectively. Taken together, these data
indicate that (i) age- and menopause-specific cutoff thresholds are appropriate
when using serum sEGFR concentrations to discern EOC patients from healthy
women, and (ii) serum sEGFR concentrations may be especially useful in
detecting EOC among younger, premenopausal women.

Table 9.1 (continued)

� Serum sEGFR and EGF concentrations are strongly associated in EOC patients
preoperatively but not postoperatively.
� Serum sEGFR concentrations are inversely associated with serum concentrations of FSH
and LH and with age in healthy women.
� Age- and menopause-specific cutoff thresholds are appropriate when using serum sEGFR
concentrations to discern EOC patients from healthy women.
� Serum sEGFR concentrations are most useful for detecting EOC among younger,
premenopausal women.
� Serum sEGFR concentrations are not associated with disease stage or tumor grade.
� Serum sEGFR concentrations are lower in EOC patients than in women with benign
ovarian and non-ovarian gynecologic conditions.
� Age and serum sEGFR concentrations modify the association between CA-125 values and
EOC versus benign gynecologic disease.
� Parallel testing with fixed sEGFR and CA-125 cutoff thresholds optimizes sensitivity to
detect EOC.
� Serial testing with age- and sEGFR-dependent CA-125 cutoff thresholds optimizes test
specificity and accuracy to discern women with benign ovarian and non-ovarian
gynecologic conditions from patients with EOC.
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Demographic and clinicopathologic prognostic factors such as older age,
advanced surgical stage, high tumor grade, large residual tumor volume after
cytoreductive surgery, and lower performance status are associated with poor
patient prognosis for EOC.37,38 Consequently, postsurgical selection of che-
motherapy for EOC is based on tumor histology and grade, surgical stage, and
residual disease. In the future, therapeutic decisions also may be based on the
expression of tumor and/or serum biomarkers. In this regard, preoperative
serum p105 sNeu/sErbB2 concentrations have been shown to be (i) elevated
in women with ovarian cancer in comparison with healthy women; (ii) unasso-
ciated with disease stage, tumor grade, histologic subtype, or serum CA-125
concentrations; and (iii) significantly associated with shorter overall survival
for surgically treated EOC patients.68–27 Moreover, like serum sNeu/sErbB2
concentrations, preoperative serum p110 sEGFR concentrations are not asso-
ciated with disease stage or tumor grade after reciprocally adjusting for either
tumor grade or disease stage alone or in combination with either age or
menopausal status, respectively.26 Although the relationship between serum
p110 sEGFR concentration and tumor EGFR expression has yet to be
explored, positive EGFR immunohistochemical status has been reported to
be an independent prognosticator of EOC.73 As such, circulating sEGFR iso-
forms also may serve as prognostic factors of EOC.

Differential Diagnosis of Benign Versus Malignant

Gynecologic Disease

Recently, serum CA-125 values and sEGFR concentrations were compared in
women with EOC and women with benign gynecologic conditions of ovarian
and non-ovarian origin.27 Serum sEGFR concentrations were significantly
lower in patients with EOC than in women with benign gynecologic conditions,
whereas serum CA-125 values were significantly higher in patients with EOC
compared with that in women with benign gynecologic conditions. In addition,
age and serum sEGFR concentrations modified the association between CA-
125 values and EOC versus benign gynecologic disease. Hence, serial testing
with both age- and sEGFR-dependent CA-125 cutoff thresholds optimized test
specificity and accuracy to discern EOC patients from women with benign
ovarian tumors and non-ovarian gynecologic conditions. Multivariate logistic
regression and receiver operating characteristic (ROC) analyses demonstrated
that age- and sEGFR-dependent CA-125 cutoff thresholds correctly discerned
EOC cases from patients with benign ovarian neoplasms, benign non-ovarian
gynecologic conditions, and both groups of women combined with 87.2%
(95% CI: 83.6%, 90.7%), 90.1% (95% CI: 87.0%, 93.2%), and 87.4% (95%
CI: 84.1%, 90.8%) accuracy across all cutoff thresholds, respectively. Sensitiv-
ity for detecting EOC where the multivariate logistic regression model con-
verged to 100% specificity was 70%, 65%, and 60% for each of these respective
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groups of women. In contrast, data analyses showed that parallel testing with
fixed sEGFR and CA-125 cutoff thresholds optimized the overall sensitivity
(85%) to detect EOC. Using fixed cutoff thresholds of �1000 fmol/ml sEGFR
and �50 units/ml CA-125, these biomarkers detected 57% and 92% of the
stage I/II and stage III/IV EOC cases, respectively. The combined use of
serologic sEGFR and CA-125, therefore, may have improved utility for screen-
ing and diagnosing EOC and warrants further research.

Treatment and Expected Outcome with Respect to sEGFR

Concentrations

Postoperative serum sEGFRandEGF concentrations have been quantified in a
case series of 73 stage III/IV EOC patients enrolled in a phase III chemotherapy
protocol to study the efficacy of cyclophosphamide plus conventional-dose
versus double-dose carboplatin.24 Serum sEGFR concentrations measured
between days 1 and 34 after surgery were significantly lower in the 73 EOC
patients compared with an age-matched group of 73 healthy women, whereas
serum EGF concentrations were significantly higher in these EOC patients. For
33 EOC patients who provided longitudinal serum samples between 35 and 287
days after surgery, serum sEGFR concentrations were similar to those seen in
healthy women. Comparison of the first versus the second blood draw for these
33 EOC patients showed that serum sEGFR concentrations increased for 73%
(24 of 33) of the 33 patients who provided longitudinal blood draws. In
contrast, serum EGF concentrations decreased for approximately 50% (18 of
33) of these 33 patients. Interestingly, no evidence was found for an association
between sEGFR and EGF concentrations in the 73 EOC patients who provided
postoperative serum samples between 1 and 34 days after cytoreductive surgery
(Spearman’s rank order correlation coefficient¼ 0.07923; p¼ 0.5113) or in the
73 normal age-matched women (Spearman’s rank order correlation coefficient
¼ 0.17033; p = 0.1526). Yet, preoperative serum sEGFR and EGF concentra-
tions were strongly associated in EOC patients (Spearman’s correlation coeffi-
cient¼ 0.61968; p¼ 0.0027). For two patients who provided five consecutive
blood draws, sEGFR concentrations first increased temporally after cytore-
ductive surgery and then began to decrease (Fig. 9.2A), whereas EGF concen-
trations showed a consistent decreasing trend (Fig. 9.2B). Taken together, these
preliminary data suggest that (i) epithelial ovarian tumors are not the primary
source of serum sEGFR, (ii) serum sEGFR and EGF are in a state of equili-
brium in healthy women, (iii) epithelial ovarian tumors affect circulating
sEGFR and EGF concentrations, perhaps by altering their state of equilibrium,
(iv) and sEGFR may be a serum transport protein of EGF. These data further
suggest that serum sEGFR concentrations may be useful prognostic and ther-
agnostic markers of EOC (i.e., sEGFR may be a useful predictor of disease

9 Soluble Epidermal Growth Factor Receptor 197



outcome, responsiveness to therapy, and/or disease recurrence). Additional
prospective studies are needed to address each of these potential applications
for sEGFR as a clinically useful biomarker in ovarian cancer patients.
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Chapter 10

Activated Epidermal Growth Factor Receptor

in Ovarian Cancer

Laurie G. Hudson, Reema Zeineldin, Melina Silberberg, and M. Sharon Stack

Background: The Epidermal Growth Factor Receptor

Growth factor receptors direct numerous cellular functions and behavior

including cell proliferation and survival, apoptosis, differentiation, and

migration. The receptor tyrosine kinase (RTK) family of growth factor recep-

tors includes the epidermal growth factor (EGF) receptor subfamily (also

known as the ErbB or type I RTKs).1–5 The ErbB family includes four ErbB

proteins: ErbB-1 (EGF receptor), ErbB2, ErbB3, and ErbB4. These structu-

rally related, single membrane spanning receptors consist of an extracellular

ligand-binding domain, a transmembrane domain, a juxtamembrane domain,

the catalytic tyrosine kinase domain, and a C-terminal tail containing multiple

tyrosine residues (Fig. 10.1). Ligand binding promotes EGF receptor homo-

and heterodimerization with ErbB family members, activation of the intra-

cellular tyrosine kinase domain, and phosphorylation of specific tyrosine

residues of the receptor cytoplasmic domain. This leads to assembly of signal-

ing complexes and stimulation of numerous downstream signaling cascades

associated with cell growth and survival, increased angiogenesis, and metas-

tasis in tumors.1–10

Numerous ligands interact with the ErbB receptor family.4–6,11–13 EGF,

transforming growth factor-a (TGF-a), and amphiregulin only bind to the

EGF receptor. The ligands heparin-binding EGF-like growth factor (HB-

EGF), betacellulin, epiregulin, and epigen bind both the EGF receptor and

ErbB4. These EGF receptor ligands are synthesized as membrane-bound pre-

cursors then cleaved to release the mature form of the ligand. EGF receptor

ligands can activate receptors on the cell of origin, on nearby cells, or on cells at

more distant sites after systemic distribution. In some instances, receptor acti-

vation by the precursor (membrane-bound ligand) may occur as a consequence
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of cell:cell interaction.12 Other ErbB receptors bind additional ligands: ErbB3
and ErbB4 both bind neuregulin-1 and neuregulin-2; neuroglycan C selectively
interacts with ErbB3; and neuregulin-3, neuregulin-4, and tomoregulin are
selective for ErbB4.4,5,11–13 Activated ErbB receptors transactivate other
ErbB family members leading to a robust signaling network with the biological
consequences dependent on spatial and temporal expression of receptors and
ligands.3,9,13

Based on the profound influence of ErbB receptor signaling on vital cellular
functions, it is not surprising that dysregulation of the ErbB network is impli-
cated in cancer. The discovery that the avian erythroblastosis retrovirus
encoded a mutant homolog of the EGF receptor14 established its oncogenic
potential.2,8,9,13–15 Numerous studies link EGF receptor activity to the devel-
opment of tumors and tumor metastasis. Dysregulated EGF receptor activity is
common in solid tumors due to receptor overexpression, activating mutations,
or autocrine/paracrine stimulation by ligand and other mechanisms.7–9,13,15–20

Aberrant expression and activity of the EGF receptor is generally understood
to have a negative impact on the clinical outcome of cancer patients, which has
led to focus on the EGF receptor as a therapeutic target. Recent reviews provide
information regarding a systems-level approach to ErbB receptor signal-
ing,3,13,16 significance of ErbB receptors in the development and progression
of cancer,5–9,13 and ErbB receptors as targets for cancer therapeutics.4,7,15–18

This chapter will focus on the EGF receptor in ovarian cancer. We will
summarize information regarding EGF receptor and ligand expression in ovar-
ian cancer, identify consequences of EGF receptor activation, and discuss the

Extracellular Domain

Tyrosine Kinase Domain

Autophosphorylation Sites

Transmembrane Domain

EGFR ErbB
1,2,3 or 4

Ligand Binding
Cys-rich

Fig. 10.1 Model of the EGF

receptor. The extracellular
N-terminal domain contains
two subdomains that
directly interact with ligand
and two cysteine-rich
subdomains. There is a
single transmembrane
domain that links the
extracellular domain to the
intracellular tyrosine kinase
domain and the C-terminal
tail, which contains the
autophosphorylation sites.
The EGF receptor dimerizes
with other ErbB receptors
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interplay between the EGF receptor and the ovarian tumor microenvironment.
The EGF receptor impinges on multiple key hallmarks of cancer defined by
Hanahan and Weinberg,21 and the EGF receptor is associated with a gene
expression pattern unique to invasive tumor cells,22 illustrating the need to
more fully understand the impact of EGF receptor activity in ovarian cancer.

Expression of the EGF Receptor and Ligands in Ovarian Cancer

The most common form of ovarian cancer arises from the ovarian surface
epithelium (OSE). The OSE expresses EGF receptors in vivo, and EGF receptor
activity is implicated in gonad development, growth and differentiation of the
ovarian follicle, and postovulatory repair.23–25 It has been proposed that EGF
stimulation of the OSE contributes to its rapid postovulatory proliferation and
to epithelial-mesenchymal transition (EMT) of OSE cells within the ruptured
follicle. Malfunctions in postovulatory repair are believed to contribute
to formation of epithelial inclusion cysts, which are the preferential sites of
malignant transformation.5,26,27 The normal OSE responds to EGF receptor–
generated signals by displaying a phenotypic plasticity characterized by transi-
tion between epithelial and fibroblastic phenotypes, a characteristic usually
limited to immature, regenerating, or neoplastic epithelia.28 These attributes
of the adult OSE suggest that this tissue is ‘‘primed’’ to respond to the EGF
receptor during tumor development and progression.

In addition to its role in normal ovarian epithelium, there is abundant
evidence of aberrant EGF receptor and/or ligand expression in ovarian cancer.
A recent review5 provides an excellent and comprehensive summary of immu-
nohistochemical studies evaluating ErbB receptor and ErbB ligand expression
in malignant ovarian tumors. Briefly, findings in the literature estimate EGF
receptor is expressed in 10% to 70% of human epithelial ovarian cancer cases
with an average of reported EGF receptor expression in 48% of ovarian
tumors.5 This broad range of EGF receptor expression detected in ovarian
cancer may be due to the many variables that influence immunohistochemical
studies, including those related to the processing of tissue samples, specific
antibodies employed, detection methods, and scoring procedures. A smaller
subset of studies has examined amplification of the EGF receptor gene in
ovarian cancer. An advantage of this approach is the relative stability of
DNA in archived samples, but because EGF receptor overexpression can
occur in the absence of gene amplification, these studies may underestimate
the frequency of elevated EGF receptor protein in tumors. Despite this caveat,
recent findings report EGF receptor gene amplification in �10% to 20% of
ovarian cancer cases,29–31 with low-level gains detected more frequently in 43%
of tumors.29 Thus, based on detection of protein or gene amplification, there is
strong evidence for elevated EGF receptor expression in a significant fraction of
ovarian cancer cases.
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Additionally, there is evidence that increased EGF receptor expression is an
early event in ovarian cancer development,31–34 and a recent study provides
evidence that early changes in EGF receptor expression may promote ovarian
cancer.35 Hyperplasia, hypertrophy, or mild dysplasia was detected in the
ovaries of 100% of female mice expressing the EGF receptor under control of
the mouse mammary tumor virus (MMTV) promoter. No changes in repro-
ductive, hormone-responsive tissues of male transgenic animals were
observed.35 These findings suggest that the EGF receptor may contribute to
early events in ovarian neoplasia.

Ligands for the EGF receptor including EGF, TGF-a, amphiregulin, and
heparin-binding EGF (HB-EGF) have been identified in ovarian tumors5 but
appear to display different expression patterns. Both EGF and TGF-a are
detected in the majority of epithelial ovarian tumors,5,36,37 and levels are
elevated in the urine and serum of ovarian cancer patients.38–40 Overall, there
are not strong associations between EGF or TGF-a expression in tumors and
tumor subtype or disease stage.36,37 HB-EGFmRNA expression is significantly
increased in advanced ovarian cancer compared with that in normal ovaries.41

There is some evidence for autocrine activation of the EGF receptor in ovarian
tumor cell lines. In ovarian tumor cells expressing multiple EGF receptor
ligands, small interfering RNA (siRNA) knockdown of HB-EGF inhibits
EGF receptor tyrosine phosphorylation and extracellular signal-regulated
kinase (ERK) activation.42 Furthermore, ovarian tumor xenograft growth in
nude mice is blocked by an inhibitor of HB-EGF or RNA interference.43 In
another study, the majority of ovarian carcinoma cell lines tested express TGF-
a and amphiregulin, and antisense oligonucleotides to either ligand inhibit
anchorage-independent growth.44 Given the frequency of elevated EGF recep-
tor expression in ovarian cancer, it is likely that in many cases the availability of
one ormore ligands due to autocrine, paracrine, or endocrine mechanisms leads
to receptor activation and modulation of tumor cell behavior.

EGF Receptor Expression in Ovarian Cancer and Clinical

Correlates

Overall, elevated EGF receptor is associatedwith less favorable disease outcomes
in a number of human tumors.6,9,13,19,20 Despite evidence for EGF receptor
expression in ovarian tumors,5 studies on the relationships between receptor
and patient outcomes do not provide a uniform picture on the clinical conse-
quences of elevated EGF receptor levels. Some studies report little or no relation-
ship between EGF receptor expression and a variety of clinical endpoints such as
disease stage, tumor grade, histologic subtype, response to treatment, or overall
survival.5 In contrast, other studies find significant associations between
increased EGF receptor expression and advanced-stage disease, tumor grade,
disease progression, and decreased overall survival.5 Technical factors inherent in
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immunohistochemical studies hamper efforts to identify relationships between
EGF receptor expression levels and specific clinical end points. Notably, many
studies classify tumors based simply on EGF receptor–positive staining rather
than compare EGF receptor expression in tumors with that detected in normal
ovarian tissue controls. As EGF receptor is expressed in normal ovarian epithe-
lium, it is not surprising that certain studies report very high frequency (>50%)
EGF receptor expression in ovarian tumors when positives are scored based on
detectable staining. In one study that used EGF receptor expression level in
metaplastic OSE and normal tubal epithelium as a reference control, EGF
receptor overexpression was detected in 17% of the tumors, and overexpression
significantly correlated with aggressive disease characteristics.29 Another tissue
microarray study focused on advanced-stage ovarian cancers from patients that
had received comparable treatments.45 An automated in situ quantitative mea-
surement of protein analysis found that high tumor EGF receptor expressionwas
associated with poor patient outcome as defined by overall survival and disease-
free survival at 3 years.45 In this study, EGF receptor expression status was
identified as the most significant prognostic factor for disease-free and overall
survival. Increased use of tumor tissue microarrays with appropriate control
tissue and refinement of study parameters may ultimately resolve the current
lack of consensus regarding the consequences of EGF receptor overexpression in
ovarian cancer. Despite differences in individual study results, the overall con-
clusion that aberrant EGF receptor status is a factor in ovarian cancer outcome is
supported by a meta-analysis study revealing a relationship between EGF recep-
tor and decreased survival46 and the abundant evidence linking EGF receptor to
poor patient outcome in other cancers of epithelial origin.6,9,13,19,20

Other possible reasons for discrepancies in reported clinical outcomes and
EGF receptor expression levels is the paucity of information on alternate forms
of the EGF receptor or EGF receptor activation status in ovarian tumor
samples. Soluble forms of the EGF receptor (sEGFR) lacking the transmem-
brane and intracellular domains are detected in ovarian cancer.5 Although the
functions of this form of the EGF receptor are unknown at this time, sEGFR is
under investigation as a biomarker for risk assessment, early detection, and/or
diagnosis of this disease.5,47 Another alternate form of the EGF receptor is a
constitutively active mutant, EGF receptor variant III (EGFRvIII). EGFRvIII
harbors an extracellular domain deletion and is expressed in a number of
cancers, most notably glioblastoma.48–50 Although this specific activating
mutation does not appear to be prevalent in ovarian cancer,51,52 there are
numerous EGF receptor mutations identified in human tumors that alter
receptor activity19,20,53,54 but have not been fully explored in ovarian tumors.

There is accumulating evidence that activated (tyrosine phosphorylated)
EGF receptor may be a more relevant end point for analysis of EGF receptor
functions and prognostics in human tumors. Evidence that EGF receptor
phosphorylation status may be an important prognostic indicator is provided
in studies in head and neck, lung, and pancreatic cancer.55–59 In a cohort of
patients with locally advanced non–small cell lung cancer, phospho-EGF
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receptor (pEGFR)was negatively correlated with overall survival. Patients with
high pEGFR levels had median survival of 7.8 months versus 17.7 months for
patients with low pEGFR. From this study, it appears that activated pEGFR,
but not total EGF receptor, is a better predictor of survival.55 In stage I
non–small cell lung cancer patients, EGF receptor phosphorylation at tyrosine
residue 845 proved to be an independent prognostic factor.56 Analysis of head
and neck tumor tissue microarrays found that EGF receptor activation status
did not strictly correlate with total EGF receptor levels, and the 10%of patients
with high pEGFR had poor outcomes based on disease-free survival.59 Other
studies suggest pEGFR in addition to other phospho-proteins may provide
better clinical correlations.60

A limited number of studies examine pEGFR in ovarian tumors, and overall,
little attention has been given to receptor activation status and disease para-
meters. In one study, 11.8% of ovarian tumors were positive for pEGFR, but
no clinicopathologic parameter or survival differences were noted.51 In another
study, 24 heavily pretreated patients with epithelial ovarian cancer all had
detectable EGF receptor and p-EGFR (Y1148), suggesting that EGF receptor
activation might be more evident in advanced disease.61 We conducted a tumor
tissue array analysis and found evidence for pEGFR in approximately one third
of ovarian tumor samples.62 EGF receptor activation was statistically positively
correlated with matrix metalloproteinase (MMP)-9 expression, a protein asso-
ciated with tumor invasion and metastasis. In an immunohistochemical analy-
sis of a panel of paired primary tumor and peritoneal metastases obtained from
the same patient, approximately one third (35%) of metastases exhibited ele-
vated EGF receptor activation (pEGFR staining) relative to the paired primary
tumor, andMMP-9 expression was high in all (100%) pEGFR–positive metas-
tases.62 Together, these in vivo data indicate that activated EGF receptor is
present in ovarian tumor specimens. Because EGF receptor activation stimu-
lates numerous signaling cascades known to drive tumor proliferation and
metastasis, further studies to investigate EGF receptor activation and clinical
end points are warranted.

Consequences of EGF Receptor Activation in Ovarian Cancer

Cell Growth and Survival

The mitogenic effects of the EGF receptor in different cell types are well
documented. EGF receptor activation stimulates numerous signal transduction
pathways related to cell growth and survival.1–4,8–10 EGF increases the growth
potential of primary OSE cells in culture63 and promotes the survival, but not
proliferation, of SV40 large T antigen immortalized human OSE cells.64 Gene
expression profiling of normal rat ovarian surface epithelium after EGF treat-
ment demonstrates EGF-dependent activation of genes involved in cell cycle
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and proliferation, apoptosis, and protein turnover.65 In addition, malignant
transformation of rat OSE cells results in alteration of downstream effectors of
the EGF receptor pathway.65 Regarding ovarian tumor cells, numerous studies
demonstrate that autocrine and paracrine stimulation of the EGF receptor by
ligands promote ovarian tumor cell growth.43,66–73 Furthermore, blockade of
EGF receptor signaling or antisense oligonucleotides to EGF receptor ligands
inhibits ovarian tumor cell growth and reverses the tumorigenic pheno-
type.42–44,74–77 The in vivo relevance is illustrated by the absence of primary
ovarian tumor cell xenograft growth in mice depleted of EGF by sialoadenect-
omy compared with tumor growth in 75% (8 of 12) of xenografts in sialoade-
nectomized mice supplemented with EGF.78 Additionally, tumor formation by
human ovarian carcinoma cells is enhanced by exogenous expression of pro-HB-
EGF and blocked by pro-HB-EGF gene RNA interference or by CRM197, a
specific HB-EGF inhibitor.43 As further evidence that stimulation of the EGF
receptor drives ovarian tumor growth, 14 of 19 primary ovarian cancer cell
cultures were sensitive to growth inhibition by a 4-anilinoquinazoline inhibitor
of EGF receptor activity,79 and EGF receptor– targeted therapeutics inhibit
ovarian xenograft growth in vivo.72,80

Increased cell growth and survival upon overexpression or activity of the
EGF receptor is associated with resistance to anticancer treatments such as
hormone therapy, chemotherapy, and radiotherapy in various tumor
types.81–90 Many experimental studies demonstrate that inhibition of the EGF
receptor in cancer cells enhances the effect of conventional chemotherapeutics
by increasing apoptosis in vitro or causing arrest of tumor growth in vivo, but
the results in clinical trials are mixed.88–91 The combination of EGF receptor–
targeted therapies with conventional radiation or chemotherapeutics has met
with best success in head and neck cancer and colorectal tumors, respec-
tively88–91. There are few studies in ovarian cancer, but transfection of a domi-
nant negative EGF receptor (lacking the tyrosine kinase domain) into cisplatin-
resistant ovarian tumor cells restores sensitivity to cisplatin,92 and receptor
tyrosine kinase inhibitors chemosensitize drug-resistant EGF receptor– expres-
sing ovarian tumor cells.93,94 In addition, use of an anti-EGF receptor antibody
in combination with photodynamic therapy increases survival nearly threefold in
amurine ovarian tumormodel.95 Some other studies indicate that EGF enhances
ovarian cancer cell sensitivity to chemotherapeutic agents.96–98 Although these
findings are seemingly at odds with the preceding studies, one possible explana-
tion is that EGF causes internalization and degradation of the EGF receptor
and therefore a decrease in net EGF receptor activity. A recent study demon-
strated that treatment of ovarian cancer cells with EGF and an EGF receptor
tyrosine kinase inhibitor (TKI) followed by paclitaxel enhanced cell death.99 The
authors hypothesize that the EGF and TKI combination downregulates the
EGF receptor while inhibiting EGF receptor–stimulated signaling pathways,
thereby fostering chemosensitization. Other studies suggest that the order of
addition for EGF receptor–targeted therapies and conventional chemotherapeu-
tics has an impact on treatment outcomes with synergism evident only when the
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anti-EGF receptor agent is administered after the cytotoxic drug.100–104 The
demonstrated success of combining EGF receptor–targeted therapies with con-
ventional chemotherapeutics in certain tumor types88–91 suggests that further
explorations on this strategy may benefit ovarian cancer patients.

Metastasis

In addition to an impact on cell growth, activation of the EGF receptor is
associated with stimulation of metastasis-associated cellular responses. Many
aspects of tumor metastasis resemble features of epithelial-mesenchymal transi-
tion (EMT). EMT transforms relatively immobile epithelial cells to motile cells,
and this transformation is accompanied by loss of stable cell:cell contacts
mediated by E-cadherin and expression of vimentin intermediate filaments.105–109

EGF receptor activity is associated with regulation of EMT in normal and tumor
tissues, including the ovary.110–116 In the normal ovary, reversible modulation of
ovarian surface epithelium to a fibroblastic form occurs during postovulatory
repair of the epithelium.110 EGF in conjunction with hydrocortisone is an
EMT-inducing factor for normal OSE as demonstrated by acquisition of a
fibroblast-like morphology, increased cell motility, and production of matrix
metalloproteinase (MMP)-2 and -9. These responses are reversed upon EGF
withdrawal, resulting in a more epithelial morphology.110

The recognition of reversible EMT or phenotypic plasticity in tumor cells is
particularly relevant to ovarian cancer and in keeping with known characteristics
of the normal tissue described above. Notably, EGF receptor activation is capable
of driving EMT-associated events in epithelial ovarian carcinoma cells in culture
including migration and invasion,75,117–124 disruption of E-cadherin–mediated
intercellular junctions,62,119,125,126 and production of matrix-degrading protei-
nases.62,117,119,123–131 In contrast with the well-defined events that characterize
EMT in development, tumor-associated EMT is currently viewed as a continuum
of phenotypic plasticity and gain of mesenchymal characteristics. Tumor pheno-
type likely reflects the particular complement of EMT regulatory factors expressed
in cells or within the tumor microenvironment.108,109,132 The functional conse-
quences of this phenotypic plasticity are not fully understood but may play a role
in modulation of cell survival in suspension (ascites), chemoresistance, and intra-
peritoneal anchoring of metastatic lesions.108,111,133

EGF Receptor in the Ovarian Tumor Microenvironment

The dissemination of ovarian cancer is largely contained within the peritoneal
cavity, establishing a unique microenvironmental niche composed of tumor and
inflammatory cells and soluble factors including growth factors, bioactive lipids,
proteolytic enzymes, extracellular matrix components, and inflammatory
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mediators.134 The primary tumor and metastatic cells maintain direct contact
with peritoneal fluid and ascites thereby providing a mechanism for dynamic
and reciprocal regulation of the tumor microenvironment. Whereas women
with early-stage malignancies (stage I and II) are often free of ascites, the vast
majority of women with advanced disease (stage III/IV) produce >500 ml of
ascites.135 Ascites fluid composition is complex with more than 200 different
proteins in the soluble fraction and more than 2500 in the combined soluble
and cellular fractions detected by proteomics analysis.136 Three activators of
the EGF receptor present in ascites (HB-EGF, endothelin-1, and lysopho-
sphatidic acid) have been studied in some detail and are discussed in the
following section. Although these three factors represent only a small subset
of the total number of bioactive components in ascites, they illustrate the
dynamic interplay between the ovarian tumor microenvironment and the
potential for EGF receptor activation.

EGF Receptor Activators in the Ovarian Tumor Microenvironment

There is accumulating evidence that the EGF receptor ligand HB-EGF is
particularly important in ovarian cancer biology.137–139 HB-EGF is elevated
in advanced epithelial ovarian cancer tissues41 and peritoneal fluid43 when
compared with ovarian cyst or normal controls. HB-EGF is present at higher
levels than those of other EGF receptor ligands,41,43 and HB-EGF levels are
significantly correlated with clinical outcome.41 Antibodies against the EGF
receptor or HB-EGF suppress the proliferation-stimulating activity in perito-
neal fluid from ovarian cancer patients and the growth-promoting activity of
HB-EGF in ovarian tumor xenografts.43 Similarly, tumor formation, ovarian
tumor cell growth, and EGF receptor activation are decreased by disruption of
HB-EGF through siRNA, inhibitors, or expression of noncleavable forms of
HB-EGF.42,43 These findings illustrate that pathophysiologic levels of an EGF
receptor ligand in ovarian peritoneal fluid and ascites regulate EGF receptor
activity and suggests that other bioactive components leading to EGF receptor
activation may play pivotal roles in responsive tumors.

In addition to direct ligand activation of the EGF receptor, transactivation
can occur by stimulation of nonreceptor tyrosine kinases and/or G-protein–
coupled receptors (GPCRs).4,5,139–143 Activation of GPCRs by ligands such as
endothelin-1 (ET-1), lysophosphatidic acid (LPA), and others can indirectly
activate the EGF receptor through stimulation of the A Disintegrin And
Metalloproteinase (ADAM) family of cell surface metalloproteinases, leading
to cleavage of membrane-bound EGF family precursors such as HB-
EGF.139–143 An alternate mechanism for EGF receptor transactivation by
GPCRs occurs by GPCR-dependent activation of nonreceptor tyrosine kinases
such as c-Src.139–143 ET-1 and LPA are two examples of GPCR ligands that are
present in ovarian cancer ascites and contribute to ovarian cancer progression.
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ET-1 is receiving attention as a contributor to tumor biology and as a
therapeutic target.144–146 In addition, ET-1 is an important mediator of normal
ovarian function147 and is elevated in ovarian tumors and ascites.148,149 Treat-
ment of ovarian tumor cells with ET-1 promotes cell proliferation, production
of proteolytic enzymes belonging to the MMP and plasminogen activator
families, in vitro invasion, and EMT.150–152 ET-1–stimulated signal transduc-
tion is mediated in part by EGF receptor transactivation.153–155 Dual inhibition
of the EGF receptor and endothelin receptor by gefitinib or ZD4054, respec-
tively, provides greater benefit than either agent alone as measured by ovarian
tumor xenograft growth.127 This suggests that targeting both components of a
transactivation pathway may improve the therapeutic potential. Similarly,
elevated LPA levels are detected in �90% of ovarian cancer patients, and
LPA contributes to aggressive behavior through modulation of proteinase
expression and migratory pathways.156–160 In addition to signaling via Edg/
LPA receptors, LPA transactivates the EGF receptor through multiple
mechanisms, and, as a consequence, certain LPA-stimulated responses are
sensitive to inhibitors of EGF receptor tyrosine kinase activity.159,161,162 LPA
induces ectodomain shedding of HB-EGF leading to enhanced growth of
ovarian tumor xenografts, and LPA-induced transactivation of the EGF recep-
tor was abrogated by disruption of HB-EGF activity or expression.43 These
examples of ET-1 and LPA suggest that the EGF receptor is likely to be
activated in ovarian cancer, at least in part by receptor transactivation and
ligand-dependent mechanisms as a consequence of bioactive compounds in the
tumor microenvironment.

EGF Receptor Activation Modifies the Microenvironment

In addition to EGF receptor activation by factors within peritoneal fluid, it is
likely that stimulation of the EGF receptor in turn modifies the ovarian tumor
microenvironment. Proteinases provide one example as expression and/or
activity of numerous proteinases are regulated by activators of the EGF recep-
tor including ET-1 and LPA.62,110,117,119,151,158,159,163–168 Proteolytic enzymes
are implicated in many facets of ovarian cancer pathobiology, and ovarian
cancer ascites is rich in proteinases.163 MMP-2, -9, and -14 are major contribu-
tors to pericellular proteolysis in the ovarian carcinomamicroenvironment, and
there is constitutive MMP-14/MMP-2 activity in primary ovarian carcinoma
cells. Although proteinases are commonly expressed by stromal elements,
epithelial expression of MMP-9 or MMP-14 correlates with decreased patient
survival.163,164,169–175 Interestingly, MMP-9 is expressed by primary ovarian
carcinoma cells derived from the ovary, metastatic implants, and ascites,174 but
MMP-9 expression is rapidly lost with increasing passage in culture.174 This loss
of MMP-9 expression in culture supports the hypothesis that microenviron-
mental factors including EGF receptor activators contribute to expression of
MMP-9 (and potentially other proteinases) in vivo.
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Proteinases also contribute to E-cadherin ectodomain shedding,176 and EGF
receptor activation generates an �80-kDa E-cadherin ectodomain fragment in
ovarian tumor cells.62 EGF-dependent downregulation of E-cadherin is blocked
by siRNA specifically directed against MMP-9, and associations between EGF
receptor activation, MMP-9 expression, and E-cadherin are evident in human
ovarian tumors and paired peritoneal metastases.62 E-cadherin ectodomain shed-
ding may contribute to ovarian cancer dissemination. The soluble E-cadherin
ectodomain itself becomes part of the ovarian tumor microenvironment and has
been detected in peripheral blood, ascites, and cystic fluids from ovarian cancer
patients, differentiating between benign andmalignant tumors.164,177–179 Further-
more, when this E-cadherin fragment is incubated with ovarian cancer cells at
concentrations found in human ovarian cancer ascites, the fragment induces
changes characteristic of a phenotypic EMT including altered morphology, dis-
ruption of cell-cell adhesion with loss of endogenous junctional E-cadherin
staining, and increased cell dispersion.164 This finding raises the intriguing possi-
bility of a cascade whereby EGF receptor activation leading to elevated MMP
expression and E-cadherin ectodomain shedding in the ovarian tumor microen-
vironment contributes to the EMT that occurs later in epithelial ovarian cancer
progression. A greater understanding of the full scope of EGF receptor–mediated
changes to the ovarian tumor microenvironment will require further study.

Potential Consequences of Sustained EGF Receptor Activation

The presence of EGF receptor activators in ovarian cancer ascites raises ques-
tions about the potential impact of chronic EGF receptor stimulation in ovarian
cancer. Typically, experimental studies involve short-term ligand exposures
(minutes, hours, or days) and may not fully reflect the outcome after persistent
EGF receptor activation as is likely to occur in the ovarian tumor microenviron-
ment. Little is known about the cellular consequences of persistent ligand stimu-
lation of the EGF receptor, but there are some intriguing studies where long-term
activation of the EGF receptor led to cancer-relevant responses. In EGF receptor–
overexpressing human tumor cells, extended EGF treatment disrupted cell-cell
adhesion and caused an EMT due to transcriptional downregulation of caveolin-1
and induction of the transcriptional repressor Snail.180 Treatment of A431 epider-
moid carcinoma cells with EGF for 30 weeks resulted in chemoresistance that was
not related to changes in EGF receptor levels or tyrosine phosphorylation but did
correspond with a decrease in topoisomerase II expression levels.181 In another
study, extended treatment with TGF-a promoted sequential conversion of mature
astrocytes into neural progenitors and stem cells.182 In each of these examples, the
cellular responses observed after persistent EGF receptor activation were distinct
from those after transient stimulation.

Some insights into the possible impact and therapeutic implications of
sustained EGF receptor activity in ovarian cancer may be gained from models
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of mutational EGF receptor activation. A constitutively active, extracellular

domain–truncated variant form of the epidermal growth factor receptor

(EGFRvIII) provides a model for the consequences of chronic EGF receptor

activation. EGFRvIII expression in various cell types confers increased cell

survival and resistance to radiation and chemotherapy183–185 and increased

migratory and invasive behavior.186–189 Introduction of EGFRvIII into an

epithelial ovarian cancer cell line (OVCA 433) results in a dissociated, motile

phenotype and fibroblastic morphology.118,126,190 Expression of this mutation-

ally activated EGF receptor leads to a loss of epithelial characteristics including

decreased levels of E-cadherin, keratins 7, 8, and 18, and mucins 1 and 4 and

gain of the mesenchymal markers N-cadherin and vimentin126 (Table 10.1).

Other consequences include decreased expression of additional adhesion mole-

cules (Table 10.1) and increased trafficking of integrin a2.118,190 Interestingly,
similar changes were detected after extended ligand stimulation of the wild-type

EGF receptor (Fig. 10.2). We compared short-term (24–48 hours) with long-

term (36 days) EGF exposure of OVCA 433 cells. Distinct differences in

Table 10.1 Consequences of mutationally activated EGF receptor (EGFvlll) expression in
ovarian epithelial carcinonma cells

Gene name Function
Fold change in
EGFRvlll-cells P value Validated

MMP-7 Protease #2 0.017 IF

Maspin Protease #3 0.018 ND

Plakoglobin Cell-cell contacts #3 0.002 IF, IB [126]

E-cadherin Cell-cell contacts #22 0.012 IF, IB RT-PCR126

N-cadherin Cell-cell contacts "2.5 <0.001 IB126

P-cadherin Cell-cell contacts #3.4 0.009 ND

R-cadherin Cell-cell contacts #1.9 0.015 IF

Integrin a2 Adhesion #2.1 0.050 IB, IF118

Integrin b4 Adhesion #7.8 0.001 IF

Integrin b6 Adhesion #2.5 0.014 IF

Integrin b8 Adhesion #2.7 0.016 IF

Laminin B1 Adhesion #2.4 0.009 ND

Laminin B2 Adhesion #1.8 0.032 ND

CD44 Adhesion #2.7 0.010 ND

CD24 Adhesion #20.2 0.005 ND

IF¼ immunofluorescence, IB= immunoblot analysis, RT-PCR¼ real-time PCR, ND¼ not
done. Sample preparation and microarray processing was done according to Affymetrix
Expression Analysis Technical Manual (Santa Clara, Ca) using the cancer chip microarray
GeneChip Human Cancer G110 Array P/N 900257 (HC-G110). The HC-G110 cancer oligo-
nucleotide expression array contained 1993 oligonucleotides for 1700 genes besides oligonu-
cleotides for control genes (total 2059 oligonucleotides). Analysis of the data was performed
using GeneSpring software version 4.2.1 (Silicon Genetices, San Carlos, CA) where an
average of the 5 replicates of each cell line was calculated. Down-regulated and up-regulated
genes were selected for inclusion in tables if the change was at least 2.0 fold. Statistical
comparisons for the expression profiles between cell lines expressing EGFRvIII in compar-
ison to the vector control was done by GeneSpring using a Welch t-test.
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response were observed for the mesenchymal markers vimentin and N-cadherin.

Vimentin expression was elevated within 72 hours of EGF treatment and readily

returned to baseline levels after EGF withdrawal. In contrast, no significant

increase in N-cadherin expression was detected within this time frame

(Fig. 10.2). The migratory and fibroblastic phenotype also reverted to the epithe-

lial morphology within 24 hours of EGF withdrawal after short-term EGF

exposure (Fig. 10.3). After 36 days of continuous EGF exposure, both vimentin

and N-cadherin were elevated and remained elevated after removal of EGF from

the growth medium (Fig. 10.2). These findings suggest that although acute

signaling and downstream consequences of EGF receptor activation are largely

GAPDH

Vimentin

N-cadherin

EGF – – +  +   +  +       – – +  +  – – +  +  
Treat 72h Out 24h Treat 36d Out 4d

Fig. 10.2 Chronic EGF treatment leads to persistent elevation of mesenchymal markers.OVCA
433 cells were grown as described117 without (–) or with (+) EGF for 72 hours (left panel ) or
continuously for 36 days (right panel ). After the indicated exposures, cells were rinsed twice
with phosphate-buffered saline and placed in growth medium without EGF for the indicated
time points. Protein lysates were resolved by sodium dodecyl sulfate–polyacrylamide gel
electrophoresis, and the mesenchymal markers N-cadherin and vimentin were detected by
immunoblot analysis. GAPDH was used as a loading control

Control EGF, 24h EGF, 48h EGF, 24h
w/o EGF, 24h

Fig. 10.3 Mesenchymal phenotype is reversible after short-term EGF treatment. OVCA 433
cells were maintained in serum-free medium containing 0.1% bovine serum albumin (w/v) for
24 hours prior to treatment without EGF (control) or with 10 nM EGF for the indicated
times. For EGF withdrawal (far right panel ), cells were treated with EGF for 24 hours, rinsed
twice in phosphate-buffered saline, then returned to serum-free medium. Cell phenotype was
documented by phase-contrast microscopy and digital imaging
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reversible upon ligand withdrawal, chronic EGF receptor signaling may lead to

more persistent changes.
There is precedence for conversion from an initially reversible to irreversible

phenotype due to an exogenous stimulus. Chronic exposure to either MMP-3 or

MMP-9 (but not MMP-2) mediates an EMT and genomic instability in mam-

mary epithelial cells.191 ThisMMP-drivenEMT is initially reversible but becomes

persistent by a mechanism associated with expression of Rac1b, a splice variant

of Rac1.191 Thismay also occur in vivo as expression of an autoactivating formof

MMP-3 leads to the spontaneous development of premalignant and malignant

lesions in themammary glands of transgenicmice.192 The impact of chronic EGF

receptor activation on the development and/or progression of ovarian cancer is

unclear at this time, however it is likely that the interplay between bioactive

compounds in the ovarian tumor microenvironment and stimulation of EGF

receptor signaling pathways is an important aspect of ovarian cancer

pathobiology.

Conclusion

There is abundant evidence that EGF receptor activation drives cellular

processes linked to ovarian tumor development, tumor cell survival, and metas-

tasis. Because few studies have investigated activated (phosphorylated) EGF

receptor in ovarian tumors, we are uncertain about the extent of EGF receptor

activation in this disease. Further studies to examine the relationship between

pEGFR and patient outcomes is needed to resolve key questions surrounding

the clinical impact of EGF receptor expression and activation in ovarian cancer.

Recent studies strongly suggest that factors present in ovarian cancer ascites

such as HB-EGF and GPCR ligands activate the EGF receptor and may

present an environment that fosters persistent receptor stimulation. Greater

understanding and identification of ligand and nonligand activators of the EGF

receptor in the ovarian tumor microenvironment may offer new therapeutic

approaches involving combinatorial therapies to target the EGF receptor and

mediators of EGF receptor activation and/or transactivation partners. A num-

ber of studies suggest that persistent activation of the EGF receptor contributes

to chemoresistance and EMT in human tumor cells, and we find mesenchymal

transformation of ovarian tumor cells driven by mutational EGF receptor

activation or chronic EGF treatment. The emerging evidence that chronic

stimuli such as MMPs or EGF receptor activity can lead to phenotypes that

persist after withdrawal of the stimulus may have relevance to explain the

disappointing efficacy of EGF receptor–targeted therapeutics observed thus

far in ovarian cancer. Overall, current evidence indicates that the EGF receptor

and its ligands are important to normal ovarian function and the pathobiology

of ovarian cancer. Further studies will be needed to better understand the
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dynamic relationship between the ovarian tumor microenvironment, EGF

receptor activation, and disease outcome.
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126. Rosanò L, Di Castro V, Spinella F, et al. Combined targeting of endothelin A receptor
and epidermal growth factor receptor in ovarian cancer shows enhanced antitumor
activity. Cancer Res. 2007 Jul 1;67(13):6351–6359.

127. Rosso O, Piazza T, Bongarzone I, et al. The ALCAM shedding by the metalloprotease
ADAM17/TACE is involved in motility of ovarian carcinoma cells. Mol Cancer Res.
2007 Dec;5(12):1246–1253.

128. Zhou HY, Pon YL, Wong AS. Synergistic effects of epidermal growth factor and
hepatocyte growth factor on human ovarian cancer cell invasion and migration: role
of extracellular signal-regulated kinase 1/2 and p38 mitogen-activated protein kinase.
Endocrinology. 2007 Nov;148(11):5195–5208.

129. Matsuzaki H, Kobayashi H, Yagyu T, et al. Reduced syndecan-1 expression stimulates
heparin-binding growth factor-mediated invasion in ovarian cancer cells in a urokinase
independent mechanism. Oncol Rep. 2005 Aug;14(2):449–457.

130. Ueda M, Ueki M, Terai Y, et al. Biological implications of growth factors on the
mechanism of invasion in gynecological tumor cells. Gynecol Obstet Invest. 1999;48(3):
221–228.

131. Galway AB, Oikawa M, Ny T, et al. Epidermal growth factor stimulates tissue plasmi-
nogen activator activity and messenger ribonucleic acid levels in cultured rat granulosa
cells: mediation by pathways independent of protein kinases-A and -C. Endocrinology.
1989 Jul;125(1):126–135.

132. Fodde R, Brabletz T. Wnt/beta-catenin signaling in cancer stemness and malignant
behavior. Curr Opin Cell Biol. 2007;19:150–158.

133. Hudson LG, Zeineldin R, Stack MS. Phenotypic plasticity of neoplastic ovarian epithe-
lium: unique cadherin profiles in tumor progression. Clin Exp Metastasis. 2008;25(6):
643–655.

134. diZerega GS and Rodgers KE. Peritoneal Exudate. The Peritoneum, Berlin: Springer
Verlag; 1992:26–56.

135. Shen-Gunther J, Mannel RS. Ascites as a predictor of ovarian malignancy. Gynecol
Oncol. 2002 Oct;87(1):77–83.

136. Faça VM, Ventura AP, FitzgibbonMP, et al. Proteomic analysis of ovarian cancer cells
reveals dynamic processes of protein secretion and shedding of extra-cellular domains.
PLoS ONE. 2008 Jun 18;3(6):e2425.

10 Activated Epidermal Growth Factor Receptor in Ovarian Cancer 223



137. Miyamoto S, Yagi H, Yotsumoto F, et al. New approach to cancer therapy: heparin
binding-epidermal growth factor-like growth factor as a novel targeting molecule.
Anticancer Res. 2007 Nov–Dec;27(6A):3713–3721.

138. Miyamoto S, Yagi H, Yotsumoto F, et al. Heparin-binding epidermal growth factor-like
growth factor as a new target molecule for cancer therapy. Adv ExpMed Biol. 2008;622:
281–295.

139. Braun AH, Coffey RJ. Lysophosphatidic acid, a disintegrin and metalloprotease-17 and
heparin-binding epidermal growth factor-like growth factor in ovarian cancer: the first
word, not the last. Clin Cancer Res. 2005 Jul 1;11(13):4639–4643.

140. Prenzel N, Zwick E, Daub H, et al. EGF receptor transactivation by G-protein-coupled
receptors requires etalloproteinase cleavage of proHB-EGF. Nature. 1999 Dec
23–30;402(6764):884–888.

141. Hsieh M, Conti M. G-protein-coupled receptor signaling and the EGF network in
endocrine systems. Trends Endocrinol Metab. 2005 Sep;16(7):320–326.

142. Fischer OM, Hart S, Ullrich A. Dissecting the epidermal growth factor receptor signal
transactivation pathway. Methods Mol Biol. 2006;327:85–97.

143. Bhola NE, Grandis JR. Crosstalk between G-protein-coupled receptors and epidermal
growth factor receptor in cancer. Front Biosci. 2008 Jan 1;13:1857–1865.
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154. Spinella F, Rosanò L, Elia G, et al. Endothelin-1 stimulates cyclooxygenase-2 expression
in ovarian cancer cells through multiple signaling pathways: evidence for involvement of
transactivation of the epidermal growth factor receptor. J Cardiovasc Pharmacol. 2004
Nov;44(Suppl 1):S140–S143.

155. Vacca F, Bagnato A, Catt KJ, et al. Transactivation of the epidermal growth factor
receptor in endothelin-1-induced mitogenic signaling in human ovarian carcinoma cells.
Cancer Res. 2000 Sep 15;60(18):5310–5317.

156. Fang X, Gaudette D, Furui T, et al. Lysophospholipid growth factors in the initiation,
progression, metastases, and management of ovarian cancer. Ann NY Acad Sci. 2000
Apr;905:188–208.

224 L.G. Hudson et al.



157. Pustilnik TB, Estrella V, Wiener JR, et al. Lysophosphatidic acid induces urokinase
secretion by ovarian cancer cells. Clin Cancer Res. 1999;5(11):3704–3710.

158. Fishman DA, Liu Y, Ellerbroek SM, et al. Lysophosphatidic acid promotes matrix
metalloproteinase processing andMMP-dependent invasion in ovarian carcinoma cells.
Cancer Res. 2001;61:3194–3199.

159. Symowicz J, Adley BP,WooMMM, et al. Cyclooxygenase-2 functions as a downstream
mediator of lysophosphatidic acid to promote aggressive behavior in ovarian carcinoma
cells. Cancer Res. 2007;67(5):2030–2039.

160. BianD, Su S,Mahanivong C, et al. Lysophosphatidic acid stimulates ovarian cancer cell
migration via a ras-MEK kinase 1 pathway. Cancer Res. 2004;12:4209–4217.

161. LaffargueM,Raynal P, Yart A, et al. An 3-kinase by lysophosphatidic acid. J Biol Chem
1999; 274(46):32835–32841.

162. Kim SN, Park JG, Lee EB, et al. Characterization of epidermal growth factor receptor
function in lysophosphatidic acid signaling in PC12 cells. J Cell Biochem. 2000;76(3):
386–393.

163. Ghosh S,WuY, StackMS.Ovarian cancer-associated proteinases. In StackMS, Fishman
DA, editors. Cancer treatment and research: Ovarian cancer. Boston: Kluwer Academic
Press; 2002:331–352.

164. Symowicz J, Adley BP, Gleason KJ, et al. Engagement of collagen-binding integrins
promotes matrix metalloproteinase-9-dependent E-cadherin ectodomain shedding in
ovarian carcinoma cells. Cancer Res. 2007 Mar 1;67(5):2030–2039.

165. Do TV, Symowicz JC, Berman DM, et al. Lysophosphatidic acid down-regulates stress
fibers and up-regulates pro-matrix metalloproteinase-2 activation in ovarian cancer
cells. Mol Cancer Res. 2007 Feb;5(2):121–131.

166. Fisher KE, Pop A, Koh W, et al. Tumor cell invasion of collagen matrices requires
coordinate lipid agonist-induced G-protein andmembrane-type matrix metalloproteinase-
1-dependent signaling.Mol Cancer. 2006 Dec 8;5:69.

167. Wang FQ, Smicun Y, Calluzzo N, et al. Inhibition of matrilysin expression by antisense
or RNA interference decreases lysophosphatidic acid-induced epithelial ovarian cancer
invasion. Mol Cancer Res. 2006 Nov;4(11):831–841.

168. So J, Navari J, Wang FQ, et al. Lysophosphatidic acid enhances epithelial ovarian
carcinoma invasion through the increased expression of interleukin-8. Gynecol Oncol.
2004 Nov;95(2):314–322.

169. Huang LW, Garrett AP, Bell DA, et al. Differential expression of matrix metallopro-
teinase-9 and tissue inhibitor of metalloproteinase-1 protein and mRNA in epithelial
ovarian tumors. Gynecol Oncol. 2000;77:369–376.

170. Davidson B, Goldberg I, Gotlieb WH, et al. High levels of MMP2, MMP9, MT1-MMP
and TIMP-2 mRNA correlate with poor survival in ovarian carcinoma. Clin Exp
Metastasis 1999;17:799–808.

171. Naylor MS, Stamp GW, Davies BD, et al. Expression and activity of MMPs and their
regulators in ovarian cancer. Int J Cancer. 1994;58:50–56.

172. Fishman DA, Bafetti LM, Banionis S, et al. Production of extracellular matrix-degrading
proteinases by primary cultures of human epithelial ovarian carcinoma cells. Cancer.
1997;80:1457–1463.

173. Young TN, Rodriguez GC, Rindhart AR, et al. Characterization of gelatinases linked to
extracellular matrix invasion in ovarian adenocarcinoma: purification of matrix metal-
loproteinase 2. Gynecol Oncol. 1996;62:89–99.

174. Fishman, DA, Bafetti, LM, Stack MS. Membrane-type matrix metalloproteinase
expression and matrix metalloproteinase-2 activation in primary human ovarian epithe-
lial carcinoma cells. Invasion Metastasis. 1996;16:150–159.

175. DeClerck YA. Interactions between tumour cells and stromal cells and proteolytic
modification of the extracellular matrix by metalloproteinases in cancer. Eur J Cancer.
2000;36:1258–1268.

10 Activated Epidermal Growth Factor Receptor in Ovarian Cancer 225



176. De Wever O, Derycke L, Hendrix A, et al. Soluble cadherins as cancer biomarkers. Clin
Exp Metastasis. 2007;24(8):685–697.

177. Veatch AL, Carson LF, Ramakrishnan S. Differential expression of the cell-cell adhesion
molecule E cadherin in ascites and solid human ovarian tumor cells. Int J Can. 1994;58:
393–399.

178. Darai E, Bringuier AF, Walker-Combrouze F, et al. Soluble adhesion molecules in
serum and cyst fluid from patients with cystic tumors of the ovary. Human Repord.
1997;13:2831–2835.

179. Sundfeldt K, Ivarsson K, Rask K, et al. Higher levels of soluble E-cadherin in cyst fluid
from malignant ovarian tumors than in benign cysts. Anticancer Res. 2001;21:65–70.

180. Lu Z, Ghosh S, Wang Z, Hunter T. Downregulation of caveolin-1 function by EGF
leads to the loss of E-cadherin, increased transcriptional activity of beta-catenin, and
enhanced tumor cell invasion. Cancer Cell. 2003;4(6):499–515.

181. Tsang WP, Kong SK, Kwok TT. Epidermal growth factor induction of resistance to
topoisomerase II toxins in human squamous carcinoma A431 cells. Oncol Rep. 2006;
16(4):789–793.

182. Sharif A, Legendre P, Prévot V, et al. Transforming growth factor alpha promotes
sequential conversion of mature astrocytes into neural progenitors and stem cells.
Oncogene. 2007 Apr 26;26(19):2695–2706.

183. Nagane M, Levitzki A, Gazit A, et al. Drug resistance of human glioblastoma cells
conferred by a tumor-specific mutant epidermal growth factor receptor through mod-
ulation of Bcl-XL and caspase-3-like proteases. Proc Natl Acad Sci USA. 1998 May
12;95(10):5724–5729.

184. Weppler SA, Li Y, Dubois L, et al. Expression of EGFR variant vIII promotes both
radiation resistance and hypoxia tolerance. Radiother Oncol. 2007 Jun;83(3):333–339.

185. Luwor RB, Zhu HJ, Walker F, et al. The tumor-specific de2-7 epidermal growth factor
receptor (EGFR) promotes cells survival and heterodimerizes with the wild-type EGFR.
Oncogene. 2004 Aug 12; 23(36):6095–6104.

186. Pedersen MW, Pedersen N, Damstrup L, et al. Analysis of the epidermal growth factor
receptor specific transcriptome: effect of receptor expression level and an activating
mutation. J Cell Biochem. 2005 Oct 1;96(2):412–427.

187. Pedersen MW, Tkach V, Pedersen N, Berezin V, Poulsen HS. Expression of a naturally
occurring constitutively active variant of the epidermal growth factor receptor in mouse
fibroblasts increases motility. Int J Cancer. 2004 Feb 20;108(5):643–653.

188. Lal A, Glazer CA, Martinson HM, et al. Mutant epidermal growth factor receptor up-
regulates molecular effectors of tumor invasion. Cancer Res. 2002 Jun 15; 62(12):
3335–3339.

189. Damstrup L, Wandahl Pedersen M, Bastholm L, Elling F, Skovgaard Poulsen H.
Epidermal growth factor receptor mutation type III transfected into a small cell lung
cancer cell line is predominantly localized at the cell surface and enhances the malignant
phenotype. Int J Cancer. 2002 Jan 1;97(1):7–14.

190. Ning Y, Buranda T, Hudson LG. Activated epidermal growth factor receptor induces
integrin alpha2 internalization via caveolae/raft-dependent endocytic pathway. J Biol
Chem. 2007 Mar 2;282(9):6380–6387.

191. Radisky DC, Levy DD, Littlepage LE, et al. Rac1b and reactive oxygen species mediate
MMP-3-induced EMT and genomic instability. Nature. 2005 Jul 7;436(7047):123–127.

192. Sternlicht MD, Bissell MJ, Werb Z. The matrix metalloproteinase stromelysin-1 acts as
a natural mammary tumor promoter. Oncogene. 2000 Feb 21;19(8):1102–1113.

226 L.G. Hudson et al.



Chapter 11

Ras-Superfamily GTP-ases in Ovarian Cancer

Kwai Wa Cheng, Roshan Agarwal, and Gordon B. Mills

Introduction

Small guanosine triphosphatases (GTPase), together with their associated reg-

ulators and effectors, play an important role in signal transduction pathways

and as regulators of diverse cellular processes, including differentiation, cell

division, cell proliferation, vesicle transport, nuclear assembly, and cytoskele-

ton formation. The Ras sarcoma (Ras) oncoproteins, including HRas, KRas,

and NRas, are the founding members of the Ras-related oncoprotein super-

family. Comparative genomic analyses based on sequence and functional

domain homology have revealed that this superfamily has more than 170

members,1 which can be subdivided into five major branches: the Ras, Rho,

Rab, Ran, and Arf subfamilies.2–6 Variations in structure7 and posttransla-

tional modifications control specific cellular localization of Ras-superfamily

proteins to specific subcellular compartments and recruitment of downstream

effectors that allow these small GTPases to function as sophisticated modula-

tors of a remarkably complex and diverse range of cellular processes, including

transmembrane signal transduction (Ras), cytoskeletal reorganization (Rho),

gene expression (Ras, Rho), intracellular vesicle trafficking (Rab, Arf), and

microtubule organization and nucleocytoplasmic transport (Ran). Of the small

G-proteins, the Ras subfamily of GTPases is the most studied, in large part

because of their critical roles in human oncogenesis.8 Recently, Rho and Rab

GTPases have been implicated in playing a role in cancer and will also be

discussed in this review.
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Small GTPase Activation and Posttranslational Modification

Ras-superfamily proteins share a conserved mechanism of operation

(Fig. 11.1). The activity of these proteins is determined by the relative

amount of GTP-bound (active) versus GDP-bound (inactive) forms, as this

induces conformational changes in the switch I and switch II regions that are

critical for association with regulatory and effectors proteins, resulting in

modulation of binding affinities.8–12 Although the small GTPases exhibit

high-affinity binding for GDP and GTP, the intrinsic GTP hydrolysis and

GDP/GTP exchange activities of these proteins is very low in the absence of

additional regulatory proteins. In vivo, the GDP/GTP exchange and GTPase

activity are regulated by a complex regulatory network consisting of several

classes of proteins including guanine nucleotide exchange factors (GEFs),13

which promote dissociation of bound GDP and formation of the active GTP-

bound complex,14 whereas GTPase-activating proteins (GAP) accelerate the

intrinsic GTPase activity to promote formation of the inactive GDP-bound

form.15

Ras
GTP

GDP

Ras

GEF

phosphate
GTP

GAP

Rab/Rho

GTP

GDP
Rab/Rho

GDP
Rab/Rho

GDI

GDI

GDI

GTPGAP
GEF

activation, downstream effectors and functions

a) Ras b) Rab/Rho

Fig. 11.1 Regulation of Ras-superfamily GTPase activation. (a) Guanine nucleotide exchange
factor (GEF) catalyzes exchange of GDP to GTP leading to activation of Ras GTPase,
whereas GTPase activating protein (GAP), which stimulates the intrinsic GTPase activity,
leads to GTP hydrolysis and inactivation. Cycling between GDP-bound (inactive) and GTP-
bound (active) forms is coupled to the transduction of an upstream signal to downstream
effectors and functions. (b) Controlling Rab and Rho GTPase activation between GDP- and
GTP-bound states is similar to that of Ras by GEF and GAP. However, an addition protein,
guanine nucleotide dissociation inhibitor (GDI), binds Rab or RhoGTPases and regulates its
activation and membrane-to-cytosol cycling
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Posttranslational modifications, such as farnesylation, prenylation, and ger-
anylgeranylation, which are important for protein-protein interactions, protect
them from proteolytic degradation and, more importantly, facilitate membrane
attachment, direct subcellular localization, and add an additional layer of
regulation of function of Ras-superfamily GTPases.16 The majority of Ras
and Rho family proteins have a C-terminal CAAX (C¼Cys, A¼ aliphatic, X
¼ any amino acid) tetrapeptide motif that is the recognition sequence for
farnesyltransferase and geranylgeranyltransferase I, which catalyze the cova-
lent addition of a farnesyl or geranylgeranyl isoprenoid, respectively, to the
CAAX cysteine residue.17 In contrast, Rab family proteins terminate in a
distinct set of cysteine-containing C-terminal motifs (CC, CXC, CCX,
CCXX, or CCXXX) that are similarly modified by geranylgeranyltransferase
II. Rho and Rab GTPases are also regulated by a further class of proteins,
guanine nucleotide dissociation inhibitors (GDIs), which inhibits GDP disso-
ciation and promotes cytosolic sequestration of these GTPases.18,19

Ras in Cancer

The role of the Ras subfamily of GTPases in carcinogenesis is well established.
Approximately 20% to 30% of all tumors exhibit mutation of one of the three
RAS (KRAS, NRAS, and HRAS) genes, with the relative frequency of involve-
ment estimated to be 85%, 15%, and 1% for KRAS, NRAS, and HRAS,
respectively.20 The selectivity in the relative frequency of mutation of the RAS
genes is also paralleled by differences in the specificity of mutations in the three
genes in different cancers, as exemplified by KRAS mutations in pancreatic
cancer, NRAS in melanoma, and HRAS in bladder cancers, which is thought
to reflect their overlapping yet unique tissue-specific expression and function.

Oncogenic RAS mutations in general result in loss of GTPase activity and
stabilization of the GTP-bound conformation, preventing timely transition from
an active to an inactive state and prolonged stimulation of downstream effectors,
with the majority of mutations confined to the GTPases domain and codons
12, 13, and 61.21 The importance of RAS signaling in cancers is also highlighted
by the fact that while a number of tumors do not exhibit RAS gene mutations,
nevertheless they do exhibit RAS pathway activation via aberrations of genes
involved in regulation of RAS activity such as the GTPase activating proteins
GAPs (e.g., NF1) and/or of RAS effector proteins such as the p110alpha subunit
of phosphoinositide-3 kinase (PI3K) PI3K (amplified in approximately 30% of
ovarian cancers) and v-raf murine sarcoma viral oncogene homolog B1(BRAF)
BRAF in melanomas.22,23 The role of Ras activation in the promotion and
maintenance of the malignant phenotype as well as resistance to therapy has
been extensively explored in a number of in vitro studies (reviewed in Schubbert
et al.24). In vivo, in the context of ovarian cancer in particular, mouse models of
targeted activation of KRAS have been shown to induce poorly differentiated
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invasive ovarian carcinomas albeit in p53–/– transgenic mice with concomitant
activation of c-myc and/or akt.25

In ovarian cancer, the overall frequency ofRASmutations identified to date at
the Sanger center as part of the COSMIC project are 17% for KRAS, 4% for
NRAS, and 0% for HRAS, but with significant variation in mutation rates
between the various histologic subtypes of ovarian cancer (http://www.sanger.
ac.uk/genetics/CGP/cosmic/). The majority of mutations of KRAS are observed
in serous borderline, mucinous borderline, and invasive mucinous tumors with
estimated frequencies of 30%, 50%, and 10%.24 Occasional mutations of KRAS
have also been observed in endometrioid and clear cell carcinomas.25–27 How-
ever, in invasive serous carcinomas, which are responsible for approximately
80% of all ovarian cancers, RAS mutations are rare, being found only in-
frequently in those uncommon cases with transition of serous borderline tumors
to invasive cancers,25–27 although one study has reported a frequency of 35% in a
series of 94 nonmucinous ovarian cancers. Despite this, the current view is that
while there is a high preponderance of RAS gene mutations in specific subtypes,
the overall prevalence in ovarian cancer is low. Furthermore, the different
frequencies of RAS mutations in different ovarian cancer histotypes provides
evidence that these tumors arise via distinct pathways and provides a mechanistic
basis for differences in the clinical behavior of these tumors.

Although the majority of serous ovarian cancers do not exhibit RAS muta-
tions, frequent activation of the RAS pathway in these tumors has been demon-
strated via other mechanisms,28–31 and occasional RAS gene amplification.32 Ras
protein overexpression independent of gene amplification and/or mutation has
been demonstrated in epithelial ovarian cancers relative to normal ovarian surface
epithelium and benign tumors.28–31While p21 Ras expression in these studies was
not associated with tumor stage, grade, or histology, the data with respect to
survival is mixed. An association between RAS overexpression and poor prog-
nosis was reported by Scambia et al.28 in univariate andmultivariate analyses, but
not in another study by van Dam et al.33 in a multivariate analysis based on
fluorescence-activated cell sorting (FACS) FACS-based quantification of RAS
expression, although van Dam et al.33 observed RAS overexpression in 20% of
tumors, with a further increase in expression in residual tumors after chemother-
apy or at recurrence, suggesting that RAS expression may be involved in resis-
tance to therapy. In addition, KRASmutation status was also not associated with
survival in a series of 97 invasive nonmucinous ovarian tumors by Cuatrecasas et
al.34 or response to chemotherapy in a series of 74 patients with ovarian cancer.35

Rho in Cancer

The Rho subfamily is functionally important primarily in cell migration and
invasion. Unlike the Ras subfamily, Rho subfamily gene mutations in tumors
are rare, but overexpression is more common.36 Increased expression of RhoA,
RhoC, Cdc42, and Rac1 and Rac2 have been documented in multiple tumors,
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including breast, colon, bladder and testicular, melanoma, pancreatic, as well as
head and neck cancers.36–41 In addition, the correlation of increased levels of
these GTPases consistently with aggressive histologic features and clinical out-
come suggests an important role for these genes in tumorigenesis.37,39,40 The
lack of mutational activation and the frequent increase in of Rho proteins level
in cancers suggests that cycling of Rho proteins between active (GTP-bound)
and inactive (GDP-bound) conformations may be essential for Rho-mediated
biological function in cancer.42,43

Among itsmany functions,RhoAhas been shown to play a key role in epithelial
cell motility, at least in part through its effector Rho-kinase. Recent studies have
indicated a role of Rho and its associated protein in regulating ovarian cancer cell
invasion properties.44,45 The expression levels of RhoA and RhoC were signifi-
cantly higher in advanced-stage carcinomaswhen comparedwith benign and early-
stage tumor, respectively,44 with both RhoA and RhoC mRNA levels higher in
metastatic than in primary tumors. In keeping with such a role, in the ovarian
SKOV3 cell line model, Rho-specific inhibition has been shown to suppress inva-
sion.44 Further, p160ROCK, a kinase effector of RhoA-mediator, contributes to
RhoA-mediated migration and invasion as demonstrated by the decrease in moti-
lity and invasive properties after downregulation of p160ROCK by antisense
oligonucleotides and enhancement of cell migration and invasion with transfection
of dominant active p160ROCK.45 Similarly, downregulation of a novel Rho
GTPase-activating protein DLC-3 (deleted in liver cancer-3) was has been
observed in ovarian as well as in kidney, lung, uterine, and breast cancers46 further
supporting a role for Rho and its regulatory proteins in ovarian cancer.

Rab in Cancer

Rab proteins, first identified as Ras-related genes expressed in rat brain,47

represent the largest subfamily of the Ras superfamily with more than 70
putative members in human genomes compared with approximately 32 in
fruitfly.1 Studies on Rab GTPases have revealed that Rab proteins are major
regulators of intracellular vesicular transport and trafficking of proteins
between organelles of the endocytic and secretory pathways.48 Indeed, the
much larger number of Rab proteins in mammals reflects the higher complexity
of transport events in higher eukaryotes, as indicated by the fact that several
mammalian Rab proteins are expressed only in certain tissues and differen-
tiated cell types, where they participate in specialized transport pathways.48,49

Characterization of half of the known Rab GTPases has not only revealed
the complexity of membrane trafficking circuits but also showed that Rab
GTPases are critical for mediating signaling transduction, control of cell pro-
liferation, and differentiation. Rab proteins are increasingly being found down-
stream of signaling cascades affecting gene expression and growth control.
Rab5, for example, is implicated in epidermal growth factor (EGF) signaling
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and thought to sequester APPL1, an adaptor protein involved in chromatin
remodeling, apoptosis, and gene expression, on endosomes so it cannot enter
the nucleus until activation signals are received.50,51 APPL1 and 2 are localized
to a subpopulation of Rab5-positive endosomes that appear segregated from
the well-characterized canonical early endosomes marked by another Rab5
effector EEA1.APPL-harboring endosomes selectively acquire specific endocytic
cargo such as the epidermal growth factor receptor (EGFR) but not transferrin
receptors, thus raising a possibility that they represent a specialized endosomal
compartment devoted to mediating critical signaling events. Further analysis of
APPL1 demonstrated that its intracellular distribution is dynamic and changes in
response to extracellular stimuli such as EGF or oxidative stress.51 Therefore,
endosomes can be considered as intracellular platforms for active signal propa-
gation, enabling a precise spatial and temporal control of cellular responses.54

Other Rab subfamily members that signal to the nucleus, such as Rab5, Rab8,
and Rab24, might work in concert with the Ran GTPases, which control nucleo-
cytoplasmic shuttling, to bring about rapid responses to signaling that require
changes in cell growth or differentiation.54,55 Rab32, which regulates mitochon-
drial fission, may participate in adaptation to changing energy requirements
during growth.54,55 In addition, cell proliferation, migration, and differentiation
may also be regulated through the coordinated actions of RabGTPases regulating
cell-matrix and cell-cell adhesion and those involved in growth-regulatory signaling
and mitosis or apoptosis, such as Rab4a, Rab6a0, Rab8b, Rab11, Rab12, Rab13,
Rab21, Rab23, Rab25, and Rab35.52,58–64 Rab regulatory proteins [guanine
nucleotide exchange factors (GEFs), GTPase-activating proteins (GAPs), and
guanine nucleotide dissociation inhibitors (GDIs)] are also subject to phosphor-
ylation in response to stress and growth factor signaling, adding a further layer of
control and complexity in for the regulation of cellular trafficking networks.50,65

Given the importance of Rab GTPases in many cellular functions, it is not
surprising that altered expression or mutation of Rab proteins and/or their
effectors may underlie human diseases. Recent studies have demonstrated
multiple links between Rab GTPase dysfunction and associated regulatory
proteins in human diseases including neuronal dysfunction (Rab1 and Rab7),
retinal degeneration (Rab8), and immune and pigmentation disorders (Rab27
andRab38).66–69 For instance, Griscelli syndrome type 2 (GS2), which is caused
by mutation of the RAB27a gene,67 is a rare autosomal recessive disorder that
results in pigmentary dilution of the skin and hair, the presence of large clumps
of pigment in hair shafts, and an accumulation of melanosomes in melanocytes.
Most patients also develop an uncontrolled T-lymphocyte and macrophage
activation syndrome, known as hemophagocytic syndrome, leading to death
in the absence of bone marrow transplantation. Altered function of multiple
RAB regulatory proteins, such as RAB escort protein, RAB geranylgeranyl
transferase, and RAB GDP dissociated inhibitor, cause choroideremia (retinal
degeneration), Hermansky-Pudlak syndrome (a type of albinism that includes a
bleeding tendency and lung disease), and X-linked nonspecific mental retarda-
tion, respectively.63
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Dysregulation of RAB gene expressionmay also be a generalized component
of human tumors. Aberrant expression of the RAB subfamily of GTPases has
been documented, with overexpression of RAB5A and RAB7 in thyroid ade-
nomas68 and RAB1B, RAB4B, RAB10, RAB22A, and RAB24 in hepato-
cellular carcinomas and cholangiohepatomas.68,69 RAB25, located on chromo-
some 1q22, is amplified at the DNA level and overexpressed at the mRNA level
in ovarian and breast cancer and associated with a worsened outcome.70

Indeed, increased RAB25 levels have also been reported in prostate cancer,71

transitional cell carcinoma of the bladder,72 invasive breast cancer,60 liver
cancer cells,69 and Wilms tumor,73 suggesting a pathologic role of Rab25
proteins in development or progression of tumors of multiple lineages. Further,
we and others have demonstrated that the expression of Rab25 increases tumor
development, whereas downregulation of Rab25 by RNA interference (RNAi)
transfection significantly inhibits ovarian cancer growth in in vitro and in vivo
xenograft models.57,70

We have recently demonstrated that Rab25 promotes ovarian cancer cell
migration within a three-dimensional matrix that is characterized by the exten-
sion of long pseudopodia, and the association of the GTPase with alpha5b1
integrins promotes localization of vesicles that deliver integrin to the plasma
membrane at pseudopodial tips, as well as the retention of a pool of cycling
a5b1 integrin at the cell front,74 indicating that Rab25 could contribute to
tumor progression by directing the localization of integrin recycling vesicles,
thereby enhancing the ability of tumor cells to directionally invade the extra-
cellular matrix (ECM) and hence metastasis. Together, these data strongly
implicate Rab25 in tumorigenesis and in tumor aggressiveness.

Targeting Ras-Superfamily Protein in Cancer

Several strategies to therapeutically target the Ras superfamily in cancer are
being developed (readers are referred to a recent excellent review on this issue
by Konstantinopoulos et al.16). In brief, the first to enter clinical trials was
phosphothioridate-based antisense therapy to HRAS (ISIS2503) and c-RAF1
(ISIS5132). Although they were found to be relatively nontoxic in phase I
studies, to date they have not shown any significant efficacy in phase II
studies, despite promising activity in preclinicaltudies.75 Another strategy
has been to inhibit Ras-superfamily protein prenylation, which is required
for localization of RAS to the plasma membrane and efficient signaling. This
can potentially be achieved by inhibition of the mevalonate pathway by statins
and bisphosphonates, farnesyltransferase inhibitors (FTIs), and geranylger-
anyltransferase inhibitors (GGTIs). FTIs such as SCH115777 despite in vitro
ability to revert the transformed phenotype and impressive in vivo activity do
not appear to have significant activity in solid tumors in phase III trials.76,77

This is thought to be due to cross-prenylation of multiple Ras-superfamily
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members targeted by geranylgeranyltransferase in the context of FTIs, as well

as non-RAS targets of these drugs. More recent work has focused on the

identification of inter-facial inhibitors of the interaction of the RAS super-

family with its regulatory proteins such as GAP, GEF, andGDI; development

of GTP analogues; and kinase inhibitors of Ras-superfamily effectors as well

as upstream receptor tyrosine kinases. However, many of these are still in the

early phases of development. Challenges in development of these targeted

agents are that (1) Ras-superfamily GTPases and their regulatory proteins

within each subfamily are highly homologous; (2) regulatory proteins may

target more than one Ras-superfamily member; and (3) each Ras-superfamily

GTPase may in turn be regulated by multiple regulatory proteins, making the

identification of specific inhibitors difficult. Increased understanding of the

molecular mechanism of individual regulatory proteins and GTPase in differ-

ent tumor types and stage of the disease together with the cellular context is

therefore required to enable effective targeting of the Ras superfamily for

anticancer therapy.
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Chapter 12

Lipid Generation and Signaling in Ovarian Cancer

Yan Xu, Dongmei Wang, and Zeneng Wang

Introduction

Remaining as one of the most deadly diseases for the past several decades,

ovarian cancer will cause an estimated 15,520 deaths in the United States in

2008.1 From 1991 to 2004, the death rate of ovarian cancer has improvedmerely

8%.1 Lack of effective early detection, the highly metastatic nature of the

disease, and lack of highly effective therapeutic treatment for the late-stage

cancer are the main reasons for the low survival rate of patients with ovarian

cancer.2–4

The involvement of extracellular lipid signaling molecules, lysophosphatidic

acid (LPA) in particular, in ovarian cancer was first shown in 1995.5,6 Since

then, numerous reports have been published demonstrating that LPA regulates

almost every aspect of ovarian cancer cell biology, and LPA has been consid-

ered as an emerging and important target for ovarian cancer.7–15 Elevated LPA

levels in ascites and blood from patients with ovarian cancer have been reported

and supported by recent independent studies.8,16–18 The functions and signaling

pathways of LPA and their receptors in ovarian cancer and reproduction have

been rather extensively reviewed in recent years.7–11,13–15,19–27 LPA production

and action in cancer and other cells have also been reviewed in recent

years.7,27–29 The current review will focus on enzymes modulating LPA levels

and regulation of these enzymes in ovarian cancer. In particular, the role of

phospholipase A2 (PLA2) in ovarian cancer has been reviewed in great detail in

recent years. In addition, the dual roles of sphingosine-1-phosphate (S1P) in

ovarian epithelial cells will be discussed.
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Enzymes Involved in LPA Generation in Ovarian Cancer

The metabolisms of intracellular and extracellular LPA are controlled by many

different enzymes. Figure 12.1 summarizes the enzymes involved in the synth-

esis and degradation of LPA. This reviewwill focus on several enzymes involved

in ovarian cancer.

Fig. 12.1 Metabolism of LPA. Intracellular LPA is synthesized by two major pathways: an
ATX-mediated conversion of LPC to LPA and/or a cPLA2- and/or an iPLA2-catalyzed
production of LPA. cPLA2 and/or an iPLA2 may be involved in both pathways, as the
substrate of ATX, LPC, can be produced by a cellular PLA2 and/or a PLA1 enzyme.
LysoPLD/ATX and LPPs have both intracellular and extracellular activities. The majority
of ATX is localized in intracellular organelles, and its extracellular action may be mediated by
either the membrane-bound or free form of ATX.7 LPPs are localized on the plasma,
endoplasmic reticulum, and Golgi membranes. On the plasma membrane, the activity sites
of these enzymes arefacing extracellular space (ecto-enzymes)95 and thus are functionally
responsible for degradation of LPA and other phospholipids extracellularly. DAG kinase and
LPAAT may only function intracellularly. Whether cells can uptake or release LPA and the
mechanisms involved are still elusive. sPLA2 and ATX (soluble enzymes) are the two enzymes
identified to directly produce extracellular LPA. LPPs, with their ecto-activities, are major
enzymes responsible for LPA extracellular degradation. A lysoPLA1 activity is likely to be
present in at least some cells, which is responsible for degradation of LPA extracellularly (see
text). PC, phosphatidylcholine; PA, phosphatidic acid; DAG, diacylglycerol; MAG, mono-
acylglycerol; PG, phosphatidylglycerol; cPLA2, cytosolic phospholipase A2; iPLA2, calcium-
independent phospholipase A2; PLD1/PLD2, phospholipase D1 and phospholipase D2;
PAP, phosphatidic acid phosphatase; LPAAT, LPA acyltransferase; lysoPLA/ATX, lyso-
phospholipase D/autotaxin; LPP, lysophospholipid phosphatase; sPLA2, soluble phospholi-
pase A2
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Lysophospholipase D (LysoPLD or Autotaxin)

Autotaxin Activity in Ovarian Cancer

Although lysophospholipase D (lysoPLD) activity, which produces LPA from

lysophosphatidylcholine (LPC) and possibly other lysophospholipids, was

detected and reported more than two decades ago,30–32 its molecular cloning

and identification were only achieved in 2002.19,33,34 LysoPLD is identical to

autotaxin (ATX), which is a tumor cell motility-stimulating factor, originally

isolated frommelanoma cell supernatants.19 Recently, vanMeeteren andMoo-

lenaar have extensively reviewed the ATX-LPA axis.35 Overexpression of ATX

and autocrine or paracrine production of LPA by ATX, which contributes to

tumor cell motility, survival, angiogenesis, and proliferation, have been shown

in multiple cancer types.34–42 In particular, lysoPLD activity in human perito-

neal fluid is significantly elevated under pathologic status in a number of gyne-

cologic cancers, including ovarian cancer, when compared with the serum

lysoPLD activity in clinical groups and healthy subjects.43 ATX also hydrolyzes

sphingosylphosphorylcholine (SPC) to produce shingosine-1-phosphate (S1P),

another important lysolipid in ovarian cancer.44 The current review emphasizes

several aspects related to ATX in ovarian cancer.

The Cellular Sources of ATX in Ovarian Cancer

The potential sources of ATX activity in the tumor microenvironment include

tumor cells and stroma, such as mesothelial cells, as well as inflammatory cells

and platelets activated by the proinflammatory tumor environment. Ovarian

cancer cell lines, including Dov13, Ovca3, and SKOV3, express ATX.7 Down-

regulation of ATX secretion in SKOV3 cells using antisense morpholino oligo-

mers significantly attenuates cell motility responses to vascular endothelial

growth factor (VEGF), ATX, LPA, and LPC.36 Paradoxically, when an ATX

activity was directly measured in several ovarian cancer cells lines, including

HEY, SKOV3, and OVCA420 using [3H]LPC as the substrate, we did not

observe its conversion to [3H]LPA under different conditions tested (data not

shown).Moreover, addition of ovarian cancer cells (such as SKOV3) to cell-free

ovarian cancer ascites or leaving the endogenous ovarian tumor cells in human

ovarian cancer ascites did not further enhance LPA production when compared

with that of cell-free ascites (our unpublished observations). Similarly, we did

not detect ATX activity from cultured human peritoneal mesothelial cells in

vitro, which are important host cells interacting with ovarian cancer cells in

vivo.45 These observations suggest that other cell types may contribute to the

ATX activity observed in human ovarian cancer ascites, which remains to be

identified. However, these data do not exclude the possibility that when cancer

and/or mesothelial cells are present in the tumor microenvironment in vivo,

they may exhibit ATX activity and be responsible for the production of LPA
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detected in human ovarian cancer ascites. The cellular source(s) of ascites LPA
remain to be further investigated.

ATX Expression in Ovarian Cancer

ATX mRNA levels are increased in a variety of cancers, including ovarian
cancer.7 The www.oncomine.org Web site provides comprehensive data on
gene expression in various normal and cancer tissues. Among different cancers,
clear cell renal carcinoma had very high levels of ATX (gene ENPP2) expression
when compared with many other cancer types, including different subtypes of
ovarian cancer (p¼ 2.9 � 10–22). In ovarian cancer, ovarian adenocarcinomas
(n¼ 31) express much higher levels of ATX than normal ovaries (n¼ 3)
(p¼ 2.44 � 10–13). However, decreased ATX levels have been shown in recur-
rence-positive versus negative ovarian cancer and higher grade/stage versus
lower grade/stage of ovarian cancer (www.oncomine.org). These data suggest
that (1) ATX and its product, LPA, may be involved in the early stage of
tumorigenesis; (2) the activity but not the RNA levels of ATX is more closely
related to ovarian cancer; and (3) other enzymes may also be involved in the
regulation of production or degradation of LPA in ovarian cancer. The con-
tributions of ATX to ovarian cancer development at different stages need
further investigation.

ATX Regulation in Ovarian and Other Cancers

1. The regulators of expression and/or activity of ATX
A link among ATX expression, LPA, and VEGF signaling in ovarian cancer
cell lines has been demonstrated.36 LPA stimulates VEGF secretion from
ovarian cancer cells.46 VEGF-A induces ATX expression and secretion,
resulting in increased extracellular LPA production. LPA, via LPA4, induces
VEGF receptor-2 (VEGFR2) expression. Downregulation of ATX secretion
in SKOV3 cells using antisense oligomers significantly attenuates cell moti-
lity responses to VEGF, ATX, LPA, and LPC, accompanied by decreased
LPA4 and VEGFR2 expression as well as increased release of soluble
VEGFR1. This interesting positive feedback loop involving VEGF, ATX,
and its product LPA may affect tumor progression in ovarian cancer cells.36

ATX activity can be analyzed using radioactive-labeled substrates (such
as [3H] or [14C]-LPC)47 (Fig. 12.1). Echelon Biosciences Inc. Salt Lake City,
UT has developed a fluorogenic lysoPLD substrate (L-2000), which is a
doubly labeled analogue wherein the fluorophore is quenched through
intramolecular energy transfer. Cleavage of the substrate by lysoPLD pro-
duces an increase in fluorescence. ATX uses a single catalytic site for the
hydrolysis of both lipid and nonlipid phosphodiesters. Using a sensitive
fluorescence resonance energy transfer-based phosphodiesterase sensor
assay for ATX, the two ATX products, LPA and sphingosine-1-phosphate,
have been shown to be specific and potent inhibitors of ATX in a mixed-type

244 Y. Xu et al.



manner.48 These results suggest that LPA and S1P negatively regulate their
own biosynthesis in the extracellular environment.

ATX activity is inhibited by ethylenediamine tetraacetic acid (EDTA),
which can be reversed by Co2þ or Zn2þ.47 L-Histidine inhibits ATX enzy-
matic activities in a noncompetitive manner, which can be reversed by 20-
fold lower concentrations of zinc salt.49 In addition, several growth factors/
cytokines regulate expression of ATX. In thyroid carcinoma cells, epidermal
growth factor (EGF) and basic fibroblast growth factor (bFGF) stimulate
ATX mRNA expression, whereas the cytokines interleukin-4 (IL-4), IL-1b
and transforming growth factor b (TGF-b) reduce ATX transcriptional
levels.39 Integrin a6b4 promotes expression of ATX in breast carcinoma
cells via transcriptional factor NFAT1, but not NFAT5.50 Epstein-Barr
virus induces autotaxin in Hodgkin lymphoma cells.51 How ATX expression
and/or activity are regulated in ovarian cancer warrants further study.

2. Hypoxia and ATX activity in ovarian cancer ascites
Tumor hypoxia is a common feature of solid tumors and is associated with
tumor growth, angiogenesis, resistance to apoptosis, and compromise in
radiotherapy and chemotherapy, as well as tumor metastasis.52–54 It
becomes a central issue in tumor pathology and cancer treatment. Rapid
growth of solid intraperitoneal tumors and large volumes of ascitic fluid
characterize ovarian cancer. In particular, large numbers of ovarian tumor
cells are present in ascitic fluids.We have found that human ovarian ascites is
hypoxic, and hypoxia increases ovarian cancer cellular responses to LPA in
cell migration and invasion.55

Compared with ascitic fluids from patients with hepatic liver diseases
(nonmalignant), ovarian cancer ascitic fluids contain much higher levels of
LPA.56,57 To determine the effect of hypoxia on LPA production, we incu-
bated two pairs of cell-free ascitic fluids (cells were removed by centrifuga-
tion and/or filtration through 0.22-mm filters) from patients with ovarian
cancer or chronic hepatitis at 378C under normoxia or hypoxia (1% O2). At
indicated time points, the LPA levels were analyzed using the electrospray
ionization mass spectrometry (ESI-MS) method developed previously.56,57

Ovarian cancer ascites not only contained higher initial levels of LPA but
also produced more LPA during incubation when compared with non-
malignant ascites (Fig. 12.2A, a–d). Intriguingly, modest but significantly
higher levels of LPA were produced under the hypoxic condition when
ascites was incubated >24 hours in ovarian cancer ascites (Fig. 12.2A, a
and b). These results suggest that a soluble LPA-producing enzyme(s) that is
sensitive to the hypoxic condition is present in ovarian cancer ascites.

To determine whether a lysoPLD-like activity was present in ovarian cancer
ascites, we incubated a radioactive [3H]-labeled LPC with ovarian cancer
ascites. We observed an increase in LPA production during incubation of
ovarian cancer ascites (Fig. 12.2B, a and b). The kinetics of LPA production
detected using either ESI-MS or the radioactive LPC conversion method was
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Fig. 12.2 The involvement of lysoPLD-like activity in hypoxia-enhanced production of LPA in

ascites. (A) Changes in LPA concentrations when ascitic fluids were incubated under normoxic
(¤ and solid line) or hypoxic conditions (& and dashed line, 1% O2) for the indicated time
points. O36 (a) and O37 (b) were ascitic fluids from two patients with ovarian cancer and N30
(c) andN35 (d) were ascitic fluids from two patientswith chronic hepatitis. LPAproductionwas
analyzed using the ESI-MSmethod.56,57 Panel (e) shows the distributions of LPA subspecies in
ovarian cancer ascites O36, which were not significantly changed under hypoxic conditions. A-
LPA, alkyl-LPA; An-LPA, alkenyl-LPA. Incubation time: 24 hours. (B) LysoPLD-like activity
in ovarian cancer ascites [(a) O36; (b) O37] during incubation under normoxic and hypoxic
conditions. Ascites was labeled with 20 nCi/ml 3H-LPC under normoxic or hypoxic conditions
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similar, suggesting that a lysoPLD-like activity may account for the major
portion of LPA production activity in ovarian cancer ascites when tested ex
vivo. A few more lines of evidence also supported this notion. First, ATP, a
known inhibitor for lysoPLD, dose- and time-dependently inhibited LPA
production in both normoxic and hypoxic cells (Fig. 12.2B, c and d). Second,
the enzymatic activity in ascites was sensitive to both EDTA and Ethylene
glycol-bis(beta-aminoethyl ether)-N,N,N0,N0-t etraacetic acid, suggesting that
bivalence metal ions are required for the activity. We found that Co2þ, an
activator of lysoPLD,34 enhanced the production of LPA (Fig. 12.2B, e).
Finally, another soluble enzyme, soluble phospholipase A2 (sPLA2), has been
shown to be able to produce LPA extracellularly.58 We tested the effect of a
specific sPLA2 inhibitor, thioether amide-PC (TA-PC), on LPA production in
ascites and found that TA-PC did not have a significant effect on LPA produc-
tion (Fig. 12.2B, f). Collectively, our data suggest that a lysoPLD or a lysoPLD-
like activity is present in ovarian cancer ascites, which is responsible for LPA
production ex vivo. These results are consistent with a recent publication showing
that lysoPLD activity in human peritoneal fluids is increased when measured by
quantifying choline released from exogenous LPC.43

Phospholipase A2

ThephospholipaseA2 (PLA2) familyof enzymes catalyzes thehydrolysis of the sn-2
position of phospholipids to generate free fatty acids and lysophospholipids. There
are at least 20different enzymes in this family,whichare classified into four groups
based on their cellular localization, substrate specificity, and calciumdependence:
secreted PLA2 (sPLA2), cytosolic PLA2 (cPLA2), the platelet activating factor
acetylhydrolase (PAFAHase), and calcium-independent PLA2 (iPLA2).

59–62

Fig. 12.2 (continued) for the indicated time points, and results were expressed as percent
radioactivity in LPA. The dose-dependent (c) and time-dependent (d) inhibitory effects
of ATP on the levels of LPA in ascites (O36) during incubation under normoxia (¤ and
solid line) and hypoxia (& and dashed line) conditions. The dose effect was determined
by radiolabeling of ascites (O36) with 20 nCi/ml 3H-LPC under normoxic or hypoxic
conditions for 24 hours and results were expressed as percent radioactivity in LPA. The
time effect was determined by MS after incubating ascites (O36) in the presence of ATP
(10 mM). LPA concentration in O36 incubated in the absence of ATP under normoxia
was taken as 100%. (e) Effects of Co2þ (1 mM) and metal ion chelating agents EDTA
(3 mM) and EGTA (3 mM) on the production of LPA via lysoPLD-like activity in
ascites (O37) incubated under normoxic and hypoxic conditions for 24 hours. The
radioactive-labeled LPC was used in these studies. (f)Effects of sPLA2 inhibitor
TA-PC (10 mM) on the concentrations of LPA in ascites (O36, O37) after incubation
under normoxic condition for 24 hours. The concentrations of LPA were determined by
ESI-MS and 1-myristoyl-2-hydroxyl-sn-3-phosphate (14:0-LPA) was added as an inter-
nal standard.LysoPLD-like activity was expressed as percent radioactivity in LPA after
ascites was radiolabeled. Data are presented as mean � SD for two independent
replicates. *p < 0.05; **p < 0.01 (Student’s t-test with two tails)
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Cytosolic PLA2 (cPLA2)

Group VI PLA2 (cPLA2; PLA2G6) is believed to play a central role in the release

of arachidonic acid (AA) in response to extracellular stimuli.61 Because all PLA2

produce both lysophospholipids and fatty acids, cPLA2 also produces cellular

lysophospholipids. However, the role of cPLA2 in generating extracellular and

signaling lysophospholipids has not been directly demonstrated, although inhibi-

tor studies have suggested that cPLA2 is involved in constitutive LPA synthesis in

ovarian cancer cells.63 The lysophospholipids generated by cPLA2 intracellularly

may be quickly metabolized to other lipids, and they may not be released or

secreted extracellularly as signaling molecules.

Fig. 12.2(Continued)
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cPLA2 is highly expressed in the ovary versus many other normal tissues.
Ovarian clear cell adenocarcinoma expresses higher levels of cPLA2 than do
normal ovaries, but ovarian serous adenocarcinoma expresses less cPLA2 than
do other ovarian subtypes (www.oncomine.org). Similar to ATX and other PLA2

(see later), there are increasing lines of evidence to support their roles in cancer,64,65

which may or may not be correlated with their RNA levels in cancers. It is well
known that cPLA2 activity is regulated by phosphorylation and translocation.61

cPLA2 is more likely to be involved in mediating LPA signaling than LPA
production. We have shown that in HEY ovarian cancer cells, when exogenous
LPA was added, it induces cell migration even when iPLA2 activity is blocked,
suggesting iPLA2 is involved in LPA production, but not downstream LPA
signaling in these cells. In contrast, exogenous LPA cannot reverse the inhibi-
tory effect on cPLA2, suggesting that cPLA2 is involved in LPA signaling
leading to cell migration.66

Secreted PLA2 (sPLA2)

sPLA2may be involved in extracellular LPAproduction in certain cells, including
ovarian cancer cells.58,61,63 In addition, sPLA2 is involved in cell invasion via
regulation of expression and secretion of matrix metalloproteinases (MMPs) in
cancer cells.58 Many different subtypes of sPLA2 have been identified. They
belong to I, II, III, IX, X, and XII PLA2 groups. Group X (PLA2G10) and
group IIA sPLA2 are upregulated in colon cancers versus many other cancer
types, including different subtypes of ovarian cancer. Group X (PLA2G10)
sPLA2 is upregulated in estrogen receptor–positive breast cancer versus estrogen
receptor–negative cancer, as well as metastatic prostate cancer versus prostate
carcinoma and normal prostate (www.oncomine.org). However, in ovarian can-
cer, while group X sPLA2 is upregulated in ovarian mucinous adenocarcinoma
(n¼ 13) versus normal ovary (n¼ 4) ( p¼ 7.1� 10–4), it is progressively decreased
from stage I to stage IV of ovarian adenocarcinoma ( p¼ 9.4 � 10–4), and lower
expression of sPLA2 was detected in the most commonly occurring ovarian
cancer type serous adenocarcinoma versus other ovarian subtypes types
(p¼ 0.001) (www.oncomine.org). Similarly, lower expression of group IIA
sPLA2 was detected in serous ovarian carcinoma versus normal ovaries
(www.oncomine.org). These data suggest that (1) group IIA and X sPLA2 may
not be involved in ovarian cancer, other thanmucinous ovarian adenocarcinoma;
(2) other subtypes of sPLA2 may be involved in ovarian cancer; and (3) the
activity regulated at the posttranscriptional level(s), but not the RNA levels of
sPLA2, may be involved in ovarian cancer. These issues warrant further studies.

Calcium-Independent PLA2 (iPLA2)

1. iPLA2 in LPA production in ovarian cancer
The mammalian iPLA2 family consists of two members, iPLA2b and
iPLA2g, with the former having been more extensively characterized. In
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recent years, the involvement of iPLA2 in a broad range of biological

processes, including proliferation, apoptosis, inflammation, and athero-

sclerosis, has been revealed.59,67,68

HELSS (the haloenol lactone suicide substrate) is a potent, irreversible,

mechanism-based inhibitor of iPLA2
69. It possesses a 1000-fold selectivity

for iPLA2 versus other Ca
2þ-dependent PLA2 enzymes.69 Using this inhibi-

tor, iPLA2 has been suggested to be involved in constitutively active LPA

production from ovarian cancer cells.63 In addition, by using pharmacologic

inhibitors, blocking antibodies, and genetic approaches (such as point muta-

tions, dominant negative forms of genes, and siRNAs against specific tar-

gets), we show an interesting cascade involving laminin-10/11-b1-integrin
and caspase-3 leading to iPLA2 activation and migration in ovarian cancer

cells.10,15,55,66,70–72 Moreover, we have shown that human peritoneal

mesothelial cells (PMCs) constitutively produce LPA, which accounts for a

significant portion of the chemotactic activity in the conditioned medium

(CM) from PMC to ovarian cancer cells. Production of LPA by PMC and

the chemotactic activity in the CM can be blocked by HELSS and

AACOCF3 (an inhibitor of both cPLA2 and iPLA2).
45

2. The roles of iPLA2 in ovarian cancer
We have shown that iPLA2 is involved in adhesion, migration, and invasion

of ovarian cancer cells.10,15,45,55,66,71,72 Both sets of products of iPLA2, fatty

acids and lysophospholipids (AA and LPA in particular), are likely to be

involved in the activities.66,71 iPLA2 is involved in proliferation of T cells and

ovarian cancer cells and is a cell cycle–regulated enzyme in human peripheral

blood B or T lymphocytes (PBLs) and ovarian cancer cells.67,68,73 In PBL

and CHO cells, iPLA2 activity is the highest at the G2/M and late S phases

and lowest at the G1/S transition, which are inversely correlated with cellular

phosphatidylcholine (PC) levels.67,68 The levels of the full-length 80-kDa

iPLA2 protein do not change during the cell cycle, but the expression of an

iPLA2 splice variant and the resultant truncated 50-kDa protein is cell

cycle dependent and functions as a negative regulator of iPLA2 activity.
67

Interestingly, PBLs mainly express iPLA2 with no or low level expression of

sPLA2 and cPLA2.
68 Song et at. have recently shown that inhibition of

iPLA2 suppresses proliferation and tumorigenesis of human Ovarian cancer

cells, including SKOV3, OVCA3, and Dov13 cell lines.73 Blocking iPLA2

activity with BEL induces cell cycle arrest in S andG2/Mphases independent

of the p53 status, with accompanying cyclin B and E increases.73 Whereas

LPA releases S-phase arrest, it cannot release the G2/M phase arrest. Inter-

estingly, LPA partially and significantly reverses BEL-induced inhibition of

cell proliferation in two of three OC cell lines. Higher concentrations of BEL

(greater than fivefold) are required to inhibit cell proliferation when Fetal

bovine serum (containing LPA, LPC, AA, and other potential PLA2 pro-

ducts) is present, suggesting that iPLA2 products are potentially involved in

iPLA2’s cellular functions.73 In addition, downregulation of iPLA2b
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expression with a shRNA inhibits cell proliferation and tumorigenesis of
SKOV3 cells in nude mice.73

3. The structure and activation of iPLA2

The human iPLA2b gene contains 18 exons (17 exons for the coding region)
with the full-length cDNA encoding a 806-amino-acid protein with a calcu-
lated molecular mass of 88 kDa. The protein contains a lipase motif,
GXSXG (at amino acids 511–521), and 8 ankyrin repeats in the N-terminal
half of the protein.59,74,75 In addition, numerous different splice variants of
iPLA2 have been reported, and the expression of some of these are cell cycle
regulated.75 Moreover, iPLA2 contains putative caspase-3 cleavage motifs
(DVTD183, DLFD513, MVVD733, DCTD737 ,and RAVD744). Atsumi et al.
first reported that iPLA2 could be cleaved at Asp183 in TNF-a/cycloheximide-
treated U937 cells, resulting in increased fatty acid release76 and implying that
a caspase-3–mediated activation of iPLA2 is involved. iPLA2 can be cleaved at
Asp513 and Asp733 by caspase-3, resulting in a truncated iPLA2 lacking
ankyrin-repeat domains.71 This truncated iPLA2 has increased activity to
produce LPC in UV-induced apoptosis, where LPC serves as a ‘‘find me’’
signal in the phagocytic process for cell clearance.71 Recent evidence suggests
that other proteases may also be involved in the proteolytic activation of
iPLA2.

59 In addition, ATP is an activator of iPLA2.
77 A common character-

istic of tumor cells is the constant overexpression of glycolytic and glutami-
nolytic enzymes, accompanying glycolytic ATP production.59 Moreover, the
function of iPLA2 can be regulated by substrate availability, which may be
modulated by many factors including oxidative stress.59 We have shown that
in ovarian cancer cells, caspase-3 activates iPLA2 by cleavage at Asp.71

4. Expression of iPLA2 in ovarian cancer
iPLA2b has been shown to be upregulated in several other cancers, including
melanoma, prostate, and breast cancers when compared with corresponding
normal tissue tumorigenesis (www.oncomine.org). There is no data available
from this Web site showing differential expression of iPLA2 between OC and
normal tissues. However, the importance of the role of iPLA2 in lipid produc-
tion and ovarian development is implied by published papers as reviewed
above.45,55,63,66,71,72 More importantly, iPLA2 activity can be regulated post-
transcriptionally at several different levels as reviewed above, including spli-
cing, protease activation, and regulation by ATP and substrate availability.
Together, the data published strongly suggest that increased iPLA2 expression
(at either RNAor protein level) in tumor cells/tissuesmay not be necessary for
its role in tumorigenesis. Rather, the activity of iPLA2 in tumor cells and in the
microenvironment plays an important role in tumorigenesis.

5. The intertwining of different PLA2 enzymes
Deficiency in neither cPLA2a, iPLA2b, nor sPLA2 in mice is embryonic
lethal,62,78,79 suggesting redundant effects of different PLA2. We have
shown that cPLA2 can be activated by iPLA2 via production of LPA in
ovarian cancer cells.66,71,72 In other cancer cells, cPLA2 can be activated by
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sPLA2.
58 In addition, iPLA2g is involved in the inducible expression of group

IIA sPLA2 in rat fibroblastic cells. This partial list of interactions suggests
that enzymatic activity of any given PLA2 can be modulated by another
PLA2 enzyme, regardless of whether they belong to the same group or not.

Other LPA-Producing Enzymes

Other enzymes may also be involved in LPA production in ovarian cancer.
Phospholipase D (PLD) hydrolyzes phosphatidylcholine into phosphatidic acid
(PA), which may in turn be metabolized into LPA via PLA2 activity. In ovarian
cancer cells, PLDactivity has been suggested to be involved inLPAproduction.63

Promotion of LPA formation by nucleotides is accompanied by stimulation of
PLD activity. Nucleotide agonists acting through a P2Y4 purinergic receptor
stimulate LPA release from SKOV3 cells via PLD2 and sPLA2 activities.80

The involvement of phosphatidylserine specific PLA1 (PS-PLA1) and lecithin-
cholesterol acyltransferase (LCAT) in LPA production from different cell
types have been shown,28,29 but their potential involvement in ovarian cancer
is unclear.

The Release/Secretion Issue

LPA exerts many of its cellular effects extracellularly through its plasma recep-
tors LPA1–5. Thus, the ‘‘signaling’’ LPA needs to be either produced extracellu-
larly or secreted from cells. ATX and sPLA2 produce LPA extracellularly and
have been considered to be the main enzymes involved in producing signaling
LPA. It is well known that fatty acids produced intracellularly can be released/
secreted by cells, although the mechanisms of this process are not well under-
stood. Much less is known on whether intracellular LPA can be released from
cells and how it is released. Because cPLA2 and iPLA2 are intracellular enzymes,
they generate fatty acids and lysophospholipids intracellularly. Therefore, their
direct roles in producing extracellular LPA need to be further investigated.
Nevertheless, as we have reviewed above, many lines of evidence suggest that
iPLA2 or other intracellular enzymes are involved in regulating extracellular
LPA levels in ovarian cancer and human ovarian mesothelial cells, where ATX
activity was not directly detected.10,15,45,55,66,71,72 Is it possible that the LPA
increase detected extracellularly viamodulation of iPLA2 still required a soluble
enzyme, such as sPLA2 extracellularly? Regardless whether the role of iPLA2 in
regulating extracellular LPA levels is direct or indirect, it is more important that
iPLA2 is involved in LPA production in ovarian cancer–related cells. The
functional studies of iPLA2 in ovarian cancer further support the notion that
it may represent a valid target for ovarian cancer.

LPA can be taken up by cells potentially through a diffusion process.81 We
have shown that intracellular concentrations of LPA are much higher (10- to
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30-fold) than those in extracellular spaces in ovarian cancer cells.10 Is it possible
that intracellular LPA is a source of extracellular LPA? We have shown that
iPLA2 overexpression in HEY ovarian cancer cells increased LPA but not LPC
levels in cell supernatants, but we detect ATX activities in these cells.71 These
results suggest that (1) ATX activity is unlikely to be involved in increased
extracellular LPA from these cells tested under the conditions that we have
used; (2) sPLA2 activity may be involved and it is regulated by iPLA2 and/or its
products; (3) iPLA2 may be able to generate extracellular LPA through an
unknownmechanism; or (4) LPA generated by iPLA2 intracellularly is released
by the cells. Although LPA release from intact cells has not been clearly
demonstrated, which may be related to technical difficulties, two independent
release systems for S1P, which is structurally similar to LPA, have been shown
to exist in the platelet plasma membrane; an ATP-dependent system stimulated
by thrombin and an ATP-independent system stimulated by Ca2þ. An ATP
binding cassette transporter inhibitor, glyburide, prevents ATP- and thrombin-
induced S1P release from platelets.82 Therefore, it is possible that a diffusion
and/or a transporter system are present in cells to release intracellular LPA and/
or S1P to extracellular space.

LPA Receptors in Ovarian Cancer

Plasma LPA receptors LPA1–3 mediate many effects of extracellular LPA. LPA
has been implicated in the migration of different cell types and under different
assay conditions. Although LPA1 plays a very important role in migration of
breast and pancreatic cancer cells,83,84 we and others have shown that LPA2 and
LPA3 are more important in cell adhesion, migration, and invasion of ovarian
cancer cells.45,55,66,72,85 LPA2 is also important in mediating the LPA-induced
production and secretion of IL-6, IL-8, and GRO-a from ovarian cancer
cells.86,87 These results are consistent with reports showing that LPA1 is
involved in the negative growth regulation in ovarian cancer cells11 and that
LPA2 and LPA3, but not LPA1, expression is upregulated in late-stage ovarian
cancer.12 This latter observation has recently been confirmed by an independent
study.88 They are also consistent with the data in Oncomine, where all four
major subtypes of ovarian cancers express significantly lower levels of LPA1

than do normal ovaries. Ovarian serous, endometrioid, and mucinous adeno-
carcinomas express significantly higher levels of LPA2 than do normal ovar-
ies. LPA3 is overexpressed in serous ovarian cancer versus normal ovaries, and
its expression levels are positively correlated with the stages and grade of
ovarian cancer (www.oncomine.org). Deregulation of the expression of
LPA2 or LPA3 is also associated with cancers of the colon, breast, intestine,
and glioma.89

More LPA actions, including functions of intracellular LPA, beyond the first
three LPA plasma receptors (LPA1–3) identified have been detected and investi-
gated. A recent review by Valentine et al. has covered this area rather
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extensively.90 The fourth LPA receptor, GPR23 or LPA4, is abundantly
expressed in normal ovaries but not in ovarian cancer.91,92 This is consistent
with data presented on the Oncomine Web site through independent studies that
show LPA4 is significantly reduced in all major types of ovarian cancer when
compared with normal ovaries (www.oncomine.org). GPR92, a G protein-
coupled receptor (GPCR) that shares �35% amino acid identity with LPA4/
GPR23, is a newly identified G12/13- and Gq-coupled LPA receptor (LPA5).

93,94

LPA5 is highly expressed in the lymphocyte compartment of the gastrointestinal
tract,94 and colon carcinomas express significantly higher levels of GPR92 than
many other cancers, including ovarian cancer (www.oncomine.org). The expres-
sion of GPR92 in normal ovarian surface epithelium and serous ovarian carci-
noma is not statistically different, with endometrioid ovarian carcinomas expres-
sing less GPR92 than do the other three subtypes of ovarian carcinomas
(www.oncomine.org). Similar to GPR92, the intracellular nuclear lipid receptor
peroxisome proliferator-activated receptor g (PPARg) is highly expressed in
colon carcinomas when compared with other cancers, including ovarian cancer
(www.oncomi ne.org). In addition, ovarian serous and clear cell adenocarcino-
mas express much less PPARg than do normal ovaries. A significant negative
correlation between PPARg expression and ovarian cancer stages has been
demonstrated (www.oncomine.org). These data suggest that GPR23, GPR92,
and PPARg may not play important promoting roles in the most commonly
occurring ovarian cancers. Extracellular instead of intracellular LPA is more
likely to be critical for ovarian cancer.

Enzymes Involved in Reducing LPA Levels in Ovarian Cancer

Lipid-Degrading Enzymes Involved in Ovarian Cancer

Lipid Phosphate Phosphatases

The key enzymes responsible for dephosphorylation of LPA, S1P, and phos-
phatidic acid (PA) are termed lipid phosphate phosphatases (LPPs).95–98

Dephosphorylation of these lipids either generates lipids without signaling
functions or, in some cases, products with different biological activities.They
are integral membrane enzymes, and when localized to the plasma membrane,
their activity sites are toward the extracellular space, rendering them as the
important enzymes regulating the degradation of extracellular levels of signal-
ing LPA, S1P, and PA. LPP activities can bemeasured using either radiolabeled
or fluorescent lipid substrates in intact or broken cell preparations.99

Mills’ group has demonstrated that the mRNA levels of LPP-1 are decreased
in the majority of ovarian cancers and ovarian cancer cell lines when compared
with those in normal ovarian epithelium and immortalized ovarian epithelial
cells. Ectopically expressed LPP-1 in ovarian cancer cell lines reduces LPA
levels, accompanied by reduced cellular effects of LPA.100 In addition, the
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same group has shown that overexpression of LPP-3 decreases the growth,
survival, and tumorigenesis of ovarian cancer cells via decreasing LPA.101

Moreover, this group has reported that a gonadotropin-releasing hormone–
responsive phosphatase hydrolyzes LPA within the plasma membrane of
ovarian cancer cells. The membrane phosphatase was Mg2þ independent
and insensitive to inhibition by N-ethylmaleimide, characteristics suggestive
of phosphatidic acid phosphatase activity.102 In human ovarian cancer cell
line Caov-3, approximately 98% of LPA hydrolysis could be accounted for by
the dephosphorylation of LPA to yield monoglyceride, with the deacylation
reaction accounting for less than 1% of LPA hydrolysis.102

The data from Oncomine show that expression of phosphatidic acid phos-
phatase type 2A (PPAP2A, LPP-1a) is significantly higher in the ovary than in
many other normal tissues, but it is reduced in ovarian serous adenocarcinoma
(n¼ 41) versus normal ovaries (n¼ 4) (p¼ 1.4 � 10–8). In addition, the expres-
sion of LPP-1 in ovarian serous adenocarcinoma is significantly lower than that
in the other three subtypes of ovarian cancer (clear cell, endometrioid, and
mucinous) (www.oncomine.org). Paradoxically, prostate adenocarcinomas,
another cancer where LPA has been suggested to play important roles,103

express much higher levels of LPP1 than do many other types of cancers,
including ovarian serous papillary adenocarcinoma (p¼ 3.1 � 10–41) (www.on
comine.org). In addition, prostate carcinomas express much higher LPP1 than
do normal prostates (p¼ 1.8 � 10–5) (www.oncomine.org), suggesting that the
roles of LPPs and consequences of expression of LPPs may be regulated by
tissue microenvironments.

Prostatic Acid Phosphatase and Lysophospholipase A1 Activity

Prostatic acid phosphatase, a nonspecific phosphatase that has been implicated
in the progression of prostate cancer, has been shown to inactivate LPA in
human seminal plasma, suggesting that this enzyme may be an important
regulator of serum LPA concentrations. Its role in ovarian cancer is currently
unknown.104

When we tested the fate of exogenously added [3H]LPA (labeled in the fatty
acid portion) when applied to Swiss 3T3 cells, we have found that approxi-
mately 50% of LPA quickly (within 1 hour) converted to fatty acids, suggesting
the presence of a lysophospholipase A1 activity.10 Whether the LPP and/or
lysophospholipase A1 activities are consistently reduced in ovarian cancer cells
when compared with nonmalignant cells remains to be further studied. A
lysophospholipase A1 has been purified from rat brain.105

Enzymes Involved in LPA Anabolism

Two cDNAs encoding human LPA acyltransferase (LPAAT), which converts
LPA to PA, have been cloned. LPAAT-a is expressed in all tissues with highest
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expression in skeletal muscle and LPAAT-b predominately expressed in the
heart and liver.106 Elevated expression of LPAAT-b is associated with reduced
survival in ovarian cancer and earlier progression of disease in ovarian and
endometrial cancer.107 Inhibition of LPAAT-b using small interfering RNA
(siRNA) or its selective inhibitors induces apoptosis in human ovarian and
endometrial cancer cell lines in vitro and enhances the survival of mice bearing
ovarian tumor xenografts.107 LPAAT-b is localized to the endoplasmic reticu-
lum and thus it mainly uses intracellular LPA as its substrate. These data
suggest that intracellularly, PA, but maybe not LPA, plays an important role
in ovarian cancer, and LPAAT-bmay be a potential prognostic and therapeutic
target in ovarian and endometrial cancer.

S1P Production and Signaling in Ovarian Cells

S1P in Other Cell Types

The biological effects, signaling, receptors, and metabolism of S1P in cells and
animals have been extensively reviewed in recent years.108–113 S1P affects cell
migration through its receptors. To date, five receptors for S1P have been
identified, which consist of EDG1 (S1P1), EDG5 (S1P2), EDG3 (S1P3),
EDG6 (S1P4), and EDG8 (S1P5).

114–116 Among them, S1P1, S1P2, and S1P3

are widely expressed in various tissues, whereas the expression of S1P4 is mainly
confined to lymphoid tissues and platelets and that of S1P5 to the central
nervous system. S1P can exert either stimulatory or inhibitory effects on cell
migration. In many of the different cell types (mostly nonmalignant cells)
studied, S1P1 and/or S1P3 mediate S1P-induced stimulation of cell migration,
whereas S1P2 mediates S1P-induced inhibition of cell migration. The migratory
response of a particular cell type to S1P has been well correlated with its
receptor subtype expression patterns.117–120 For example, S1P enhances migra-
tion of endothelial cells, which predominately express S1P1 and S1P3,

121

whereas it inhibits migration of C2C12 myoblasts122 and B16 melanoma
cells,120 which have high levels of S1P2. Thus, the expression levels of S1P
receptor subtypes appear to be a major factor in determining how cells respond
to S1P during migration.

S1P is mainly produced through phosphorylation of sphingosine via sphin-
gosine kinases, SphK1 and SphK2, and extracellular S1P can be depho-
sphorylated by LPPs. Extensive reviews on these enzymes have been
published.96,115,116,123–129

S1P in Ovarian Cells

Compared with other cellular/tissue systems, the functions, signaling path-
ways, and metabolism of S1P in ovarian cancer have only been revealed in
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recent years and have not been extensively studied. We have shown that both
LPA and S1P stimulate expression and secretion of the proangiogenic factor
interleukin-8 (IL-8) in EOC cell lines.9 Recently, several groups have shown
that S1P induces cell migration or invasion in EOC cell lines Dov13 and
OVCAR3.130–132 More importantly, Visentin et al. have shown that an anti-
S1P monoclonal antibody (mAb) substantially reduced or eliminated SKOV3
(an EOC cell line) intraperitoneal tumor progression in nude mice.133 The
anti-S1P mAb significantly reduced levels of certain proangiogenic cytokines
(IL-6, IL-8, and VEGF) in vivo and in vitro. These data suggest that S1P,
similar to LPA, is a potential target of ovarian cancer.134

Multifaceted Effects of S1P on Cellular Effects

The roles of sphingolipids, including S1P, are more enigmatic than that of LPA,
with the former having both stimulatory and inhibitory roles dependent on the
cellular and/or animal systems and the concentrations used.116,135,136 The latter
mainly plays stimulatory roles in most biological activities. The cellular effects
of S1P are highly dependent on concentrations of S1P, the type of effect tested,
and the cell types used. In ovarian cancer cells cultured in vitro, S1P exhibited a
dual effect on growth and/or survival. Low concentrations of S1P (�1 mM) does
not significantly affect ovarian cancer cell proliferation. Higher concentrations
of S1P induces cell death when cells are in suspension but stimulates cell growth
when cells are attached. The calcium-dependent induction of cell death by S1P
is apparently associated with its inhibitory effect on cell attachment and cell
adhesion.137 These concepts may be pathologically relevant, as it is well-known
that human ovarian cancer patients produce a large amount of ascitic fluids,
which contain many floating tumor cells.

Recently, Simicun et al.131 have shown that invasion of Dov13 EOC cells is
enhanced by low concentrations (0.05–0.5 mM) and inhibited by high concen-
trations (20 mM) of S1P, and regulation of expression levels of the S1P receptors
(S1P2 and S1P3) has been considered to be a factor for the differential effects.138

In addition, cell-cell adhesion and stress fibers are decreased by LPA and by
0.5 mM S1P but increased by 20 mM S1P in Dov13 EOC cells, which correlated
with the stimulatory and inhibitory effect on cell migration.131 Furthermore,
S1P (0.01–1 mM) stimulates chemotactic migration and invasion of OVCAR3
cells in a Pertussis toxin-sensitive manner, which can be completely inhibited by
VPC23019 (an S1P1/3 antagonist).

132

Epithelial ovarian cancer cells arise from the epithelial layer covering the surface
of ovaries. More recently, we have shown that physiologically relevant concentra-
tions of S1P stimulate migration and invasion of epithelial ovarian cancer cells but
inhibit migration of human ovarian surface epithelial (HOSE) cells.139 In contrast,
LPA stimulates migration in both malignant and nonmalignant cells. In addition,
S1P inhibits LPA-induced cell migration in HOSE cells but not in epithelial
ovarian cancer cells. Lack of expression of ‘‘stimulatory’’ S1P receptors in
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HOSE cells is not one of the major factors for the differential effect of S1P, as
HOSE cells express functional S1P1. In addition, similar to many other cell
types, S1P1/3 and S1P2 are involved in the stimulatory and inhibitory effects of
S1P onmigration, respectively, in both ovarian cancer andHOSE cells.108,140,141

Interestingly, our data suggest that the expression of these receptor subtypes in
cells cannot be the sole factor for determining how these cells respond to S1P.
We have found that stress fibers strongly influence the directions of S1P-modu-
lated cell migration. Preexisting stress fibers are likely to play an important role
in the differential migratory effects of S1P on ovarian cancer and HOSE cells.
All HOSE cells tested displayed strong stress fibers, which were further
enhanced by S1P treatment.139 Cells with strong stress fibers are generally less
motile.142 On the contrary, ovarian cancer cells lost stress fibers and S1P
stimulated filopodium-like structures, which have been shown to be related to
enhanced cell motility.143 The functional relationship between the stress fibers
and the effects of S1P on cell migration is further supported by restoration of
stress fibers in ovarian cancer cells through blocking the mitogen-activated
protein kinase/ERK kinase (MEK); mitogen-activated protein kinase
(MAPK)/extracellular signal-regulated kinase (ERK); signaling pathway and
loss of stress fibers by phorbol 12-myristate 13-acetate (PMA) treatment in
HOSE cells, accompanied by corresponding cell migratory behavior changes
in response to S1P. Changing of cell morphology (including stress fibers), cell
adhesion, and cell motility is a well known and critical event of cellular trans-
formation and tumor metastasis.144,145 It is also interesting to note that the loss
of stress fibers is not a prerequisite for LPA-induced cell migration. Similar to
ovarian cancer cells, LPA stimulated cell migration in HOSE cells, but it only
weakly reduced stress fibers in these cells.139 These data are important for
further development of novel therapeutic approaches targeting S1P and LPA
in ovarian cancer.

S1P Metabolism in Ovarian Cancer

In general, S1P concentrations in animal body fluids and cells are lower than
that of LPA.56,57,113 More recently, using improved extraction and MS detec-
tion methods, we have analyzed several pairs of ascites samples from ovarian
cancer patients versus ascites samples from patients with benign diseases and
showed that both LPA (in a concentration range of 5–40 mM in EOC samples)
and S1P (in a concentration range of 60–100 nM in EOC samples) were 5–10
times upregulated in ovarian cancer patients ascites when compared with that in
patients with benign liver diseases (Fig. 12.3). In blood samples, S1P concentra-
tions were measured in the 75–1100 nM range.139 In ovarian cancer ascites, the
concentration range of oleoyl-LPA (18:1-LPA) was 1–6 mM.56,57 To be more
pathophysiologically relevant, it is important to conduct in vitro experiments
using lipids in these concentration ranges.

Together with other sphingolipid metabolizing enzymes, SphKs regulate the
balance of the lipid mediators, ceramide, sphingosine, and S1P.146 SphK1 and
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SphK2 appear to have opposing roles, promoting cell growth and apoptosis,
respectively, but they can also substitute for each other, as mice deficient in either
SphK1orSphK2hadnoobviousabnormalities,whereasdouble-knockoutanimals
were embryonic lethal.146 SphK1 has transformation potential in fibroblasts.147

The enzymes involved in S1P metabolism in ovarian cancer have not been
directly studied. Ovarian serous adenocarcinoma (n¼ 41), the most common
subtype of ovarian cancer, expresses higher levels of SphK1 than do other sub-
types of ovarian cancer including clear cell adenocarcinoma (n¼ 8), endometrioid
adenocarcinoma (n¼ 37), andmucinous adenocarcinoma (n¼ 13) (p¼ 5.8� 10–4)
(Hendrix_Ovarian; Cancer Res 2006/02/02; www.oncomi ne.org). SphK1 expres-
sion is also positively correlated with the grades and stages of ovarian cancer
(Hendrix_Ovarian; Cancer Res 2006/02/02; www.on comine.org). SphK2, the
enzyme that may be negatively involved in cell proliferation, is overexpressed
in ovarian mucinous adenocarcinoma but downregulated in ovarian endome-
trioid and serous adenocarcinomas when compared with normal ovaries
(Hendrix_Ovarian; Cancer Res 2006/02/02; www.oncomine.org). In addition,
a negative correlation of SphK2 expression with ovarian cancer stage has
been shown (Hendrix_Ovarian; Cancer Res 2006/02/02; www.oncomine.org).
The functional involvement of these SphKs and many other S1P metabolic
enzymes in ovarian cancer remain to be investigated.

Future Perspectives

Is LPA and/or S1P production a valid target for ovarian cancer? As it has been
reviewed above, multiple synthetic and degradation enzymes of LPA and/or
S1P may well be related to a single cancer, such as ovarian cancer. A deregu-
lated balance of these enzymes, but not a single enzyme, may be involved in
tumor development. In addition, at least some of these enzymes are likely to be
regulated at their activity levels, but not at the RNA or protein levels. To add
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more complexity, many of these enzymes are regulated by multiple factors, and
they may modulate each other’s activity. Moreover, their cellular locations and
compartment clearly play a role in modulating their cellular functions. Further-
more, the products of these enzymes may play unexpected roles in cancers.
Thus, targeting the production or degradation of LPA and/or S1P can be rather
complex and challenging, which has been discussed in a recent review paper.111

The critical issues related to this include whether we can identify a few enzymes
that have an upstream regulatory effect that plays an imperative role in the
overall cascade in vivo or a few critical downstream effectors that mediate the
most important promoting roles of LPA and/or S1P in ovarian cancer. To this
end, whether an enzyme is directly or indirectly involved in LPA or S1P
production pertinent to ovarian cancer is less important.

Another important and emerging area of research is that of the effect of the
tumor microenvironment on LPA and/or S1P production and function in
ovarian and other cancers. If the overall levels of these lipids in the tumor
microenvironments are critical, regardless of the source of these lipids, it will be
pivotally important to include the contributions of host-tumor interactions to
our studies. In addition, because using small molecules to target enzymatic
activities is one of the most important approaches for therapeutic development,
we need to take host-cell responses and specific/selective targeting into serious
consideration. For example, ATX is essential for blood vessel formation during
development. ATX knockout mice are embryonic lethal, but none of the LPA
receptor mice are embryonic lethal, suggesting that (1) some important biolo-
gical functions of ATX are unlikely to be mediated by LPA; (2) some effects of
LPAmay bemediated by receptors other than LPA1–3; (3) some of ATX’s effect
may be mediated by S1P and its receptors; and (4) inhibiting ATX in general
without selective targeting of cancer cells may have detrimental side effects. In
contrast, both cPLA2 and iPLA2 knockout mice are viable, although they have
reproductive defects.62,78,148 Moreover, decreased lung tumorigenesis in mice
genetically deficient in cPLA2 has been shown, suggesting that cPLA2 from
both host and tumor cells may have promoting roles in tumorigenesis.149

Therefore, targeting cPLA2 using small molecules may be effective. These
concepts need to be tested in vivo in preclinical and clinical studies.
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Chapter 13

Lysophosphatidic Acid and Invasion

Fengqiang Wang and David A. Fishman

Introduction

Lysophosphatidic acid (LPA) is a small, bioactive phospholipid produced by

activated platelets, mesothelial cells, macrophage, endothelial cells, fibroblasts,

adipocytes, and some cancer cells. It is involved in multiple cellular events of

almost every mammalian cell type. Upon binding to G-protein–coupled recep-

tors (GPCRs), LPA exerts a myriad of biological effects, including cell prolife-

ration/survival, induction of neurite retraction, inhibition of gap junctional

communication, and cell motility. The estimated concentrations of active,

albumin-bound LPA in serum are in the range 1–5 mmol/L. Physiologic and

pathophysiologic responses to LPA include wound healing, production of

angiogenic factors, chemotaxis, neointima formation, tumor cell invasion,

metastasis, and cell cycle progression. A large body of evidence suggests that

LPA is relevant to the pathogenesis of epithelial ovarian cancer (EOC). LPA is

elevated in the blood and ascites of women with ovarian cancer with levels

reaching 80 mmol/L. Ovarian cancer cells also produce LPA to maintain an

LPA-rich microenvironment.1 Accumulating evidence suggest that LPA signal-

ing is involved in the initiation, progression, and metastasis of ovarian cancer

and imparts a cytoprotective effect to ovarian cancer cells exposed to cisplatin.
Tumor invasion andmetastasis constitute a major problem for the treatment of

EOC.Approximately 75%ofwomenwith ovarian cancer already havewidespread

peritoneal dissemination and ascites (stage III or IV) at the time of initial diagnosis,

witharesulting5-yearsurvivalrateapproaching15%to30%.Metastaticdissemina-

tion is the result of a highly organized process starting from the microscopic initial

growth of the originating tumor cells ultimately followed by detachment of select

invasive tumor cells from the macroscopic primary tumor mass leading to the
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colonization of other organs. Metastasis is a complex multistage process involving
tumor-host interaction, which includes adhesion, proteolysis, and angiogenesis. A
metastatic tumor cell must leave the primary tumor and invade host tissue. Unlike
other solid tumors, EOC primarily disseminates by direct peritoneal exfoliation
rather than the classic hematogenous route where the cells enter the circulation,
survive in the circulation, arrest at the distant vascular bed, and extravasate into
organ interstitiumandparenchyma.2LPA induces theproductionofpotent inflam-
matory cytokines, which further facilitate tumor survival and a more aggressive
behavior of tumor cells.Recently, peritonealmesothelial cells havebeen reported to
constitutively produce LPA, highlighting them as an important source not only of
elevatedLPAlevelsfoundinovariancancerascitesbutalso,moreimportantly,ofthe
initiation andmaintenance of thepathogenic cascadeof peritoneal ovarian carcino-
matosis through preservation of a reactive microenvironment that is supportive of
tumor progression and invasion.3 Therefore, LPA is not only a potential diagnostic
marker but also a likely therapeutic target for the treatment of EOC.

LPA Production Is Elevated in Ovarian Cancer

TheoriginalstudybyXuandco-workersshowedthattheLPAlevelsintheplasmawere
elevatedin9(90%)of10patientswithstageIovariancancerandinallpatientswithstages
II,III,andIVovariancancer(24of24)(p< 0.001comparedwithcontrols)orrecurrent
ovariancancer(14of14)(p< 0.001comparedwithcontrols).4Althoughlaterstudiesby
Bakeretal.showedthatthelevelsofLPAinplasmaofovariancancerpatientsdidnot
significantlydifferfromthatincontrolsubjects,theydidshowasignificantincreaseof
theLPAlevelsinmalignanteffusionsamplesofovariancancerpatientscomparedwith
thatofcontrolsubjects.5LaterstudiesbyXuetal.furtherclarifiedthatLPAinplasma
samplesfrompreoperativepatientswithEOCwaselevatedwhencomparedwiththatof
controls. The mean (SD) values for the combination of 16:0-LPA/20:4-LPA in the
plasma samples obtained preoperatively from patients with stages I to IV ovarian
cancerwere 1.23 (0.52), 0.92 (0.43), 1.23 (0.70), and 0.93 (0.15)mmol/L, respectively,
comparedwith0.35(0.17)mmol/Lforthecontrols.Themean(SD)valuesoftotalLPAin
theplasmasamplesobtainedpreoperativelyfrompatientswithstageI(7patients),stage
II(3patients),stageIII(31patients),andstageIV(4patients)ovariancancerwere2.57
(0.94),2.15(0.71),2.93(1.77),and1.97(0.27)mmol/L,respectively,comparedwith0.90
(0.43)mmol/L for 27 healthy controls (p< 0.001), suggestingLPAs as potential bio-
markersforovariancancer.6

LPA Stimulates Ovarian Cancer Invasion In Vitro and In Vivo

LPA Stimulates Ovarian Cancer Invasion and Migration In Vitro

Ovarian cancer (OC) cells are highly migratory and invasive, although their
initial dissemination is direct peritoneal exposure rather than lymphatic or
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hematogenous. Cellular motility and invasion through the extracellular matrix
(ECM) are two of themost critical steps for tumormetastasis, both of which can
be studied in vitro. Numerous studies have shown that LPA has the ability to
induce migration and invasion as well as the production of neovascularizing
factors in vitro as reviewed by Mills and Moolenaar7 and by Murph et al.8

Recently, Sengupta et al. reported that LPA induced invasion of OC cells but
not borderline tumor cells or normal human ovarian surface epithelial (HOSE)
cells. All stage IIIC tumor cells, regardless whether they were derived from the
primary or a metastatic site, responded to LPA with an enhanced invasion.
Cells from the stage IC tumor had low invasive potential but also responded to
LPA. In contrast, the borderline tumor cells and HOSE cells did not invade in
the presence or absence of LPA. This is consistent with the nature of these cells,
suggesting that LPA-induced cell invasion is malignant cell–specific. Interest-
ingly and surprisingly, these cells responded to LPA in cell migration.9 There
are four most commonly used methods for the evaluation of cell invasion and
motility: (1) Matrigel invasion assay (BD Biosciences, San Jose, CA); (2)
wound-healing assay or scratch assay; (3) collagen I migration assay; and (4)
colloidal gold single-cell migration assay. LPA has demonstrated invasion- and
migration-stimulating effects on OC cells in those assays. Recently, Ren and
colleagues developed a new invasion-evaluating system. They used an electric
cell-substrate impedance sensing (ECIS) system to monitor the invasive process
in real-time based on impedance changes due to disruption of the monolayer of
cells. Monolayer disruption via the retraction of endothelial cell or peritoneal
mesothelial cell junctions induced by tumor cells may be the major or at least
part of the causes for the observed electrical resistance changes. The ability of
tumor cells to induce these changes reflects their invasive potential. As the
metastatic cells invade the endothelial monolayer, they break down the barrier
function of the endothelial cell layer, resulting in large drops in impedance.
These impedance changes are automatically followed over time and used to
quantify the in vitro invasive activities of the cells.10

LPA Stimulates OC Invasion and Migration In Vivo

Recent animal studies of potential targeted therapeutics suggest that LPA is
critical for the successful completion of the metastatic cascade. Kim et al.
provided direct evidence that LPA stimulates OC metastasis in vivo using an
orthotopic mouse model. The model that they used clearly distinguishes tumors
at the ovary and at the secondary sites, and the tumor spread closely resembles
the human disease. They monitored LPA concentrations in mice using mass
spectrometry–based methods and found that the LPA concentrations were in
the low nanomolar range and induced migration and/or invasion of OC cells in
vitro. They also found that LPA at these low concentrations minimally affects
primary ovarian tumor growth.11 Sengupta and co-workers also found that
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LPA exerted a significant effect on tumor metastasis using HEY and SKOV3
cell lines in a mouse model. LPA-treated mice had metastases to the mesentery,
bowel, liver, body wall, and diaphragm. Phosphate buffer saline (PBS) control
mice also had metastases to these organs. However, the size and the number of
loci in the LPA group were significantly higher than that of the phosphate
buffer saline Phosphate buffer saline (PBS) group. In the SKOV3 cell model,
metastases were minimal in the absence of LPA but greatly enhanced in the
LPA-treated group.9

LPA Is Produced in the OC Microenvironment

to Stimulate OC Cell Invasion

OC preferentially metastasizes within the peritoneal cavity, including the
surfaces of all abdominal/pelvic organs as well as the peritoneum. Thus, the
interactions between OC cells and peritoneal mesothelial cells must play impor-
tant roles in migration, attachment, and invasion of OC cells to the peritoneal
mesothelium as this is a clinical reality. Several adhesion molecules, their
receptors, matrix-degrading enzymes, growth factors, and cytokines are
involved in interactions between peritoneal mesothelial cells and tumor cells.
Ren et al. showed that human peritoneal mesothelial cells constitutively pro-
duce LPA via iPLA2 and/or cPLA2 activities. Conditioned medium from
peritoneal mesothelial cells stimulates migration, adhesion, and invasion of
OC cells.10 LPA has been shown to be an essential microenvironmental factor
in OC. Said and co-workers found that addition of the conditioned media from
Meso 301, both heat-sensitive and heat-resistant fraction, to the upper chamber
of fibronectin (FN)-coated Transwell inserts (BDBiosciences, Franklin Lakes,
NJ, USA) increases the invasion of SKOV3 and OVCAR3 cells relative to
medium controls. The biologic activity of the heat-resistant fraction of
mesothelial cell conditioned medium is due to the constitutive production of
LPA by the action of phospholipases, mainly phospholipase A2 (PLA2).

3

LPA Metabolic Pathways and EOC Invasion

Physiologically significant concentrations of LPA are found in serum, malig-
nant effusions, saliva, follicular fluid, seminal plasma, and in mildly oxidized
low-density lipoprotein (LDL). Physiologically, steady-state plasma LPA levels
are normally low (less than 100 nM), and its concentration is regulated in the
cellular microenvironment by the equilibrium of its production, degradation,
and clearance. Emerging evidence indicates that bioactive LPA is generated
extracellularly, rather than inside the cell, with subsequent secretion or release.
As reviewed byMills et al. in 2003, a series of secreted and transmembrane ecto-
enzymes are crucial for the production and metabolism of extracellular LPA.
The mechanisms that restrict LPA production in plasma, as well as the triggers
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that increase LPA production during pathophysiologic states, remain unclear.7

In ovarian cancer patients, LPA is present in ascites fluid at between 1 and
80 mM, exceeding levels required to optimally activate LPA receptors. LPA is
not produced at significant levels by normal ovarian epithelium, whereas
ovarian cancer cells produce increased levels of LPA, suggesting an association
between LPA and maligancy. In general, LPA is probably produced locally
at the interface between cells and the interstitial fluid and then diffuses to
plasma for degradation or clearance. Different processes affect the production
and degradation of LPA by platelets and in plasma and thus regulate the
invasion-promoting effect of LPA in ovarian cancer.

LPA Production

LPA can be produced by the sequential removal of a fatty acyl chain from
phosphatidic acid by phospholipase A1 (PLA1) or phospholipase A2 (PLA2) or
by the removal of choline from membrane phosphatidylcholine by ATX (auto-
taxin)/lysoPLD (lysophospholipase D).

PLA

PLA1 releases fatty acids from the sn-1 position of membrane phospholipids,
which, when converted to LPA, produce sn-2 and polyunsaturated LPA
isoforms that are selectively active on the LPA3 receptor. Type II secretory
phospholipase A2 (sPLA2), which cleaves fatty acyl chains from the sn-2 site,
has limited ability to hydrolyze lipids in intact cell membranes, potentially
contributing to the low levels of LPA in plasma. sPLA2 selectively hydrolyzes
lipids that are present in damaged membranes, membranes of activated cells, or
microvesicles such as those released during apoptosis or that produced by
cancer cells. Microvesicle numbers are particularly high in malignant fluids
such as ascites, potentially contributing to the aberrant production of LPA in
cancer patients.7

Ren and co-workers demonstrated that human peritoneal mesothelial cells
constitutively produce bioactive lipid signaling molecules, such as LPA, via
calcium-independent PLA2 (iPLA2) and/or cytosolic PLA2 (cPLA2) activities.
Conditioned medium from peritoneal mesothelial cells stimulate migration,
adhesion, and invasion of OC cells and may play similar roles in vivo.
AACOCF3 (an iPLA2 and cPLA2 inhibitor; 25 mmol/L) or HELSS (an iPLA2

inhibitor; 1 mmol/L) blocked peritoneal mesothelial cell LPA production. The
pretreatment of the peritoneal mesothelial cell LP9 with HELSS (1 mmol/L,
30min) andAACOCF3 (100 mmol/L, 30min) also inhibited invasion of SKOV3
cells into the peritoneal mesothelium, and the inhibitory effect of AACOAF3

was stronger than that of HELSS, suggesting that both enzymes are involved in
LPA production. In contrast, sPLA2 and lysophospholipase D do not play a
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significant role in the production/secretion of LPA in the conditioned medium of
peritonealmesothelial cells and itsmigration-promoting effect.10Whereas iPLA2 is
required for laminin-inducedLPAproduction, cPLA2 is required for cellmigration,
possibly related to its ability to produce arachidonic acid. They also found that the
MEK (mitogen-activated protein kinase/extracellular signal regulated kinase) inhi-
bitor [presumably through inhibiting ERK (extracellular signal regulated kinases)]
inhibitedcell invasionbyboth increasingthe timerequiredfor invasionandreducing
the overall extent of invasion compared with control cells. On the other hand,
although an Akt inhibitor delayed the invasion process by 5–6 hours, it did not
affect the final extent of invasion. To confirm these results, they transiently trans-
fected dominant negative forms ofMEKandAkt (also known as protein kinase B)
into SKOV3 cells and tested their ability to invade peritoneal mesothelial cells.
Results similar to those from the experiments using inhibitors were obtained,
supporting a role forMEK-ERK in the invasion process, whereasAKT is involved
toamuch lesserextent.TheworkdonebyRenetal.provides the first lineofevidence
that peritoneal mesothelial cells fromOC patients possess constitutive PLA2 activ-
ity, which is involved in LPA production.10

Sengupta et al. reported that cPLA2 activity is required for LPA-induced OC
cell migration. They also observed the effect of cPLA2 in LPA-induced cell
invasion.9,11 Said et al. reported in 2007 that chemotactic and promigratory
effects of the heat-resistant fraction of mesothelial cell conditioned medium on
ovarian cancer cells were, for the most part, due to PLA2-induced LPA produc-
tion/secretion in the conditioned medium.3

ATX/lysoPLD

The generation of LPA from lysophospholipids, particularly from lysophosphati-
dylcholine (LPC), by ATX/lysoPLD ecto-phosphodiesterase represents another
regulatory mechanism of LPA production in the extracellular milieu. ATX was
originally identified as an ‘‘autocrine motility factor’’ secreted by melanoma cells
and was subsequently found to belong to the family of ecto-nucleotide phospho-
diesterases (NPPs), which are capable of hydrolyzing phosphodiester and pyro-
phosphate bonds that are typically found in ATP and ADP. ATX also has
lysoPLD activity, and the biological effects of ATX/lysoPLD can be attributed
to the production of LPA and, potentially, S1P (sphingosine-1-phosphate). How-
ever, ATX seems to be a unique lysoPLD, in that its family members (NPP1 and
NPP3) lack a similar phospholipase function. ATX/lysoPLD is widely expressed,
with the highest mRNA levels in the brain, ovary, lung, intestine, and kidney, and
it is upregulated by certain peptide growth factors. Targeted deletion and trans-
genic overexpression of ATX/lysoPLD in specific tissues should provide impor-
tant insights into its pathophysiologic functions. The main substrate for ATX/
lysoPLD is LPC. LPC is secreted by the liver and is abundantly present in plasma,
where it is predominately bound to albumin and, to a lesser extent, lipoproteins.
LPC is also found in the supernatant of cultured cells, presumably as a constituent
of microvesicles that have been shed from the plasma membrane. ATX/lysoPLD
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converts microvesicle-associated LPC into bioactive LPA, thus providing an

explanation for the link between microvesicle shedding and metastasis. ATX/

lysoPLDmRNA is upregulated in several human cancers, particularly melanoma,

renal-cell carcinoma, and glioma, and studies in nude mice have shown that ATX/

lysoPLD enhances tumor aggressiveness. Specifically, Atx-transfected, Ras-trans-

formed NIH-3T3 cells are more invasive, tumorigenic, and metastatic than Ras-

transformed control cells. Further, the metastatic capability of breast cancer cells

correlates with their ATX/lysoPLD levels. These observations can be explained by

its activity on the production of LPA and its effects on protease production, cell

motility, chemotaxis, and invasion. By generating LPA (and possibly other bioac-

tive lysophospholipids), ATX/lysoPLD could contribute to tumor progression by

providing an invasive and vasculogenic microenvironment for tumor cells.7

Recently, Ptaszynska et al. reported that exogenous addition of vascular endothe-

lial growth factor (VEGF)-A to cultured cells induces ATX expression and secre-

tion, resulting in increased extracellular LPA production. This elevated LPA,

acting through LPA4, modulates VEGF responsiveness by inducing VEGF recep-

tor (VEGFR)-2 expression. Downregulation of ATX secretion in SKOV3 cells

using antisense morpholino oligomers significantly attenuates cell motility

responses to VEGF, ATX, LPA, and lysophosphatidylcholine, supporting a role

of ATX in LPA-induced EOC invasion.12

LPA Inactivation

Production of the bioactive LPA by PLA or ATX/lysoPLD is only half of the

story: LPA accumulation must be counterbalanced by inactivation mechan-

isms. Other than the negative regulation on LPA production, an alternative

mechanism is provided by inactivation of LPA itself. Recent studies have

identified a family of lipid phosphate phosphohydrolases (LPPs) to be respon-

sible for the dephosphorylation of LPA. The LPPs, comprising at least four

members, are integral membrane ecto-enzymes, with six putative transmem-

brane domains. Overexpression of LPP-3 in OC cells decreases colony forma-

tion, increases apoptosis, and decreases tumor growth in vitro and in vivo.13

LPP-1 mRNA is decreased in the majority of OCs. Introduction of LPP-1 into

OC cell lines also results in increased LPA hydrolysis associated with a marked

inhibition of cell proliferation and colony-forming activity and a marked

increase in apoptosis.14 Interestingly, LPP activity can be increased by gonado-

tropin-releasing hormone analogues through recruitment of LPPs to the cell

membrane. So, LPA signal duration and strength is likely to depend, at least in

part, on the expression level of LPPs, which are decreased in OC, and their

membrane localization relative to the LPA receptors.7 Yet, how the degrada-

tion of LPA by LPPs will affect LPA-stimulated EOC invasion remains to be

tested.
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LPA Regulates Growth Factors, Proteases, and Other Proinvasive

Biomolecules Within the EOC Microenvironment That Promote

Invasion

LPA regulates almost every aspect of ovarian metastasis. In particular, LPA
stimulates adhesion, migration, and invasion of OC cells. LPA stimulates
secretion of proangiogenic factors, such as VEGF and interleukin (IL)-8. Cell
invasion induced by LPA involves protease [such as matrix metalloproteinases
(MMPs) and urokinase-type plasminogen activator (uPA)] activities.9 Other
biomolecules involved in the OC invasion process are also regulated by LPA,
such as COX-2 (cyclooxygenase-2), nuclear factor kappa B (NF-kB), and so on.

Proangiogenic Factors

VEGF

Angiogenesis is essential for tumor growth, and the transition from limited
microscopic to rapid macroscopic growth requires neovascularization. The
development of new blood vessels acquired from preexisting host venules is
dependent upon the production of angiogenic factors released from tumor cells,
stromal and immunoregulatory cells within the tumor microenvironment.
Among these angiogenic factors, VEGF, also known as vascular permeability
factor, binds to vascular endothelial cells and is a potent inducer of angio-
genesis. Cancer patients have increased serum VEGF, and elevated VEGF
messenger RNA (mRNA) levels occur in the majority of human cancers.15 In
OC, VEGF contributes to the formation of malignant ascites by increasing
peritoneal microvessel permeability. In 2001, Hu and colleagues first showed
that LPA, in concentrations reported in malignant ascites, stimulated ovarian
tumor growth, at least in part, via induction of VEGF expression through
transcriptional activation.16 Using a VEGF neutralizing antibody, we have
demonstrated that LPA-induced invasion and migration are VEGF dependent;
blocking VEGF activity partially inhibits LPA-induced invasion. The involve-
ment of VEGF in LPA-induced invasion is further supported by evidence
showing that exposing OC cells to varying concentrations of SU1498, a specific
VEGFR-2 inhibitor, significantly blocked VEGF- and LPA-induced DOV13
cell invasion and migration, suggesting LPA-regulated EOC invasion is at least
in part mediated by the binding of VEGF ligand to VEGFR-2. SU1498 also
significantly reduced uPA activity and the expression of proMMP-2 as well as
the activity of uPA induced by LPA treatment in DOV13 cells, suggesting that
the increased secretion and expression of VEGF subsequently induced the
MMP and uPA activity to stimulate invasion of EOC cells.17 Lee et al. inves-
tigated the mechanism by which LPA regulates VEGF expression under
hypoxic conditions. They reported that LPA induces VEGF via HIF(hypoxia

276 F. Wang and D.A. Fishman



inducible factor)-1a activation and suggest a critical role of HIF-1a in LPA-
induced cancer cell proliferation and angiogenesis.1 In a later study, they also
found that hypoxia enhanced LPA-induced HIF-1a and VEGF expression in
human OC cells and resveratrol, a naturally occurring phytoalexin produced by
a wide variety of plants in response to stress, injury, and fungal infection,
blocked LPA-induced HIF-1a and VEGF expression and cell migration by a
wound-healing assay.2 Malgorzata et al. recently reported that VEGF, via
VEGFR-2, stimulates ATX expression in the OC cell lines CaOV3 and
SKOV3. An increase in secreted ATX protein increased the conversion of
LPC to LPA, which in turn increased expression of VEGF and VEGFR-2.
Thus, it forms a positive pathologic feedback loop between ATX, LPA, and
VEGF to regulate ovarian carcinoma growth, angiogenesis, and metastatic
spread.12

IL-8 and IL-6

IL-8 is a 8.4-kDa protein belonging to the CXC subfamily of chemokines,
which is characterized by two essential cysteine residues, separated by a third
intervening amino acid.18 There are two major forms of IL-8: the 72-amino-
acid monocyte-derived form, predominant in cultures of monocytes and
macrophages, and the endothelial form, which has five extra N-terminal
amino acids, predominating in cultures of tissue cells such as endothelial
cells and fibroblasts. IL-8 is a proinflammatory and proangiogenic factor
that has been involved in cancer development. IL-8 enhances both tumor
growth and angiogenesis. High expression of IL-8 mRNA is detected in
late-stage ovarian carcinomas. Ascites or plasma of patients with OC show
significantly higher levels of IL-8 in comparison with those from patients with
benign gynecologic disorders.19 In 2001, Schwartz et al. showed that LPA,
S1P, and SPC (sphingosylphosphoryl-choline) regulate the mRNA and pro-
tein levels of IL-8 in OC cells.20 Fang et al. investigated the mechanism by
which LPA induced IL-8 production in EOC cells. They demonstrated that
the LPA2 receptor is more effective than the LPA1 and LPA3 receptors in the
induction of IL-8 by LPA. RNA stability analysis and luciferase assays
indicated that LPA induces transcriptional activation of the IL-8 gene with
little contribution from increased stability of RNA, and a synergism between
NF-kB and AP-1 (activator protein-1) seems to be critical for LPA-induced
transcriptional activation of the IL-8 gene. They also reported that the p38
MAP kinase and JNK are important intracellular mediators of LPA-induced
IL-8 production in ovarian cancer cells.21 We reported that IL-8 is involved in
LPA-induced EOC cell invasion and migration, as blocking IL-8 activity by a
neutralizing antibody against it decreased LPA-induced DOV13 invasion. We
also found that the regulation of invasion and migration by IL-8 is mediated
by the stimulation of MMP-1 and MMP-7.22 Although LPA also stimulates
the production of IL-6, at present no direct evidence exists supporting that IL-
6 is involved in LPA-induced EOC invasion.
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Proteases

LPA-mediated signal transduction has shown myriad effects, including transient
increase in cytosolic-free calcium, phosphorylation of focal adhesion kinase,
activation of mitogen-activated protein kinases, and formation of focal adhe-
sions. Among these effects, protease secretion and activation is one of the most
important steps that ultimately facilitate EOC cells to invade and migrate
through the basement membrane and ECM. Ovarian cancer cells secrete proteo-
lytic enzymes including plasminogen activators and MMPs that degrade extra-
cellular matrix proteins and promote invasion into the proteolytically modified
tissue.

Urokinase-Type Plasminogen Activator

Numerous studies indicate the secretion and activation of proteases as one of
the most important-steps in cancer cell invasion. Among the large number of
proteases involved in cellular invasion, uPA is of particular importance because
it converts plasminogen to plasmin and initiates the activation of MMPs. uPA
and MMPs confer the ability of cells to degrade the extracellular matrix, thus
allowing cells to invade through the physical barrier. Moreover, the interaction
of uPA with uPAR (uPA receptor) also promotes cell motility and prolifera-
tion, and these processes also impact tumor invasion and metastasis.23 The
association of uPA activity with ovarian tumors is supported by evidence
showing that the levels of uPA expression and activity are significantly lower
in benign ovarian tumors than in advanced ovarian tumors.24,25 In addition,
high concentrations of uPA in the ascites/plasma correlate with poor prognosis
and lack of response to chemotherapy. Experimental models both in vitro and
in vivo have demonstrated the effect of uPA on ovarian cancer metastasis. First,
it induces OC cell proliferation and migration; second, uPA and uPAR over-
expression confer cancer cells with invasive and metastatic potential; and
third, the uPA-specific inhibitors significantly decrease OC invasion andmetas-
tasis.26–29 Based on those findings and the role of LPA in OC invasion, one
would easily argue whether uPA is regulated by LPA in this process.

In 1999, Pustilnik and co-workers first reported that physiologically relevant
concentrations of LPA stimulated uPA secretion in five OC cell lines (OVCAR-3,
SKOV-3, OVCA 429, OVCA 432, and OVCA 433), but not from established
normal ovarian epithelial (NOE) cells (NOE 033 and NOE 035) or from SV40
large T-antigen–immortalized normal epithelial cell lines (IOSE 29 and IOSE 80).
The induction of uPA secretion was only observed using the 18:1 LPA isoform,
with 18:0 LPA, 16:0 LPA, or LPC showing no effect, a phenomena possibly due
to their difference on LPA receptor stimulation.30 Five years later (2004), Huang
et al. further investigated the effect of LPA receptor overexpression on uPA
expression in vivo using transgenic (TG) mice. They developed TG mice that
overexpress human LPA2 in ovarian interstitial tissues. Ovarian cells from TG
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mice express greater amounts of uPA and have a lower level of type 2 PA
(plasminogen activator) inhibitor than do non-TG mouse ovarian cells, whereas
the expressions of the uPA receptor (uPAR) and of tissue-type PA (tPA) show no
difference between LPA2 TG mouse ovaries and non-TG ovaries. In the super-
nantant of cultured TG ovary cells, secreted uPA activity is about twofold higher
than that of non-TG mouse ovarian cells.31

The direct evidence showing that uPA expression plays a role in LPA-
induced ovarian cancer invasion comes from theMatrigel invasion experiments
performed by Li et al. They used small interference RNA (siRNA) against uPA
to knock down the expression of uPA in SKOV3 cells and then observed the
effect on SKOV3 invasion through the Matrigel. uPA siRNA-3 and siRNA-4
treatment, which greatly reduced uPA protein expression, resulted in approxi-
mately a 55% and 62% reduction in LPA-induced invasion in vitro, suggesting
that the presence of uPA is essential for LPA-induced in vitro invasion.23

So how does LPA induce uPA expression in OC cells?Mechanistic studies by
Li et al. reported that Gi-associated signaling is involved in LPA-induced uPA
upregulation. In addition, they found that the activities of both Ras and Raf-1,
which are downstream effectors of Gi, were required for LPA action. However,
the well-established Raf-1 effector MEK1/2 was not significantly involved in
LPA-induced uPA expression. Instead, LPA activates NF-kB, and the activity
of NF-kB is required for LPA-induced uPA upregulation and uPA promoter
activation. Inhibition of Gi, Ras, Raf-1, or nonphosphorylable IkB (inhibitor
of NF-kB) by pertussis toxin treatment or infection with Ad (adenovirus)
containing dominant-negative H-Ras, Raf-1, or nonphosphorylable IkB in
SKOV3 cells followed by Matrigel invasion assay all inhibited LPA-induced
cell invasion. These results suggest that the Ras–Raf–NF-kB signaling pathway
is essential for LPA-induced in vitro cell invasion.23 In a recent report, Maha-
nivong et al. further investigated the signaling components that link Ras
to NF-kB for this LPA-induced event. Using specific inhibitors and
dominant-negative PKC (protein kinase C) mutants, they showed that PKC-a
is necessary for LPA-induced NF-kB activation and uPA upregulation. LPA
stimulation led to PKC-a activation, and this activation was abrogated by
dominant-negative Ras mutant and Ras inhibitor farnesyltransferase inhibitor
(FTI-277). Moreover, Ras and PKC-a interaction induced by LPA was sensi-
tive to the inhibitors of both farnesyltransferase and cPKC (Ca2þdependent
PKC). Thus, PKC-a is a signaling component downstream of Ras mediating
LPA-induced cellular event. CARMA1, Bcl10, andMALT1 function as part of
a signaling complex to bridge PKC to IKKs (IkB kinases), thus facilitating NF-
kB activation in lymphocytes. Mahanivong et al. also investigated the role of
newly characterized signaling complex CARMA3-Bcl10-MALT1 in LPA-
induced NF-kB activation/uPA upregulation. Forced expression of domi-
nant-negative CARMA3 mutant or treatment of cells with siRNAs specifically
targeting CARMA3, Bcl10, or MALT1 abrogated these LPA-induced events,
implicating the importance of CARMA3-Bcl10-MALT1 in LPA-associated
signaling in ovarian cancer cells. In vitro invasion assays using SKOV3 cells
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that were infected with Ad containing dominant-negative PKC-a, CARMA3
(CARMA3DCARD), or nonphosphorylable IkB (Ikm) upon LPA stimulation
showed that dominant-negative PKC-a, CARMA3DCARD, and Ikmall inhibited
LPA-induced invasion, suggesting that PKC-a–CARMA3 signaling axis plays an
essential role in LPA-induced ovarian cancer cell in vitro invasion.32 Estrella et al.
showed that inhibition of p38 mitogen-activated protein kinase (MAPK) signaling
by SB202190 completely abrogated LPA-induced uPA secretion, whereas inhibi-
tion of the p42/44MAPK or phosphatidylinositol 3’-kinase (PI3K) pathways with
PD98059 or wortmannin and LY294002, respectively, decreased but did not com-
pletely block uPA secretion. They also showed that LPA induces uPA secretion
from OC cells predominately through the LPA2 receptor, with LPA3 contributing
to this process. However, whether those inhibitors decrease LPA-induced invasion
was not investigated.33Other than the pathwaysmentioned above,wehave demon-
strated that LPA stimulates uPA secretion through a VEGF–VEGFR-2 mediated
signaling pathway, as a VEGFR-2 inhibitor, SU1498, decreases the LPA-induced
increase of uPA activity in DOV13 cells and inhibits LPA-induced invasion.17

Besides the effect on subsequently activated MMPs, uPA is also involved in LPA-
induced shedding of an 80-kDa E-cadherin–soluble fragment to decrease cell-cell
adhesion and thus promotes in vitro invasion.34

Matrix Metalloproteinases and Tissue Inhibitors of Metalloproteinase

Matrix metalloproteinases (MMPs), a family of 24 structurally related, zinc-
dependent endopeptidases, are capable of directly degrading essentially all
components of the ECM and thus are able to expose cryptic sites within the
matrix molecules to activate other proteases, growth factors, and cytokines that
may facilitate tumor invasion and metastasis.35 In EOC invasion and metasta-
sis, the roles of several MMP family members have been well documented.36–38

Gelatinolytic and collagenolytic MMPs, including MMP-2 (gelatinase A),
MMP-9 (gelatinase B), and MT1-MMP, were detected in ovarian cancer
ascites, cultured cells, and tissues. Furthermore, treatment of animals harboring
ovarian cancer xenografts with synthetic MMP inhibitors reduces tumor bur-
den and enhances survival. In addition, the balance between MMP and their
tissue inhibitors (tissue inhibitors of metalloproteinase; TIMPs) also delicately
regulate MMP activity. Either upregulation of MMP expression or downregu-
lation of TIMPs can lead to aberrant MMP activity.

MMP-2 Secretion and Activation

Numerous studies have shown that MT1-MMP functions in the activation of
proMMP-2.39 Immunohistochemical and in situ hybridization studies have
demonstrated that MT1-MMP mRNA and protein are prevalent in ovarian
carcinomas, particularly at the invasive front, whereas MMP-2 is produced by
both tumor cells and associated normal stromal elements. OC cells with the
capacity to bind and activate either endogenous or exogenous MMP-2 have
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significantly enhanced invasive activity. Thus, MT1-MMP produced by epithe-
lial ovarian carcinoma cells is suspected to initiate cell surface activation of
tumor-derived or stromally derived proMMP-2, thereby facilitating motility,
invasion, and metastasis.40 In addition, clustering of collagen-binding integrins
on OC cell membranes induces proMMP-2 activation.36 We previously demon-
strated that LPA at higher concentrations (20–200 mM) stimulates proMMP-2
activation and promotes ovarian tumor cell motility and invasion in an MMP-
dependent manner. The increases in pericellular MMP activity induced by LPA
correlated with enhanced cellular motility and invasive activity. LPA also
upregulates b1-integrin expression, stimulate integrin phosphorylation and
the formation of b1-integrin–containing focal contacts to promote cellular
migration. Our study indicated that LPA-Edg binding and matrix-induced
b1-integrin clustering may function via convergent signal transduction path-
ways to promote MMP expression and/or processing, with subsequent down-
stream changes in migratory and invasive behavior.41 MMP-2 is regulated at
multiple levels, as Symowicz et al. reported that inhibition of COX-2 activity
decreases proMMP-2 expression and LPA-induced proMMP-2 activation and
subsequently inhibits LPA-induced motility and invasive activity.42 We also
showed that LPA-induced MMP-2 secretion and activation is regulated by
VEGFR-2 mediated pathway.17 Do et al. further investigated the mechanism
bywhich LPA stimulates EOC cell migration andMMP-2 activation.We found
that cell density affects DOV13 response to LPA stimulation. When cells were
cultured at a high density, LPA mediated stress fiber and focal adhesion
disassembly and significantly repressed RhoA activity in EOC cells. Inhibition
of Rho-kinase/ROCK (Rho-associated coiled-coil protein kinase) enhanced
both LPA-stimulated loss of stress fibers and proMMP-2 activation. In con-
trast, expression of the constitutively active RhoA(G14V) mutant diminished
LPA-induced proMMP-2 activation. Interestingly, when cells were cultured at
a low density, stress fibers were present after LPA stimulation, and ROCK
activity was required for EOC cell migration.43

MMP-7

Other than gelatinase and MT1-MMP, we also identified MMP-7 as a critical
player in EOC invasion. Distinct from other MMPs, MMP-7 has the minimal
domain organization required for secretion and activation and is one of the few
MMPs that are overexpressed in ovarian carcinoma rather than normal stromal
cells.MMP-7 has broad proteolytic activity against a variety of ECM substrates
and is recognized as an important regulator of cell surface proteolysis, binding
to cell surface proteins such as E-cadherin, b-integrin, tumor necrosis factor-a,
Fas ligand, and heparin sulfate. Overexpression of MMP-7 is seen in many
malignancies, including prostate, stomach, colorectal, lung, esophageal, squa-
mous cell carcinomas of the head and neck, and ovary. We show thatMMP-7 is
overexpressed in EOC and that recombinant MMP-7 promotes EOC invasion
in vitro and induces proMMP-2 activation in DOV13 cells. Regulation of
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MMP-7 expression in DOV13 cells by MMP-7 sense and antisense gene trans-
fection as well as siRNA show that MMP-7 expression correlates with EOC
invasiveness in vitro. Because of the role of MMP-7 in OC invasion and the
MMP-dependence of LPA in stimulating OC cell invasion, we speculate that
LPA also stimulates the secretion and activation of MMP-7. Indeed, when we
stimulated DOV13 cells with LPA (10–80 mM), the total and active forms of
MMP-7 are increased in DOV13 cells. Using MMP-7 antisense and siRNA
transfection, we show that MMP-7 downregulation significantly decreased
LPA-induced DOV13 invasion. However, in addition to the inhibition on
MMP-7 expression, MMP-7 antisense transfection seems to have an inhibitory
effect on MMP-2 activity. It remains unclear whether this inhibitory effect is
nonspecific or is due to the subsequent effect of MMP-7 regulation on MMP-2
activity. The effect of MMP-7 silencing on LPA-induced invasion is also
observed in another EOC cell line, R182.44

Other MMPs

We have shown that MMP-1 expression is upregulated by LPA stimulation in
EOC cells, and MMP-1 secretion is also upregulated by IL-8 stimulation of
DOV13 cells, which may also contribute to LPA-induced invasion.22

Regulation of TIMPs

At the concentration of 20–200 mM, LPA induces proMMP-2 activation in
DOV13 cells. However, in HEY cells at the concentrations that stimulate
invasion (50 nM to 30 mM), no significant effect on the expression levels or
the proteolytic processing ofMMP-2 andMMP-9 was observed. Sengupta et al.
analyzed a broader spectrum of MMPs using multiplex ELISA. They showed
that LPA at 100 nM, the concentration at which it effectively induces cell
invasion, had an inhibitory effect on the secreted levels of MMP-2, and -9 and
did not increase the enzymatic activity of MMP-2/MMP-9. Among different
MMPs tested (MMP-1, -2, -3, -8, -9, -10 and -13), LPA only increased the
expression and enzymatic activity of MMP-3. However, they observed the
significant downregulation of TIMP-1 and TIMP-2, two negative regulators
of MMP activity. Secreted TIMP-3 levels were also downregulated by LPA as
shown by Western blotting. A cDNA array–based study also showed that
TIMP-2 was downregulated by LPA at the RNA level to 46%, and TIMP-3
was downregulated by LPA to 64%. TIMP-2 and TIMP-3 significantly
reversed the LPA-induced cell invasion, supporting the functional role of
these molecules as negative regulators of cell invasion. In addition, TIMP-3
inhibited LPA-induced p38 MAPK phosphorylation, and an upstream activa-
tor of p38 MAPK, constitutively active MKK6, transfection reversed the
inhibitory effect of TIMP-3 on LPA-induced cell invasion. They also found
that VEGF (25 ng/ml) induced approximately �30% increase in invasion of
HEY cells, which could be blocked by TIMP-3, suggesting VEGFR as a
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potential target for TIMP-3 in HEY cells. In addition, they showed that TIMP-
3 treatment and uPA siRNA had an additive effect and completely blocked
LPA-induced cell invasion, suggesting that downregulation of TIMP-3 and
upregulation of uPA may be two separate signaling pathways of LPA-induced
invasion.9

Tumor Necrosis Factor-a Converting Enzyme

Tumor necrosis factor-a converting enzyme (TACE) is also known as a disin-
tegrin and metalloproteinase (ADAM-17), a member of the ADAM family of
metalloproteinases. The importance of the role of TACE in the cleavage of
these ligands is highlighted by the fact that mice lacking TACE die perinatally
and resemble epidermal growth factor receptor (EGFR)-null mice. Knock-
down of TACE by TACE siRNA completely prevented chemotactic migration
of SCC-9 cells in response to LPA.45 However, direct evidence of TACE in
LPA-stimulated invasion in OC cells has not been shown.

COX-2

COX-2 catalyzes the rate-limiting step in prostaglandin synthesis from arachi-
donic acid, generating prostaglandin H2, which is subsequently converted to
prostaglandin E2 and other prostaglandins.46 Various growth factors, cytokines,
and tumor promoters can induce the expression of COX-2 in most cells and
tissues. COX-2 inhibits cell apoptosis by changing the levels of proapoptotic and
antiapoptotic factors, increases growth factor expression to promote angiogen-
esis, and enhances cell invasiveness by increasing MMP expression. COX-2
activity is essential for normal ovarian function, and it is thought to be necessary
for the rupture of the preovulatory follicle and subsequent release of oocytes
during ovulation. It may increase collagenase and proteolytic activity and
decrease synthesis of basement membrane components in ovarian granulosa
and surface epithelial cells, permitting ovulation.47,48 A role for COX-2 in ovar-
ian pathobiology is supported by evidence that ascites from ovarian cancer
patients contain elevated levels of prostaglandin E2 compared with that in non-
malignant ascites or ascites from other carcinomas. Symowicz and co-workers
evaluated COX-2 immunoreactivity in human ovarian tumors and showed posi-
tive COX-2 immunoreactivity in 98% of cases, with 70% displaying moderate to
high-level expression, including 50% of borderline ovarian tumors.42

The effect of LPA onCOX-2 expression was first observed by Ershov et al. in
retinal pigment epithelium (RPE) cells.49 Symowicz et al. showed that treatment
of ovarian tumor cells with LPA in vitro induced COX-2 protein expression in a
time- and concentration-dependent manner. COX-2 induction was blocked by
pertussis toxin, implicating LPA signaling through Gi-protein–coupled recep-
tors in the Edg/LPA receptor family. In addition, they showed that LPA-
induced transactivation of the EGFR increased COX-2 expression via the
Ras/mitogen-activated protein kinase pathway. Inhibition of COX-2 activity
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decreased proMMP-2 expression and LPA-induced proMMP-2 activation and
reduced MMP-dependent motility and invasion, suggesting that COX-2 func-
tions as a downstream mediator of LPA to potentiate aggressive cellular beha-
vior in ovarian carcinoma cells. LPA and COX-2 are detectable in OC patients
with early-stage disease. The magnitude of LPA-induced COX-2 expression
varied among the immortalized borderline and malignant ovarian carcinoma
cell lines. Thus, COX-2 inhibitors may be more beneficial in the early stages of
cancer or as chemopreventive agents.42

Regulation of Adhesion Molecules

It has been suggested that not only do specificMMPs and ADAMs (a disintegrin
andmetalloproteinase) cleave the extracellular domain of E-cadherin and disrupt
intercellular adhesion, but also the 80-kDa soluble extracellular fragment can
abrogate cell-cell adhesion and induce invasion into collagen. Plasmin has also
been shown to directly cleave E-cadherin and to stimulate cancer progression.Gil
et al. explored the role of LPA in the shedding of E-cadherin, the identity of the
relevant proteases in shedding, and the potential role that accumulated soluble
E-cadherin plays in the microenvironment of ovarian carcinoma cells to promote
dissemination. We found that LPA promotes E-cadherin shedding in a uPA-
dependent manner and that a soluble recombinant chimera E-cadherin-fc stimu-
lates invasion of OVCA429 cells providing evidence of a novel mechanism by
which LPA promotes ovarian metastasis.34

LPA and EOC Invasion Under Hypoxic Condition

Tumor hypoxia is associated with tumor growth, angiogenesis, resistance to
apoptosis, and compromise in radiotherapy and chemotherapy, as well as
tumor metastasis.50 OC is characterized by rapid growth of solid intraperitoneal
tumors and large volumes of ascites (commonly 3–8 L) with millions of ovarian
tumor cells. Kim et al. recently found that malignant ovarian ascites is hypoxic,
with about a 50% reduction of the O2 pressure and 87% reduction of oxygen
content measured in ascites when compared with normal blood gas values. On
the other hand, the CO2 pressure was increased by only 10%, whereas pH values
of malignant ascites fluids were not significantly changed.11 The rapidly growing
and disseminated OC cells within the peritoneal cavity encounter hypoxic con-
ditions under which they acquire the ability to migrate and invade through
extracellular matrix proteins. Kim et al. reported that pretreatment of SKOV3
cells under hypoxic conditions enhanced cell migration toward collagen I under
normoxic conditions in response to LPA (100 nmol/L to 10 mmol/L). Hypoxia
also enhanced SKOV3 and HEY ovarian cancer cell invasion response to LPA.
The hypoxia-enhanced effect seems to be LPA specific as the cellular responsive-
ness to EGF is not increased under hypoxic condition.11
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HIF-1a is one of the most important factors involved in hypoxia-induced
cellular activities. It activates the transcription of genes that are involved in
crucial aspects of metastasis, including angiogenesis, cell survival, glucose
metabolism, and invasion.51 Kim et al. found that geldanamycin (10 mmol/L),
an effective inhibitor of HIF-1a, did not significantly affect cell migration under
normoxic condition, reduced the basal level of cell migration, and completely
blocked the enhanced migration and invasion response to LPA in hypoxia-
pretreated cells, suggesting the involvement of Hsp90 and HIF-1a in the
enhanced cellular responsiveness to LPA in OC cells under hypoxic conditions.
This is further supported by evidence showing that siRNA against HIF-1a, but
not the control siRNA against GFP (green fluoresent protein), reduced the
expression of HIF-1a and LPA-induced cell invasion under hypoxia conditions.
The role of HIF-1a in LPA-induced invasion is also supported by the increases
of HIF-1a expression by LPA in vivo, which may represent the major mechan-
ism of enhanced LPA effects. Thus, targeting the Hsp90–HIF-1a axis for
therapy has been very attractive.11

Lee et al. first showed that LPA induced HIF-1a activation in EOC using the
cell lines OVCAR-3 and CAOV-3. They found that both the PI3K/Akt/mTOR/
p70S6K and p42/p44 MAPK pathways are required for LPA-induced HIF-1a
activation in OC.1Moreover, they showed that LPA-induced VEGF expression
was mediated by HIF-1a.1 Translation of HIF-1a mRNA seems to be signifi-
cantly upregulated by LPA and overcomes the rate of normoxic degradation.
The direct linkage of LPA to HIF-1a activation and VEGF expression sug-
gested a molecular mechanism for LPA-induced angiogenesis and cell motility
under hypoxic conditions.1 Park et al. also reported that enhanced increases in
HIF-1a and VEGF expression by LPA was observed under hypoxic conditions
in humanOC cells. In addition, this increase inHIF-1a andVEGF expression is
efficiently blocked by resveratrol, leading to inhibition of the cell migration of
human OC cells. Incubation of OC cells under hypoxic condition increased cell
migration. These results imply the significance of LPA-induced cell migration
under hypoxic conditions, as direct dissemination from the primary site(s) into
the peritoneal cavity is the primary method for OC metastasis.2

LPA Receptors

LPA signaling is mediated by at least four G-protein–coupled receptors
(GPCRs) referred to as LPA1–4. These receptors couple to multiple G-proteins,
particularly G12/13, Gi, Gq, and possibly Gs, to activate downstream pathways
including stimulation of phospholipase C and D, inhibition of adenylyl cyclase,
and stimulation of small GTPases, mitogen-activated protein kinases, and
phosphoinositide 3-kinase. Receptor-mediated actions of LPA have important
influences on cell survival, cytoskeletal remodeling, cell migration, and cell
proliferation.7,52
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Recently, Lee and co-workers identified a new LPA receptor, the orphan

GPCR known as GPR92 or LPA5.
52 The lpa1, lpa2, and lpa3 genes are structu-

rally related to each other. They are all members of the so-called endothelial

differentiation gene (EDG) family of GPCRs and were formerly called EDG2,

EDG4, and EDG7, respectively, whereas lpa4 (GPR23) genes and lpa5 (GPR92)

are phylogenetically far from lpa1, lpa2, and lpa3, and closer to the platelet-

activating factor receptor.53 Five additional members of the EDG-receptor

subfamily encode related GPCRs that are specific for the bioactive lysopho-

spholipid sphingosine-1-phosphate (S1P).7 LPA1, LPA2, and LPA3 have been

shown to be expressed in multiple ovarian cancer cell lines, including SKOV-3,

and expression of LPA2 and LPA3 has been positively correlated with disease

progression, whereas overexpression of LPA1 induces apoptosis in certain OC

cell lines. The expression of LPA4 and LPA5 has not been reported in specific

ovarian cell lines, whereas LPA4 is highly enriched in ovarian tissue. LPA

receptors have been shown in various systems to couple to multiple G-proteins:

LPA1 and LPA2 to Gq, Gi, and G12; LPA3 to Gq and Gi; LPA4 to Gq, Gi, G12,

andGs; and LPA5 toGq, Gi, andG12. Thus, LPA signaling is likely mediated by

multiple receptors and G-protein subtypes.54 Another study showed LPA1 and

LPA3 to be implicated in the LPA-induced cell migration of different types of

cancer cells.55

One strategy to eradicate the tumor-promoting effect of LPA is to test

reagents blocking the receptors for LPA and evaluate the efficacy of blocking

each receptor in the treatment of OC both in vitro and in vivo. In vivo experi-

mental models show that blocking LPA-LPA receptor interaction with cyclic

LPA inhibits tumor metastasis and development.13,56 Goetzl et al. investigated

the expression and function of different LPA receptor in primary ovarian

cultures and normal ovarian epithelium. LPA2 was predominately expressed

in OV202 primary cultures of EOC and in several different established lines of

EOC at both mRNA and protein level, whereas it was not detectable in either

IOSE 29 or primary cultures of normal. In contrast, IOSE 29 and OSEs

(ovarian surface epithelia) had higher levels of LPA1. EOC, but not IOSEs,

responded to LPA, suggesting that LPA2 transduced effects of LPA on ovarian

cells and also mediated the induction of VEGF by EOC and not by OSEs.

Recombinant LPA1 couples principally to Gi, whereas LPA2 associates with Gq

and Gi. This difference in pairing with G-proteins is speculated to explain the

different effect theymediated. LPA1-mediatedmobilization of intracellular Ca2+

is almost completely inhibited by pertussis (PTX), whereas LPA2-transduced

Ca2+ responses are incompletely inhibited. In contrast, rho inactivation by C3

exoenzyme more completely reduces LPA2-dependent responses than those

transduced by LPA1. A high level of LPA1 suppresses proliferation and promotes

apoptosis.57 When human LPA2 is transgenically expressed in mouse ovaries,

higher levels of VEGF, isomers of VEGF-A, VEGF receptors 1 and 2, and uPA

are produced than that from nontransgenic ovaries, suggesting a potential role of

LPA in early development of ovarian cancer.31

286 F. Wang and D.A. Fishman



Ren and colleagues show that LPA in the conditioned medium from human
peritoneal mesothelial cells induces migration of OC cells. Using siRNA against
different LPA receptors, they show LPA2 has the strongest effect (�60%
inhibition), followed by LPA3 (30% to 40% inhibition) and LPA1 (20% to
30% inhibition) in the peritoneal mesothelial cells conditioned medium induced
SKOV3 migration. siRNAs against LPA2 and LPA3 greatly delayed the inva-
sion process without significantly affecting the extent of invasion. In contrast,
siRNA against LPA1, as well as control siRNAs against GAPDH and GFP,
had no significant effect on cell invasion, suggesting that LPA2 and LPA3 play
important roles in cellular functions of SKOV3 cells.10

Gi pathways have been specifically implicated in mediating LPA-stimulated
proliferation and migration, as these two LPA effects are blocked by treatment
with the Gi selective inhibitor PTX.54 Targeted deletion of LPA1 in mice
revealed �50% perinatal lethality. Specific deletion of LPA2 in mice does not
result in blatant phenotypes, but LPA1 and LPA2 double knockouts show
greater lethality than does the LPA1 knockout alone. Targeted deletion of
LPA3 and LPA4 has not yet been reported. Limited information is available
regarding the specific functions of each receptor subtype in cancer invasion and
metastasis, with LPA2 and LPA3 overexpressed inmost OC cells compared with
normal ovarian epithelial cells.23 LPA2 and LPA3 have been implicated in LPA-
induced cell migration for different OC cell lines. LPA1 is involved in cell
migration in other cell types. Malignant transformation resulted in aberrant
expression of LPA2 and LPA3 in OC tissues, and the ratio of LPA2/LPA1

increased markedly during malignant transformation.10

Signal Transduction Pathways That Regulate LPA-Stimulated

Invasion and Migration

LPA induced cell invasion and motility through LPA receptor–mediated sig-
naling pathways and transcriptional activation of growth factors, cytokines,
proteases, and chemokines. However, the exact mechanism by which LPA
promotes invasive behavior of OC cells remains to be elucidated. Recent
advances have identified multiple pathways that mediate LPA’s effect on cell
motility and invasion. It has been reported that LPA-induced migration is
regulated by several distinct signaling pathways, such as Ga12/13-mediated
activation of RhoA, Gi-mediated activation of phosphoinositide 3-kinase lead-
ing to activation of Rac, and Gi-dependent activation of ERK.58

Rho and ROCK

Rho and ROCK play essential roles in the migratory process, as evidenced by
the inhibition of migration and focal adhesion formation of cancer cells by
Clostridium botulinum C3 exoenzyme (C3), an inhibitor of Rho, or Y-27632, an

13 LPA and Invasion 287



inhibitor of ROCK. LPA also evoked the formation of focal adhesions and
tyrosine phosphorylation of focal adhesion kinase and paxillin, all of which
were inhibited by C3 or Y-27632, suggesting that LPA induced the migration of
OC cells, at least in part, through accelerated formation of focal adhesions
mediated by Rho/ROCK-induced actomyosin contractility.59

LPA activates G12/13, leading to activation of the small GTPase RhoA, which
drives cytoskeletal contraction and cell rounding. LPA activates Ras- and Rho-
family GTPases to control cell proliferation, migration, and morphogenesis. The
Ras- and Rho-GTPases cycle between GDP- and GTP-bound states, with GTP
binding being promoted by specific GDP/GTP exchange factors (GEFs); the
GTP-bound forms can interact with various downstream effectors to alter cell
behavior.

Gi/o–ERK–Dependent and RhoA-Rho Kinase–Dependent
Pathways in Mesenchymal Stem Cells Migration

Rac is required at the front of the cell to regulate cell (re)spreading after initial
rounding, lamellipodium formation, and cell migration, and Rho activity in
migrating cells is responsible for cell body contraction and rear-end retraction,
thereby promoting movement of the cell body and facilitating detachment of the
rear end. In addition, Gi-ERK–dependent pathway has shown to be involved in
the LPA-stimulatedmigration of tumor cells. However, the involvement of RhoA
and ERK in the LPA-induced migration has not yet been clearly defined.
Mesenchymal stem cells (MSCs; also called stromal cells) possess self-renewal
capacity, long-term viability, and differentiation potential toward diverse cell
types, such as adipogenic, osteogenic, chondrogenic, and myogenic lineages, and
they can be isolated from a variety of tissues, such as bone marrow and adipose
tissues, suggesting clinical applications ofMSCs for regenerative medicine. On the
other hand, several recent studies indicate that MSCs could result in an adverse
effect that is to favor tumor growth: subcutaneous transplantation of tumor cells
together with MSCs exhibited elevated capability of proliferation, rich angiogen-
esis in tumor tissues, and highly metastatic activity. Furthermore, MSCs have
been shown to migrate to various in vivo sites of injury and tumors. Lee and co-
workers demonstrated for the first time that LPA is involved in the malignant
ascites–induced migration of human MSCs through activation of Gi/o-ERK–de-
pendent and RhoA-Rho kinase–dependent pathways.55

Regulator of G-Protein–Signaling (RGS) Proteins

RGS proteins deactivate heterotrimeric G-proteins by accelerating the rate at
which Ga subunits hydrolyze GTP. RGS proteins have been shown to have
profound effects on the kinetics and magnitude of multiple in vivo receptor
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signaling pathways. Hurst et al. demonstrate that endogenous RGS proteins
attenuate signaling of Gai-mediated LPA-stimulated inhibition of adenylyl
cyclase and cell migration in ovarian cancer cells.54 LPA receptors can couple
to Gai2 in SKOV-3 cells, and endogenous RGS proteins expressed in these cells
attenuate LPA signaling through Gai2 by accelerating its deactivation. Specifi-
cally, mutagenically blocking the association of endogenous RGS proteins with
Gai2 delayed the deactivation of Gai2 activity, resulting in more potent and
efficacious LPA effects on cAMP levels. Further, RGS insensitive Gai2
mediatedmore robust cell migration responses to LPA. These findings establish
RGS proteins as novel regulators of LPA signaling in ovarian cancer cells.54

Signaling Pathways Involved in Migration Regulation

Cell migration is regulated by a combination of different processes: the con-
traction of actomyosin, the formation of stress fibers, and the turnover of focal
adhesions. Contraction of the actomyosin system is important for cell migra-
tion, and LPA induces MLC (myosin light chain) phosphorylation through the
activation of the small GTP-binding protein Rho, leading to the stimulation of
cell contractility and motility. Another fundamental component affecting cell
motility is the focal adhesion: cell-ECM adhesions can alter the capacity of the
cell to attach and migrate through surrounding tissues. Changes of the expres-
sion and activities of the components of focal adhesions could make an impor-
tant contribution to cancer invasion. At their cytoplasmic face, focal adhesions
provide attachment for actin stress fibers. More than just sites of structural
linkage between the ECM on the outside and the cytoskeleton on the inside,
focal adhesions are regions of signal transduction. Components involved in
multiple signal transduction pathways have been identified in focal adhesions,
with most attention being directed toward tyrosine phosphorylation at these
sites. LPA stimulates cell motility by driving the formation of focal adhesions
and elevating tyrosine phosphorylation of focal adhesion proteins such as
paxillin, FAK, and Src in fibroblasts and cancer cells.

The Ras proteins, including H-Ras, N-Ras, and K-Ras, are GTP/GDP-
binding proteins that play key roles in cellular regulation. Ras can be activated
by various extracellular stimuli such as growth factors, cytokines, cellular
adhesion signals, and also stress signals, including irradiation and osmotic
stress. Ras-involved cellular functions are mediated by Ras downstream effec-
tors such as Raf-1 kinase, Ral-GDS, and PI3K. In addition, MAPK kinase 1
(MEKK1) has been shown to directly interact with GTP-bound Ras, and
epidermal growth factor–induced MEKK1 activation requires Ras activity,
suggesting that MEKK1 may also act as a Ras downstream effector.

MEKK1 is a serine/threonine kinase that is activated in response to growth
factors, cytokines, and chemoattractants. In addition,MEKK1 is also activated
in response to changes in cell shape and the microtubule cytoskeleton. MEKK1
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is a potent and preferential activator of the c-Jun NH2-terminal kinase

(JNK) group of MAPKs. It also influences the activity of the extracellular

signal-regulated kinase (ERK) pathway with little or no effect on the p38

MAPK pathways. Furthermore, MEKK1 has been shown to regulate NF-

kB activity by activating IkB kinase-a and -b. A number of studies have

demonstrated that MEKK1 plays an important role in cell migration: (a)

MEKK1-deficient fibroblasts and embryonic stem cells are defective in cell

migration; (b) overexpression of MEKK1 in epithelial cells stimulates lamel-

lipodia formation, a key component of cell migration; (c) MEKK1-JNK

signaling cascade is essential in transmission of transforming growth factor

b and activin-regulated epithelial cell movement; and (d) MEKK1 interacts

with molecules important for cell migration such as Rac/Cdc42, a-actinin,
focal adhesion kinase, and p115 Rho GTPase-activating protein. However,

it is currently not known how MEKK1 is involved in cell migration. Bian et

al. show that LPA stimulates both chemotaxis and chemokinesis of OC cells

through a Gi-dependent mechanism. Moreover, they show that the domi-

nant-negative H-Ras mutant (T17N) blocks the ability of LPA to stimulate

ovarian cancer cell migration and that the constitutively active H-Ras

mutant (G12V) enhances cell migration even without LPA stimulation.

However, H-Ras mutants that activate Raf-1 kinase, Ral-GDS, or PI3K

were not able to significantly facilitate cell migration, suggesting that a

signaling pathway distinct from Raf-1, Ral-GDS, and PI3K is responsible

for LPA-stimulated ovarian cancer cell migration. They demonstrate that

LPA activates MEKK1 in a Ras-dependent manner and that dominant-

negative MEKK1 inhibited LPA-stimulated cell migration in SKOV3 cells.

Surprisingly, the well-characterized MEKK1 downstream pathways, namely,

MEK1/2-Erk, MKK4/7-JNK, and NF-kB signaling pathways, are not sig-

nificantly involved in LPA-stimulated cell migration. Instead, Gi–H-Ras–-

MEKK1 pathway is involved in LPA-induced FAK (focal adhesion kinase)

redistribution to focal contact regions of the plasma membrane. In the

course of the migratory response, a FAK-involved dynamics turnover in

focal adhesion formation controls the process of cell attachment and detach-

ment, which are required for cell migration. Various research groups have

provided evidence that FAK promotes cell migration potentially through the

association with other signaling proteins such as Grb7 and SHP-2 or by the

increased phosphorylation of p130Cas or paxillin adaptors. In addition, it is

a requirement for FAK localization at cellular contact sites (adhesion) to

facilitate cell migration.60 Hall and Nobes also showed that microinjection

of Ras-neutralizing mAb blocked cell migration, but addition of MEK1/2 or

PI3K inhibitor had only minor effect on cell migration. Recently, the

localization of FAK in focal adhesion has also been found to be essential

for FAK-mediated adhesion turnover. Bian’s work indicates that Ras may

regulate cell migration by activating MEKK1 and subsequently facilitating

FAK focal contact redistribution.60
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Small Molecules That Inhibit LPA-Stimulated Invasion

Geranylgeranylacetone (GGA) is an isoprenoid compound that has a similar

chemical structure to that of geranylgeranylpyrophosphate, which is in the

metabolic pathway of Rho and is essential for geranylgeranylation of Rho.

GGA markedly inhibited LPA-induced invasion of human ovarian carcinoma

cells by attenuating the activation of Rho. This resulted in changes in cell

morphology, loss of stress fiber formation and focal adhesion assembly, and

the suppression of phosphorylation of focal adhesion proteins, which are

essential processes for cell migration. GGA-induced inhibition of Rho activa-

tion and FAK phosphorylation can be restored by geranylgeraniol (GGOH).

However, GGOH only partially reduced the GGA-induced inhibition of cancer

cell invasion and GGA-induced inhibition of paxillin phosphorylation and

stress fiber formation, suggesting other inhibitory mechanism of LPA-induced

cancer cell invasion by GGA than only through the inhibition of Rho

geranylgeranylation.61

Sawada et al. showed that alendronate also markedly inhibited LPA-

induced migration of human OC cells by attenuating the activation of Rho.

Alendronate inhibits LPA-induced cancer cell invasion by preventing gera-

nylgeranylation of Rho. A significant inhibitory effect of alendronate on

LPA-induced Caov-3 cell migration was observed at a concentration of 1

mM, and half-maximal inhibition was estimated to occur at �3 mM. The

addition of GGOH restored the inhibitory effect of alendronate. On the

other hand, the addition of farnesol (FOH) did not restore the inhibitory

effect of alendronate-induced inhibition of focal adhesion assembly and cell

migration despite the partial restoration in Rho activation andMLC (myosin

light chain) phosphorylation. This inconsistency suggests two possibilities:

(a) FOH might be partially metabolized to geranylgeranylpyrophosphate

(GGPP), which activates Rho and MLC phosphorylation to a lesser extent

than does GGOH, and lesser phosphorylation of MLC might not be enough

to activate focal adhesion assembly and cell motility; and (b) the addition of

FOH might have the possibility to induce farnesylation of signaling mole-

cules, which activate MLC phosphorylation but do not promote migration

activity, although they could not identify the farnesylated molecule. These

results suggest that the formation of focal adhesion assembly, as well as the

tyrosine phosphorylation of focal adhesion components, is essential to keep

cytoskeletal organization and the resultant onset of migration activity. For

the formation of peritoneal dissemination, OC cells need to detach from the

primary tumor, attach to the ECM of other tissues, and migrate to form

stromal lesions. Once cancer cells migrate into normal stroma, angiogenesis

occurs from preexisting venules. The fact that alendronate accumulates in

vessels strongly suggests that alendronate has the potential to prevent metas-

tasis of OC cells at concentrations that might be relatively nontoxic to normal

cells in comparison with most currently used anticancer agents.62
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Other Lysolipids Involved in EOC Invasion

S1P

The lysolipid phosphoric acidmediators LPAand S1P are generated enzymatically
from membrane lipid precursors in many different normal and malignant cells.
Extracellular LPA and S1P both stimulate cellular proliferation and differentia-
tion, enhance cellular survival, and evoke specific cellular functional responses such
as migration and adhesion.57 Smicun et al. show that in OC cells, low-dose S1P
stimulated invasion like LPA, whereas high-dose S1P inhibited invasion, which
correlated with increased and reduced gelatinase activity in conditioned media.
Low and high S1P dose also differently affected the presentation of surface S1P
receptors; low S1P dose increased S1P1 and decreased S1P2, whereas high S1P
increased S1P3. The dual effect of high and low S1P concentration on invasionwas
probably caused by the diverse changes to the presentation of surface S1P recep-
tors. The opposite effect of S1P and LPA on expression of each receptor suggests a
homeostatic transcriptional mechanism that abrogates the effects of LPA and S1P
on EOC cells.63 They also show cell attachment status affects their response to S1P
and LPA. The recovery of membrane N-cadherin and change in cell-cell adhesion
and actin stress fibers intensity in response to LPA and S1P inversely correlate with
their effects on cellular invasiveness. The decrease of cell-cell adhesion by 0.5 mM
S1P andLPA and increase by 20 mMS1P inversely correlate with the effects of S1P
and LPA on cell invasion, indicating that changes in cell-cell adhesion induced by
S1P and LPA directly impact the invasiveness of these cells, in contrast with the
more complex interaction between cell-matrix attachment and invasiveness.64

LPE and Other LPA Derivatives

Lysophosphatidyl enthanolamine (LPE) stimulated chemotactic migration and
cellular invasion of OC cells. Park et al. suggest the significance of LPE as a
bioactive mediator in ovarian cancer. LPE-induced Ca2+ response was not
desensitized by the treatment of LPA. Furthermore, LPE-induced calcium sig-
naling was not inhibited by two structurally different antagonists for LPA1/3

receptors (VPC32183 and Ki16425), though LPA-induced calcium rise was
almost completely inhibited by the two antagonists. LPE failed to stimulate
NF-kB-driven luciferase activity in HepG2 cells expressing LPA1, LPA2,
LPA3, LPA4, or LPA5 exogenously. Thus, LPE may bind to its own receptor,
which is distinct from LPA receptors, in SKOV3 ovarian cancer cells.65
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Chapter 14

Cell Adhesion in Ovarian Cancer

Wafic M. ElMasri, Giovanna Casagrande, Ebony Hoskins,

Daniel Kimm, and Elise C. Kohn

Introduction

Epithelial ovarian cancer is the most common cause of death among gynecologic
malignancies in the Western world.1 The disease presents late in more than two
thirds of patients with spread in the peritoneal cavity on surfaces, intraparench-
ymal metastases, and in suspension in peritoneal and pleural effusions. Dissemi-
nation to and compromise of critical end organs is often the cause of patient
morbidity and mortality. Methods of dissemination include the common hema-
togenous and lymphatic spread, but also shedding into the peritoneal cavity. It is
this shedding and subsequent adherence to the serosal and organ surfaces that
provides the first step in subsequent carcinomatosis and further metastasis. The
advance into the peritoneal cavity, early compared with that seen with other
adenocarcinomas of the pelvis and abdomen, is attributed to the ability of
ovarian cancer (and fallopian tube cancers) to release tumor cells into the local
environment and potential spaces of the peritoneal cavity. Different forms of cell
adhesion are necessary to maintain survival signals to the tumor cell and to
induce the changes in the local microenvironment needed to sustain and advance
tumor development, such as induction or remodeling of local vasculature. As
these processes are dissected and more is known, new and exciting advances in
therapies targeted to adhesion have emerged.

Cell-Cell Adhesion

Cell-to-cell adhesion is one of several forms of adhesion, all differentially
regulated. Ovarian cancer uses multiple forms of adhesion and incorporates
these biologic processes into its survival and dissemination activities.
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Heterotypic and homotypic cell-cell adhesion are both involved in ovarian

cancer, and both have been modeled in vitro. The most common heterotypic

cell-cell interactions in carcinomas are tumor cells binding to endothelial cells.

This behavior is necessary for initial entry into the vasculature and subsequent

extravasation at secondary sites. Key molecules involved in homotypic and

heterotypic cell-cell adhesion have been identified, and in many cases, the

molecules or those involved in their downstream signaling pathways have

been recognized as potential therapeutic or diagnostic molecular targets

(Table 14.1).

The Cadherins and the Cadherin Pathway

Cadherins are a superfamily of cell surface glycoproteins that participate in cell-

cell adhesion and recognition.2,3 Classic cadherins engage in Ca2+-dependent,

homophilic, cell-cell adhesions, are associated with adherent junctions, and are

present in almost all solid tissues. They are single-pass transmembrane glyco-

proteins with unique extracellular domains comprising tandem repeats bearing

negatively charged amino acid sequences that bind calcium.4 Classic cadherins

include E (epithelial), N (neural), P (placental), and VE (vascular endothelial)

cadherin, named for the tissues in which they were first identified. E-cadherin,

important in ovarian cancer, is involved in epithelial cell-cell interactions and is

found at the cell membrane in adherens junctions. Cadherin adhesive specificity

is mediated by cadherin ectodomains; there is a highly conserved shared cyto-

plasmic tail that interacts with a range of cytoplasmic proteins linking the

cadherin to the cell cytoskeleton and intracellular signaling pathways.5 In

order to put the unusual function of E-cadherin in ovarian cancer into perspec-

tive, it is necessary to briefly review its signaling and more common behavior in

carcinoma.

Table 14.1 Cell-cell adhesion factors

Cell Adhesion Factors Cellular Location Function

E-cadherin Epithelium Epithelial cell-cell adhesion

N-cadherin Neural tissues Mediates presynaptic to
postsynaptic adhesion in CNS
synapses

P-cadherin Peritoneal mesothelium Cell-cell adhesion

VE-cadherin Vascular endothelium Cohesion and organization at
intracellular junctions

E-selectin Endothelium Recruit leukocytes to site of injury

P-selectin Platelet Initial recruitment of leukocytes to
site of injury

L-selectin Lymphocyte Allows localization of leukocytes
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Cadherin Signaling

Four proteins comprise the core cadherin-catenin complex. Cadherin part-

ner protein b-catenin binds to the distal end of the cadherin cytoplasmic

tail6 and then to a-catenin.7 a-Catenin is the direct link to actin filaments.8–10

p120-Catenin (p120ctn) binds to the membrane-proximal region of the

cadherin cytoplasmic tail.11 The role of p120ctn, an armadillo protein, in

cadherin function is to regulate cadherin surface levels by antagonizing

endocytosis and promoting cadherin clustering.8,12 Plakoglobin, also

known as g-catenin, is another armadillo-repeat protein that binds the

cytoplasmic cadherin tail and links the complex to the intermediate filament

cytoskeleton.
In addition to mediating outside-in cadherin signaling, b-catenin binding

of E-cadherin protects the cytoplasmic domain from rapid degradation,13

enhancing endoplasmic reticulum to cell surface transport,14 and recruiting

a-catenin. Downregulation of E-cadherin releases b-catenin and p120ctn into

the cytoplasm leaving them free for phosphorylation, ubiquitination, and

degradation or to regulate transcriptional activity.15–17 Disruption of adhe-

rens junctions releases b-catenin from the cadherin-catenin complex pool,

and in the presence of Wnt, stabilized b-catenin mediates target gene expres-

sion through participation in a transcription-promoting complex with

the DNA-binding factor lymphocyte enhancer factor/T-cell factor

(Fig. 14.1).17,18,20 Target genes include key oncogenes, such as cyclin D1,

c-myc, and matrix metalloproteinase 7.21 Both loss of expression and gain-

of-function mutations of b-catenin are found in human cancers, though not

commonly ovarian cancer, resulting in loss of cell-cell adhesion and

increased gene transcription. Mutations in adenomatous polyposis coli

(APC) or axin compromise degradation of b-catenin have been found in

colorectal carcinoma and other malignancies.22 These mutations cause

nuclear accumulation of b-catenin leading to aberrant target gene activa-

tion. An a-catenin mutation that disrupts binding to b-catenin reducing

cadherin/catenin complex linkage to the actin cytoskeleton has been

reported in ovarian cancer.23

E-cadherin has been shown to interact with receptor tyrosine kinases (RTK)

such as epidermal growth factor receptor (EGFR), known to be involved in

ovarian cancer.24 Association with EGFR activation induces tyrosine phos-

phorylation of b-catenin and plakoglobin and leads to disassembly of the

cadherin-catenin complex.25 Qian et al. described a bidirectional regulation

between E-cadherin and EGFR where E-cadherin interacts with EGFR

through its extracellular domain and decreases its mobility and ligand-affi-

nity.26 Cadherin function can be regulated by other cell signals including

ubiquitination of the E-cadherin cytoplasmic tail to regulate cadherin endocy-

tosis27 and signaling by small Rho GTPases that influence cadherin-actin

interaction.28
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Cadherins in Cancer

Disruption or loss of the cadherin-catenin complex plays a prominent role in
carcinoma and an interesting antithetical role in ovarian cancer. Malignant

transformation is often characterized by cytoskeletal remodeling, loss of cell-
cell adhesion, and loss of apical/basal polarity. Disruption of normal cell-cell

adhesion contributes to enhanced migration, proliferation, and promotion of
epithelial-to-mesenchymal transition leading the way to invasion and

Fig. 14.1 Cadherin-catenin complex. The cadherin-catenin adhesion complex is the major
means that cells employ to adhere to one another allowing for different forms of cell-cell
interaction including cell-cell cohesion, cell-cell discrimination, and cell-cell locomotion. The
complex is a key component of adherent junctions (zonula adherens) and has four compo-
nents: cadherin, b-catenin, p120-catenin, and a-catenin (which connects the complex to the
actin cytoskeleton). In the absence ofWnt signaling, free cytoplasmic b-catenin is targeted for
ubiquitination and degradation in the 26S proteosome by paired phosphorylation through the
serine/threonine kinases casein kinase I (CKI) and glycogen synthase-3b (GSK-3b) bound to
a scaffolding complex of axin and adenomatous polyposis coli (APC) protein.19,22 Wnt
signaling activation inhibits GSK-3b activity and results in accumulation of cytoplasmic b-
catenin, which is then free to translocate to the nucleus and induce target gene expression
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metastasis.29 The majority of cancers of epithelial origin loses E-cadherin–

mediated cell-cell adhesion30 and typically undergoes epithelial-to-mesench-

ymal transition.31 E-cadherin was initially identified as a metastasis suppressor.32

Poorly differentiated, highly metastatic carcinomas commonly have low or

undetectable E-cadherin or quantitative or functional loss of any component of

the cadherin-catenin complex. This may be due to mutations, promoter hyper-

methylation, or transcriptional silencing of the E-cadherin gene (CDH1) results

in loss of E-cadherin’s functions and adherent junctions formation. Mutations

can be inherited germ-line mutations (lobular breast cancer and familial gastric

cancer33) or acquired somatic with loss of heterozygosity and function. Hyper-

methylation of the CDH1promoter has been observed in human breast, prostate,

and hepatocellular tumors.34 Aberrant expression of transcription factors that

repress CDH1 promoter may result in its transcriptional silencing. These factors

include snail, E12/E47, and SIP1, which bind to the CDH1 promoter, inhibit

E-cadherin’s transcription, and induce an epithelial-to-mesenchymal transi-

tion, leading to acquisition of invasiveness (Fig. 14.2).35,36

Basement
membrane

Tumor
Cells

Normal
Epithelium

E-cadherin

a) Invasion b) Intravasation
into vessel

c) Rolling d) Adhesion f) Extravasation g) Metastatic
Growth

Endothelium

Leukocyte

Blood
Flow

E-selectin Chemokine

Inactive
integrin

P-selectin

Integrin ligand

Secondary Neoplasm
Formation

in Target Organ

Activated
Integrin

Fig. 14.2 Cancer cell invasion and metastasis. (a) Proliferation and local invasion of tumor cells
from a primary site through the epithelium, which contrary to its normal physiologic status
displays a loss of E-cadherin in cell-cell junctions. (b) Tumor cell intravasation from tumormass
and stroma into capillaries. (c) The cancer cell survives in the blood circulation, where E-selectin
and P-selectin, expressed in activated endothelium, capture it and initiate the process of ‘‘roll-
ing.’’ This is similar to leukocyte rolling during inflammation. (d) Selectins, integrins, and
chemokines coordinate the capture of circulating cancer cells to the vessel wall and promote a
firmer adhesion. Heterotypic signaling is activated providing a permissive environment to
maintain attachment and promote extravasation. (e) The shear flow and the interaction with
endothelial chemokines allow transendothelial migration not compromising the integrity of the
endothelial barrier. (f) Extravasated cancer cells can proliferate in secondary sites
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Cadherins in Ovarian Cancer: A Notable Exception

The ovary is surrounded by the capsule, an epithelial cell basement membrane
upon which sits a single layer of cuboidal mesothelial-like surface epithelial cells
(OSE); a similar single cell layer is found lining the fimbriae of the fallopian
tube. This layer generally lacks E-cadherin expression37,38 and is hypothesized
to give rise to most all epithelial ovarianmalignancies, especially those of serous
and/or papillary histology. Additional epithelium is found lining surface clefts
and stromal inclusion cysts, which, in contrast, strongly express E-cadherin,
and has a more epithelial-like appearance, and may also be a source of ovarian
neoplasms.39 Ovarian carcinomas and metastatic sites have more epithelial
characteristics than do their OSE counterparts andmay display amore complex
epithelial morphology.38,40–42 This distinguishes ovarian carcinomas frommost
other cancers, which in the course of neoplastic progression become less differ-
entiated than the epithelium they originated from.43–45

Ovarian epithelial carcinogenesis, a process lacking a clear precursor
lesion or well-recognized progression, has been described by some as a
process of mesenchymal-to-epithelial transition followed by epithelial-to-
mesenchymal reversal. E-cadherin expression is gained during the observed
epithelial differentiation of OSE that may herald ovarian carcinogenesis.
Mesenchymal-to-epithelial transition was first described in a system where
E-cadherin transformed embryonic corneal fibroblasts into stratified epithe-
lium with desmosomes.46

The role of cadherins in progression of ovarian cancer to peritoneal dissemi-
nation and metastasis remains unclear. One proposed mechanism is switching of
the subtype of cadherin expression promoting carcinoma cell detachment and
shedding. Peritoneal mesothelium expresses P-cadherin.47 Advancing ovarian
cancer stage has been shown to be associatedwith a switch fromE- to P-cadherin;
this would favor homophilic interactions between shed ovarian cancer cells and
peritoneal mesothelium at implantation sites. Upregulation of P-cadherin has
been described with increasing aggressiveness in breast cancer.48 These concepts
suggest that P-cadherin may be an important potential molecular target to
disrupt ovarian cancer dissemination.

Selectins

Heterotypic cell-cell adhesion is important in the interaction of shed and
circulating ovarian cancer cells with their microenvironment, promoting suc-
cess of metastatic foci. Selectins are a family of calcium-dependent type I
transmembrane carbohydrate binding proteins.49 They mediate heterotypic
interactions between blood and endothelial cells during leukocyte adhesion
and lymphocyte homing50 and promote early tethering and then rolling of the
leukocytes on the endothelium during hydrodynamic vascular shear stress.
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Those interactions are characterized by relatively rapid on/off binding kinetics
between selectins and their ligands.51 As with the cadherins, standard nomen-
clature designates each family member according to the cell type of original
identification: E (endothelium; endothelial leukocyte adhesion molecule-1)
selectin, P (platelet) selectin, and L (lymphocyte) selectin. Selectins, now
shown to mediate endothelial cell interaction with malignant cells, typify het-
erotypic cell-cell adhesion interactions in cancer.52–55

Selectins as Mediators of Heterotypic Cell Adhesion

The heterotypic interaction of endothelial cells with tumor cells and hemato-
poietic cells has been shown to involve, in part, selectins through their recogni-
tion of fucosyl carbohydrate ligands. Structures containing sialyl-Lewisx (sLex)
and sialyl-Lewisa (sLea), highly expressed in polymorphonuclear leukocytes
andmonocytes56 and less abundantly on natural killer cells,57 are also expressed
on some cancers.52–55 Selectins have a characteristic extracellular region com-
posed of a domain with structural homology to calcium-dependent lectins, an
EGF-like domain, and two to nine short consensus repeats homologous to
complement regulatory proteins, a membrane spanning region, and a cytoplas-
mic tail.49 Cell binding is mediated through the selectin lectin domains and cell
surface carbohydrate ligands.58

Selectin-carbohydrate adhesion is an early event in leukocyte adhesion responses
that promotes the attachment of nonactivated leukocytes to activated endothe-
lium.59 Selectins are responsible for the leukocyte rolling, a transient stage of
adhesion that is a prelude to firm attachment to the vascular endothelium colla-
boratively with other cell adhesionmolecules and leukocyte integrins.60,61 Synthesis
of E-selectin is induced rapidly after endothelial cell stimulation by proinflamma-
tory cytokines and translocates to the endothelial cell luminal surface.62

Selectins and Their Ligands in Cancer

The functional importance of selectins in cancer revolves around cancer cell
adhesion to both endothelium and platelets. Dysregulated glycosylation is a
known feature of malignancies, and sialylated fucosylated selectin ligands have
been shown to be expressed and/or secreted in cancer.63,64,52,53,55 The sialylated
Lewisa antigen is a well-characterized selectin ligand approved as a tumor
marker (recognized by CA-19-9 antibody) for colon and pancreatic cancers.
Soluble E-selectins have been shown to be significantly higher when compared
with controls in ovarian, breast, and gastrointestinal cancers. High levels of
circulating E-selectin are observed in ovarian cancer patients65; however, no
differential in blood E-selectin concentration was observed between benign and
malignant ovarian masses suggesting limited clinical value for serum E-selectin
as a diagnostic marker in epithelial ovarian cancer.66
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N-acetylglucosamine 6-O-sulfotransferase 2 (GlcNAc6ST-2), a member of the
carbohydrate 6-O-sulfotransferase family, is ectopically expressed in malignant
ovarianmucinous adenocarcinoma tissues but not in adenomas.67GlcNAc6ST-2
participates in the biosynthesis of a L-selectin carbohydrate ligand (GlcNAc-6-O-
sulfated sialyl-Lewisx)68 and is highly expressed in ovarian papillary serous and
clear cell adenocarcinomas, whereas the solid serous and endometrioid subtypes
have a lower expression.67 Mucinous, clear cell, and papillary serous subtypes
represent more than 80% of the ovarian epithelial adenocarcinomas, and drug
resistance occurs rapidly in patients with advanced disease. For this reason,
GlcNAc6ST-2 has been proposed as a novel ovarian cancer tumor antigen.
Ovarian mucinous adenocarcinomas express sulfated glycans, including L-selec-
tin ligands, sialyl-Lewisx,69 sialyl-Tn (sTn), Lea, and sialyl-Lewisa antigens more
frequently than do serous and endometrial adenocarcinomas.70 Lewisx-related
structures have been associated with metastasis, making the role of selectins in
ovarian cancer metastasis and dissemination intriguing.

CA-125 is the only approved serum biomarker for ovarian cancer, but it
lacks the sensitivity and specificity to act alone in a screening test, especially for
detection of early-stage disease,71 and it has not been validated as a prognostic
marker. CD24, a ligand for P-selectin, has been proposed as an independent
molecular marker of patient survival.63 Its intracytoplasmic expression can be
used to differentiate benign and malignant tumors63,72; however, further testing
is needed to assess its clinical value.

Hematogenous metastasis, common in solid tumors and sarcomas, occurs
albeit late in ovarian cancer; it is a complex and dynamic process. Both detach-
ment from neighboring tumor and endothelial cells and stromal compartments
followed by migration are required for initiation, and similar events are
required for extravasation at the secondary site. Selectins are involved in adhe-
sion of tumor cells to endothelium similar to their function in inflammation.73

In this adhesion, selectin ligands of the invading tumor cells interact with their
endothelial selectin receptors.64,74 E-selectin has been shown to be critical in
mediating cell tethering and rolling of adenocarcinoma cells,75 and silencing of
the tumor-induced activation of host E-selectin through antisense nucleotides
was shown to result in a decreased number of metastases.76

P-selectin is involved in tumor cell–platelet interaction facilitating metasta-
sis.77–79 Both in vitro and in vivo studies have provided evidence that platelets
promote metastasis. CT-26 colon adenocarcinoma cell line–induced pulmonary
metastasis in C57Bl/6 mice was inhibited by induction of thrombocytopenia,
and this inhibition was reversed by platelet infusion.79 P-selectin knockout mice
have elegantly demonstrated that the lodging of metastatic cells was dramati-
cally attenuated compared with wild-type control mice.80 Several hypotheses to
address this mechanism have been generated including release of stimulatory
factors from activated platelets, platelet protection of cancer cells from NK cell
lysis, and enhancement of tumor cell extravasation by platelets.81,82 Increased
levels of soluble P-selectin indicate platelet activation, and they occur typically
in hematologic malignancies.83
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Selectins and Angiogenesis

Angiogenesis is a complexmultistep process of blood vessel proliferation involving
proteases, angiogenic growth factors, and endothelial adhesion molecules.84 Selec-
tin-endothelial interactions have been shown to be important not only in metas-
tasis but also in angiogenesis.73 Circulating E-selectin is considered evidence of
endothelial activation, and endothelial cell expression increases with capillary tube
formation. It is not clear if soluble E-selectin may be used to follow effect on
disease of therapeutic modulation of angiogenesis. Furthermore, in the proximity
of tumor microenvironment, proinflammatory cytokines released by immune cells
augment selectin expression, suggesting inflammation as a cancer-promoting pro-
cess.51,85 Interference with binding of E- and P-selectin to their ligands caused by
synthetic analogues of sialyl-Lex or by anti-Lex was shown to inhibit angiogen-
esis.97 Co-transplantation of F-2 endothelial cells with human cancer cells in nude
rats formed extremely vascular tumors. The vascularization and the size of tumors
were decreasedwith administration of anti-Lea/x antibodies, further supporting the
hypothesis that selectins play an important role in the angiogenesis.87

Selectins as Therapeutic Targets

The importance of selectins as pharmacologic targets stems from their signifi-
cance as early mediators of tumor progression, metastasis, and inflammation.
Three main categories of intervention have been proposed: anti-selectin antibo-
dies, antibodies against selectin ligands, and low-molecular-weight antagonists.88

Humanized anti-selectin antibodies have been developed and clinically tested
although not with success.89,90 Antibodies against selectin ligands have been
developed to inactivate P-selectin glycoprotein ligand-1 (PSGL-1) expressed in
leukocytes. A beneficial effect of anti-PSGL-1 was demonstrated in an ex vivo rat
model of hepatic cold ischemia and reperfusion. Increased bile production,
reduced hepatocellular damage, and enhanced portal venous flow resulted.91

Glycoproteins are the principal selectin ligands leading to the design and
testing of glycomimetics antagonists to E- and P-selectins.88 Those glycomi-
metics include a pentasaccharide with a sialyl-Lex substructure (CY1503), a
modified trisaccharide sialyl-Lex, and a conjugated monosaccharide dimer
bimosiamose (TBC1269).92,88,93 PSI-697, a quinoline salicylic acid class of
compounds, is an orally available small molecule developed as a P-selectin
antagonist, blocking PSGL-1 interactions.94,95

Cell-Matrix Interactions

Heterotypic cell-matrix interactions are the second major adhesion event in
ovarian and other solid tumor biology. The extracellular matrix (ECM) is an
important source of positive and inhibitory regulation for the cancer
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microenvironment. Several families of interaction molecules and ligands have
been described. These have key roles in malignant dissemination and the
vascular response to the cancer, and many have been the target of pharmaco-
logic intervention. The combination of cell-cell adhesion and cell-substratum
interactions are those that provide the trophic and stabilization signals to
normal and normally remodeling tissues. Alterations in one or both are the
hallmark of the flexibility of malignant cells.

Matrix Scaffolding

Malignant cells and activated stromal cells have the capacity to alter the type
and amount of matrix molecules they produce, secrete, andmodify in their local
microenvironment. Further, they have varied receptors capable of responding
tomatrix andmatrix fragments and the other molecules within their noncellular
microenvironment. These events result in both stimulatory and inhibitory
signals. This also occurs in ovarian cancer whether in solid phase or in effu-
sions.96–98 Outside-in signaling is propagated by cell-substratum interactions as
with cell-cell adhesion. Cell-matrix adhesion can occur with or without ligand
binding. Actin filaments in lamellipodia and filopodia can drive b1-integrin
membrane clustering and adhesion seeking independently of ligands.99 Shear
stress and force on the cells in an adherent setting also may enhance or mimic
tumor-matrix binding signals. Shear force was shown to cause colon cancer cells
to adhere via a b1-integrin–mediated mechanism, with resultant activation of
downstream survival and adhesion signaling.100–102

Integrins

Integrins are fundamental to cellular growth and survival, migration, differen-
tiation, and signal transduction. They are a family of membrane-spanning
molecules composed of noncovalently linked a and b heterodimers.103,104 Integ-
rin structure consists of three primary components: an extracellular receptor, a
transmembrane domain, and a cytoplasmic domain. Integrins are mediators of
cross-talk between the ECM and cytoplasm via signal propagation.105 Integrin
activation is vital to normal cell activity and also promotes aberrant growth and
survival, migration, invasion, and adhesion in cancer. Integrin engagement is
associated with generation of a focal contact that becomes a signalosome to
traffic information from the ECM to the cell. Integrin heterodimers interact
with a variety of matrix and other scaffolding molecules to regulate the cell
interaction with its microenvironment.

Integrin Signaling

Upon stimulation either by extracellular matrix or other ligands, or indirectly,
integrins aggregate and trigger downstream signaling. This occurs through
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formation of a signalosome, a submembrane ‘‘organelle’’ consisting of the
integrin cytoplasmic domain and its recruited signaling proteins, such as integ-
rin-linked kinase, focal adhesion kinase (FAK), and phospholipase C.106,107

The signalosome processes information driving changes in cell function. This is
sent to molecules such as RhoA, ras, the MEK/ERKmitogen activating kinase
pathway, and the Jun kinase activating kinase pathway.108,109 FAK is a non-
receptor kinase involved in signaling between ECM and the cell and now an
important new molecular target.110 FAK responds to growth factors and ECM
ligands by autophosphorylation and downstream signaling to promote cell
adhesion and spreading, migration, and invasion. It has been shown to be
important in ovarian cancer. Judson et al. found there was a fourfold increase
in FAK expression by immunohistochemistry and Western blot in ovarian
carcinoma cases compared with that in normal ovarian epithelium.111 Further,
a marked reduction in migration and invasion was observed in ovarian cancer
cell lines transfected with a kinase-deficient FAK.112 New FAK inhibitors have
been shown to reduce activation of FAK, ovarian cancer cell growth, and also
tumor burden in xenografts. It has been shown to combine safely and effectively
in preclinical studies with taxanes.110

FAK is recruited early in outside-in signaling, proximate to the cell mem-
brane. Its autophosphorylation results in sites for partner protein binding for
src homology 2 (SH2) domain-containing proteins and src kinases, which are
critical in signaling pathways promoting survival, proliferation, and metasta-
sis.113,114 Src is also a nonreceptor tyrosine kinase critically involved in ovarian
cancer tumor progression. It is both upstream and downstream of FAK. Src
may be upregulated in late-stage ovarian cancers.115 A mouse model of sponta-
neously transformed ovarian epithelium demonstrated increased src expression
with increased Phosphoinositide 3-kinase (PI3K) and ras activation, which
translated to resistance to paclitaxel. A new small molecule that inhibits src
and abl kinases, dasatinib, has been approved for use in imatinib-resistant
chronic myelogenous leukemia and select acute lymphoblastic leukemia.116

Dasatinib is a potent inhibitor of src kinase activity and is therefore a potential
therapeutic for cancers such as ovarian cancer where src activity is upregulated.
The intramural National Cancer Institute will be running a phase I clinical trial
of dasatinib and bevacizumab for patients with solid tumors.

FAK autophosphorylation yielding an SH2 domain ligand causes activation
of PI3K.117 PI3KCA, encoding for the catalytic subunit of PI3K, is genomically
upregulated, overexpressed, and results in increased protein expression and
activation ovarian carcinomas.118,119 Activation of PI3K induces cell-cell and
cell-substratum contact in vitro and as shown by enhanced metastatic potential
and resistance to apoptosis.120,121

Integrin Activation of the Invasive Phenotype

Adhesion molecules such as integrins communicate with the ECM and the
cytoplasmic signaling network to produce and/or activate proteases and other
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molecules involved in the invasive and metastatic phenotype. Ovarian cancer cells
floating in ascitic fluid have survival and invasive phenotypes, activated due to the
loss of their substratum interactions. Cells found in ascites and pleural effusions
have a different phenotype compared with solid primary and metastatic tumors.

Davidson et al. have examined differences between effusions and primary
solid tumor andmetastases. They have demonstrated an increased expression of
av- and b1-integrin subunits in carcinoma cells bathed in ascitic fluid compared
with solid tumors. The differential integrin subunits contained by these cells
bind components of mesothelium, likely aiding in their invasive and metastatic
potential.122 Furthermore, in vitro studies of ovarian cancer cell aggregates, or
spheroids, confirm the distinct phenotype of cells immersed in ascitic fluid
compared with solid primary or metastatic lesions. Similar to the effusions,
the spheroid phenotype is mediated by a5ß1-integrin.

123,124

Integrin ECM engagement upregulates invasion signaling pathways result-
ing in increased secretion of proinvasive proteins. Ligation of integrin receptor
a5b3 to vitronectin causes activation of the urokinase-type Plasminogen Acti-
vator uPA-uPAR Urokinase receptor pathway resulting in increasing plasmin
activation and invasion of malignant melanoma cells.125 Soluble ECM proteins
and fragments, such as fibronectin, can activate integrins, which results in
increased MMP-9 secretion.126 Treatment of ovarian carcinoma cells with a
blocking antibody for a5-integrin caused decreased MMP-9 secretion and inva-
sion.126 Additionally, proteases such as MMP-2 can bind integrin a5b3 directly
supporting the concept of cell-mediated proteolysis.127 Secreted protein acidic
and rich in cysteine (SPARC), interacting with the ECM, reduced peritoneal
dissemination through negative regulation of VEGF and subsequent decrease
in MMP-2 and MMP-9 production.128

A component of the integrin role is connection to the actin cytoskeleton to
facilitate migration and invasion. Upon adhesion and migration stimulation
and signaling, actin is rearranged into actin filaments and drives the cell for
adhesion and spreading and/or lamellipodial protrusion for migration. One
downstream protein involved in actin rearrangement and now shown to have
importance in ovarian cancer is actinin-4, an isoform of a-actinin. Histologic
staining of actinin-4 in ovarian carcinoma is associated with late stage,
increased tumor residual, and decreased 5-year survival rate.129

Angiogenesis: An Application of Cell-Cell and Cell-Substratum

Adhesion

Angiogenesis is a form of physiologic invasion, involved in normal growth,
development, and wound healing.130 The branching and formation of new
blood vessels occurs from existing vasculature in response to stimulation that
may include circulating factors, matrix molecules and fragments, and cells, such
as tumor cells. Tumor progression is dependent upon nutrient supply and waste
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removal131 and access to the endothelial and lympha-endothelial vasculature as
a conduit.132 Ovarian cancer is unique in that its initial dissemination occurs via
shedding, then later by hematogenous and lymphatic spread.133 Vessel forma-
tion requires an invasive-type behavior where there is a sprout that forms,
extends, canalizes, then has flow. Normal and tumor angiogenesis follow the
same multistep process characterized by the invasive characteristics of meta-
static cancers.134–137

The importance of angiogenesis in ovarian cancer has been demonstrated at
multiple levels including clinical correlates,138 effective clinical investiga-
tion,139–142 laboratory studies demonstrating the activation of vasculature
upon tumor cell adhesion to the endothelial cells lining the vessel,141 and,
finally, recognition that understanding this heterotypic cell adhesion may
uncover new therapeutic and imaging targets.

Microenvironment Cross-talk

Ovarian cancer interacts with its local microenvironment physically thorough
heterotypic and homotypic cell-cell binding and cell-substratum interaction and
also by production and secretion of factors to activate the local microenviron-
ment and to subvert its function to respond to the tumor. A critical and potent
pro-angiogenic factor, vascular endothelial growth factor (VEGF), was first
identified from ovarian cancer ascites for its role in promoting vascular leak-
age.134,142 It is a mitogen and motogen for vascular development and neoan-
giogenesis and functions to promote survival of neovessels during their
formation.134,143

The role of VEGF in ovarian cancer has been demonstrated in multiple
ways. Expression of VEGF and its receptors has been shown to correlate
with poor prognosis in ovarian cancer.144 Ovarian tumor cells express
VEGF, and some have been shown to express VEGF receptors 1 and 2.145

The relationship between the ovarian cancer and the vasculature is interac-
tive paracrine. Preclinical data show that ligand binding and/or inhibition of
Vascular endothelial growth factor receptor 2 (VEGFR2) have significantly
reduced ovarian cancer mass and ascites formation in mice.146,147

The preclinical data translated successfully to intervention using bevacizu-
mab, the monoclonal neutralizing VEGF antibody, and more recently VEGFR
inhibitors. Bevacizumab is a humanized monoclonal antibody against VEGF.
It has been the first drug to show significant activity against solid tumors
including epithelial ovarian cancer. Bevacizumab has been reported to bind to
all isoforms of VEGF, effectively preventing the ligand from binding to
VEGFR.148 In addition to monoclonal antibodies, small-molecule inhibitors
of VEGFR receptor tyrosine kinase represented another approach to blocking
VEGF-mediated angiogenesis. These inhibitors are ATP mimics, blocking the
kinase activity.
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Sorafenib is a small-molecule tyrosine kinase inhibitor that inhibits raf
kinase, VEGFR2, and platelet-derived growth factor (PDGF) receptor
(PDGFR)-b. Sorafenib has shown minimal single-agent results. The National
Cancer Institute (NCI) phase I trial of bevacizumab in conjunction with sor-
afenib has yielded partial responses, and efficacy is now being tested in phase II.
Translational results show inhibition of angiogenesis by imaging.149 A inter-
active increase in hand-foot syndrome and hypertension was observed and no
consistent validity of CA-125 as a measure of disease response.150

Angiogenesis Mitogens and Motogens

Many pro- and anti-angiogenic factors exert their effects through modulation
of both the mitogenesis and migration of endothelial cells. Both processes
require activation of many or all of the adhesion events defined above.
Expression of these endothelial cell mitogens and motogens frequently occurs
in parallel and is generally paracrine, a result of the complex activation of the
local microenvironment. As such, regulation of mitogenesis of the ovarian
tumor, such as with paclitaxel, will dysregulate mitogenesis, cell-cell and/or
cell-substratum adhesion, and migration of both tumor cells and
endothelium.151,152

The angiopoietin (Ang) family of growth factors contains four members that
associate with the Tie-2 endothelial cell receptor tyrosine kinase. Ang-1 and
Ang-4 activate the Tie-2 receptor, and Ang-2 and Ang-3 inhibit Ang-1–induced
Tie-2 phosphorylation. Similar to VEGF, Ang-1 is essential for vascular devel-
opment in the mouse embryo. The absence of Ang-1 and Tie-2 receptors results
in severe vascular abnormality in mouse embryos.153,154 Ang-2, in the presence
of VEGF, causes loosening of cell-cell and cell-matrix interactions, which
allows for endothelial cell migration and subsequent angiogenesis. An interac-
tion between the angiopoietins and VEGF in regulation of ovarian cancer has
been reported.155 Hata et al. have determined that Ang-1 gene expression and
Ang-1/Ang-2 gene expression ratio in normal ovary with corpus luteum (CL)
had significantly higher levels compared with that in ovarian cancer.156

The fibroblast growth factor (FGF) family consists of 22 members similar to
one another in primary sequence and heparin binding.157 FGF-2, also known as
basic FGF (bFGF), is a heparin-binding protein that has been long known to
have angiogenic activity.158 It has been identified to induce ovarian cancer cell
migration, proliferation, and vascularization. Serum and ascites samples from
patients with advanced epithelial ovarian cancer have been shown to contain
elevated levels of FGF-2.135 Furthermore, several ovarian cancer cell lines have
shown increased FGF-2 transcripts,159 and patients with ovarian cancer have
high FGF-2 amounts in urine samples in comparison with other tumors.160

These findings have been reiterated recently confirming that there is differential
FGF expression in ovarian cancer and confirming that FGF-1 (acidic FGF) is
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involved in endothelial migration in modified Boyden chambers, a process that
requires cell-substratum adhesion.161 The FGF receptor(s) has been shown to
be inhibited by some of the promiscuous kinase inhibitors such as NP603 and
PD 161570 (a FGF receptor 1 inhibitor),162,163 as FGF receptors such as FGF-1
receptor have been shown tomediate chemotaxis,164 thusmaking FGF receptor
a potential therapeutic target in cancer.
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Chapter 15

Microenvironmental Regulation of Ovarian

Cancer Metastasis

Maria V. Barbolina, Natalie M. Moss, Suzanne D. Westfall,

Yueying Liu, Rebecca J. Burkhalter, Francoise Marga, Gabor Forgacs,

Laurie G. Hudson, and M. Sharon Stack

Introduction: Ovarian Carcinoma Metastasis

Tumors arising from the ovarian surface epithelium (OSE) account for the vast

majority of ovarian malignancies; however, the etiology of epithelial ovarian

cancer (EOC) remains poorly understood,1 and the analysis of early events in

ovarian carcinogenesis is limited by the relative lack of early-stage tumors for

study. The normal OSE is a single layer of mesodermally derived cells that

exhibit the remarkable ability to transition between epithelial and fibroblastic

phenotypes in response to microenvironmental cues.2–4 Such phenotypic plas-

ticity is usually limited to immature, regenerating, or neoplastic epithelium.

Unlike most carcinomas that initially de-differentiate during neoplastic pro-

gression, ovarian carcinomas undergo a mesenchymal-epithelial transition and

acquire a more differentiated epithelial phenotype resulting in significant mor-

phologic heterogeneity as tumors acquire increasingly complex differentiation

reminiscent of the highly specialized epithelia of Müllerian duct origin.5,6

Differentiated primary ovarian tumors acquire morphologic characteristics of

the fallopian tube (serous carcinoma), endometrium (endometrioid carcinoma),

endocervix (mucinous carcinoma), and vagina (clear cell carcinoma).5,6 More

recently, classification of ovarian tumors into low-grade (type I) versus high-

grade (type II) malignancies has been proposed based on presumed pathways

leading to tumorigenesis, rather than histopathologic characteristics.7 Low-

grade carcinomas are more indolent, develop from a recognized precursor

lesion, and are often confined to the ovary at diagnosis. In contrast, high-

grade tumors are clinically aggressive at initial presentation, are not associated
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with a morphologically recognizable precursor, metastasize early, and are
associated with poor clinical outcome. Molecular analyses have established
distinct molecular changes that distinguish type I and II tumors, supporting
the concept of two pathways of ovarian carcinogenesis.1

It is predicted that more than 15,500 women will die this year from complica-
tions related to epithelial ovarian cancer metastasis.8 As 75% of women with
EOC are initially diagnosed with previously disseminated intra-abdominal
disease, a more detailed understanding of the cellular and biological and
biophysical factors that promote successful metastatic dissemination clearly
can ultimately improve patient survival. In addition to genetic alterations that
promote tumorigenesis, the contribution of the unique ovarian carcinoma
microenvironment to the development of metastatic disease is gaining increas-
ing recognition. Unlike other solid tumors, hematogenous dissemination of
ovarian cancer cells is uncommon. Instead, an early event in EOC metastatic
dissemination is the exfoliation of cells from the primary ovarian tumor into the
peritoneal cavity (Fig. 15.1A, B). Shed tumor cells are believed to block peri-
toneal lymphatics9 and, together with expression of vascular endothelial growth
factor (VEGF), contribute to the build-up of peritoneal ascites.6,10 Individual
tumor cells as well as multicellular aggregates (MCAs) or spheroids have been
detected in ovarian cancer ascites.11–13 Shed tumor cells interact with mesothe-
lial cells lining the inner surface of the peritoneal cavity (Fig. 15.1C), whereupon
cell-cell and cell-matrix adhesion molecules contribute to anchoring of tumor
cells to establish secondary lesions.14,15 The dissemination of ovarian cancer is
largely contained within the peritoneal cavity, establishing an unique micro-
environmental niche composed of tumor cells, inflammatory components, and
a host of soluble factors secreted by—or in response to—tumor cells. These
include growth factors, bioactive lipids, proteolytic enzymes, extracellular
matrix components, and inflammatory mediators.16–18 The primary tumor as
well as both suspended and anchored metastatic cells maintain direct contact
with ascites, providing a mechanism for dynamic and reciprocal regulation of
the tumor microenvironment.

Pericellular Adhesive Microenvironment

Ovarian tumor progression is accompanied by changes in the pericellular
adhesive microenvironment that may reflect, in part, the unique phenotypic
plasticity of the normal OSE. The OSE is composed of a single layer of simple
squamous, cuboidal, or columnar epithelium separated by a basement mem-
brane from the underlying connective tissue layer, the tunica albuginea.19 OSE
displays both epithelial and mesenchymal characteristics in situ, expressing
epithelial markers such as keratin, desmosomes, and basement membrane as
well as mesenchymal markers including vimentin and interstitial collagens.2,20

Reversible modulation between epithelial and fibroblastic phenotypes occurs
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during postovulatory repair and includes alterations in cell shape, cell-cell and

cell-matrix contacts, and altered expression of differentiation markers.3,4 Simi-

larly, reversible modulation of cellular adhesive events likely plays a critical role

in remodeling of the OSE during tumor progression.
Cell-matrix and cell-cell adhesion, mediated by integrins and cadherins,

respectively, are required for the maintenance of tissue integrity. Moreover,

modulation of the expression and/or function of adhesive proteins may con-

tribute to metastatic dissemination. The expression of integrins, heterodimeric

transmembrane receptors for extracellular matrix components, has not been

Fig. 15.1 Schematic model of distinct adhesive microenvironments in epithelial ovarian cancer

(EOC) metastasis. (A) The primary tumor likely forms from malignant transformation of
ovarian surface epithelial (OSE) cells.While the OSE expresses primarilyN-cadherin, primary
ovarian tumors undergo a mesenchymal-epithelial transition and acquire expression of the
epithelial cell-cell adhesion molecule E-cadherin. (B) Metastatic cells are shed from the
primary tumor as single cells and multicellular aggregates (MCAs). Formation of malignant
ascites is common, particularly with advanced-stage tumors. Tumor cells in ascites lack
integrin-matrix contacts, whereas cadherin-based adhesion is prevalent. (C) Peritoneal metas-
tasis involves reestablishment of integrin-matrix contacts as single cells or adherent MCAs
interact with submesothelial types I and III collagens. Tumor cells proliferate to established
anchored secondary lesions containing cell-matrix binding integrins such as a2b1 and a3b1 as
well as cell-cell binding cadherins, predominately N-cadherin. The role of this distinct adhe-
sive milieu on cellular response to microenvironmental regulators including growth factors,
cytokines, and bioactive lipids is under investigation
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extensively evaluated in OSE; however several integrins including a2, a3, a5, av,
b1, and b3 have been detected.21–23 Localized expression of a6b4-integrin on the
basal epithelial surface of OSE, which is lost in progression to EOC, has also
been reported.23,24 Adhesion mediated by b1-integrins may represent a poten-
tial therapeutic target, as this integrin subunit has been implicated in binding of
individual tumor cells and MCAs to peritoneal mesothelium or submesothelial
matrix and promoting MCA disaggregation11,12,25–31

In marked contrast with other epithelia that express E-cadherin, normal
OSE epithelial cell-cell integrity is maintained by N-cadherin, and moderate
N-cadherin staining of some EOC tumors has been reported (reviewed in
Hudson et al.14). The epithelial cell-cell adhesion molecule E-cadherin is largely
absent in OSE yet becomes more abundant in primary differentiated EOC,
suggesting a role in early events leading to cellular transformation.14 Reduced
E-cadherin staining is found in late-stage carcinomas and ascites-derived tumor
cells,32–34 whereasN-cadherin immunoreactivity is elevated in advanced tumors
and peritoneal metastases.14 This reacquisition of mesenchymal-type adhesive
features in advanced tumors may change the morphology of MCAs by redis-
tribution (sorting) of E- and N-cadherin presenting cells, thereby modifying the
biomechanical properties of the aggregate (such as surface tension)35–37 and
contributing to intraperitoneal anchoring of metastatic lesions.

Reversible changes in the expression and/or function of cellular adhesive
proteins occur during ovarian tumor progression (Fig. 15.1). Initial dissemina-
tion of cells from the primary tumor on the ovarian surface requires disruption
of both cadherin-mediated cell-cell contacts and integrin-matrix interactions.
Tumor cells in ascites lack integrin-matrix contacts, yet cadherin-based adhe-
sion is prevalent in MCAs. Integrin-matrix adhesion is reestablished during
peritoneal anchoring, and subsequent tumor cell proliferation generates
cadherin-expressing metastatic colonies. The influence of this reversible mod-
ulation in the pericellular adhesive milieu on tumor progression and metastatic
competence is largely unexplored. Furthermore, the adhesive milieu may also
alter the response of tumor cells to soluble and/or matrix-associated micro-
environmental regulators such as growth factors, bioactive lipids, and ECM
proteins.

Microenvironment of Ascitic Tumor Cells

The peritoneal cavity of normal women contains 5–20 ml of serous exudate
including many plasma proteins and free-floating cells such as macrophages,
desquamated mesothelial cells, lymphocytes, and mast cells.38 In women with
ovarian cancer, obstruction of peritoneal lymphatics together with enhanced
vascular permeability often results in abdominal distension caused by accumu-
lated malignant ascites fluid in the peritoneal cavity ranging from <500 ml to
>2 L. Whereas women with early-stage malignancies (stage I and II) are often
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free of ascites, the vast majority of women with advanced disease (stage III/IV)

produced >500 ml of ascites.39 In women with advanced ovarian cancer, the

presence of ascites is an independent adverse prognostic factor40 and is corre-

lated with both intraperitoneal and retroperitoneal tumor spread.41 Together,

these data indicate that presence of ascites is highly predictive of ovarian

malignancy in women with a pelvic mass.39

The complexity of ascites fluid is highlighted by a recent proteomic analysis

that identifiedmore than 200 proteins in the soluble fraction of ascites andmore

than 2500 in the combined soluble and cellular fractions.42 Soluble components

include the bioactive lipid lysophosphatidic acid (LPA), synthesized by both

platelets and activated mesothelial cells,43,44 cytokines including interleu-

kins17,45 and macrophage migration inhibitory factor,46 growth factors such

as EGF, VEGF, and HB-EGF,47–50 and newly synthesized as well as degraded

ECM proteins such as collagens types I and III.51–53 These soluble factors can

have dramatic consequences on tumor cell behavior and metastatic progres-

sion. For example, LPA can directly interact with tumor cell LPA receptors54 to

activate cellular motility pathways (Fig. 15.2).55,56 Tumor cell dissemination

Fig. 15.2 LPA promotes cell migration. OvCa429 cells were treated with vehicle or LPA
(30 mM) for 18 hours, and cell motility was quantified by measuring internuclear distance.
(A) Vehicle control, (B) LPA (30 mm), (C) quantitation of internuclear distance
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may be promoted through other mechanisms such as regulating the expression
and/or activation of metastasis-associated proteinases in the matrix metallo-
proteinase (MMP) and plasminogen activator families.54,55,57 Alternatively,
LPA may also influence tumor progression through altered expression of
secondary regulators of tumor cell behavior including interleukins and
chemokines.45,58–60

Cellular components including activated mesothelial cells and inflammatory
cells are also prevalent in ascites. Stromal cells in the tumor microenvironment
may contribute to regulation of EOC metastasis, and recent studies support a
role for inflammatory cells in promotion of intraperitoneal disease. Tumor cell
dissemination from the ovaries was found to correlate temporally with
enhanced peritoneal inflammation61 and direct intraperitoneal injection of
tumor cells also showed a prometastatic effect on inflammation. Depletion of
peritoneal macrophages reducedmetastasis, suggesting that inflammation facil-
itates metastasis via amacrophage-mediatedmechanism.61 This is supported by
data demonstrating that co-culture of ovarian cancer cells with macrophages
led to dynamic changes in macrophage expression of IL-10, -12, and -6, TNF-a,
and CSF-1.47,62 Macrophage-secreted TNF-a increased tumor cell invasive-
ness,47 providing an example of stromal-epithelial cross-talk in the control of
EOC metastasis via dynamic regulation of the cytokine network.

Does Cadherin Expression Contribute to Intraperitoneal Survival?

A unique feature of tumor cells in ascites is the ability to survive the lack of cell-
matrix contact and proliferate as a floating tumor population (Fig. 15.1B). It is
interesting to speculate that these conditions favor the survival of a subpopula-
tion composed of highly neoplastic cells.63 In support of this hypothesis, recent
studies have demonstrated that cells isolated from murine ascites proliferate
more readily and are more aggressive relative to the parental cells when re-
injected in vivo.64 In gene expression profiling studies comparing cells cultured
as monolayers, MCAs, or tumor xenografts, MCA expression profiles were
found to cluster with tumor xenografts rather than with monolayer cells.65

These data suggest that MCAs represent a more advanced stage of malignancy
relative to the parental primary tumor cells. A self-renewing population of
ovarian cancer initiating cells that form self-renewing spheroids was recently
isolated from solid primary ovarian tumors.66 When cultured under stem cell
selective conditions, these MCAs displayed a 100,000-fold increase in tumor-
igenicity, resulting in tumors that metastasized to the omentum and colon.
These data support the hypothesis that the nonadherent MCA population
found in human ovarian ascites is the primary source of intraperitoneal meta-
static lesions.

Although survival of single cells and MCAs in ascites is likely influenced by
ready access to soluble growth factors,48,49 recent data support a role for
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cadherin expression in MCA survival. MCAs in human ovarian carcinomatous
ascites are relatively heterogeneous, ranging in size from 30 to 200 mm.11,12 As
summarized above, primary ovarian carcinomas gain expression of the cell-cell
adhesion molecule E-cadherin relative to unaffected ovarian surface epithe-
lium, as tumor cells undergo an initial mesenchymal-epithelial transition in
early carcinogenesis.14 It has been suggested that acquisition of E-cadherin–
mediated adhesion early in tumor progression functions to suppress anoikis, a
type of programmed cell death resulting from loss of integrin-based cell-matrix
contacts as cells are shed from the primary tumor into the peritoneal cavity.14

This is supported by data showing that E-cadherin engagement activates Akt
via PI3-kinase signaling,66 and downregulation of E-cadherin leads to loss of
viability.66 Thus, proliferative signals downstream of E-cadherin activation
may contribute to ovarian cancer cell survival. Whereas reduced E-cadherin
staining is often found in late-stage carcinomas and ascites-derived tumor cells,
N-cadherin staining persists in late-stage tumors and paired peritoneal metas-
tases14; however, the role of N-cadherin in MCA survival has not been
explored. Interestingly, N-cadherin expression levels of glioblastoma cells cul-
tured as MCAs correlate with surface tension of the aggregate, indicative of
stronger aggregate cohesion.67 Furthermore, the effect of microenvironmental
regulators such as bioactive lipids, cytokines, growth factors, and matrix frag-
ments on MCA survival and dissemination has not been extensively investi-
gated. In this context, it is interesting to note that treatment of ovarian cancer
MCA cultures with LPA induces expression of the mesenchymal marker vimen-
tin (Fig. 15.3), suggesting that LPA may be a modulator of the late epithelial-
mesenchymal transition (EMT) observed in progression to metastasis.14

Microenvironment of Peritoneal Metastatic Lesions

A major structural component of the ovarian cancer microenvironment is the
peritoneum, a large membranous sheet that covers the abdominal organs and
viscera. Involvement of the peritoneum or serosal surfaces is observed in at least
80% of women with EOC18 and is a significant predictor of poor prognosis.
Whereas women whose tumors lack peritoneal involvement have a 5-year
survival of 90%, survival is decreased to 20% over 5 years in women with
microscopic or visible metastatic foci.18

The peritoneum is composed of a single layer of mesothelial cells with
abundant long microvilli that form an extensive serous membrane with
approximately the same surface area as the skin.38 An associated basement
membrane overlays a stromal compartment composed predominately of an
interstitial (types I, III) collagen-based matrix. Elastic fibers, fibronectin, lami-
nin, glycosaminoglycans, fibroblast-like cells, lymphatics, nerves, and capil-
laries are also found here.68 Tight junctions and desmosomes connect peritoneal
mesothelial cells; however, intercellular spaces are also present.18,68 Direct
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communication between the mesothelium and lymphatic endothelium has been

observed through stomata, represented by gaps in the basal lamina of both the

mesothelium and lymphatic endothelium at points of contact between mesothe-

lial cells and terminal lymphatics.38,68 It has been proposed that these stomata

may permit transfer of molecules or cells between the stroma and peritoneal

cavity.18

There is increasing evidence that soluble products derived from the primary

tumor may induce critical alterations in the peritoneal surface that prime

mesothelial tissues for tumor spread. Phenotypically, mesothelial cells from

advanced EOC patients display as a discontinuous layer of rounded cells

relative to the continuous flat mesothelial layer observed in non-EOC

patients,69 suggesting that soluble factors in ascitic fluid modulate mesothelial

cell function. This is supported by transcriptional profiling studies of peritoneal

biopsies from women with EOC versus benign disease. Enhanced expression of

genes associated with inflammation, catalytic activity, cell adhesion, and extra-

cellular matrix was observed in samples obtained fromEOC patients.18,70 These

data support the concept that soluble factors released from malignant tissues

induce a mesothelial response that favors peritoneal implantation.

Fig. 15.3 LPA promotes epithelial-mesenchymal transition in ovarian cancer cellMCAs.MCAs
formed from (A, B) OvCa 429 or (C,D) OvCa 433 cells were treated with LPA (40 mm) for 72
hours prior to processing for immunofluorescence microscopy. Green, E-cadherin; red,
vimentin; blue, DAPI (nuclei). Note that LPA treatment induces loss of epithelial character-
istics (E-cadherin) and a gain of mesenchymal phenotype (vimentin)
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Metastatic ovarian tumors arise as a consequence of CD44- and integrin-
mediated intraperitoneal adhesion and localized invasion into the
interstitial collagen-rich submesothelial matrix to anchor secondary lesions
(Fig. 15.1).11,12,15,27,28,71,72 After attachment of disseminated ovarian tumor
cells to the peritoneal mesothelium, cells extend cytoplasmic processes through
the junctional margins of neighboringmesothelial cells, inducing cellular retrac-
tion and exposure of the underlying submesothelial ECM.73,74 Metastasizing
ovarian cancer cells encounter an interstitial collagen-rich environment, as the
submesothelial matrix is composed primarily of types I and III col-
lagen.51,68,73,74 Ovarian cancer cells adhere preferentially to interstitial collages
using a2b1- and a3b1-integrins.27–29 Such affinity for interstitial collagens likely
reflects the phenotypic plasticity andmesenchymal origin of the ovarian surface
epithelium.53,75,76 Matrix binding induces MCA dissociation, as multivalent
cell-matrix contacts replace cell-cell adhesive interactions.11–13,77 b1-integrin–
mediated submesothelial adhesion represents an important early event unique
to ovarian cancer metastatic dissemination,12,13,27–29,30,77 and the resulting
alterations in integrin signaling may contribute to metastatic success.

Integrin-Matrix Interaction in Peritoneal Metastasis

There is increasing evidence that the peritoneal microenvironment actively
promotes progression of metastatic ovarian carcinoma.15 Ovarian cancer cells
that encounter this matrix barrier respond to de novo integrin signaling, result-
ing in changes in gene expression that may ultimately potentiate metastasis
(Fig. 15.4B). Using three-dimensional cell culture systems to model adhesive
events in intraperitoneal metastasis, our laboratory has shown that aggregation
of collagen-binding integrins activates integrin-mediated signaling via Src
kinases to induce expression of the early growth response gene Egr-1.30 The
resulting Egr-1–mediated transcriptional activation of the membrane-type 1
matrix metalloproteinase (MT1-MMP) promoter stimulates expression of
MT1-MMP, leading to enhanced collagen invasion.29,77 Acquisition of MT1-
MMP collagenolytic activity may be key to metastatic success, as it was recently
reported that MT1-MMP–driven collagenolysis is necessary to remove matrix
barriers to allow for the cytoskeletal reorganization necessary to drive a pro-
liferative response.78 Indeed, the ability of ovarian cancer cells to survive long-
term and proliferate in three-dimensional collagen gels is substantially
enhanced by MT1-MMP expression (Fig. 15.5A–C), and MT1-MMP expres-
sion is prevalent in peritoneal metastases from ovarian cancer patients
(Fig. 15.5D, E). Additional metastasis-associated proteinases such as MMP-9
are also induced by integrin-collagen contact.79 MMP-9 participates in E-
cadherin ectodomain shedding, a process that likely contributes to disaggrega-
tion of cells from the primary tumor or ascitic MCAs to facilitate subsequent
intraperitoneal anchoring and metastatic dissemination.79
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In addition to proteinases, other genes involved in transcriptional control,

proliferation, and motility are also altered by engagement of collagen-binding

integrins. For example, the motility regulatory protein actinin alpha-4

(ACTN4) is upregulated by three-dimensional collagen culture conditions

(Fig. 15.4),80 and enhanced expression of ACTN4 is found in peritoneal metas-

tases relative to paired primary tumors from the same patient.80 ACTN4 is

enriched in the cytoplasm of cells on the migratory front of cell clusters. More-

over, cells in which ACTN4 is silenced with specific siRNAs display signifi-

cantly reduced migration and collagen invasion, confirming a role for ACTN4

expression in ovarian cancer motility and invasion. A robust upregulation of

Wilms tumor gene product 1 (WT1) is also observed in cells cultured on three-

dimensional collagen gels, and expression of WT1 is associated with advanced

and metastatic human ovarian carcinoma.81 In contrast, expression of connec-

tive tissue growth factor (CTGF) is downregulated by three-dimensional col-

lagen culture. EOC cells adhere avidly to CTGF/collagen I surfaces, such that

Fig. 15.4 Interaction of ovarian cancer cells with three-dimensional collagen gels. (A) Multi-
cellular aggregates from Dov13 cells were plated on three-dimensional gels composed of
interstitial type I collagen. Note collagen-induced MCA disaggregation and cell spreading.
(B) In an in vitro model of intraperitoneal metastasis, cells are plated on three-dimensional
collagen gels prior to analysis of collagen-induced changes in gene expression using cDNA
microarray. Three-dimensional collagen culture results in upregulation and downregulation
of genes involved in invasion, motility, proliferation, and survival
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loss of CTGF expression promotes a proinvasive phenotype.82 Additional

genes differentially regulated by collagen engagement of EOC integrins have

not been reported in association with EOC but are known to have functional

significance in other tumor models. Genes downregulated by collagen contact

(Fig. 15.4B) include the tight junction protein claudin-1, loss of which is

correlated with high tumor grade in recurrent breast and prostatic adenocar-

cinoma.80,83,84 Downregulation of TGF-b2 has been reported for metastatic

oral squamous cell carcinoma.80,85 These data suggest the potential utility of

three-dimensional and organotypic models of extraovarian metastasis for the

identification and verification of potential novel targets for therapeutic

intervention.

Fig. 15.5 Acquisition of MT1-MMP expression promotes proliferation in a three-dimensional

collagen microenvironment. OvCa 433 cells were transfected with (A) vector control or (B, C)
vector expressing MT1-MMP prior to plating as single cells encased in a three-dimensional
collagen gel for 10 days. The gel in (C) also contained theMMP inhibitor TIMP-2.Note the lack
of proliferation in the three-dimensional collagen microenvironment in the absence of MT1-
MMP expression (compareA and B) or in the presence of anMT1-MMP inhibitor (compare B
and C). (D, E) Immunohistochemical analysis of MT1-MMP expression in primary ovarian
tumors and paired peritoneal metastases from the same patient. Analysis was done on tumor
tissue microarrays prepared with Institutional Review Board approval by the Pathology Core
Facility, NorthwesternUniversity. Themicroarray tissue specimens included 16 paired primary
andmetastatic ovarian cancer tissues obtained during the same surgical procedure. Stainingwas
done according to standard procedures, and stained tissues were scored on a 0–3 scale. Expres-
sion ofMT1-MMP at the metastatic site was greater than or equal to that of the primary tumor
in 81% of cases. Examples shown were scored as (D) 1þ and (E) 2þ
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Conclusion

An early event in ovarian cancer metastasis is shedding of cells from the primary
tumor into the peritoneal cavity as anchorage-independent MCAs that survive in
suspension (ascites) and are exposed to specific microenvironmental cues that
promote metastatic implantation into the submesothelial matrix to anchor sec-
ondary metastatic lesions throughout the peritoneal cavity. This is distinct from
most other solid tumors that metastasize hematogenously and presents a distinct
set of therapeutic challenges. In most carcinomas, metastasis is associated with a
dysregulated adhesion phenotype, typically characterized by a loss of epithelial
(E)-cadherin. In contrast, EOC is unusual because early-stage disease reflects an
initial gain of epithelial characteristics (mesenchymal-epithelial transition, or
MET), including E-cadherin expression. It is becoming apparent that MET and
reestablishment of epithelial characteristics is important to later stages of metas-
tasis; however, the MET of ovarian cancer occurs early in disease progression,
suggesting that this event confers a competitive advantage. Most cells that lose
their contacts to the extracellular matrix undergo apoptosis (anoikis) and die,
however EOC cells survive in suspension (ascites). It is generally assumed that the
cell-cell contacts (cadherins) that hold MCAs together also help to ensure tumor
cell survival. The role of additional soluble, cellular, and matrix factors in the
ovarian tumor microenvironment in promoting MCA survival, reversion to a
mesenchymal phenotype (EMT), and ultimate metastatic success is currently
under active investigation. A molecular-level understanding of how tumor cells
metastasize is necessary for the development of novel therapies to inhibit intraper-
itoneal spread and thereby improve the long-term survival of thousands of women
with EOC. Development of models that accurately reflect the metastatic compe-
tence of EOC presents a remarkable scientific challenge, because the EOC meta-
static microenvironment involves a novel shedding of MCAs into a cavity as
anchorage-independent, chemotherapy-resistant spheroids. In this unique niche,
it is currently unknown what regulates the transition from free-floating MCA to
anchoredmetastatic lesion. Understanding this transition will enable novel means
of targeting intraperitoneal therapies to appropriate multicellular populations.

Acknowledgments This work was supported by grants from the 2005–2006 and 2007–2008
Penny Severns Breast, Cervical and Ovarian Cancer Fund, Illinois Department of Public
Health (M.V.B.), the Ovarian Cancer Research Foundation Program of Excellence (M.V.B.),
National Science Foundation NSF-0526854 (G.F.), and National Institutes of Health/
National Cancer Institute Research Grants RO1CA86984 (M.S.S.), RO1CA086984-S1
(N.M.), and RO1CA109545 (M.S.S. and L.G.H.).

Abbreviations EGF - epidermal growth factor; HB-EGF - heparin binding EGF;
CSF-1 - colony stimulating factor-1; DAPI - 40 6-diamidino-2-phenylindole;
Akt - protein kinase B; PI3-kinase - phosphoinositide-3-kinase; VEGF –vascular
endothelial growth factor; MCA- multi-cellular aggregate; EOC- epithelial
ovarian cancer; OSE- ovarian surface epithelium; LPA- lysophosphatidic
acid; TNF- tumor necrosis factor; MMP- matrix metalloproteinase

330 M.V. Barbolina et al.



References

1. Landen CN, Birrer MJ, Sood AK. Early events in the pathogenesis of epithelial ovarian
cancer. J Clin Oncol. 2008;26:995–1005.

2. Wong AST, Auersperg N. Normal ovarian surface epithelium. Cancer Treat Res.
2002;107:161–183.

3. Darai E, Scoazec JY, Walker-Combrouze F, et al. Expression of cadherins in benign,
borderline andmalignant ovarian epithelial tumors: a clinicopathologic study of 60 cases.
Hum Pathol. 1997;28:922–928.

4. Alper O, DeSantis ML, Stromberg K, et al. Anti-sense suppression of epidermal growth
factor receptor expression alters cellular proliferation, cell adhesion and tumorigenicity in
ovarian cancer cells. Int J Cancer. 2000;88:566–574.

5. Auersperg N, Maines-Bandiera S, Dyck HG, et al. Characterization of cultured human
ovarian surface epithelial cells: phenotypic plasticity and premalignant changes. Lab
Invest. 1994;71:510–518.

6. Naora H. The heterogeneity of epithelial ovarian cancers: reconciling old and new
paradigms. Expert Rev Mol Med. 2007;9:1–12.

7. Shih EM, Kurman RJ. Ovarian tumorigenesis: a proposed model based on morphologi-
cal and molecular genetic analysis. Am J Pathol. 2004;164:1511–1518.

8. ACS Cancer Facts & Figures. Available at: www.cancer.org.
9. Hoskins WJ. Prospective on ovarian cancer; why prevent? J Cell Biochem Suppl.

1995;23:189–199.
10. Ghosh S, Wu Y, Stack MS. Ovarian cancer-associated proteinases. Cancer Treat Res.

2002;107:331–354.
11. Burleson KM, Hansen LK, Skubitz APN. Ovarian carcinoma spheroids disaggregate on

type I collagen and invade live human mesothelial cell monolayers. Clin Exp Metastasis.
2004;21:685–697.

12. Burleson KM, Casey RC, Skubitz KM, et al. Ovarian carcinoma ascites spheroids adhere
to extracellular matrix components and mesothelial cell monolayers. Gynecol Oncol.
2004;93:170–181.

13. BurlesonKM, BoenteMP, Pambuccian SE, et al. Disaggregation and invasion of ovarian
carcinoma ascites spheroids. J Transl Med. 2006;4:1–16.

14. Hudson LG, Zeineldin R, Stack MS. Phenotypic plasticity of neoplastic ovarian epithe-
lium: unique cadherin profiles in tumor progression. Clin Exp Metastasis.
2008;25:L643–L655.

15. KennyHA,Krausz T, Yamada SD, et al. Use of a novel 3D culture model to elucidate the
role of mesothelial cells, fibroblasts and extracellular matrices on adhesion and invasion
of ovarian cancer cells to the omentum. Int J Cancer. 2007;121:1463–1472.

16. Offner FA, Obrist P, Stadlmann S, et al. IL6 secretion by human peritoneal mesothelial
and ovarian cancer cells. Cytokine. 1995;7:542–547.

17. Mustea A, Pirvulescu C, Konsgen D, et al. Decreased IL1 RA concentration in ascites is
associated with a significant improvement in overall survival in ovarian cancer. Cytokine.
2008;42:77–84.

18. FreedmanRS,DeaversM, Liu J, et al. Peritoneal inflammation – amicroenvironment for
epithelial ovarian cancer. J Transl Med. 2004;2:23–33.

19. Papadaki L, Beilby JOW. The fine structure of the surface epithelium of the human ovary.
J Cell Sci. 1971;8:445–465.

20. Czernobilsky B, Moll R, Levy M, et al. Co-expression of cytokeratin and vimentin
filaments in mesothelial, granulosa and rete ovarii cells of the human ovary. Eur J Cell
Biol. 1985;37:175–190.

21. Kruk PA, Uitto VJ, Firth JD, et al. Reciprocal interactions between human ovarian
surface epithelial cells and adjacent extracellular matrix. Exp Cell Res.
1994;215:97–108.

15 Microenvironmental Regulation of Ovarian Cancer Metastasis 331



22. Carreiras F, Denoux Y, Staedel C, et al. Expression and localization of alphav integrins
and their ligand vitronectin in normal ovarian epithelium and in ovarian carcinoma.
Gynecol Oncol. 1996;62:260–267.

23. Skubitz AP, Bast RC, Wayner EA, et al. Expression of alpha 6 and beta 4 integrins in
serous ovarian carcinoma correlates with expression of the basement membrane protein
laminin. Am J Pathol. 1996;148:1445–1461.

24. Bridges JE, Englefield P, Boyd IE, et al. Expression of integrin adhesion molecules in
normal ovary and epithelial ovarian tumors. Int J Gynecol Cancer. 1995;5:187–192.

25. Shield K, Riley C, Quinn MA, et al. Alpha2beta1 integrin affects metastatic potential of
ovarian carcinoma spheroids by supporting disaggregation and proteolysis. J Carcinog.
2007;14:6–11.

26. Sawada K, Mitra AK, Radjabi AR, et al. Loss of E-cadherin promotes ovarian cancer
metastasis via alpha5 integrin, which is a therapeutic target. Cancer Res. 2008;68:2329–2339.

27. Moser TL, Pizzo SV, Bafetti LM, et al. Evidence for preferential adhesion of ovarian
epithelial carcinoma cells to type I collagen mediated by the alpha2beta1 integrin. Int
J Cancer. 1996;67:695–701.

28. FishmanDA, Kearns AM, Chilikuri K, et al. Metastatic dissemination of human ovarian
epithelial carcinoma is promoted by a2b1 integrin–mediated interaction with type
I collagen. Invasion Metastasis. 1998;18:15–26.

29. Ellerbroek SM, Fishman DA, Kearns AS, et al. Ovarian carcinoma regulation of matrix
metalloproteinase-2 and membrane type 1 matrix metalloproteinase through beta1 integ-
rin. Cancer Res. 1999;59:1635–1641.

30. BarbolinaMV, Adley BP, Ariztia EV, et al.Microenvironmental regulation of membrane
type 1 matrix metalloproteinase activity in ovarian carcinoma cells via collagen-induced
EGR1 expression. J Biol Chem. 2007;282:4924–4931.

31. Davidson B, Goldberg I, Reich R, et al. AlphaV and beta1-integrin subunits are com-
monly expressed in malignant effusions from ovarian carcinoma patients. Gynecol Oncol.
2003;90:248–257.

32. DaviesBR,WorsleySD,PonderBA.ExpressionofE-cadherin, alpha-catenin andbeta-catenin
in normal ovarian surface epithelium and ovarian cancers.Histopathology. 1998;32:69–80.

33. Ho EY, Choi Y, Chae SW, et al. Immunohistochemical study of the expression of
adhesion molecules in ovarian serous neoplasms. Pathol Int. 2006;56:62–70.

34. Voutilainen KA, Anttila MA, Sillanpaa SM, et al. Prognostic significance of E-cadherin–
catenin complex in epithelial ovarian cancer. J Clin Pathol. 2006;59:460–467.

35. ForgacsG, Foty RA, Shafrir Y, et al. Viscoelastic properties of living embryonic tissues: a
quantitative study. Biophys J. 1998;74:2227–2234.

36. Foty RA, Pfleger CM, Forgacs G, et al. Surface tensions of embryonic tissues predict
their mutual envelopment behavior. Development. 1996;122:1611–1620.

37. Duguay D, Foty RA, SteinbergMS. Cadherin-mediated cell adhesion and tissue segrega-
tion: qualitative and quantitative determinants. Dev Biol. 2003;253:309–323.

38. diZerega GS, Rodgers KE. The Peritoneum. New York: Springer-Verlag; 1992.
39. Shen-Gunther J, Mannel RS. Ascites as a predictor of ovarian malignancy. Gynecol

Oncol. 2002;87:77–83.
40. Rahaman J, Cohen CJ. Impact of ascites on survival in advanced ovarian cancer. Proc

Am Soc Clin Oncol. 2002;21:837.
41. Ayhan A, Gultekin M, Taskiran C, et al. Ascites and epithelial ovarian cancers: a

reappraisal with respect to different aspects. Int J Gynecol Cancer. 2006;17:68–75.
42. Gortzak-Uzan L, Ignatchenko A, Evangelou AI, et al. A proteome resource of ovarian

cancer ascites: integrated proteomic and bioinformatics analyses to identify putative
biomarkers. J Proteome Res. 2008;7:339–351.

43. Xu Y, Gaudette DC, Boynton JD, et al. Characterization of an ovarian cancer
activating factor in ascites from ovarian cancer patients. Clin Cancer Res.
1995;1:1223–1232.

332 M.V. Barbolina et al.



44. Xu Y, Shen Z, Wiper DW, et al. Lysophosphatidic acid as a potential biomarker for
ovarian and other gynecologic cancers. JAMA. 1998;280:719–723.

45. Fang X, Yu S, Bast RC, et al. Mechanisms for lysophosphatidic acid-induced cytokine
production in ovarian cancer cells. J Biol Chem. 2004;279:9653–9661.

46. Hagemann T,Wilson J, Burke F, et al. Ovarian cancer cells polarize macrophages toward
a tumor-associated phenotype. J Immunol. 2006;176:5023–5032.

47. Reddy P, Liu L, Ren C, et al. Formation of E-cadherin mediated cell–cell adhesion
activates AKT and MAPK via PI3 kinase and ligand-independent activation of
epidermal growth factor receptor in ovarian cancer cells. Mol Endocrinol.
2005;19:2564–2578.

48. Hudson LG, Zeineldin R, SilberbergM, et al. Activated epidermal growth factor receptor
in ovarian cancer. Cancer Treat Res. 2009;149.

49. Lafky JM, Wilken JA, Baron AT, et al. Clinical implications of the ErbB/epidermal
growth factor (EGF) receptor family and its ligands in ovarian cancer. Biochim Biophys
Acta. 2008;1785:232–265.

50. Said N, Socha MJ, Olearczyk JJ, et al. Normalization of the ovarian cancer microenvir-
onment by SPARC. Mol Cancer Res. 2007;5:1015–1030.

51. Santala M, Risteli J, Risteli L, et al. Synthesis and breakdown of fibrillar collagens:
concomitant phenomena in ovarian cancer. Br J Cancer. 1998;77:1825–1831.

52. Abdel Axia MT, Abdel Aziz Wassef M, Kamel M, et al. Clinical evaluation of serum
aminoterminal propeptide of type III procollagen as tumor marker in gynecologic malig-
nancies. Tumori. 1993;79:219–223.

53. Zhu GG, Risteli J, Puistola U, et al. Progressive ovarian carcinoma induces synthesis of
type I and type III procollagens in the tumor tissue and peritoneal cavity. Cancer Res.
1993;53:5028–5032.

54. Mills GB, Eder A, Fang X, et al. Critical role of lysophospholipids in the pathophysiol-
ogy, diagnosis, and management of ovarian cancer. Cancer Res Treat. 2002;107:259–284.

55. Do TV, Symowicz JC, Berman DM, et al. Lysophosphatidic acid down-regulates stress
fibers and up-regulates pro-matrix metalloproteinase-2 activation in ovarian cancer cells.
Mol Cancer Res. 2007;5:121–131.

56. Symowicz J, Adley BP, Woo MM, et al. Cyclooxygenase-2 functions as a downstream
mediator of lysophosphatidic acid to promote aggressive behavior in ovarian carcinoma
cells. Cancer Res. 2005;65:2234–2242.

57. Fishman DA, Liu, Y, Ellerbroek SM, et al. Lysophosphatidic acid promotes matrix
metalloproteinase (MMP) activation and MMP-dependent invasion in ovarian cancer
cells. Cancer Res. 2001;61:3194–3199.

58. Graves LE, Ariztia EV, Navari JR, et al. Proinvasive properties of ovarian cancer ascites-
derived membrane vesicles. Cancer Res. 2004;64:7045–7049.

59. Lee Z, Swaby RF, Liang Y, et al. Lysophosphatidic acid is a major regulator of growth-
regulated oncogene alpha in ovarian cancer. Cancer Res. 2006;66:2740–2748.

60. Said NA, Najwer I, Socha MJ, et al. SPARC inhibits LPA-mediated mesothelial-ovarian
cancer cell crosstalk. Neoplasia. 2007;9:23–35.

61. Robinson-Smith TM, Isaacsohn I, Mercer CA, et al. Macrophages mediate
inflammation-enhanced metastasis of ovarian tumors in mice. Cancer Res. 2007;67:
5708–5716.

62. Hageman T, Robinson SC, Thompson RG, et al. Ovarian cancer cell-derived migration
inhibitory factor enhances tumor growth, progression, and angiogenesis. Mol Cancer
Ther. 2007;6:1993–2002.

63. Kassis J, Lkominek J, Kohn EC. Tumor microenvironment: what can effusions teach us?
Diagn Cytopathol. 2004;33:316–319.

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

15 Microenvironmental Regulation of Ovarian Cancer Metastasis 333



65. Zietarska M, Maugard CM, Filali-Mouhim A, et al. Molecular description of a 3D in
vitro model for the study of epithelial ovarian cancer (EOC). Mol Carcinog.
2007;46:872–885.

66. Zhang S, Balch C, ChanMW, et al. Identification and characterization of ovarian cancer
initiating cells from primary human tumors. Cancer Res. 2008;68:4311–4320.

67. Hegedus B, Marga F, Jakab K, et al. The interplay of cell–cell and cell–matrix interac-
tions in the invasive properties of brain tumors. Biophys J. 2006;91:2708–2720.

68. Battifora H, McCaughey WTE. Tumors of the serosal membranes. In: Atlas of Tumor
Pathology, Third Series, Fascicle 15. Washington, DC: Armed Forces Institute of Patho-
logy; 1994:1–117.

69. Zhang XY, Pettengell R, Nasiri N, et al. Characteristics and growth patterns of human
peritoneal mesothelial cells: comparison between advanced epithelial ovarian cancer and
non-ovarian cancer sources. J Soc Gynecol Investig. 1999;6:333–340.

70. Wang E, Ngalame Y, Panelli MC, et al. Peritoneal and subperitoneal stroma may
facilitate regional spread of ovarian cancer. Clin Cancer Res. 11:113–122.

71. Cannistra SA, Kansas GS, Niloff J. et al. Binding of ovarian cancer cells to peritoneal
mesothelium in vitro is partly mediated by CD44H. Cancer Res. 1993;53:3830–3838.

72. Ahmed N, Riley C, Rice G, et al. Role of integrin receptors for fibronectin, collagen and
laminin in the regulation of ovarian carcinoma functions in response to a matrix micro-
environment. Clin Exp Metastasis. 2005;22:391–402.

73. Niedbala MJ, Crickard K, Bernacki RJ. In vitro degradation of extracellular matrix by
human ovarian carcinoma cells. Clin Exp Metastasis. 1987;5:181–197.

74. Sawada M, Shii J, Akedo H, et al. An experimental model for ovarian tumor invasion of
cultured mesothelial cell monolayer. Lab Invest. 1994;70:333–338.

75. Harvey W, Amlot, P. Colalgen production by human mesothelial cells in vitro. J Pathol.
1983;139:337–347.

76. Stylianou E, Jenner LA, DaviesM, et al. Isolation, culture and characterization of human
peritoneal mesothelial cells. Kidney Int. 1990;37:1563–1570.

77. Ellerbroek SM, Wu YI, Overall CM, et al. Functional interplay between type I collagen
and cell surface matrix metalloproteinase activity. J Biol Chem. 2001;276:24833–24842.

78. Hotary KB, Allen ED, Brooks PC, et al. Membrane type 1 matrix metalloproteinase
usurps tumor growth control imposed by the three-dimensional extracellular matrix.Cell.
2003;114:33–45.

79. Symowicz J, Adley BP, Gleason KJ, et al. Engagement of collagen-binding integrins
promotes matrix metalloproteinase-9-dependent E-cadherin ectodomain shedding in
ovarian carcinoma cells. Cancer Res. 2007;67:2030–2039.

80. Barbolina M, Adley, BP, Kelly, et al. Motility-related actinin alpha-4 is associated with
advanced and metastatic ovarian carcinoma. Lab Invest. 2008;88:602–614.

81. Barbolina MV, Adley BP, Shea LD, et al. Wilms tumor gene protein 1 is associated with
ovarian cancer metastasis and modulates cell invasion. Cancer. 2008;112:1632–1641.

82. BarbolinaMV, Adley BP, Kelly DL, et al. Downregulation of connective tissue growth
factor by three-dimensional matrix enhances ovarian carcinoma cell invasion. Int
J Cancer. 2009 (in press).

83. Langer S, Singer CF, Hudelist G, et al. Jun and Fos family protein expression in human
breast cancer: correlation of protein expression and clinicopathological parameters. Eur
J Gynaecol Oncol. 2006;27:345–352.

84. Zhai Y, Hotary KB, Nan B, et al. Expression of membrane type 1 matrix metalloprotei-
nase is associated with cervical carcinoma progression and invasion. Cancer Res.
2005;65:6543–6550.

85. Schaller G, Fuchs I, Ebert A, et al. The clinical importance of keratin 18 in breast cancer.
Zentralbl Gynakol. 1999;121:126–130.

334 M.V. Barbolina et al.



Chapter 16

Organotypic Models of Metastasis: A Three-

dimensional Culture Mimicking the Human

Peritoneum and Omentum for the Study

of the Early Steps of Ovarian Cancer Metastasis

Hilary A. Kenny, Songuel Dogan, Marion Zillhardt, Anirban K. Mitra,

S. Diane Yamada, Thomas Krausz, and Ernst Lengyel

Introduction

Because most ovarian cancer (OvCa) patients present at a late stage, when
metastasis has already occurred, the study of early events in peritoneal dis-
semination is difficult. One problem has been the lack of adequate model
systems for the study of ovarian tumor transformation and metastasis.1,2

Current models in use include co-cultures, whole tissue cultures, and immuno-
compromised and genetic mouse models. All of these have unique advantages;
however, none of them replicates the human in vivo situation. The develop-
ment and use of a three-dimensional (3D) organotypic model of OvCa has the
potential to bridge the gap between the current models of OvCa and the human
disease.

Ovarian Cancer Metastasis

Most patients with OvCa present with advanced disease metastatic to the
peritoneum. Despite aggressive surgery and chemotherapy, patients with
intra-abdominal, widely disseminated OvCa rarely achieve long-term cures.3

The key to improved treatment of OvCa is a better understanding of the
molecular mechanisms governing peritoneal dissemination.

OvCa metastasis is predominately confined to the abdominal cavity and,
unlike breast, colon, or lung cancer, rarely metastasizes hematogenously. Once
an ovarian epithelial cell undergoes neoplastic transformation, it can freely
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disseminate throughout the peritoneal cavity carried by the flow of peritoneal
fluid, which is resorbed by the mesothelial cells of the omentum and perito-
neum. Most published studies have focused on metastasis of OvCa cells to the
abdominal peritoneum, under the assumption that similar mechanisms are
involved in metastasis to the omentum. Given the differences in the structure
of omentum and peritoneum, and that the omentum per se is the target of
metastasis in 80% of advanced-stage cases, a model system focusing on the
omentum is vital but is currently understudied.4 Because most OvCa patients
present at a late stage, when metastasis has already occurred, the study of early
events in peritoneal dissemination is difficult. The potential of a tumor cell to
metastasize depends on many factors, including interactions with the micro-
environment at the metastatic site, which can promote cell adhesion, growth,
survival, angiogenesis, and invasion.5 Adequate model systems, therefore, are
vital to address the study of early regulatory steps in metastasis.1,2 Traditional
models that have been widely used include whole tissue cultures, co-culture, and
immunocompromised and genetic mouse models, all of which have their unique
advantages and disadvantages. Although no model has been able to compre-
hensively recapitulate the tumor microenvironment to study early steps in
metastasis, our newly described 3D organotypic model of OvCa6 has the
potential to bridge the gap between the existing models of OvCa and the nascent
human environment.

Characteristics of the Ovarian Cancer Microenvironment

in the Omentum

The omentum is a visceral fold of the peritoneum that is divided into two
regions: an adipose-rich and a membranous/translucent region. The adipose-
rich region, also known as the greater omentum, makes up most of the human
omentum and is a fatty apron-like structure that is positioned on top of the
abdominal organs like a blanket.7–9 Its clinical function is to provide protection
from blunt trauma, to promote healing, to wall off intra-abdominal infection,
store lipids, and act as a regulator for fluid exchange.12 The normal human
omentum and peritoneum are covered by a confluent layer of mesothelial cells
(see Fig. 16.1). This surface mesothelium, which is the first contact site for OvCa
cells, forms a low-friction, nonadhesive surface and selective barrier, which is
involved in fluid metabolism between the abdominal cavity, the interstitial
space, and the vasculature.10 Tight junction proteins (zonula occludens protein
1, occludin, and claudin-1) and the adherens junction protein b-catenin hold the
continuous single layer of mesothelial cells together.11 A number of adhesion
molecules play an integral role in normal mesothelial cell physiology. The
integrins, for instance, play a important role in mesothelial cell-cell and cell-
ECM adhesions.12 Adhesion of OvCa cells to mesothelial cells is also mediated
by different proteases, notably matrix metalloproteinase (MMP)-2, and
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CD44.6,13–16 In addition, mesothelial cells secrete fibronectin, which plays a role
in the adhesion and invasion of OvCa cells.6,16–18 Fibroblasts, which are

embedded in the layer of extracellular matrix (ECM) underlying themesothelial
cells (Fig. 16.1), constitute another major cell type that interacts with OvCa
during adhesion and invasion to the peritoneal cavity. Many reports confirmed
the hypothesis that stromal fibroblasts play an important role in cancer cell

progression and metastasis (reviewed in Refs. 19 and 20).
The mesothelial cell layer is attached to a basement membrane (BM)

predominately composed of collagen I and IV, fibronectin, vitronectin, and
laminin.18,21,22 OvCa cells have a predisposition to adhere to collagen,23–25 an

interaction that can be blocked with an a2b1-integrin antibody.25 The labora-
tory of Dr. Sharon Stack has, as early as 1994, shown that collagen I is
important in OvCa progression and invasion.23,26–32 In the omentum and

Fig. 16.1 Histology of human omentum and peritoneum. Hematoxylin and eosin staining of
human omentum at (A) 100�magnification and (B) 200�magnification. Trichrome staining
for the detection of collagen in human (C) omentum and (D) peritoneum. Collagen fibers are
stained in blue, and cells are stained in red. MC, mesothelial cells; F, fibroblasts

16 Organotypic Models of Metastasis 337



peritoneum, a thick network of collagen fibers are entwined between fibroblasts
just below the mesothelium as shown in paraffin-embedded human tissue
stained with trichrome to detect collagen (Fig. 16.1C, D).

Models to Study Ovarian Cancer Biology

Mostmodels used to studyOvCa utilize humanOvCa cell lines established from
ascites or pleural effusions that grow on plastic as a flat monolayer in two
dimensions. The advantages of using cell lines are that they are readily renew-
able sources, amenable to genetic manipulation, and relatively inexpensive. The
small number of OvCa cell lines available have allowed for extensive character-
ization by many laboratories. Indeed, studies using OvCa cell lines have made
invaluable contributions to our understanding of ovarian tumor biology, espe-
cially of the signaling pathways involved in this disease.33,34 However, two-
dimensional (2D) models have clear limitations. Since they lack the microenvir-
onmental context needed to study the earliest stages of metastasis as they occur
in vivo.35,36 Ovarian tumors are not composed exclusively ofmalignant cells but
of a mixture of fibroblasts, mesothelial cells, and inflammatory cells. Therefore,
2D cultures on plastic do not mimic the complexities of the ‘‘tumor microenvir-
onment’’ and the cross-talk that may take place between and among compo-
nents of the microenvironment. Hence, the results obtained using themmay not
be as relevant to the clinical situation as they could be. Incremental improve-
ments have been made to OvCa 2D cultures by co-culturing the cancer cells on
one ECMprotein or with one stromal cell type. However, these stromal cells are
often from a site other than the peritoneum/omentum (e.g., foreskin fibro-
blasts) or from a different species altogether (e.g., rat) raising the question of
tissue or host specificity.37–39

Xenograft mouse models are the second most widely used research models
for the study of OvCa and were first described by Rygaard in 1969. They are
powerful tools for investigating late-stage OvCa metastasis and for testing new
therapies.40 However, they have several deficiencies that make extrapolation to
human tumor biology problematic. Human cancer cells are injected into a
young, immunocompromised mouse host that lacks factors, such as IL-8, that
are present in humans.Moreover, the mouse omentum is anatomically adjacent
to the pancreas and has a different histologic appearance than that of human
omentum.7 These differences may be just one reason why only 27% of chemo-
therapeutic agents showing efficiency in a xenograft model ultimately have
clinical activity in phase II clinical trials.41

Given the deficiencies of 2D cell cultures and xenograft mouse models, we
and others hypothesized that establishment of a 3D organotypic model of OvCa
metastasis might provide a better method for the study of the interaction of
cancer cells with their omental microenvironment. The advantages of this
model are that it contains all the key regulatory components of a particular
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metastatic site (e.g., omentum), it is reconstituted from primary human cells,
and it can be easily manipulated and evaluated.

Current In Vitro Models of Ovarian Cancer

A number of co-cultures have been established (Fig. 16.2) using OvCa cell lines
and primary cells, which were added to amatrix as either single cells or as tissue-
like aggregates (spheroids). Three-dimensional matrices have been generated
from purified molecules such as collagen type I and from native extracellular
matrices.42 In 1987, Niedbala et al. were the first to use primary human OvCa
cells to investigate degradation of ECM from bovine corneal endothelial cells
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16 Organotypic Models of Metastasis 339



(Fig. 16.2A).43 Kanemoto et al. investigated the adhesion, invasion, and colony
formation of OVCAR-3 cells with a number of ECMs and reported that a
Arginine-Glycine-Aspartate (RGD) peptide inhibited adhesion to fibronectin
and colony formation.44 Rieppi et al. used conditioned media from mesothelial
cells and found that it stimulated OvCa invasion through fibronectin.17

The laboratories of Dr. Sharon Stack23,26–32 and Dr. Amy Skubitz15,45–52

have made very significant contributions to our understanding of integrin
function in the interaction of OvCa cells with the ECM. Casey et al. blocked
adhesion to fibronectin and spheroid formation in an OvCa cell line with a b1-
integrin blocking antibody.51 Burleson et al. quantified OvCa cell spheroid
(ascites-derived or cell line–derived) adhesion to and desegregation on a variety
of ECMs.45–47 They found that ascites-derived OvCa spheroids adhere to
fibronectin and collagen type I, with reduced adhesion to collagen type IV
and laminin, which can be partially inhibited by treatment with a b1-integrin
antibody.46 Dr. Barbolina from the Stack laboratory cultured OvCa cell lines in
collagen (Fig. 16.2B)53 and found that OvCa cell lines grown in a 3D collagen
microenvironment showed increased expression of the transcription factor
early growth response protein and subsequently membrane type 1 matrix
metalloproteinase expression when compared with cells grown on a thin layer
of collagen (2D).27

Several studies have explored OvCa cell adhesion and invasion through
mesothelial cell monolayers (Fig. 16.2C).15,54,55 Lessan et al. discovered that
CD44 and b1-integrin mediate OvCa cell adhesion to an immortalized peritoneal
mesothelial cell line (LP9).15 Suzuki et al. found that treatment with an immu-
noglobinM that recognized a glycoprotein on the cell surface inhibitedOvCa cell
adhesion to mesothelial cells.54 Kishikawa et al. investigated colony formation
and invasion of sixOvCa cell lines that interactedwith primary omental mesothe-
lial cells.55 They classified the OvCa cells into two groups, adhesive-type and
invasive-type, based on their interaction with mesothelial cells. Interestingly,
blocking antibodies to a2- and b1-integrins only inhibited invasion of the invasive-
type cancer cells through the mesothelial monolayer. Casey et al. employed an in
vitro assay to measure OvCa cell line invasion through permeabilized mesothelial
cell line monolayers.50 Using a dye-based assay, they found an inhibitory effect of a
b1-integrin antibody, hyaluronan, and GM6001, a MMP inhibitor, on OvCa cell
invasion through mesothelial cells.50

In the latest studies, Burleson and colleagues investigated OvCa cell spher-
oids (ascites-derived or cell line–derived) dissemination on and invasion into
normal human mesothelial cell monolayers.45–47 They found that ascites-
derived spheroids adhere to live, but not fixed, human mesothelial cell mono-
layers, and this adhesion is partially inhibited by a b1-integrin antibody.46

These previously described studies investigated the interaction of OvCa cells
either with an ECM or with mesothelial cells alone, with the exception of a very
elegant study published in 1985. Niedbala et al. investigated the interactions
of human OvCa tumor cells with human mesothelial cells grown on ECM
(Fig. 16.2D).56 Primary human mesothelial cells were cultured on top of bovine
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corneal endothelial cell–derived ECM. Then, radiolabeled ascites-derived pri-
mary humanOvCa cells were added and attachment measured.56 Results of this
study indicated that OvCa cells exhibit a more rapid and firmer attachment to
ECM than to mesothelial cells or to plastic alone.56

Three-dimensional Models of Carcinogenesis

The rationale for growing cells in three dimensions is that such a culture
provides an environment that more closely mimics the human omentum, pos-
sibly making the results more relevant to understanding the biology of OvCa in
humans. Epithelial cells grown in three dimensions exhibit a number of features
comparable with their in vivo counterparts. When primary human cells at low
passage number are used to assemble the 3D culture, it is likely to be the closest
approximation to the human in vivo situation currently known.

Cultures of cancer cells grown in 3D extracellular matrices began with the
work of Bissell, Petersen, and colleagues.57–64 Culturing immortalized breast cells
in three dimensions leads to lobule formation very similar to the normal breast
lobules seen in a human breast.64 One of the most important early findings of
these studies was that epithelial cells cultured within a thick ECM undergo
glandular differentiation, whereas cells cultured on a thin ECM on tissue culture
plastic do not.65 The study of breast tumor cells in three dimensions also allowed
investigators to unravel the importance of cell-adhesion proteins in modulating
the tumor phenotype. For example a2b1-integrin is constitutively expressed in
normal ductal mammary cells but lost once they transform into a malignant
breast cancer.66 Reexpression of a2b1-integrin restores the ability of cancer cells
to differentiate into glands, reversing the malignant phenotype.

A comparable anatomic situation to that of OvCa is skin cancer.Melanomas
grow and invade on a surface, the skin, just as OvCa grows and invades the
surfaces lining the peritoneal cavity. A human skin reconstruct model was
pioneered by the laboratory of Dr. Meenhard Herlyn combining collagen
type I, fibroblasts, and keratinocytes with cancer cells to simulate human
melanoma.67–69 Haass et al. manipulated the multiple layers of the 3D skin
model to identify key cell-cell adhesion and cell communication molecules
involved in the development of melanoma and found that E-cadherin,
N-cadherin, and integrins are involved in melanoma growth and invasion.69

Designing the 3D Organotypic Model of Ovarian Cancer

Because the peritoneum and omentum are the major sites of OvCa metastasis,
we sought to develop a 3D organotypic model to mimic the key components of
the peritoneal/omental surface microenvironment (Fig. 16.2E).6 Our first step
was to review and characterize the histology of the superficial layer of human
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peritoneum/omentum. The surface of the omentum is covered by a layer of

mesothelial cells on top of a matrix containing collagen fibers and primary

fibroblasts (Fig. 16.1C). To mimic the human omentum as closely as

possible in three dimensions, we extracted primary human fibroblasts and

mesothelial cells from nondiseased human omentum removed at surgery from

the same patient. The 3D model was assembled by embedding early-passage

primary human fibroblasts in ECM (collagen type I) (Fig. 16.3A), which

was covered by a layer of early-passage primary human mesothelial cells in a

1:8 ratio (Fig. 16.3B). The 1:8 ratio of fibroblasts to mesothelial cells was

extrapolated by studying normal human omentum. Collagen I was used as the

matrix because it is the major structural ECM protein present in the omentum

(Fig. 16.1C).23,26–31

In order to understand early OvCa metastasis, we cultivated OvCa cells with

the 3D organotypic model of the peritoneal microenvironment (Figs. 16.2E and

16.3C) and optimized the model to investigate OvCa cell adhesion and invasion.

To investigate adhesion, a thin layer of collagen I (0.5 mg/0.3 cm2) was used,

while a thicker layer of collagen (15 mg/0.3 cm2) was applied to the 3D organo-

typic model to investigate invasion. After addition of OvCa cells, the histologic

appearance of the 3D organotypic model mimicked microscopic metastases to

the omentum from patients withOvCa (Fig. 16.4).6 Two different OvCa cell lines

(HeyA8, SKOV3.ip1) and primary human OvCa cells were added to the 3D

organotypic model to evaluate the contribution of various cell types and ECMs

to OvCa cell adhesion and invasion. Direct contact of OvCa cells with mesothe-

lial cells inhibited adhesion and invasion when compared with OvCa cell inter-

actions with fibroblasts and ECMs (Fig. 16.5).6 The principal inhibitory effect of

mesothelial cells on OvCa cell adhesion and invasion is mediated by direct cancer

cell–mesothelial cell contact because pretreatment of cancer cells withmesothelial

cell conditioned media only minimally inhibited adhesion and invasion.6 This

finding suggests that the mesothelial cell layer in the peritoneum and omentum

serves as a protective layer blocking initial OvCa metastasis.

Fig. 16.3 Construction of a 3D organotypic model of ovarian cancer. Phase-contrast pictures
of (A) fibroblasts in a collagen gel, (B) a confluent layer of mesothelial cells overlaying
fibroblasts in a collagen gel, and (C) SKOV3ip1 OvCa cells adhering to the 3D model. Col I,
collagen I; HPMC, human primary mesothelial cells (blue); HPF, human primary fibroblasts
(yellow), SKOV3ip1 OvCa cells (pink)
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Stromal fibroblasts play an important role in cancer cell progression.19,20 They

undergo a transformation from quiescent cells to proliferating and excessively

matrix-producing cells, a process known as ‘‘fibroblast activation,’’ which results

in cancer-associated fibroblasts. To determine the role of omental fibroblasts in

omental metastasis, we studied the adhesion and invasion of cancer cells in both

the presence and absence of primary human omental fibroblasts. In contrast with

our findingswithmesothelial cells, OvCa cells are significantlymore adhesive and

invasive when cultured on fibroblasts (Fig. 16.5). Moreover, fibroblast-condi-

tioned media increased OvCa cell adhesion and invasion.6 Therefore, we saw an

increase in OvCa cell adhesive and invasive activity that involved both soluble

mediators and direct interaction(s) between tumor cells and fibroblasts.
Our findings from testing the 3D organotypic model of OvCa metastasis

imply that the stromal cells are more important than the ECM in determining

OvCa cell attachment and invasion. However, we cannot exclude the possibility

that the effect of stromal cells is, at least in part, mediated by other ECM

proteins that are laid down by the mesothelial cells or the fibroblasts during

the time the 3D organotypic model is assembled. Mesothelial cells secrete
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closed arrows). Second, OvCa cells invade the basal membrane and invade the omental tissue
(C, dashed arrow). Hematoxylin and eosin staining of (D) the 3D organotypic model without
cancer cells, (E) with SKOV3ip1 OvCa cells for 24 hours and (F) 120 hours. First, OvCa cells
attach and proliferate on the surface of the 3D organotypic model (E, closed arrow). Second,
OvCa cells invade the basal membrane of the 3D organotypic model (F, dashed arrow). MC,
mesothelial cells; F, fibroblasts; Col I, collagen I; HPMC, human primary mesothelial cells;
HPF, human primary fibroblasts
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fibronectin and collagen, which are also part of the omental basement mem-

brane underlying the mesothelial cells.25 In the 3D organotypic model, stimula-

tion of invasion by collagen I can be abrogated by mesothelial cells or further

induced by fibroblasts, suggesting that, at least in the early phases of omental

metastases, stromal cells modulate the proinvasive signals of the ECM.
A third of OvCa patients present with ascites70 containing OvCa cells as single

cells, aggregates, or as spheroids.71 Ascites fluid can either stimulate or inhibit

OvCa cell invasion, proliferation, spheroid formation, and gene expression.71

Similarly, we confirmed that ascites fluid either increased or decreased OvCa cell

adhesion to the 3D organotypic model depending on individual cases (Fig.

16.6A). However, OvCa cells were significantly more invasive through the 3D

organotypic model when stimulated with ascitic fluid (Fig. 16.6).
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In our next study, we sought to determine if the 3D organotypic model could

be used to unravel novel molecular mechanisms involved in metastasis of

ovarian cancer to the omentum and peritoneum. The 3D culture was assembled

with fibroblasts, mesothelial cells, and ECM (Fig. 16.4) and fluorescently

labeled OvCa cells added and allowed to interact. The co-culture was harvested

and the labeled OvCa cells sorted by fluorescence-activated cell sorting (FACS),

allowing us to study the molecular changes in OvCa cells occurring after

adhesion to the 3D culture. We found that after adhesion, MMP-2 is transcrip-

tionally upregulated in OvCa. Cancer cell–derived MMP-2 then cleaved the

ECMproteins, fibronectin and vitronectin, allowing for even stronger adhesion

of OvCa cells to the ECM fragments through ab1- and avb3-integrins.
22

In another project, our laboratory used the 3D culture to determine which

integrin is important for the initial step of OvCa metastasis. OvCa cells were

treated with antibodies against the most common integrins, and adhesion was

measured. We reported that a5-integrin, but not avb3-integrin, plays an impor-

tant role in the initial adhesion of OvCa cells to the 3D culture.18 These findings
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were confirmed in vivo when inhibition with the a5-integrin antibody blocked
adhesion to mouse peritoneum and omentum and decreased tumor growth and
metastasis in a xenograft model of OvCa.18

We believe that the organotypic omental or peritoneal 3D culture presents a
number of advantages. The 3D culture can be assembled to be histologically very
similar to the superficial layers of human omentum (Fig. 16.4) or peritoneum. It
can be assembled with primary human omental mesothelial cells and primary
human omental fibroblasts, approximating the human tissue as close as possible.
Though we have not yet done so, it is certainly feasible to extract mesothelial cells,
fibroblasts, and OvCa cells from the same patient and study patient-specific
metastatic biology. After extracting primary cells from many patients, we found
the results from various preparations of primary cells to be very reproducible (e.g.,
inhibition ofOvCa cell adhesion and invasion bymesothelial cells). This model can
also be used as a predictive preclinical model that allows for drug testing andmight
allow one to predict if an ovarian cancer cell will respond to therapy. The fact that
inhibition of adhesion with anMMP inhibitor22 or an a5-integrin antibody

18 could
be confirmed in other models shows that drug sensitivity patterns can be recapitu-
lated in the 3D organotypic model. From our perspective, the chief strength of the
3D culture may be that labeled OvCa cells can be added to the culture and that
after interaction, cancer cells can be isolated and used to study signaling, cell cycle
progression, protease expression, or other early regulatory pathways.6

Clearly, there are limitations to the omental/peritoneal 3D culture described
herein.While it attempts to mimic the omental surface, it is only an approximation
of the in vivo omentum. The 3D model lacks the host immune cells, vasculature,
and other ECM proteins present in vivo. The culture is viable only for 1 week and
thus provides reproducible conditions only for a short period of time (Fig. 16.4).
Given the intrinsic complexity of the invasion process, this limits study of invasion
to its earliest steps, such as the breakdown of the basement membrane or the early
interaction with stromal cells. Also, only a limited number of investigators have
access and approval to use human peritoneumor omental tissue for the isolation of
primary cells, which from our perspective is necessary for a close approximation to
the in vivo situation. Still, themodel can be assembled by isolatingmesothelial cells
and fibroblasts from mouse or rat omentum/peritoneum, and/or by using immor-
talizedmesothelial (e.g., LP-9)15 or fibroblast39 cell lines. Alternatively, a full organ
culture could be used to study ovarian cancer metastasis, as described by Hotary
et al.72 For this set-up, full rat peritoneum is stripped of overlyingmesothelial cells,
and the basement membrane is cultured in a Transwell dish (Corning, Inc.).

Future Perspectives

Because of its modular concept, the 3D organotypic model of OvCa metastasis
allows for the manipulation of individual culture conditions. The contribution
of endothelial cells, inflammatory cells, and ECMs present in human peritoneum
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and/or omentum could be analyzed by including them into the culture. These
cells have been shown in other cancers to contribute to the metastatic process.73

Another feature of the 3D model is that it could allow investigators to study
OvCa spheroid adhesion and invasion, which appears to differ from the adhesion
and invasion of single cells. Lu et al. found that A2780 cells grown in spheroids
were more resistant to an anticancer drug associated with the overexpression of
antiapoptosis protein bcl-2 and the downregulation of caspase-3 activity.74 Gene
expression analysis of three OvCamodels fromOvCa tumors and ascites showed
diverse expression profiles between cells grown as spheroids, xenografts, or
monolayer cultures.75

Recently, Kurman et al. have proposed to subclassify OvCa into two major
subtypes after correlation of molecular genetic studies with clinical and histo-
pathologic findings.76 Type I cancers are slow-growing tumors that are often
confined to the ovary and harbor mutations in KRAS, BRAF, PTEN, and
beta-catenin. Type II cancers are highly aggressive tumors that are highly
metastatic and often have p53 mutations and a high level of genetic instability.
The 3D organotypic model could allow investigators to study type I and type II
OvCa adhesion, invasion, proliferation and themolecular mechanisms involved
in these pathways. Lastly, the 3D organotypic model may enable us to discover
unknown mechanisms of ovarian tumor metastasis to mesothelial cell–covered
surfaces. It is hoped that by identifying key molecules involved in the attach-
ment, growth, or invasion of OvCa cells, researchers will discover new OvCa-
specific targets and, ultimately, develop new site specific therapies.

Conclusion

The spread of cancer cells within the abdominal cavity leads to innumerable
tumor nodules that can cause a significant tumor burden, bowel obstruction,
and will ultimately lead to death. The omentum and peritoneum, which covers
the entire abdominal cavity, provides a richmedium for the attachment, spread,
growth, and invasion of OvCa cells. To make further progress in the treatment
of OvCa, a better understanding of OvCa metastasis is absolutely essential. The
3D organotypic model of OvCa metastasis provides a physiologically relevant
approximation to the human omentum and peritoneum allowing researchers to
investigate various aspects of tumor biology regulated by the peritoneal micro-
environment. We are hopeful that with all the models currently available, we
will advance our understanding of OvCa dissemination and find new therapies
that regulate metastasis, thereby prolonging the survival of OvCa patients.
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Chapter 17

Animal Models of Ovarian Cancer

Denise C. Connolly

Introduction

As contributors have discussed in previous chapters, our understanding of
epithelial ovarian cancer (EOC) biology and clinical management of ovarian
cancer patients has improved significantly over the years. Yet in spite of all of
our advances, the overall improvements in patient outcomes have been incre-
mental. The majority of patients are still diagnosed at advanced stage when the
probability of disease recurrence and complications that ultimately result in
death are quite high. The typical late-stage diagnosis of EOC is associated with
a complex array of genetic and epigenetic alterations present in tumors. As a
result, it has been difficult to determine the sequence of events that are involved
in tumor initiation, progression, andmaintenance. In addition, there are several
morphologic variants of EOC including multiple histologic subtypes (e.g.,
serous, endometrioid, mucinous, clear cell, mixed Müllerian tumors) as well
as tumors of low malignant potential. Most researchers in the field believe that
models in which each stage of EOC development and progression including
initiation, progression, or clonal expansion and invasion and metastasis are
represented are critical to our better understanding of EOC. This belief is
reflected in the enormous effort directed toward the identification, develop-
ment, and analysis of animal models of EOC. As in humans, spontaneous or
induced ovarian cancers can arise from the epithelium, stroma, or germ cells of
the ovary. For the purposes of this chapter, the discussion is largely limited to
animal models of EOC, including animal models of spontaneous EOC, human
tumor xenografts, chemically induced EOC, spontaneous and genetically
induced transformation of the ovarian surface epithelium (OSE), and geneti-
cally engineered mouse (GEM) models. We conclude with a discussion of
methods and technologies for small-animal imaging for improved analysis of
animal models of EOC.
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Spontaneous Models

Aging Hen

Chickens are among the few animals that develop spontaneous ovarian tumors
with relatively high incidence (reviewed in Refs. 1–3). Early studies of ovarian
cancer development in hens were complicated by several issues including the
lack of distinction between tumors of the oviduct and those of the ovary as well
as inherent differences in ovarian histology and physiology between birds and
mammals.2 In a comprehensive analysis of 466White Leghorn hens, Fredrickson
showed that 149 of 466 (32%) hens developed age-associated ovarian tumors and
that the majority of these cases, 112 of 149, or 75%, were ovarian adenocarcino-
mas.2 Thus, the overall incidence of ovarian adenocarcinomas in hens was�24%
(112 of 466 hens in the study).2 Ovarian adenocarcinomas in hens originate as
tumor nodules within the ovary stroma or on the surface of follicles and ulti-
mately replace the normal ovary.2 Tumor cells are shed into the peritoneal cavity,
implant and grow on serosal surfaces of the oviduct, mesentery, intestines, and
pancreas, and cause the production of ascites.2 Like human EOC, ovarian
adenocarcinomas in chickens rarely metastasize via hematogenous routes.2

Although no associations with ovulation or hormones were found in this
analysis,2 a subsequent study4 of two independent strains of White Leghorn
hens showed increased levels of plasma estradiol were associated with the
strain showing increased incidence of spontaneous ovarian carcinoma. In a
study to assess the chemoprotective effect of medroxyprogesterone acetate
against the development of reproductive tract carcinomas, Barnes et al.5

showed a 15% risk reduction in treated animals compared with controls.
These results suggested the potential utility of this model in chemoprevention
studies. Although ovarian adenocarcinomas in hens share common features
and expression of molecular markers6–8 with human EOC, limitations to the
common use of aging hens as a model system include intrinsic differences in
reproductive tract anatomy and physiology as well as the need for very large
cohorts of animals (e.g., hundreds of animals) to obtain sufficient statistical
power.

Non-human Primates

Non-human primates do not develop spontaneous EOC with significant inci-
dence; however, they do bear close similarity to humans in anatomy, physio-
logy, and genetics, as well as the structure and hormonal regulation of the
reproductive tract. For these reasons, non-human primates have been
employed as models for chemoprevention and therapeutics studies. Oral con-
traceptive pills (OCPs) have been shown to confer a protective benefit against
the development of ovarian cancer.9 Using cynomolgus macaques as a model,

354 D.C. Connolly



Rodriguez and colleagues investigated the mechanisms by which oral contra-
ceptives confer protection and showed that progestin induces apoptosis in the
ovarian epithelium, perhaps mediated by differential regulation of TGF-b iso-
forms.10,11 Similarly, Brewer and colleagues used rhesus macaques to study the
chemoprotective effects of a combination of 4-(N-hydroxyphenyl) retinamide
(4-HPR) and OCPs by fluorescence spectroscopy and showed increased levels
of the coenzymes NAD and FAD suggesting increased redox potential and less
hypoxia in the ovary.12–14 The effects of high-dose estrogen and selective estro-
gen receptor modulators (SERMs) on rhesus macaque ovarian surface epithe-
lium proliferation have been studied in vitro and shown to induce cell cycle
arrest via induction of Rb, p53, and p21.15–17 In addition to studies related to
chemoprevention, the cynomolgus macaque is also a useful model to test the
toxicologic properties of novel therapeutics such as monoclonal antibodies and
toxin-conjugated monoclonal antibodies.18,19

Xenograft Models

The availability of immunodeficient strains of mice such as athymic nude mice
lacking T lymphocytes20 and severe combined immunodeficient mice (SCID),
which lack functional T andB lymphocytes,21 afforded researchers the opportunity
to grow cancer cells established from human tumors in vivo. The significance of
xenograft models of human ovarian carcinoma is underscored by the voluminous
literature in the field (a PubMed search using the terms ‘‘xenograft’’ and ‘‘ovarian
carcinoma’’ conducted while writing this chapter returned 1023 publications).
Clearly, it would be impossible to discuss this vast body of research within a single
chapter, but highlighted below are selected historical examples of the development
and use of xenograftmodels to study humanEOC. Thesemodels have relied on the
use of subcutaneous (s.c.) and intraperitoneal (i.p.) as well as orthotopically
implanted xenografts of human ovarian carcinoma cell lines.

Subcutaneous

Initial methods for xenografting human ovarian cancer cells relied on s.c.
implantation of tumor cells in nude mice.22–25 Although this was a technical
advance, tumor formation in subcutaneously injected mice rarely resulted in the
peritoneal tumor metastasis and ascites production that is commonly observed
in clinical EOC. In addition, early studies suggested that i.p. or orthotopic
implantation of ovarian carcinoma cells provided a more relevant tumor micro-
environment, as tumor ‘‘take’’ was significantly less efficient in subcutaneously
injected mice.26 However, subcutaneous tumor formation is advantageous in
that tumors can be readily measured with calipers to quantify tumor volume,
and for this reason this method has been extensively used for the evaluation of
therapeutic efficacy of novel drugs and combination therapies.
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Intraperitoneal

An early model of a transplantable murine teratoma in which i.p. injection
resulted in peritoneal dissemination and the production of ascites was used to
show the potential advantage of i.p. administration versus intravenous (i.v.)
administration of chemotherapy.27–29 Significantly, these studies became the
basis for early clinical trials of i.p. therapy in ovarian cancer patients,30 a topic
that has garnered renewed interest in recent years. The pros and cons of i.p.
chemotherapy for EOC were recently reviewed in detail (in this volume and
Refs. 31, 32). Limitations regarding the clinical relevance of the murine tera-
toma model to human EOC were immediately recognized, and subsequent
studies used cell lines derived from the tumors and/or ascites isolated from
patients with EOC.23,24,33–35 In 1984, Hamilton and colleagues described meth-
ods for the generation of a mouse model of EOC in which mice developed
malignant ascites and intra-abdominal carcinomatosis.36 In this study, a highly
malignant subpopulation of the tumorigenic, drug-resistant NIH:OVCAR-3
cell line24 was isolated by serial in vivo and in vitro selection of cells grown as s.c.
tumors in nude mice and as colonies in agarose, respectively.36 This malignant
subpopulation of NIH:OVCAR-3 cells was injected intraperitoneally into athy-
mic nude mice resulting in the production of malignant peritoneal ascites and
carcinomatosis.36 Tumor nodules were adherent to the peritoneal wall, mesen-
tery, and diaphragm, ranging in size from 0.1 to 2 cm. When visualized under
light microscopy, tumor cells appeared to grow as solid sheets with areas of
glandular and papillary structures.36 Because NIH:OVCAR-3 cells were iso-
lated from a patient with drug-refractory disease, this model has subsequently
been used to investigate alternative therapeutic agents and/or drugs that sensi-
tize chemoresistant cells to cytotoxic agents.37 This model is still widely used in
ovarian cancer research today and is the paradigm for studies involving growth
of a wide variety of human ovarian carcinoma cell lines as xenografts in
immunocompromised mice (examples including Refs. 38–40).

Orthotopic

To more accurately model EOC growth initiating in the ovary and circumvent
the need for in vivo selection of tumorigenic cell lines, methods were developed
for orthotopic (i.e., grafting a tissue in a natural position) implantation of
human ovarian tumor specimens adjacent to the ovaries of mice. Orthotopic
implantation of ovarian tissue in rodents is facilitated by the presence of an
accessory anatomic structure, the ovarian bursa, that is absent in humans. The
bursa is a thin, fluid-filled membrane or sac that surrounds the ovary and
provides a convenient compartment for the deposition of tissue, cells in suspen-
sion, or infectious viral particles. Fu and Hoffman first described orthotopic
implantation of human ovarian tumor tissue in 1993.41 These investigators used
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two approaches: (1) direct transplantation of minced tumor tissue into the
intrabursal space followed by closure of the bursa with a suture and (2) an
‘‘onplantation’’ method involving direct attachment of human tumor tissue to
mouse ovary with sutures, leaving the bursa open.41 Using these methods,
tumor tissue could be grown orthotopically in nude mice with preservation of
tumor histology and the capacity for metastatic peritoneal growth in the
recipient mice.41 A subsequent study26 from the same laboratory showed that
orthotopic implantation of tumor tissue derived from human RMG-1 cells
grown as a s.c. xenograft resulted in tumor formation in 100% of recipient
mice. The tumor take rate was higher in the orthotopic setting, suggesting a
more favorable microenvironment for tumor growth. Tumors grew locally at
the site of implantation at early stages (6 weeks after injection) but exhibited
increased metastasis and invasion of the contralateral ovary, retroperitoneum,
mesentery, peritoneum, and abdominal organs at later stages (12 weeks after
injection). We and others have since shown that suspended human ovarian cells
can be implanted orthotopically by direct injection within the ovarian bursa via
the infundibulum.42,43

With regard to the accurate recapitulation of tumor growth, progression,
and metastasis in xenograft models of human cancer, the importance of the site
of implantation of human tumor cells has been demonstrated.44 For example,
many metastatic human tumor cell lines, including ovarian, do not exhibit
metastatic spread that is characteristic in patients when injected subcuta-
neously, intravenously, or at other sites.44 Most studies support the idea that
i.p. or orthotopic implantation of human ovarian carcinoma cells results in
tumor formation that more accurately reflects the clinical course of EOC.
However, estimating the volume and extent of tumor burden in mice with
widespread peritoneal disease resulting from i.p. or orthotopically implanted
tumor cells is technically challenging. For this reason, many preclinical ther-
apeutic studies have relied on s.c. xenograft models. Difficulties related to
quantitation of disseminated tumor can be circumvented by the use of secreted
surrogate tumor biomarkers42 and/or the use of fluorescent or bioluminescent
reporters in conjunction with optical imaging (described in greater detail in the
‘‘In Vivo Imaging’’ section at the end of this chapter).

Xenograft models in athymic nude or SCID mice are imperfect to the extent
that interactions between the murine host tumor microenvironment (including
the stroma, vasculature, and extracellular matrix) with human tumor cells
cannot be assumed to be the same as they are in situ in patients. It is well
recognized that host immune factors are an integral component of tumor
development and progression, but by definition these interactions are incom-
plete in immunocompromised hosts. Moreover, though xenograft models of
human cancer have been used extensively to evaluate the potential efficacy
therapeutic strategies in preclinical studies, they have been shown to have
limited predictive value.45,46 For these reasons, significant efforts have been
directed toward the development of spontaneous and genetically induced ani-
mal models of human EOC.
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Chemically Induced Models

In order to study ovarian tumorigenesis in situ, rodent models of chemical
carcinogen–induced or hormone-induced EOC have been developed. A com-
monly used strategy involved surgical implantation of sutures impregnated with
carcinogens such as 7,12-dimethyl benz[a]anthracine (DMBA) or N-methyl-N-
nitrosourea (MNU) within the ovarian cortex of rat.47–49 This strategy resulted
in the frequent development of ovarian tumors including adenomas, adenocar-
cinomas, squamous carcinomas, and sarcomas.47,49 The adenocarcinomas aris-
ing in DMBA-treated rats were in some cases similar to serous and endome-
trioid carcinomas and therefore to some extent reflect the Müllerian histology
observed in human EOC.47 A subtle variation on this strategy involving implan-
tation of sutures with significantly reduced doses of DMBA resulted in the
induction of preneoplastic epithelial lesions with progressive histology includ-
ing epithelial cell preneoplasia, serous low-malignant-potential tumors, and
invasive carcinomas.50 Molecular analyses of preneoplastic lesions and ovarian
tumors showed a high frequency of Ki-Ras [4 of 12 (30%) benign lesions and
1 of 4 (25%) invasive lesions] and p53 [4 of 12 (30%) benign lesions and 4 of
4 (100%) invasive lesions] mutations.50 Underscoring the importance of p53
mutations in ovarian tumor development in DMBA-induced models, a recent
study demonstrated that mice harboring a single mutant allele of p53
(p53Ala135Val/WT) were more susceptible to DMBA-induced ovarian tumor
formation.51 Mice carrying the p53Ala135Val/WT germ-line mutation developed
tumors with shorter latency and increased frequency compared with
p53WT/WT controls.51 Tumor histology in DMBA-treated mice included ade-
nocarcinomas (23%) and/or sarcomas.51 Studies to evaluate the role of hor-
monal factors in ovarian tumor induction in guinea pigs demonstrated an
increase in benign and occasionally malignant ovarian neoplasms in animals
treated with testosterone, estrogen, or estrogen and diethylstilbestrol.52,53

Although chemically or hormonally induced models have the advantage of
spontaneous disease induction that should represent all stages of EOC devel-
opment, such strategies infrequently result in disease induction in all treated
animals. Moreover, the histopathologic subtype of ovarian tumors is not
completely predictable, and the individual molecular alterations underlying
disease initiation and progression and the sequence in which they occur
remain largely unknown.

Models of Ex Vivo Transformation of the Ovarian

Surface Epithelium

In 1971, Fathalla54 proposed the ‘‘incessant ovulation’’ hypothesis as a model of
EOC etiology, based on the observations that (1) nulliparity increases and
multiparity decreases risk of EOC in humans, and (2) incessantly ovulated
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hens have a high frequency of spontaneous ovarian carcinomatosis. This
model postulates that the lack of pregnancy-induced rest periods contribute
to EOC because repeated cycles of follicle rupture during ovulation cause local
inflammation and release of reactive oxidants at the ovarian surface. Inflam-
mation and the induction of DNA synthesis and cell division to repair the
postovulatory wound can thus promote acquisition of critical mutations,
genomic instability, and ultimately local expansion of transformed and/or
tumorigenic populations of epithelial cells (reviewed in Ref. 55). Notably,
studies in mice suggest that an increased incidence of morphologic changes in
OSE, including pseudostratification, invaginations, and inclusion cysts, is
related to the total lifetime ovulation.56,57 Because the majority of EOCs are
thought to arise from this single layer of epithelial cells that cover the
ovary,58,59 significant effort was directed at the isolation, in vitro propagation,
and characterization of these cells. The isolation and in vitro cultivation of
ovarian germinal epithelium was reported as early as 1940.60 Subsequently in
1980 and 1981, Hamilton et al.61 and Adams and Auersperg62 described
detailed methods for isolation and in vitro culture of pure populations of
primary OSE cells from rats. These methods have been adapted for isolation
of primary cultures of OSE cells from human,63–65 rabbit,66,67 mouse,68,69 and,
more recently, chickens.4 With the ability to isolate the putative precursor cells
of EOC, numerous studies followed with the goal of inducing both in vitro and
in vivo properties transformation and tumorigenicity by the introduction of
oncogenic viruses, by repeated passaging in culture, and by the induction of
specific genetic alterations.

Immortalization and Transformation by Oncogenic Viruses

Rat

Adams and Auersperg62 showed that primary cultures of rat OSE (ROSE)
cells could be transformed by infection with the Kirsten murine sarcoma virus
(Ki-MSV). Retroviral infection of ROSE cells with Ki-MSV resulted in
enhanced proliferation and focus formation in vitro and tumor formation
when transduced cells were implanted subcutaneously or intraperitoneally in
irradiated syngeneic rats.62 Transfection of early-passage primary ROSE cells
with the simian virus 40 early region including the T antigen (SV40 TAg) genes
resulted in immortalization and a slight enhancement of the capacity of these
cells to form colonies in soft agar.70 Expression of SV40 TAg in spontaneously
immortalized ROSE cells (ROSE 199)71 resulted in a pronounced enhance-
ment of cloning efficiency in soft agar.70 In both primary ROSE and ROSE
199 cells, expression of SV40 TAg resulted in malignant transformation as
evidenced by the capacity to form tumors in subcutaneously injected athymic
mice.70
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Mouse

Kido and Shibuya68 described the establishment of an immortal transformed
mouse ovarian surface epithelial (MOSE) cell line by expression of the SV40
TAg in cultured MOSE cells isolated from C3H/He mice. These cells were
tumorigenic when injected into immunocompromised recipient mice.68 Inde-
pendent experiments in our own laboratory confirm that transfection of the
SV40 TAg into primary cultures of MOSE cells isolated from C57Bl/6 mice
results in immortalization and malignant transformation of these cells
(D.C. Connolly and T.C. Hamilton, unpublished observations).

Human

Rodent OSE cells are susceptible to transformation by expression of viral
oncogenes, perhaps due in part to the constitutive expression of telomerase.72

Human OSE (HOSE) cells are much more resistant to malignant transforma-
tion by oncogenic viruses. Introduction of SV40 TAg73 or human papilloma
virus 16 (HPV 16) E6 and E7 genes74 resulted in a somewhat prolonged life span
of HOSE cells in culture with most cells eventually undergoing crisis. After
continued culture of SV40 TAg or HPV16 E6/E7 transfected cells, populations
of spontaneously immortalized cells occasionally emerged,74,75 with some cell
lines exhibiting a slight tendency to form colonies in soft agar.75 At early
passage, SV40 TAg or HPV16 E6/E7 immortalized HOSE cells did not result
in tumor formation in immunocompromised mice.74,75 However, after contin-
uous growth in culture, late passage (>70 passages) HPV16 E6/E7 cells ulti-
mately acquired the capacity to form colonies in soft agar, and occasionally cells
isolated from these colonies were able to form tumors in SCID mice.76 These
results suggest that additional spontaneous genetic alterations are required to
induce malignant transformation of HOSE cells. This idea is supported by
experimental studies described in detail below.

Spontaneous Immortalization and Transformation

Rat

In order to recapitulate the repeated cell division and wound repair associated
with incessant ovulation in vitro, Godwin et al.77 developed a model for
spontaneous transformation of OSE cells. In this model system, parallel cul-
tures of primary ROSE cells were subjected to repeated subculture, where after
20–30 passages, a subset of the cultures (�30%) lost contact-mediated growth
inhibition and exhibited features of spontaneous transformation including
substrate-independent growth, cytogenetic abnormalities, and tumor formation
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in immunodeficient animals.77,78 In some cases, well to moderately differentiated
adenocarcinomas were identified, while the majority of transformed ROSE cell
lines resulted in the development of poorly differentiated adenocarcinomas.78

The degree of cytogenetic abnormality in the transformed cell lines closely
paralleled the degree of differentiation observed in tumors; that is, late-passage
cell lines gave rise to the most poorly differentiated tumors in athymic nudemice,
and the cell lines derived from these tumors exhibited the most complex karyo-
types.78 Subsequent genetic and gene expression analyses of these transformed rat
OSE and tumor-derived cell lines have identified specific molecular alterations
thought to contribute to the transformation of OSE.79–82

Whereas the ability to grow human or rodent cell lines as xenografts and/or
allografts in immunocompromised rodents was a significant advance in the
development of animal models of EOC, these models were clearly limited in
their potential to study host immune contributions to tumor development and
progression as well as the efficacy of novel strategies for immunotherapy. In
addition, xenograft models may differ substantially in interactions between
tumor cells and host microenvironment (including stromal contributions) based
on inherent differences between species. The ability to cultivate and transform
rodent primary OSE cells by extended passaging in culture (spontaneous trans-
formation) or by direct genetic manipulation provided a means to circumvent
some of these limitations by the establishment of syngeneic in vivo tumormodels.

A syngeneic model of EOCwas described in 1996 by Rose and colleagues.83 As
noted above, injection of athymic nude mice with Fisher 344 rat–derived, sponta-
neously transformed OSE cell lines frequently gave rise to ovarian adenocarcino-
mas in the immunocompromised recipients, and rat ovarian carcinoma cell lines
were established from these tumors.78 To develop a syngeneic model of EOC, one
such cell line (designatedNuTu 19)was allografted into naı̈veFisher 344 rats by i.p.
injection of cells at a range of concentrations.83 Peritoneal implantation of NuTu
19 cells resulted in widespread disease with tumor nodules adherent to serosal
surfaces and abdominal organs and the formation of malignant ascites.83 Tumor
formation and overall survival of Fisher 344 rats was dependent on the total
number of NuTu 19 cells injected with as few as 104 cells resulting in 70% tumor
take rates and 105 cells resulting in 100% tumor take.83

Mouse

Roby and colleagues69 used a similar strategy to develop a syngeneic mouse
model of EOC. These investigators isolated mouse ovarian surface epithelial
(MOSE) cells, subjected them to repeated passage in culture, and compared
tumorigenicity between early-passage (<20) and late-passage (>20) cells.69

Tumorigenicity of the cells was initially evaluated in athymic mice and demon-
strated that only late-passage MOSE cells resulted in tumor formation in
subcutaneously or intraperitoneally injected mice. Tumorigenicity of the
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late-passage MOSE cells was subsequently confirmed in syngeneic C57Bl/6
mice. Notably, mice in which tumor cells were injected subcutaneously had a
much longer latency than did those that were injected intraperitoneally (4
months in subcutaneously injected vs. 33 days in intraperitoneally injected),
providing further evidence that the pseudo-orthotopic i.p. injections provide a
more favorable environment for growth of the tumor cells. Tumor formation in
intraperitoneally injected mice was widespread, affecting omentum, bowel,
diaphragm, peritoneal wall, and the surface of kidney, pancreas, stomach,
and spleen and was accompanied by the formation of malignant ascites.69

Clonal cell lines were established from the spontaneously transformed
late-passage MOSE cells69 and have been used in a number of subsequent
studies.84–91 Using the same experimental strategy, researchers from an inde-
pendent laboratory showed that neoplastic progression of spontaneously trans-
formed MOSE cells was characterized by remodeling of the actin cytoskeleton
and focal adhesions and decreased expression of E-cadherin and connexin-43.92

The clonal cell lines isolated by Roby et al.69 (e.g., ID8 cells) have been
commonly used to study ovarian tumor biology. In subsequent studies, ID8
cells were shown to express constitutively activated Src.87 Inhibition of Src in
ID8 cells by pharmacologic agents or direct RNAi resulted in diminished phos-
phorylation (e.g., activation) of Akt, focal adhesion kinase (Fak), and Foxo1.87

Interestingly, pharmacologic inhibition of Src also resulted in sensitization of ID8
cells to both paclitaxel and cisplatin via activation of caspase-3.84,87 This cell line
has also been modified by retroviral transduction to stably overexpress the
murine Vegf 164 isoform.90 Expression of this secreted isoform of Vegf poten-
tiated the malignant phenotype resulting in decreased tumor latency, markedly
enhanced (12.9-fold greater) ascites production, 2.6-fold greater serum VEGF
levels, increased tumormicrovessel density, and decreased tumor cell apoptosis.90

Genetically Induced Transformation

The identification of individual genetic alterations thought to contribute to EOC
coupled with improvements in the technologies for in vitro manipulation of gene
expression (i.e., gene delivery strategies) made it possible to directly evaluate the
consequences of specific genetic alterations on EOC development. Below are
several examples of manipulation of genes implicated in EOC in otherwise normal
or non-transformed OSE isolated from rabbit, rat, human, or mouse ovaries.

Rabbit

An early example involved transformation of primary cultured rabbit OSE
cells by ectopic expression of a growth factor receptor. Previous reports demon-
strating high levels of expression of insulin-like growth factor-1 (IGF-1) and
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insulin-like growth factor-1 receptor (IGF-1R) in human ovarian carcinoma
cell lines suggested that this signaling axis contributes to EOC development.93,94

In a direct test of this hypothesis, Coppola et al.95 showed that constitutive
expression of a cDNA construct encoding the IGF-1R in primary cultures of
rabbit OSE resulted in anchorage-independent growth in soft agar and tumor
formation in nude mice. This study established a direct a role for the IGF-1/
IGF-1R pathway in EOC and is further supported by the analysis of IGFs and
IGF-1R expression in human primary tumor specimens.96,97

Rat

Transfection of a spontaneously immortalized ROSE cells, with mutant c-H-
Ras resulted in malignant transformation and sarcoma formation in sub-
cutaneously injected athymic mice and immunocompetent rats.70 Davies et
al.98 also using ROSE 199 cells, showed that retroviral transduction with
activated ErbB2/Neu resulted in enhanced migration, loss of contact inhibi-
tion, and in vivo tumor formation in syngeneic rats injected intraperitone-
ally or within the ovarian cortex. In a study designed to test whether
acquisition of an angiogenic phenotype affects cell growth and tumorigenic
capacity, ROSE 199 cells were transfected with a secreted form of the
vascular endothelial growth factor (VEGF 165).99 Overexpression of
VEGF 165 in ROSE 199 cells had very little effect on proliferation, focus
formation, or soft colony formation in vitro, but profound effects were
observed in vivo.99 Athymic nude mice injected subcutaneously with
VEGF165 expressing ROSE 199 cells developed tumors with high frequency
(17 of 20 mice), and when these cells were injected intraperitoneally, 100%
(20 of 20 mice) developed malignant ascites and peritoneal tumors.99 Phar-
macologic inhibition of VEGFR receptor (VEGFR) signaling with SU5416
or inducible expression of endostatin in these cells was sufficient to reverse
the angiogenic phenotype and tumorigenicity in vivo.99

Human

As noted above, expression of the SV40 TAg in primary human OSE cells
results in a prolonged life span in culture, and after continuous culture some
cells become immortalized, but not transformed.73 Expression of human telo-
merase reverse transcriptase (hTERT) in conjunction with expression of SV40
TAg100,101 or RNAi-mediated knockdown of p53 102 is sufficient to result in
immortalization of human OSE cells. The additional expression of oncogenes
implicated in EOC can mediate complete transformation of immortalized
human OSE cells. For example, expression of E-cadherin in SV40 TAg immor-
talized cells resulted in induction of characteristics indicative ofmesenchymal to
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epithelial transition, markers of metaplastic and neoplastic transformation, and
anchorage-independent growth of cells in culture as well as tumor formation in
vivo.103,104 Similarly, introduction of oncogenic mutant alleles of either human
HRAS (HRASV12) or KRAS (KRASV12) into SV40 and hTERT immortalized
human OSE cells resulted in tumor formation in vivo after s.c. or i.p. injec-
tion.101 The oncogenic potential ofHRASV12 was apparently greater as tumors
arose with higher frequently in mice injected with cells expressing HRASV12

than KRAS V12.101 Tumors expressing HRASV12 were classified as undifferen-
tiated adenocarcinomas with focal papillary growth.101 Although KRASmuta-
tions are often associated with borderline and invasive mucinous tumors and
KRAS pathway activation (e.g., via KRAS or BRAF mutations) is associated
with borderline serous tumors,105–111 KRASV12 tumors arising in this model
were poorly differentiated with components of carcinoma and sarcoma, similar
to mixed Müllerian tumors of the ovary.101 Gene expression profiling of par-
ental SV40 TAg and hTERT immortalized OSE cells and their transformed
derivatives expressing HRASV12 and KRASV12 were shown to express several
markers of human EOC, including CA-125, mesothelin, and several cytokines
including interleukins (IL)-1B, IL-6, and IL-8.101

Mouse

Using a retroviral transduction strategy, Orsulic and colleagues112,113 developed a
mousemodelofovariancarcinomawithdefinedgenetic lesions.Byusing transgenic
mouse strains engineered to ectopically express the avian retroviral receptor
TVA,114 somatic cells isolated from the transgenic mice can be infected with
recombinant avian proviral vectors.115,116 The use of replication competent, avian
leukemia virus-derived LTR, with splice acceptor (RCAS) retroviral vectors116

allows for stable integration and expression of the oncogene introduced into the
mouse genome. This retroviral delivery system allows for flexible delivery of single
and/ormultiple oncogenes and has been used tomodel a variety of cancers inmice,
including brain, lung, hepatic, pancreatic, and mammary cancers.117–123

At the time Orsulic and colleagues initiated efforts to develop amouse model of
EOC, there were no specific promoters available to generate transgenic mice
expressing theTVA in theovarian epithelium; therefore, these investigators isolated
somatic ovarian cells from transgenic mice expressing the TVA receptor under the
transcriptional control of the b-actin115 or keratin 5 (K5)113 gene promoters and
subsequently infected them with recombinant oncogenic proviral constructs ex
vivo. Infection of ovarian explants with recombinant retroviral constructs expres-
sing human c-MYC, mutant murine K-Ras(K-RasG12D), or myristoylated murine
Akt1 singly or in any combination of two or all three oncogenes was insufficient to
produce tumors in subcutaneously injected recipient mice. However, when b-actin-
TVA orK5-TVAmice were crossed into a p53–/– background, infection of b-actin-
TVA;p53–/– or K5-TVA;p53–/– ovarian cells with retroviruses containing any
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combination of two or three oncogenes (c-MYC,K-RasG12D and/orAkt1) resulted
in rapid tumor formation (e.g., by 8 weeks) after s.c. injection.113 Analysis of s.c.
tumors arising fromb-actin-TVA;p53 –/–;RCAS-c-MYCandRCAS-K-RasG12DorK5-
TVA;p53 –/–;RCAS-c-MYC and RCAS-Akt ovarian cells showed that the tumor cells
were epithelial, as evidenced by expression of cytokeratin 8, and expressed the
TVA receptor.113 Notably, the stromal component of these s.c. tumors did not
express the TVA receptor, indicating that the stroma was host derived. These
results suggest that regardless of the gene promoter driving the TVA receptor
transgene, the epithelial component of the ovarian explants is more susceptible
to transformation by the combined loss of p53 and expression of two addi-
tional oncogenes than the stromal component of the explant. To study the
capacity of tumor formation in a more relevant microenvironment, these cells
were subsequently implanted orthotopically by replacement of the normal
ovary with infected ovarian cells within the ovarian bursa of recipient mice.
Tumors developed rapidly at the site of the orthotopic injection and resulted in
peritoneal spread with implants on or within the contralateral ovary, intes-
tines, liver, pancreas, kidney, mesothelium, omentum, and diaphragm. Histo-
pathologic evaluation of these tumors identified them as poorly differentiated
carcinomas with regions of papillary structures similar to human papillary
serous carcinoma (Fig. 17.1A, B and Ref. 113).

Subsequent studies using this model to test the mechanisms of tumor sensitivity
to pathway and molecular targeted therapy showed that the mammalian target of
rapamycin (mTOR) inhibitor rapamycinwas effective in inhibiting cells and tumors
dependent on the Akt pathway for survival and proliferation (i.e., p53 –/–;RCAS-
myr-Akt1 and c-MYC or RCAS-K-RasG12D) but cells not dependent on the Akt
pathway (i.e., p53 –/–;RCAS-c-MYC and RCAS-K-Ras G12D) were resistant to
inhibition by rapamycin.124 Introduction of RCAS-myr-Akt1 into p53 –/–;RCAS-
c-MYC; RCAS-K-RasG12Dovarian cells and subsequent treatmentwith rapamycin
did not inhibit in vitro proliferation of cells or in vivo tumor formation but did
inhibit ascites formation in mice.124 Conversely, introduction of an additional

Fig. 17.1 Hematoxylin and eosin (H&E)-stained sections of tumors arising in mice injected
intraperitoneally with ovarian explants derived from p53–/– mice and transduced with onco-
genic retroviruses. (A) Tumor from K5-TVA;p53 –/–;C-Myc;K-Ras G12D ovarian cells,
(B) tumor from K5-TVA;p53 –/–;C-Myc;myr-Akt1 ovarian cells, and (C) tumor from K5-
TVA;p53 LoxP/LoxP;Brca1 LoxP/LoxP;C-Myc ovarian cells. Each tumor exhibits differentiation
similar to serous adenocarcinomas in women. The images are magnified 400�. (Images
provided courtesy of Dr. Sandra Orsulic, Cedars-Sinai Medical Center, Los Angeles, CA.)
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oncogene (e.g., K-RasG12D or Her-2) to p53 –/–;RCAS-myr-Akt1;RCAS-c-MYC
cells resulted in an increase in resistance to rapamycin in vitro and in vivo.124

Although MAPK/ERK Kinase (MEK) is thought to be a key mediator of
Ras activation and transformation, treatment of p53 –/–;RCAS-myr-Akt1;R-
CAS-c-MYC;RCAS-K-RasG12D cells with the MEK inhibitor PD98059 did
not inhibit in vitro proliferation.124 However, simultaneous inhibition of both
mTOR and MEK by combination treatment with rapamycin and PD98059
resulted in diminished proliferative capacity of these cells.124 Taken together,
these results elegantly demonstrated that molecular and pathway targeted
inhibitors may be effective in a subset of tumors with activation of the relevant
pathway, but tumors with alteration of multiple proliferative and/or survival
pathwaysmay require combination treatments to achieve therapeutic efficacy.

Using a similar experimental strategy to develop a model of inherited EOC,
expression of human c-MYC in conjunction with conditional loss of both p53 and
Brca1 resulted in transformation ofmurine OSE in vitro and in vivo.125 Transgenic
K5-TVA mice were crossed with mice harboring Lox P flanked (floxed), condi-
tionally expressed alleles of Brca1 (Brca1 LoxP/LoxP mice),126 and p53(p53LoxP/LoxP

mice)127 to generate K5-TVA;Brca1LoxP/LoxP and K5-TVA;p53LoxP/LoxP mice,
respectively.125 These mice were subsequently crossed to generate triple transgenic
K5-TVA;Brca1LoxP/LoxP;p53LoxP/LoxP mice.125 Ovarian explants were subse-
quently infected with recombinant RCAS retroviruses, including RCAS Cre-
recombinase (to mediate excision of floxed sequences) and RCAS-c-MYC,
RCAS-Her-2, RCAS-K-RasG12D and/or RCAS-Akt1. Expression of c-MYC, but
not Her-2, K-RasG12D, or Akt1, resulted in transformation of Brca1 and p53
deficient ovarian cells. However, expression of c-MYC in ovarian cells deficient
for either Brca1 or p53 alone was insufficient for transformation. Mice injected
intraperitoneally with K5-TVA;Brca1LoxP/LoxP;p53LoxP/LoxP;RCAS-c-MYC cells
developed tumors with implants on the peritoneum, intestines, pancreas, and
diaphragm and the production of hemorrhagic ascites.125 Tumors arising in
intraperitoneally injected mice (Fig. 17.1C) were epithelial in origin (confirmed
by expression of cytokeratin 8) and characterized by papillary structures charac-
teristic of human serous papillary tumors arising in BRCA1 deficient patients.125

Also consistent with BRCA1-associated human EOC, tumors arising in this
experimental model exhibit enhanced sensitivity to cisplatin.125,128

Results from these studies illustrate that ex vivo retroviral transduction of
ovarian explants is a flexible strategy that can be employed to generate in vivo
models to test the specific role of oncogenes and tumor genes in EOC etiology
and to test the efficacy of molecular and pathway targeted therapeutic agents.

Genetically Engineered Mouse Models of EOC

Methods for manipulation of the mouse germ line have been available for
decades. The first successful attempts to make transgenic mice, in which cloned
DNA sequences were introduced in the mouse germ line, were described in the
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early 1980s (Refs. 129–132 and reviewed in Ref. 133). Soon after the technology
was developed, transgenic mouse models with hereditary cancer were
described.133 The 1990s ushered in the technology to generate targeted germ-
line deletion or knock-out of genes in mice,134 a critically important strategy
for manipulation of the expression of tumor suppressor genes in vivo
(Refs. 135–137 and reviewed in Ref. 138). Yet nearly 20 years after the devel-
opment of the first genetically engineered mouse (GEM) models of tumor-
prone mice, there were no models of human EOC. The reasons for this include
a lack of understanding of the epithelial precursor of EOC and of the genetic
alterations involved in initiation, progression, and maintenance of ovarian
cancer. Over the past several years, significant inroads have been made toward
the development of GEM models of EOC as described below.

Transgenic Models

The greatest obstacle to the development of transgenic models of EOC was the
lack of a suitable gene promoter to target transgene expression in a tissue-
specific and -restricted manner to the ovarian epithelium. Several attempts to
develop transgenic models were made using gene promoters such as the mouse
metallothionein-1 promoter, the bovine glycoprotein hormone alpha subunit,
murine inhibin-a, Müllerian inhibiting substance (MIS)/anti-Müllerian hor-
mone (AMH), and an ovary-specific promoter-1 derived from endogenous
retroviral sequences present in rat.139–145 Although these efforts successfully
resulted in the production of mice that developed ovarian tumors, the tumors
were sex-cord stromal in origin rather than epithelial.139–144

In early 2001, our laboratory began to evaluate candidate gene promoters for
the development of a transgenic model of EOC. Among the candidates, we
focused on proteins involved in female reproductive tract development. During
embryogenesis, secondary sex determination is dependent on the presence or
absence of Müllerian inhibitory substance (MIS) and its cognate receptors,
MIS type I and type II receptors (reviewed in Refs. 146, 147). In the male animal,
MIS is secreted from Sertoli cells of the developing testes and stimulates the
regression of the Müllerian duct. In the absence of MIS in the developing female
embryo, the Müllerian duct persists and differentiates into the secondary struc-
tures of the female reproductive tract including fallopian tube, uterus, and upper
vagina.146 AlthoughMIS signaling is not directly involved in the development of
the female reproductive tract, functional receptors are present in adult animals.
Based on the presumption that OSE cells arise from the same coelomic epithelial
cells that give rise to the Müllerian duct (reviewed in Ref. 148), we hypothesized
that the MISRII would also be expressed in the ovarian epithelium. Further
evidence to support this hypothesis existed from a previous study149 showing that
theMISRII gene is expressed in established ovarian cancer cell lines and cell lines
derived from the ascites of patients with ovarian carcinoma.
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After confirming that theMISRII, gene was expressed in normal mouse OSE,

we made transgenic mice by expressing the early region of the SV40 TAg gene

under transcriptional control of the MISRII gene promoter.150 Female TgMI-
SIIR-TAg transgenic mice develop bilateral ovarian cancer, malignant ascites, and

disease dissemination that is typically restricted to the peritoneum.150 Histopatho-
logic analysis of these tumors demonstrated that they were epithelial in origin and

resembled human serous EOC. Whereas 50% of female transgenic founder mice
exhibited the ovarian cancer phenotype, none of those mice were fertile.

Subsequent to our initial report,150 we isolated a stable transgenic line of
mice from a male transgenic founder.151 Female offspring from this stable

transgenic line (TgMISIIR-TAg-DR26) develop bilateral ovarian carcinomas
resembling human serous EOC (Fig. 17.2) with 100% penetrance and have an

average life span of 5–6months. To date, this is the first transgenicmousemodel
that develops spontaneous ovarian cancer with pathologic features of serous

EOC. Like human EOC, mice with significant tumor burden exhibit few or no

symptoms of illness. In addition, tumor cells share many molecular features
with human tumors including expression of cytokeratins, MUC16 (the murine

equivalent of CA125), vascular endothelial growth factor (VEGF), COX-1, and
activated AKT, STAT3, and Src (Refs. 150–156 and unpublished results). We

have established a large panel of murine ovarian carcinoma (MOVCAR) cell
lines frommalignant ascites and primary tumors of TgMISIIR-TAgmice.150,151

These cell lines are tumorigenic in SCID and syngeneic recipient mice and are
useful for in vitro and in vivo tumor biology and preclinical therapeutics

studies.152–157 We have confirmed the potential utility of this model for pre-
clinical therapeutic studies by testing the efficacy of a standard combination

therapy consisting of cisplatin and paclitaxel151 and showed that tumors regress
in response to drug treatment and that drug-treated mice live significantly

longer. As tumors arising in the TgMISIIR-TAg mice frequently express acti-
vated Akt, we also tested the therapeutic efficacy of molecular targeted inhibi-

tion of the Akt pathway using the mTOR inhibitor everolimus (RAD001).153

Fig. 17.2 Hematoxylin and eosin (H&E)-stained sections of a spontaneous ovarian tumor
arising in a TgMISIIR-TAg transgenic mouse. The invasive tumor is apparently contained in
a cystic structure within the ovary and exhibits morphologic features similar to serous
cystadenocarcinomas. (A) Low-power image showing the tumor within the cortex of the
ovary. The arrow points to a normal follicle. The same tumor is magnified at (B) 200� and
(C) 400�
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Treatment with RAD001 significantly delayed tumor development and ascites
production in vivo in TgMISIIR-TAg-DR26 transgenic mice.153 These effects
are likely mediated at least in part by diminished expression of VEGF and
matrix metalloproteinase-2 (MMP-2) and decreased invasiveness of tumor
cells.153

Although there is no known association of SV40 TAg with human EOC, many
transgenic tumor models were developed by expression of the large and small TAg
genes, which result in functional inactivation of Rb and p53 as well as PP2A.158–164

The continued utility of these models in studying cancer is underscored by seminal
contributions to an understanding of the ‘‘angiogenic switch’’165–169 and tumor
progression and invasion.170 Importantly, a recent study171 identified an integrated
gene expression signature from three distinct TAg mouse models (i.e., mammary,
prostate, and lung cancer models) that is comparable with a signature associated
with the aggressive biological behavior and prognosis for several human epithelial
tumors, including breast cancers. Results from this study show that tumors arising
in TAg-based mouse models share common features of gene expression with
human cancer and are relevant preclinical models.171

Germ-Line Deletions

Germ-line deletion of the follicle-stimulating hormone receptor (FSHR) has
been reported to result in ovarian tumor formation. One report of follitropin
receptor knockout (FORKO) mice described the development of ovarian sex-
cord stromal tumors with Sertoli-Leydig cell differentiation after 12–15
months.172 Subsequently, these investigators showed that tumors arising in
these mice commonly contain sex-cord stromal differentiation as well as an
epithelial component resembling serous papillary adenoma of the ovary.173

Changes in the ovarian epithelium appeared to occur early as increased levels
of cytokeratin expression in the OSE were observed as early as postnatal day 2,
and cytokeratin-positive cells were detected within the ovarian cortex by 24
days.173 FORKO mice do not ovulate due to the absence of the FSHR; there-
fore, the development of serous adenomas in these mice suggests that tumor
development is not related to ovulation in this model. Other investigators have
generated both follicle-stimulating hormone receptor knockout (FSHRKO)
and follicle-stimulating hormone-b subunit knockout (FSHbKO) mice that
develop age-related ovarian hypertrophy, epithelial inclusion cysts, tubular
structures, and ovarian pathology similar to serous cystadenocarcinomas.174

Conditional Genetic Models

Germ-line loss of tumor suppressor genes can in some instances result in
embryonic lethality; therefore, methods for conditional expression of tumor
suppressor genes have been used to facilitate the development of GEM models
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of human cancers. One common method is the use of Cre-recombinase–
mediated excision of LoxP flanked (floxed) sequences contained within endo-
genous tumor suppressor alleles in mice. This approach has been successfully
used to develop GEM models of a number of human malignancies including
mammary gland, brain, lung, and pancreas.126,127,175–178 Tissue-specific deliv-
ery of Cre-recombinase can be accomplished by crossing mice harboring
conditional floxed alleles of the gene of interest with transgenic mice expressing
Cre-recombinase in a tissue-restricted fashion. An alternative method involves the
localized administration of recombinant adenovirus expressing Cre-recombinase
(Ad-Cre). The latter method is particularly useful in modeling cancers for which
there are few or no promoters available to generate transgenic mice that express
Cre-recombinase in the tissue of interest or for anatomic sites that are amenable to
viral delivery. There are currently no available transgenic strains of mice that
express Cre-recombinase in an ovarian epithelium–restricted manner. However,
a number of investigators have recently capitalized on the presence of the ovarian
bursa in mice for localized delivery of Ad-Cre to achieve Cre-LoxP–mediated gene
inactivation in the OSE.179–183 Following are examples of the use of this approach
to developGEMmodels by conditional inactivation of genes thought to be directly
involved in the development of EOC.

Conditional Inactivation of p53 and Rb

The importance of mutation or loss of function of p53 in EOC is well estab-
lished.184,185 There is significant evidence that loss of heterozygosity (LOH) of Rb
or alterations of the Rb pathway also play an important role in EOC develop-
ment.150,186–190 Direct evidence of the importance of Rb in EOC development was
provided by the development of a mouse model in which p53 and Rb were con-
ditionally inactivated in theOSE.182 In this study,Flesken-Nikitin andcolleagues182

were the first to describe the use of intrabursal injection of Ad-Cre for conditional
inactivation of tumor suppressor genes in theOSE.Results from this study showed
that while conditional inactivation of p53 orRb alone in the OSE rarely resulted in
tumor formation, inactivation of both of these genes simultaneously resulted in
ovarian tumor formation in 97%ofmice.Of the ovarian tumors arising in p53LoxP/
LoxP;RbLoxP/LoxPmice, 39%were characterized aswell-differentiated serous adeno-
carcinomas (Fig.17.3), 45%werepoorlydifferentiatedcytokeratin-positive (epithe-
lial) neoplasms, and 15%were undifferentiated neoplasms of the ovary.182Ovarian
tumors in p53LoxP/LoxP;RbLoxP/LoxP mice were accompanied by the presence of
ascites in24%ofcasesandperitoneal spreading in27%ofcases.Themedian latency
with which mice succumbed to tumor formation in the Ad-Cre–injected p53LoxP/
LoxP;RbLoxP/LoxP mice was 227 days, suggesting that additional genetic alterations
may be required for tumorigenesis in thismodel. Results from this study confirmed
both the successful use of intrabursalAd-Cre delivery forCre-mediated recombina-
tion of floxed sequences in theOSE aswell as the potential forRb to cooperatewith
p53 in the development of serous EOC.
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K-ras and Pten181

In an elegant example of the use of Cre-LoxP–mediated conditional gene

expression, Dinulescu and colleagues developed the first mouse model of the

endometrioid histologic subtype of EOC. This study evaluated the conse-

quences of conditional expression of an activating mutation of K-ras and/or

conditional inactivation of thePten tumor suppressor gene inmouse OSE.Mice

harboring a LoxP-Stop-LoxP-K-rasG12D express a silenced mutant allele of

K-ras that is activatable by Cre-mediated excision of the floxed-Stop

sequence.175,191 Expression of this mutant K-ras allele after intrabursal

Ad-Cre administration in heterozygous LoxP-Stop-LoxP-K-rasG12D/þ mice

resulted in the development of benign endometriosis-like lesions within the

ovary (e.g., endometrioid glandular morphology in the absence of endome-

trioid stroma) in all cases and peritoneal endometriosis (e.g., endometrioid

glandular and stromal morphology) in approximately half of the mice.181

Significantly, peritoneal endometriosis was not observed in mice receiving i.p.

injection of Ad-Cre, suggesting that the lesions seen in mice injected intrabur-

sally with Ad-Cre are a direct result of activation of K-ras in reproductive tract

tissue rather than metaplastic differentiation of the pelvic peritoneum.181 The

anatomy of the mouse reproductive tract is such that one cannot exclude the

possibility that intrabursal injection of Ad-Cre can result in localized infection

of cells within the fallopian tube or the uterus at the utero-tubal junction;

therefore, it is difficult to determine whether the origin of the peritoneal endo-

metriosis is derived from the OSE or from other cells in the reproductive tract.
Based on the association ofmutation and/or loss of heterozygosity (LOH) of the

PTEN tumor suppressor with endometrioid ovarian cancer,192–194 these investiga-

tors tested whether loss of Pten expression in combination with activation of K-ras

resulted in this tumor type in mice. Results from this study showed that conditional

activation of K-ras and inactivation of Pten by intrabursal injection of Ad-Cre in

LoxP-Stop-LoxP-K-rasG12D/þ;PtenLoxP/LoxP mice resulted in the development of

Fig. 17.3 Hematoxylin and
eosin (H&E)-stained section
of a murine ovarian serous
adenocarcinoma arising in a
p53 LoxP/LoxP;Rb LoxP/LoxP

mouse after intrabursal
administration of
adenovirus Cre-
recombinase (Ad-Cre). The
image is magnified 400�.
(Image provided courtesy of
Dr. Alexander Nikitin,
Cornell University, Ithaca,
NY.)
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invasive endometrioid ovarian carcinomas (Fig. 17.4 and Dinulescu et al.181).

Ovarian tumors occurred in all mice with short latency (i.e., as early as 7 weeks

postinjection) and were occasionally accompanied by peritoneal implants, invasion

of regional lymph nodes (Fig. 17.4B), and ascites.181 Histologically, tumors

resembled human endometrioid ovarian carcinomas with regions of glandular

and solid growth and some areas containing metaplastic squamous differentiation.

Tumors expressed cytokeratin 8, evidence of their epithelial origin, and also

expressed phosphorylated (activated) Akt, mTOR, and S6 kinase, indicative of

activation of the phosphatidyl inositol 3 kinase (PI3K)-Akt-mTOR pathway as

might be expected with loss of PTEN expression.
Studies have suggested an association of endometriosis with the develop-

ment of endometrioid and clear cell ovarian carcinomas and that endometriosis

may be a precursor lesion of these tumors.195–197 Although the LoxP-Stop-

LoxP-K-rasG12D/þ;PtenLoxP/LoxP GEM model appears to establish a genetic

relationship between activating K-ras mutations in both endometriosis and

Fig. 17.4 Hematoxylin and eosin (H&E)-stained sections of ovarian tumors (T) arising in aK-
Ras G12D;Pten LoxP/LoxP mouse after intrabursal administration of adenovirus Cre-
recombinase (Ad-Cre). (A) The ovarian tumor has key features of endometrioid ovarian
cancer including glandular histology with squamous differentiation (indicated by the
arrow). (B) Endometrioid carcinomas in mice are invasive as evidenced by the presence of
tumor cells in a regional lymph node. (Images provided courtesy of Dr. Daniela Dinulescu,
Brigham and Women’s Hospital, Boston, MA.)
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endometrioid ovarian cancer in mice, such a relationship in humans has yet to
be established. Molecular analyses of endometriotic lesions have failed to show
activating mutations of K-Ras,198–200 and such mutations are relatively rare
(<10%) in human endometrioid ovarian carcinomas.198–203 Further studies will
be required to clarify the potential involvement of activation of K-Ras or the
K-Ras pathway in these cancers.

Apc and Pten

In a recent study, molecular analyses of 72 clinical specimens of endometrioid
EOC cases did not show an association of mutations of PTEN and K-RAS in
endometrioid carcinomas.183 However, this study did show a significant asso-
ciation of mutations of the Wnt/b-catenin and PI3K/PTEN pathways, particu-
larly in low-grade endometrioid tumors.183 Based on these results, these inves-
tigators sought to validate the hypothesis that activation of these two pathways
can cooperate in the development of endometrioid EOC in a GEM model
system. To test this directly, they used the Cre-LoxP–mediated approach
for conditional gene inactivation as described above. Mice harboring floxed
alleles of Pten (PtenLoxP/LoxP) and Apc (ApcLoxP/LoxP) were crossed to generate
PtenLoxP/LoxP;ApcLoxP/LoxP offspring, and conditional alleles of Pten and/or
Apc were inactivated by unilateral intrabursal injection of ovaries with
Ad-Cre.183 Ovarian tumors occurred with 100% penetrance within 6 weeks of
Ad-Cre injection of female PtenLoxP/LoxP;ApcLoxP/LoxPmice, and tumor burden
necessitated euthanasia between 7 and 19 weeks postinjection. Tumors were
accompanied by ascites in 76% of cases, and peritoneal dissemination was
observed in 21% of the mice.183 Histologically, ovarian tumors had morpho-
logic similarity to human endometrioid EOC (Fig. 17.5) with the formation of

Fig. 17.5 Hematoxylin and eosin (H&E)-stained sections of an ovarian tumor arising in
a PtenLoxP/LoxP;ApcLoxP/LoxP mouse after intrabursal administration of adenovirus Cre-
recombinase (Ad-Cre). The ovarian endometrioid tumor is characterized by glandular struc-
tures and occasional foci of squamous differentiation. The images are magnified (A) 200� and
(B) 400�. (Images provided courtesy of Dr. Kathleen Cho, University of Michigan, Ann
Arbor, MI.)
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glandular structures and occasional foci of squamous differentiation. Tumor
cells stained positively for cytokeratin and showed nuclear accumulation of
b-catenin.183 Like tumors from LoxP-Stop-LoxP-K-rasG12D/þ;PtenLoxP/LoxP

mice, tumor cells lacked detectable Pten expression and showed increased
pS6K staining, suggestive of Akt pathway activation.183 Also present in ovarian
tumors arising in these mice were areas of less differentiated cytokeratin-nega-
tive mesenchymal-appearing cells with vague spindle-cell morphology. Unlike
K-RasLoxP/LoxP; PtenLoxP/LoxP mice, endometriosis-like lesions were not identi-
fied in the ovaries of PtenLoxP/LoxP;ApcLoxP/LoxP mice.181,183 No tumors were
observed in mice with inactivation of either Pten or Apc alone up to 30–42 weeks
after Ad-Cre injection.

Comparison of gene expression profiles of human serous, endometrioid, muci-
nous, and clear cell EOCs with ovarian tumors isolated from PtenLoxP/LoxP;
ApcLoxP/LoxP mice showed greatest correlation between the human endo-
metrioid and the murine ovarian tumors.183 Significantly, some of the
human tumors that were most highly correlated to murine tumors were
known to have mutations of the Wnt/b-catenin and PI3K/PTEN path-
ways.183 Taken together, these results suggest that ovarian tumors arising
in mice with conditional inactivation of Pten and Apc exhibit similar histol-
ogy, biology, and gene expression profiles as human endometrioid EOCs
with alterations of the Wnt/b-catenin and PI3K/PTEN pathways.183 These
results are extremely encouraging with regard to the potential use of GEM
models of EOC as preclinical models for the evaluation of molecular tar-
geted therapeutic agents, particularly with specific subtypes of EOC.

Brca1

Approximately 10%of EOCs are inherited, and themajority of these hereditary
cases are associated with germ-line mutations of the BRCA1 tumor suppressor
gene.204,205 BRCA1-associated EOC is generally diagnosed at younger ages
than sporadic EOC.128 Whereas sporadic EOC is typically diagnosed in post-
menopausal women, BRCA1-associated EOC is more commonly diagnosed in
premenopausal women, suggesting that hormonal signaling from the ovary
may play an important role in hereditary EOC.128 Although EOC is widely
thought to arise in the ovarian epithelium, the potential contribution of hor-
monal signaling inBRCA1-associated EOC led Chodankar and colleagues179 to
hypothesize that loss of expression of BRCA1 in granulosa cells, the cells that
are the primary source of steroid hormone synthesis within the ovary, might
influence tumor ovarian development.179 Because germ-line deletion of both
copies of Brca1 is embryonic lethal, a Cre-loxP–mediated strategy for condi-
tional Brca1 inactivation was employed. As intrabursal injection of Ad-Cre
results primarily in the infection of the OSE, these investigators used a genetic
approach. In transgenic mice expressing Cre-recombinase under transcriptional
control of the follicle-stimulating hormone receptor (FSHR), gene promoter,
Cre-recombinase is expressed exclusively in the granulosa cells of the ovary179;
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therefore TgFshr-Cre mice were crossed with Brca1LoxP/LoxP mice to generate

compound Brca1LoxP/LoxP;TgFshr-Cre transgenic mice. At 2 months of age,

Brca1LoxP/LoxP; TgFshr-Cre mice had histologically normal ovaries and were

fertile.179 Analysis of Brca1LoxP/LoxP; TgFshr-Cre mice euthanized between 12

and 20 months of age showed benign cysts in the ovary (Fig. 17.6) and the

uterine horn proximal to the ovary in the majority (40 of 59; 68%) of mice,

whereas no abnormalities were observed in control Brca1LoxP/LoxP mice.179

Histologically, these cysts resembled human serous cystadenomas, a putative

precursor lesion of EOC.58,206 The epithelial origin of the cysts was confirmed

by detection of cytokeratin expression and the absence of Müllerian inhibiting

substance (MIS), a marker of granulosa cell differentiation.179 Molecular ana-

lysis of theBrca1 allele by PCR amplification of genomicDNA showed deletion

of the floxed sequences in the granulosa cells, but not in laser capture micro-

dissected epithelial cells lining benign cysts.179 These results led the investigators

to conclude that loss of Brca1 in the granulosa cells results in a cell non-

autonomous effect on the epithelium, leading to the development of benign

epithelial tumors in this model.

As an alternative strategy, intrabursal administration of adenovirus Cre-
recombinase was used to study the effects of conditional inactivation of Brca1
in the ovarian epithelium in vivo.180 This study showed that Cre-mediated dele-
tion of floxed sequences in the OSE cells in Brca1LoxP/LoxP mice resulted in the
earlier and more frequent development of preneoplastic changes in the ovaries
compared with control mice with unexcised Brca1LoxP/LoxP.180 Preneoplastic
changes observed in the ovaries included hyperplasia, epithelial invaginations,
and the formation of epithelial inclusion cysts (Fig. 17.7); each of these morpho-
logic alterations of the ovarian epithelium have been proposed as putative

Fig. 17.6 Ovarian cystadenomas arising in Brca1LoxP/LoxP;TgFshr-Cre mice. (A) Gross image
an ovarian cystadenoma attached to left uterine horn. The right uterine horn has been removed.
(B) Uterine horn showing a periuterine cystadenoma. (C) Hematoxylin and eosin (H&E)-
stained section of a benign bilocular ovarian cystadenoma. (Images provided courtesy of Dr.
Louis Dubeau, University of SouthernCalifornia, Keck School ofMedicine, LosAngeles, CA.)
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precursor lesions in human EOC.58 Further evaluation and comparison of cul-
turedMOSE cells with excised and unexcised Brca1LoxP/LoxP showed that loss of
functional Brca1 results in a slightly decreased rate of proliferation and, like
human EOC, increased sensitivity to cisplatin.128,180,207,208

In Vivo Imaging

Due to the relatively deep anatomic location of the ovaries and characteristi-
cally diffuse and miliary nature of peritoneal metastases, in vivo quantitation of
tumor burden in animal models can be difficult using conventional techniques
such as caliper measurements. The application and adaptation of noninvasive
imaging technologies for small animals has vastly improved the ability to
quantitate tumor burden in vivo (reviewed in Ref. 209). Imaging modalities
such as magnetic resonance imaging (MRI), ultrasound (US), positron emis-
sion tomography (PET), computed tomography (CT), and single photon emis-
sion computed tomography (SPECT) have been used to image tumors in mice
in vivo. In addition, optical imaging strategies have been developed to detect
luminescent and/or fluorescent reporter gene expression and for molecular
imaging of activatable fluorescent probes. Most imaging modalities can be
adapted for use with xenograft, allograft, or spontaneous autochthonous ovar-
ian tumor models (e.g., transgenic, conditional, or inducible GEM mouse
models). Many considerations are involved in the selection of modality for in
vivo imaging of mouse models of ovarian cancer including the institutional
availability of the imaging equipment, imaging session time, throughput, and
overall expense. Several examples of the use of noninvasive in vivo imaging in
ovarian cancer models are highlighted below.

Fig. 17.7 Hematoxylin and eosin (H&E)-stained section of the ovary of a Brca1LoxP/LoxP

mouse 180 days after intrabursal injection of adenovirus Cre-recombinase (Ad-Cre). The
ovarian surface epithelium exhibits preneoplastic morphologic changes including the presence
of papillary structures. The image is magnified 400�. (Image provided courtesy of
Dr. Barbara Vanderhyden, Ottawa Health Research Institute, Ottawa, ON, Canada.)
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MRI, US, and PET

MRI has been successfully employed for imaging tumor burden in human tumor

xenograft models210–213 and in our own studies with TgMISIIR-TAg transgenic

mice.151,153 Using T2-weighted images, tumor nodules as small as 2.4 mm3 or with

diameter of 0.5 mm could be detected in mice injected intraperitoneally with

human ovarian cancer cells.210,213 Auzenne et al.210 used this strategy to monitor

in vivo tumor growth and therapeutic response to hyaluranonic acid (HA)-

conjugated paclitaxel and showed significantly enhanced survival by targeting

the drug to the CD44þ receptor with the HA ligand. In our own studies, we have

found thatMRI is an excellent modality for noninvasive tumor detection, acquisi-

tion of high-resolution images of anatomic structures, and accurate, serial mea-

surement of ovarian tumors in mice over time. To image spontaneous tumors in

TgMISIIR-TAg transgenic mice, we use T1-weighted, contrast-enhanced images

(Fig. 17.8 and Refs. 151, 153). Using these methods, we have successfully used

MRI to monitor in vivo tumor growth rates and responsiveness to a standard

cytotoxic chemotherapy regimen (i.e., cisplatin and paclitaxel) and a molecularly

targeted agent (i.e., the mTOR inhibitor RAD001 [everolimus]).151,153

In conjunction with MRI, Sallinen et al.213 used ultrasound to quantitate in

vivo tumor burden. A subsequent study214 comparing the use of high-resolution

two-dimensional ultrasonography (2DUS) and three-dimensional ultrasono-

graphy (3DUS) to measure ovarian volume in normal mice showed that 3DUS

was superior and provides a reliable method for noninvasive in vivo imaging of

ovarian volume in mice over time.
Growth of ovarian tumors in mouse models can be imaged by PET scanning

with the use of radioactive tracers of glucose metabolism or proliferation; for

example, [18F] fluorodeoxyglucose (FDG) or [18F] fluorothymidine (FLT),

respectively. Using a xenograft model, Leyton and colleagues215 used FLT-

PET in conjunction with bioluminescent imaging to monitor the activity and

therapeutic efficacy of oncolytic viral therapy for the treatment of ovarian

cancer. Kim et al.211 used FDG-PET in conjunction with MRI to monitor the

Fig. 17.8 T1-weighted, contrast-enhanced MRI images showing (A) the normal ovary of a
wild-type C57Bl/6 mouse and (B) an ovarian tumor in a TgMISIIR-TAg-DR26 transgenic
mouse. In each case, the region of the scan containing the ovary is highlighted in red in the
image on the right
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effects of the vascular disrupting agent AVE8062 showing that treatment with
AVE8062 resulted in diminished metabolic activity and regression of tumors
and that AVE8062 in combination with docetaxel resulted in potent inhibition
of tumor growth in an i.p. xenograft model.

FLI and BLI

Fluorescent imaging (FLI) or bioluminescent imaging (BLI) have become
important optical imaging techniques for the detection of light-emitting repor-
ter genes tomonitor tumor growth in animal models of EOC. For the use of FLI
or BLI with human or murine ovarian carcinoma cell lines grown as tumor
xenografts or allografts, cell lines can be engineered to express luminescent or
fluorescent reporter genes (e.g., firefly luciferase or green or red fluorescent
protein) by standard methods for transfection or retroviral transduction. In
GEM mice in which tumor formation is accompanied by expression of a light-
emitting reporter such as firefly luciferase or green fluorescent protein (GFP),
BLI or FLI may also be employed for longitudinal in vivo imaging of tumor
burden.

In 2001, Chaudhuri and colleagues216 first described the application of FLI
techniques to monitor in vivo tumor growth in a xenograft model. Using an
adenoviral expression vector (Ad-GFP), these investigators showed that ovar-
ian carcinoma cells could be infected at high efficiency and that the therapeutic
efficacy of an agent such as adriamycin could be quantitated by in vivo fluor-
escent imaging.216 By using FLI to monitor tumor growth in mice injected
intraperitoneally with human ovarian cancer cells stably expressing DsRed2
fluorescent protein, Subramanian and colleagues217 demonstrated that adeno-
associated virus (AAV)-mediated delivery of a mutant human endostatin
(AAV-P125A-endostatin) resulted in long-term survival in a third of mice.
Moreover, the combination of AAV-P125A-endostatin and carboplatin
resulted in significantly delayed tumor incidence and a reduction in overall
size of tumors and metastasis in the animals that did develop tumors.217

Similarly, ovarian cancer cell lines have been modified to express lumines-
cent reporter genes (e.g., firefly luciferase) and BLI used for longitudinal
monitoring and quantitation of tumor growth in vivo to assess the efficacy of
viral and vaccine based therapies for EOC.218–222 As BLI does not require the
subtraction of the autofluorescence background signal from the animal,223 it
may provide superior sensitivity relative to FLI. In our own unpublished
studies, we have used bioluminescent imaging to monitor the growth of ortho-
topically implanted tumor cells. Using this strategy, we can monitor and
quantitate the growth and spread of tumor cells implanted within the intrabur-
sal space over time (Fig. 17.9), thus circumventing the issues associated with
quantitation of tumor burden in deep organs.

Advances are also being made in the arena of target-specific activatable
fluorescently tagged reporter probes for in vivo imaging.224 This technology
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involves molecular imaging and detection using strong near-infrared fluoro-
phores that are highly specific and subject to very little background fluores-
cence. In their inactive state, the probes remain quenched but on activation by
the target are ‘‘dequenched’’ and become brightly fluorescent. Various target-
specific probes that are recognized by proteases commonly expressed by tumors
(e.g., cathepsin D or MMPs224,225) have been used for in vivo imaging in mice.
To circumvent the potential for probe activation by proteases (or other targets)
expressed by cells other than tumor cells in the surrounding microenvironment,
a recent adaptation of this technology was the development of a self-quenched
avidin-rhodamine conjugated probe that is activated only after internalization
and degradation within the lysosomes in the target cell.226 This probe was
successfully used for ex vivo imaging of micrometastases occurring in an i.p.
ovarian carcinoma xenograft model.226 Further development of these technol-
ogies hold significant promise for improved in vivo molecular imaging in mouse
models of EOC.

Conclusion

Although we have seen an improvement in the 5-year survival rates in patients
over the past several years, the overall incidence and mortality of EOC has
changed very little. Significant impact on the clinical outcome of EOC patients
will require advances in early detection, treatment, and prevention. The use of
animal models of EOC will be invaluable tools in these pursuits. Recent

Fig. 17.9 Orthotopic tumor development monitored by bioluminescent imaging in a SCID
mouse in which 4� 105 MOVCAR 5009-luciferase cells were injected intrabursally in the left
ovary. (A) BLI images were acquired weekly; images are shown for days 10, 23, 38, and 52
postinjection. (B) Tumor growth was monitored by quantitating the amount of light or total
flux (photons/second) emitted in each scan
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successes in the development of the ‘‘first-generation’’ GEMmodels of EOC not
only provide additional models to study ovarian tumor biology and therapeutic
strategies, but will also likely lead to the development the next generation of
genetically relevant EOC models. The ability to study spontaneously arising
ovarian cancers in immune competent animals will likely allow the identifica-
tion of morphologic and molecular alterations that contribute to disease initia-
tion. Such models can also be used for the identification and validation of
candidate biomarkers for early detection. As there are currently no effective
strategies for prevention or early detection of EOC, an important focus remains
the identification of better strategies for disease treatment, including treatment
of drug refractory disease recurrence, which is the unfortunate outcome for
most patients. The combination of GEM, syngeneic and human xenograft
models coupled with the improved capacities for in vivo imaging will allow
for better preclinical study design (e.g., the use of spontaneous or i.p. and
orthotopic models vs. s.c. xenografts). Moreover, longitudinal imaging and
quantitation of tumors allows for the evaluation and quantitation response to
therapy rather than end-point assessments. Comparisons of results generated in
different animal model systems may result in better predictions of novel ther-
apeutic agents, including combination therapies that may be effective for the
treatment of EOC in patients.

References

1. Campbell JG. Some unusual gonadal tumours of the fowl. Br J Cancer. 1951;5(1):69–82.
2. Fredrickson TN. Ovarian tumors of the hen. Environ Health Perspect. 1987;73:35–51.
3. MacLachlan NJ. Ovarian disorders in domestic animals. Environ Health Perspect.

1987;73:27–33.
4. Johnson PA, Giles JR. Use of genetic strains of chickens in studies of ovarian cancer.

Poult Sci. 2006;85(2):246–250.
5. Barnes MN, Berry WD, Straughn JM, et al. pilot study of ovarian cancer chemopreven-

tion using medroxyprogesterone acetate in an avian model of spontaneous ovarian
carcinogenesis. Gynecol Oncol. 2002;87(1):57–63.

6. Giles JR, Olson LM, Johnson PA. Characterization of ovarian surface epithelial cells
from the hen: a unique model for ovarian cancer. Exp Biol Med (Maywood). 2006;
231(11):1718–1725.

7. Jackson E, Anderson K, Ashwell C, Petitte J, Mozdziak PE. CA125 expression in
spontaneous ovarian adenocarcinomas from laying hens. Gynecol Oncol. 2007;
104(1):192–198.

8. Rodriguez-Burford C, Barnes MN, Berry W, Partridge EE, Grizzle WE. Immunohisto-
chemical expression of molecular markers in an avian model: a potential model for
preclinical evaluation of agents for ovarian cancer chemoprevention. Gynecol Oncol.
2001;81(3):373–379.

9. Hankinson SE, Colditz GA, Hunter DJ, Spencer TL, Rosner B, Stampfer MJ. A quanti-
tative assessment of oral contraceptive use and risk of ovarian cancer. Obstet Gynecol.
1992;80(4):708–714.

10. Rodriguez GC, Nagarsheth NP, Lee KL, et al. Progestin-induced apoptosis in the
Macaque ovarian epithelium: differential regulation of transforming growth factor-
beta. J Natl Cancer Inst. 2002;94(1):50–60.

380 D.C. Connolly



11. Rodriguez GC,Walmer DK, ClineM, et al. Effect of progestin on the ovarian epithelium
of macaques: cancer prevention through apoptosis? J Soc Gynecol Investig. 1998;
5(5):271–276.

12. Brewer M, Ranger-Moore J, Satterfield W, et al. Combination of 4-HPR and oral
contraceptive in monkey model of chemoprevention of ovarian cancer. Front Biosci.
2007;12:2260–2268.

13. Brewer M, Baze W, Hill L, et al. Rhesus macaque model for ovarian cancer chemo-
prevention. Comp Med. 2001;51(5):424–429.

14. BrewerM, Utzinger U, SatterfieldW, et al. Biomarker modulation in a nonhuman rhesus
primate model for ovarian cancer chemoprevention. Cancer Epidemiol Biomarkers Prev.
2001;10(8):889–893.

15. Wright JW, Stouffer RL, Rodland KD. Estrogen inhibits cell cycle progression and
retinoblastoma phosphorylation in rhesus ovarian surface epithelial cell culture. Mol
Cell Endocrinol. 2003;208(1–2):1–10.

16. Wright JW, Stouffer RL, RodlandKD.High-dose estrogen and clinical selective estrogen
receptor modulators induce growth arrest, p21, and p53 in primate ovarian surface
epithelial cells. J Clin Endocrinol Metab. 2005;90(6):3688–3695.

17. Wright JW, Toth-Fejel S, Stouffer RL, Rodland KD. Proliferation of rhesus ovarian
surface epithelial cells in culture: lack of mitogenic response to steroid or gonadotropic
hormones. Endocrinology. 2002;143(6):2198–207.

18. Hsieh FY, Tengstrand E, Lee JW, et al. Drug safety evaluation through biomarker
analysis – a toxicity study in the cynomolgus monkey using an antibody-cytotoxic
conjugate against ovarian cancer. Toxicol Appl Pharmacol. 2007;224(1):12–18.

19. Hassan R, Ebel W, Routhier EL, et al. Preclinical evaluation of MORAb-009, a chimeric
antibody targeting tumor-associated mesothelin. Cancer Immun. 2007;7:20.

20. Flanagan SP. ‘Nude,’ a new hairless gene with pleiotropic effects in the mouse.Genet Res.
1966;8(3):295–309.

21. BosmaGC, Custer RP, BosmaMJ. A severe combined immunodeficiencymutation in the
mouse. Nature. 1983;301(5900):527–530.

22. Davy M, Mossige J, Johannessen JV. Heterologous growth of human ovarian cancer. A
new in vivo testing system. Acta Obstet Gynecol Scand. 1977;56(1):55–59.

23. FreedmanRS, Pihl E, Kusyk C, Gallager HS, Rutledge F. Characterization of an ovarian
carcinoma cell line. Cancer. 1978;42(5):2352–2359.

24. Hamilton TC, Young RC, McKoy WM, et al. Characterization of a human ovarian
carcinoma cell line (NIH:OVCAR-3) with androgen and estrogen receptors. Cancer Res.
1983;43(11):5379–5389.

25. Kullander S, RausingA, TropeC. Human ovarian tumours heterotransplanted to ‘‘nude’’
mice. Acta Obstet Gynecol Scand. 1978;57(2):149–159.

26. Kiguchi K, Kubota T, Aoki D, et al. A patient-like orthotopic implantation nude mouse
model of highly metastatic human ovarian cancer. Clin ExpMetastasis. 1998;16(8):751–756.

27. Ozols RF, Grotzinger KR, Fisher RI, Myers CE, Young RC. Kinetic characterization
and response to chemotherapy in a transplantable murine ovarian cancer. Cancer Res.
1979;39(8):3202–3208.

28. Ozols RF, Locker GY, Doroshow JH, et al. Chemotherapy for murine ovarian cancer: a
rationale for ip therapy with adriamycin. Cancer Treat Rep. 1979;63(2):269–273.

29. Ozols RF, Locker GY, Doroshow JH, Grotzinger KR, Myers CE, Young RC. Pharma-
cokinetics of adriamycin and tissue penetration in murine ovarian cancer. Cancer Res.
1979;39(8):3209–3214.

30. Ozols RF, Young RC, Speyer JL, et al. Phase I and pharmacological studies of adriamy-
cin administered intraperitoneally to patients with ovarian cancer. Cancer Res.
1982;42(10):4265–4269.

31. Trimble EL, Thompson S, Christian MC, Minasian L. Intraperitoneal chemotherapy for
women with epithelial ovarian cancer. Oncologist. 2008;13(4):403–409.

17 Animal Models of Ovarian Cancer 381



32. Vergote I, Amant F, Leunen K, et al. Intraperitoneal chemotherapy in patients with
advanced ovarian cancer: the con view. Oncologist. 2008;13(4):410–414.

33. DiSaia PJ, Morrow M, Kanabus J, Piechal W, Townsend DE. Two new tissue culture
lines from ovarian cancer. Gynecol Oncol. 1975;3(3):215–219.

34. Ioachim HL, Dorsett BH, Sabbath M, Barber HR. Electron microscopy, tissue culture,
and immunology of ovarian carcinoma. Natl Cancer Inst Monogr. 1975;42:45–62.

35. Woods LK, Morgan RT, Quinn LA, Moore GE, Semple TU, Stedman KE. Comparison
of four new cell lines from patients with adenocarcinoma of the ovary. Cancer Res.
1979;39(11):4449–4459.

36. Hamilton TC, Young RC, Louie KG, et al. Characterization of a xenograft model of
human ovarian carcinoma which produces ascites and intraabdominal carcinomatosis in
mice. Cancer Res. 1984;44(11):5286–5290.

37. Ozols RF, Louie KG, Plowman J, et al. Enhanced melphalan cytotoxicity in human
ovarian cancer in vitro and in tumor-bearing nude mice by buthionine sulfoximine
depletion of glutathione. Biochem Pharmacol. 1987;36(1):147–153.

38. Burbridge MF, Kraus-Berthier L, Naze M, Pierre A, Atassi G, Guilbaud N. Biological
and pharmacological characterisation of three models of human ovarian carcinoma
established in nude mice: use of the CA125 tumour marker to predict antitumour activity.
Int J Oncol. 1999;15(6):1155–1162.

39. Molpus KL, Koelliker D, Atkins L, et al. Characterization of a xenograft model of
human ovarian carcinomawhich produces intraperitoneal carcinomatosis andmetastases
in mice. Int J Cancer. 1996;68(5):588–595.

40. Ward BG, Wallace K, Shepherd JH, Balkwill FR. Intraperitoneal xenografts of human
epithelial ovarian cancer in nude mice. Cancer Res. 1987;47(10):2662–2667.

41. Fu X, Hoffman RM. Human ovarian carcinoma metastatic models constructed in nude
mice by orthotopic transplantation of histologically-intact patient specimens. Anticancer
Res. 1993;13(2):283–286.

42. Bao R, Connolly DC, Murphy M, et al. Activation of cancer-specific gene expression by
the survivin promoter. J Natl Cancer Inst. 2002;94(7):522–528.

43. Vanderhyden BC, Shaw TJ, Ethier JF. Animal models of ovarian cancer. Reprod Biol
Endocrinol. 2003;1:67.

44. Fidler IJ. Critical factors in the biology of human cancer metastasis: twenty-eighth
G.H.A. Clowes memorial award lecture. Cancer Res. 1990;50(19):6130–6138.

45. Kerbel RS. Human tumor xenografts as predictive preclinical models for anticancer drug
activity in humans: better than commonly perceived-but they can be improved. Cancer
Biol Ther. 2003;2(4 Suppl 1):S134–139.

46. Voskoglou-Nomikos T, Pater JL, Seymour L. Clinical predictive value of the in vitro cell
line, human xenograft, and mouse allograft preclinical cancer models. Clin Cancer Res.
2003;9(11):4227–4239.

47. Nishida T, Sugiyama T, Kataoka A, Ushijima K, Yakushiji M. Histologic characteri-
zation of rat ovarian carcinoma induced by intraovarian insertion of a 7,12-dimethylben-
z[a]anthracene-coated suture: common epithelial tumors of the ovary in rats? Cancer.
1998;83(5):965–970.

48. Sekiya S, Endoh N, Kikuchi Y, et al. In vivo and in vitro studies of experimental ovarian
adenocarcinoma in rats. Cancer Res. 1979;39(3):1108–1112.

49. Tunca JC, Erturk E, Erturk E, Bryan GT. Chemical induction of ovarian tumors in rats.
Gynecol Oncol. 1985;21(1):54–64.

50. Stewart SL, Querec TD, Ochman AR, et al. Characterization of a carcinogen-
esis rat model of ovarian preneoplasia and neoplasia. Cancer Res. 2004;64(22):
8177–8183.

51. Wang Y, Zhang Z, Lu Y, et al. Enhanced susceptibility to chemical induction of
ovarian tumors in mice with a germ line p53 mutation. Mol Cancer Res. 2008;
6(1):99–109.

382 D.C. Connolly



52. Silva EG, Tornos C, Deavers M, Kaisman K, Gray K, Gershenson D. Induction of
epithelial neoplasms in the ovaries of guinea pigs by estrogenic stimulation. Gynecol
Oncol. 1998;71(2):240–246.

53. Silva EG, Tornos C, FritscheHA Jr, et al. The induction of benign epithelial neoplasms of
the ovaries of guinea pigs by testosterone stimulation: a potential animal model. Mod
Pathol. 1997;10(9):879–883.

54. Fathalla MF. Incessant ovulation – a factor in ovarian neoplasia? Lancet. 1971;2(7716):163.
55. Murdoch WJ. Carcinogenic potential of ovulatory genotoxicity. Biol Reprod. 2005;73(4):

586–590.
56. Clow OL, Hurst PR, Fleming JS. Changes in the mouse ovarian surface epithelium with

age and ovulation number. Mol Cell Endocrinol. 2002;191(1):105–111.
57. TanOL,Hurst PR, Fleming JS. Location of inclusion cysts inmouse ovaries in relation to

age, pregnancy, and total ovulation number: implications for ovarian cancer? J Pathol.
2005;205(4):483–490.

58. Auersperg N,Maines-Bandiera SL, Dyck HG. Ovarian carcinogenesis and the biology of
ovarian surface epithelium. J Cell Physiol. 1997;173(2):261–265.

59. Scully RE. Pathology of ovarian cancer precursors. J Cell Biochem Suppl. 1995;23:208–218.
60. Long JH. The growth in vitro of mouse germinal epithelium. Carnegie Inst Wash Pub

Contrib Embryol. 1940;28:89–95.
61. Hamilton TC, HendersonWJ, Eaton C. Isolation and growth of the rat ovarian germinal

epithelium. In: Richards RJ, Rajan KT, eds. Tissue Culture in Medical Research (II).
Oxford: Pergamon Press; 1980:237–244.

62. Adams AT, Auersperg N. Transformation of cultured rat ovarian surface epithelial cells
by Kirsten murine sarcoma virus. Cancer Res. 1981;41(6):2063–2072.

63. Dubeau L, Velicescu M, Sherrod AE, Schreiber G, Holt G. Culture of human fetal
ovarian epithelium in a chemically-defined, serum-free medium: a model for ovarian
carcinogenesis. Anticancer Res. 1990;10(5A):1233–1240.

64. Kruk PA, Maines-Bandiera SL, Auersperg N. A simplified method to culture human
ovarian surface epithelium. Lab Invest. 1990;63(1):132–136.

65. Siemens CH, Auersperg N. Serial propagation of human ovarian surface epithelium in
tissue culture. J Cell Physiol. 1988;134(3):347–356.

66. Nicosia SV, Johnson JH, Streibel EJ. Isolation and ultrastructure of rabbit ovarian
mesothelium (surface epithelium). Int J Gynecol Pathol. 1984;3(4):348–360.

67. Nicosia SV, Johnson JH. Surface morphology of ovarian mesothelium (surface epithe-
lium) and of other pelvic and extrapelvic mesothelial sites in the rabbit. Int J Gynecol
Pathol. 1984;3(3):249–260.

68. Kido M, Shibuya M. Isolation and characterization of mouse ovarian surface epithelial
cell lines. Pathol Res Pract. 1998;194(10):725–730.

69. Roby KF, Taylor CC, Sweetwood JP, et al. Development of a syngeneic mouse model for
events related to ovarian cancer. Carcinogenesis. 2000;21(4):585–591.

70. Hoffman AG, Burghardt RC, Tilley R, Auersperg N. An in vitro model of ovarian
epithelial carcinogenesis: changes in cell–cell communication and adhesion occurring
during neoplastic progression. Int J Cancer. 1993;54(5):828–838.

71. Adams AT, Auersperg N. A cell line, ROSE 199, derived from normal rat ovarian surface
epithelium. Exp Cell Biol. 1985;53(4):181–188.

72. Chang S, Khoo C, DePinho RA. Modeling chromosomal instability and epithelial
carcinogenesis in the telomerase-deficient mouse. Semin Cancer Biol. 2001;11(3):227–239.

73. Maines-Bandiera SL, Kruk PA, Auersperg N. Simian virus 40-transformed human
ovarian surface epithelial cells escape normal growth controls but retain morphogenetic
responses to extracellular matrix. Am J Obstet Gynecol. 1992;167(3):729–735.

74. Tsao SW, Mok SC, Fey EG, et al. Characterization of human ovarian surface epithelial
cells immortalized by human papilloma viral oncogenes (HPV-E6E7 ORFs). Exp Cell
Res. 1995;218(2):499–507.

17 Animal Models of Ovarian Cancer 383



75. Nitta M, Katabuchi H, Ohtake H, Tashiro H, Yamaizumi M, Okamura H. Character-
ization and tumorigenicity of human ovarian surface epithelial cells immortalized by
SV40 large T antigen. Gynecol Oncol. 2001;81(1):10–17.

76. Gregoire L, Rabah R, Schmelz EM, Munkarah A, Roberts PC, Lancaster WD. Sponta-
neous malignant transformation of human ovarian surface epithelial cells in vitro. Clin
Cancer Res. 2001;7(12):4280–4287.

77. Godwin AK, Testa JR, Handel LM, et al. Spontaneous transformation of rat ovarian
surface epithelial cells: association with cytogenetic changes and implications of repeated
ovulation in the etiology of ovarian cancer. J Natl Cancer Inst. 1992;84(8):592–601.

78. Testa JR, Getts LA, Salazar H, et al. Spontaneous transformation of rat ovarian surface
epithelial cells results in well to poorly differentiated tumors with a parallel range of
cytogenetic complexity. Cancer Res. 1994;54(10):2778–2784.

79. Abdollahi A, Bao R,Hamilton TC. LOT1 is a growth suppressor gene down-regulated by
the epidermal growth factor receptor ligands and encodes a nuclear zinc-finger protein.
Oncogene. 1999;18(47):6477–6487.

80. Abdollahi A, Getts LA, Sonoda G, et al. Genome scanning detects amplification of the
cathepsin B gene (CtsB) in transformed rat ovarian surface epithelial cells. J Soc Gynecol
Investig. 1999;6(1):32–40.

81. Abdollahi A, GodwinAK,Miller PD, et al. Identification of a gene containing zinc-finger
motifs based on lost expression in malignantly transformed rat ovarian surface epithelial
cells. Cancer Res. 1997;57(10):2029–2034.

82. Roberts D, Williams SJ, Cvetkovic D, et al. Decreased expression of retinol-binding
proteins is associated with malignant transformation of the ovarian surface epithelium.
DNA Cell Biol. 2002;21(1):11–19.

83. RoseGS, Tocco LM,Granger GA, et al. Development and characterization of a clinically
useful animal model of epithelial ovarian cancer in the Fischer 344 rat. Am J Obstet
Gynecol. 1996;175(3 Pt 1):593–599.

84. Chen T, Pengetnze Y, Taylor CC. Src inhibition enhances paclitaxel cytotoxicity in
ovarian cancer cells by caspase-9-independent activation of caspase-3. Mol Cancer
Ther. 2005;4(2):217–224.

85. George JA, Chen T, Taylor CC. SRC tyrosine kinase and multidrug resistance protein-1
inhibitions act independently but cooperatively to restore paclitaxel sensitivity to
paclitaxel-resistant ovarian cancer cells. Cancer Res. 2005;65(22):10381–10388.

86. Greenaway J, Moorehead R, Shaw P, Petrik J. Epithelial-stromal interaction increases
cell proliferation, survival and tumorigenicity in a mouse model of human epithelial
ovarian cancer. Gynecol Oncol. 2008;108(2):385–394.

87. Pengetnze Y, Steed M, Roby KF, Terranova PF, Taylor CC. Src tyrosine kinase pro-
motes survival and resistance to chemotherapeutics in a mouse ovarian cancer cell line.
Biochem Biophys Res Commun. 2003;309(2):377–383.

88. Sanches R, KuiperM, Penault-Llorca F, Aunoble B, D’Incan C, BignonYJ. Antitumoral
effect of interleukin-12-secreting fibroblasts in a mouse model of ovarian cancer: implica-
tions for the use of ovarian cancer biopsy-derived fibroblasts as a vehicle for regional gene
therapy. Cancer Gene Ther. 2000;7(5):707–720.

89. Urzua U, Roby KF, Gangi LM, Cherry JM, Powell JI, Munroe DJ. Transcriptomic
analysis of an in vitro murine model of ovarian carcinoma: functional similarity to the
human disease and identification of prospective tumoral markers and targets. J Cell
Physiol. 2006;206(3):594–602.

90. Zhang L, Yang N, Garcia JR, et al. Generation of a syngeneic mouse model to study the
effects of vascular endothelial growth factor in ovarian carcinoma. Am J Pathol.
2002;161(6):2295–2309.

91. Zhang L, Yang N, Park JW, et al. Tumor-derived vascular endothelial growth factor up-
regulates angiopoietin-2 in host endothelium and destabilizes host vasculature, support-
ing angiogenesis in ovarian cancer. Cancer Res. 2003;63(12):3403–3412.

384 D.C. Connolly



92. Roberts PC, Mottillo EP, Baxa AC, et al. Sequential molecular and cellular events
during neoplastic progression: a mouse syngeneic ovarian cancer model. Neoplasia.
2005;7(10):944–956.

93. Yee D, Morales FR, Hamilton TC, Von Hoff DD. Expression of insulin-like growth
factor I, its binding proteins, and its receptor in ovarian cancer. Cancer Res.
1991;51(19):5107–5112.

94. Resnicoff M, Ambrose D, Coppola D, Rubin R. Insulin-like growth factor-1 and its
receptor mediate the autocrine proliferation of human ovarian carcinoma cell lines. Lab
Invest. 1993;69(6):756–760.

95. Coppola D, Saunders B, Fu L, Mao W, Nicosia SV. The insulin-like growth factor 1
receptor induces transformation and tumorigenicity of ovarian mesothelial cells and
down-regulates their Fas-receptor expression. Cancer Res. 1999;59(13):3264–3270.

96. Hirano S, Ito N, Takahashi S, Tamaya T. Clinical implications of insulin-like growth
factors through the presence of their binding proteins and receptors expressed in
gynecological cancers. Eur J Gynaecol Oncol. 2004;25(2):187–191.

97. Ouban A, Muraca P, Yeatman T, Coppola D. Expression and distribution of insulin-
like growth factor-1 receptor in human carcinomas. Hum Pathol. 2003;34(8):803–808.

98. Davies BR, Auersperg N, Worsley SD, Ponder BA. Transfection of rat ovarian surface
epithelium with erb-B2/neu induces transformed phenotypes in vitro and the tumori-
genic phenotype in vivo. Am J Pathol. 1998;152(1):297–306.

99. Schumacher JJ, Dings RP, Cosin J, Subramanian IV, Auersperg N, Ramakrishnan S.
Modulation of angiogenic phenotype alters tumorigenicity in rat ovarian epithelial cells.
Cancer Res. 2007;67(8):3683–3690.

100. Davies BR, Steele IA, Edmondson RJ, et al. Immortalisation of human ovarian surface
epithelium with telomerase and temperature-sensitive SV40 large T antigen. Exp Cell
Res. 2003;288(2):390–402.

101. Liu J, Yang G, Thompson-Lanza JA, et al. A genetically defined model for human
ovarian cancer. Cancer Res. 2004;64(5):1655–1663.

102. Yang G, Rosen DG, Mercado-Uribe I, et al. Knockdown of p53 combined with
expression of the catalytic subunit of telomerase is sufficient to immortalize primary
human ovarian surface epithelial cells. Carcinogenesis. 2007;28(1):174–182.

103. Auersperg N, Pan J, Grove BD, et al. E-cadherin induces mesenchymal-to-epithelial transi-
tion in human ovarian surface epithelium.ProcNatl Acad SciUSA. 1999;96(11):6249–6254.

104. Ong A,Maines-Bandiera SL, Roskelley CD, Auersperg N. An ovarian adenocarcinoma
line derived from SV40/E-cadherin-transfected normal human ovarian surface epithe-
lium. Int J Cancer. 2000;85(3):430–437.

105. Cuatrecasas M, Erill N, Musulen E, Costa I, Matias-Guiu X, Prat J. K-ras mutations in
nonmucinous ovarian epithelial tumors: a molecular analysis and clinicopathologic
study of 144 patients. Cancer. 1998;82(6):1088–1095.

106. Cuatrecasas M, Villanueva A, Matias-Guiu X, Prat J. K-ras mutations in mucinous
ovarian tumors: a clinicopathologic and molecular study of 95 cases. Cancer.
1997;79(8):1581–1586.

107. Fujita M, Enomoto T, Inoue M, et al. Alteration of the p53 tumor suppressor gene
occurs independently of K-ras activation and more frequently in serous adenocarcino-
mas than in other common epithelial tumors of the human ovary. Jpn J Cancer Res.
1994;85(12):1247–1256.

108. IchikawaY,NishidaM, SuzukiH, et al.Mutation ofK-ras protooncogene is associatedwith
histological subtypes in human mucinous ovarian tumors. Cancer Res. 1994;54(1):33–35.

109. Mok SC, Bell DA, Knapp RC, et al. Mutation of K-ras protooncogene in human
ovarian epithelial tumors of borderline malignancy. Cancer Res. 1993;53(7):1489–1492.

110. Singer G, Oldt R 3rd, Cohen Y, et al. Mutations in BRAF and KRAS characterize
the development of low-grade ovarian serous carcinoma. J Natl Cancer Inst.
2003;95(6):484–486.

17 Animal Models of Ovarian Cancer 385



111. Varras MN, Sourvinos G, Diakomanolis E, et al. Detection and clinical correlations of
ras gene mutations in human ovarian tumors. Oncology. 1999;56(2):89–96.

112. Orsulic S. An RCAS-TVA-based approach to designer mouse models.Mamm Genome.
2002;13(10):543–547.

113. Orsulic S, Li Y, Soslow RA, Vitale-Cross LA, Gutkind JS, Varmus HE. Induction of
ovarian cancer by defined multiple genetic changes in a mouse model system. Cancer
Cell. 2002;1(1):53–62.

114. Bates P, Young JAT, Varmus HE. A receptor for subgroup A Rous sarcoma virus is
related to the low density lipoprotein receptor. Cell. 1993;74(6):1043–1051.

115. Federspiel MJ, Swing DA, Eagleson B, Reid SW, Hughes SH. Expression of transduced
genes in mice generated by infecting blastocysts with avian leukosis virus-based retro-
viral vectors. Proc Natl Acad Sci U S A. 1996;93(10):4931–4936.

116. Hughes SH, Greenhouse JJ, Petropoulos CJ, Sutrave P. Adaptor plasmids simplify the
insertion of foreign DNA into helper-independent retroviral vectors. J Virol.
1987;61(10):3004–3012.

117. Du Z, Podsypanina K, Huang S, et al. Introduction of oncogenes into mammary glands
in vivo with an avian retroviral vector initiates and promotes carcinogenesis in mouse
models. Proc Natl Acad Sci U S A. 2006;103(46):17396–17401.

118. Fisher GH, Orsulic S, Holland E, et al. Development of a flexible and specific gene delivery
system for production of murine tumor models. Oncogene. 1999;18(38):5253–5260.

119. Fisher GH, Wellen SL, Klimstra D, et al. Induction and apoptotic regression of lung
adenocarcinomas by regulation of a K-Ras transgene in the presence and absence of
tumor suppressor genes. Genes Dev. 2001;15(24):3249–3262.

120. Holland EC, Celestino J, Dai C, Schaefer L, Sawaya RE, Fuller GN. Combined activa-
tion of Ras and Akt in neural progenitors induces glioblastoma formation in mice. Nat
Genet. 2000;25(1):55–57.

121. Holland EC, Hively WP, DePinho RA, Varmus HE. A constitutively active epidermal
growth factor receptor cooperates with disruption of G1 cell-cycle arrest pathways to
induce glioma-like lesions in mice. Genes Dev. 1998;12(23):3675–3685.

122. Lewis BC, Klimstra DS, Socci ND, Xu S, Koutcher JA, VarmusHE. The absence of p53
promotes metastasis in a novel somatic mouse model for hepatocellular carcinoma.Mol
Cell Biol. 2005;25(4):1228–1237.

123. Lewis BC, Klimstra DS, Varmus HE. The c-myc and PyMT oncogenes induce different
tumor types in a somatic mouse model for pancreatic cancer. Genes Dev. 2003;17(24):
3127–3138.

124. Xing D, Orsulic S. A genetically defined mouse ovarian carcinoma model for the
molecular characterization of pathway-targeted therapy and tumor resistance. Proc
Natl Acad Sci U S A. 2005;102(19):6936–6941.

125. Xing D, Orsulic S. A mouse model for the molecular characterization of brca1-
associated ovarian carcinoma. Cancer Res. 2006;66(18):8949–8953.

126. Xu X, Wagner KU, Larson D, et al. Conditional mutation of Brca1 in mammary
epithelial cells results in blunted ductal morphogenesis and tumour formation. Nat
Genet. 1999;22(1):37–43.

127. Jonkers J, Meuwissen R, van der Gulden H, Peterse H, van der Valk M, Berns A.
Synergistic tumor suppressor activity of BRCA2 and p53 in a conditional mouse model
for breast cancer. Nat Genet. 2001;29(4):418–425.

128. Cass I, Baldwin RL, Varkey T,Moslehi R, Narod SA, Karlan BY. Improved survival in
women with BRCA-associated ovarian carcinoma. Cancer. 2003;97(9):2187–2195.

129. Brinster RL, Chen HY, Trumbauer M, Senear AW, Warren R, Palmiter RD. Somatic
expression of herpes thymidine kinase in mice following injection of a fusion gene into
eggs. Cell. 1981;27(1 Pt 2):223–231.

130. Costantini F, Lacy E. Introduction of a rabbit beta-globin gene into the mouse germ
line. Nature. 1981;294(5836):92–94.

386 D.C. Connolly



131. Gordon JW, Scangos GA, PlotkinDJ, Barbosa JA, Ruddle FH.Genetic transformation
of mouse embryos by microinjection of purified DNA. Proc Natl Acad Sci U S A.
1980;77(12):7380–7384.

132. Wagner EF, Stewart TA, Mintz B. The human beta-globin gene and a functional
viral thymidine kinase gene in developing mice. Proc Natl Acad Sci U S A. 1981;78(8):
5016–5020.

133. Hanahan D, Wagner EF, Palmiter RD. The origins of oncomice: a history of the
first transgenic mice genetically engineered to develop cancer. Genes Dev. 2007;21(18):
2258–2270.

134. Thomas KR, Capecchi MR. Targeted disruption of the murine int-1 proto-oncogene
resulting in severe abnormalities in midbrain and cerebellar development. Nature.
1990;346(6287):847–850.

135. Clarke AR,Maandag ER, vanRoonM, et al. Requirement for a functional Rb-1 gene in
murine development. Nature. 1992;359(6393):328–330.

136. Jacks T, Fazeli A, Schmitt EM, Bronson RT, Goodell MA, Weinberg RA. Effects of an
Rb mutation in the mouse. Nature. 1992;359(6393):295–300.

137. Lee EY, Chang CY, HuN, et al. Mice deficient for Rb are nonviable and show defects in
neurogenesis and haematopoiesis. Nature. 1992;359(6393):288–294.

138. Jacks T. Tumor suppressor gene mutations in mice. Annu Rev Genet. 1996;30:603–636.
139. Dutertre M, Gouedard L, Xavier F, et al. Ovarian granulosa cell tumors express a

functional membrane receptor for anti-Mullerian hormone in transgenic mice. Endocri-
nology. 2001;142(9):4040–4046.

140. GarsonK,Macdonald E, DubeM, BaoR, Hamilton TC, Vanderhyden BC. Generation
of tumors in transgenic mice expressing the SV40 T antigen under the control of ovarian-
specific promoter 1. J Soc Gynecol Investig. 2003;10(4):244–250.

141. Kananen K, Markkula M, Rainio E, Su JG, Hsueh AJ, Huhtaniemi IT. Gonadal
tumorigenesis in transgenic mice bearing the mouse inhibin alpha-subunit promoter/
simian virus T-antigen fusion gene: characterization of ovarian tumors and establish-
ment of gonadotropin-responsive granulosa cell lines. Mol Endocrinol. 1995;9(5):
616–627.

142. Keri RA, Lozada KL, Abdul-Karim FW, Nadeau JH, Nilson JH. Luteinizing hormone
induction of ovarian tumors: oligogenic differences between mouse strains dictates
tumor disposition. Proc Natl Acad Sci U S A. 2000;97(1):383–387.

143. Rahman NA, Kananen Rilianawati K, Paukku T, et al. Transgenic mouse models for
gonadal tumorigenesis. Mol Cell Endocrinol. 1998;145(1–2):167–174.

144. Risma KA, Clay CM, Nett TM, Wagner T, Yun J, Nilson JH. Targeted overexpression
of luteinizing hormone in transgenic mice leads to infertility, polycystic ovaries, and
ovarian tumors. Proc Natl Acad Sci U S A. 1995;92(5):1322–1326.

145. Selvakumaran M, Bao R, Crijns AP, Connolly DC, Weinstein JK, Hamilton TC.
Ovarian epithelial cell lineage-specific gene expression using the promoter of a
retrovirus-like element. Cancer Res. 2001;61(4):1291–1295.

146. Josso N, di Clemente N, Gouedard L. Anti-Mullerian hormone and its receptors. Mol
Cell Endocrinol. 2001;179(1–2):25–32.

147. Teixeira J, Maheswaran S, Donahoe PK. Mullerian inhibiting substance: an instructive
developmental hormone with diagnostic and possible therapeutic applications. Endocr
Rev. 2001;22(5):657–674.

148. Leung EH, Leung PC, Auersperg N. Differentiation and growth potential of human
ovarian surface epithelial cells expressing temperature-sensitive SV40 T antigen. In Vitro
Cell Dev Biol Animal. 2001;37(8):515–521.

149. Masiakos PT, MacLaughlin DT, Maheswaran S, et al. Human ovarian cancer, cell
lines, and primary ascites cells express the human Mullerian inhibiting substance
(MIS) type II receptor, bind, and are responsive to MIS. Clin Cancer Res. 1999;
5(11):3488–3499.

17 Animal Models of Ovarian Cancer 387



150. Connolly DC, Bao R., Nikitin AY, et al. Female mice chimeric for expression of the
SV40 TAg under control of the MISIIR promoter develop epithelial ovarian cancer.
Cancer Res. 2003;63:1389–1397.

151. Hensley H, Quinn BA, Wolf RL, et al. Magnetic resonance imaging for detection and
determination of tumor volume in a genetically engineered mouse model of ovarian
cancer. Cancer Biol Ther. 2007;6(11):1717–1725.

152. Daikoku T, Tranguch S, Trofimova IN, et al. Cyclooxygenase-1 is overexpressed in
multiple genetically engineered mouse models of epithelial ovarian cancer. Cancer Res.
2006;66(5):2527–2531.

153. Mabuchi S, Altomare DA, Connolly DC, et al. RAD001 (Everolimus) delays tumor
onset and progression in a transgenic mouse model of ovarian cancer. Cancer Res.
2007;67(6):2408–2413.

154. Pieretti-Vanmarcke R, Donahoe PK, Pearsall LA, et al. Mullerian inhibiting substance
enhances subclinical doses of chemotherapeutic agents to inhibit human and mouse
ovarian cancer. Proc Natl Acad Sci U S A. 2006;103(46):17426–17431.

155. Pieretti-Vanmarcke R, Donahoe PK, Szotek P, et al. Recombinant human Mullerian
inhibiting substance inhibits long-term growth of MIS type II receptor-directed trans-
genic mouse ovarian cancers in vivo. Clin Cancer Res. 2006;12(5):1593–1598.

156. Szotek PP, Pieretti-Vanmarcke R, Masiakos PT, et al. Ovarian cancer side population
defines cells with stem cell-like characteristics and Mullerian inhibiting substance
responsiveness. Proc Natl Acad Sci U S A. 2006;103(30):11154–11159.

157. Connolly DC, BaoR,Nikitin AY, et al.Molecular analyses of a transgenic mousemodel
of human epithelial ovarian cancer. Proc AnnuMeet AmAssoc Cancer Res. 2003;44:957.

158. Hanahan D. Heritable formation of pancreatic beta-cell tumours in transgenic mice expres-
sing recombinant insulin/simian virus 40 oncogenes. Nature. 1985;315(6015):115–122.

159. Chen J, TobinGJ, Pipas JM, VanDyke T. T-antigenmutant activities in vivo: roles of p53
and pRB binding in tumorigenesis of the choroid plexus.Oncogene. 1992;7(6):1167–1175.

160. Maroulakou IG, Anver M, Garrett L, Green JE. Prostate and mammary adenocarci-
noma in transgenic mice carrying a rat C3(1) simian virus 40 large tumor antigen fusion
gene. Proc Natl Acad Sci U S A. 1994;91(23):11236–11240.

161. Greenberg NM, DeMayo F, Finegold MJ, et al. Prostate cancer in a transgenic mouse.
Proc Natl Acad Sci U S A. 1995;92(8):3439–3443.

162. Kasper S, Sheppard PC, Yan Y, et al. Development, progression, and androgen-
dependence of prostate tumors in probasin-large T antigen transgenic mice: a model
for prostate cancer. Lab Invest. 1998;78(6):i–xv.

163. Grippo PJ, Sandgren EP. Highly invasive transitional cell carcinoma of the bladder in a
simian virus 40 T-antigen transgenic mouse model. Am J Pathol. 2000;157(3):805–813.

164. Chailley-Heu B, Rambaud C, Barlier-Mur AM, et al. A model of pulmonary adeno-
carcinoma in transgenic mice expressing the simian virus 40 T antigen driven by the rat
Calbindin-D9K (CaBP9K) promoter. J Pathol. 2001;195(4):482–489.

165. Bergers G, Brekken R, McMahon G, et al. Matrix metalloproteinase-9 triggers the
angiogenic switch during carcinogenesis. Nat Cell Biol. 2000;2(10):737–744.

166. Bergers G, Javaherian K, Lo KM, Folkman J, Hanahan D. Effects of angiogenesis
inhibitors on multistage carcinogenesis in mice. Science. 1999;284(5415):808–812.

167. Casanovas O, Hicklin DJ, Bergers G, Hanahan D. Drug resistance by evasion of
antiangiogenic targeting of VEGF signaling in late-stage pancreatic islet tumors.Cancer
Cell. 2005;8(4):299–309.

168. Inoue M, Hager JH, Ferrara N, Gerber HP, Hanahan D. VEGF-A has a critical,
nonredundant role in angiogenic switching and pancreatic beta cell carcinogenesis.
Cancer Cell. 2002;1(2):193–202.

169. Nozawa H, Chiu C, Hanahan D. Infiltrating neutrophils mediate the initial angiogenic
switch in a mouse model of multistage carcinogenesis. Proc Natl Acad Sci U S A.
2006;103(33):12493–12498.

388 D.C. Connolly



170. Du YC, Lewis BC, Hanahan D, Varmus H. Assessing tumor progression factors by
somatic gene transfer into a mouse model: Bcl-xL promotes islet tumor cell invasion.
PLoS Biol. 2007;5(10):2255–2269.

171. Deeb KK, Michalowska AM, Yoon CY, et al. Identification of an integrated SV40 T/t-
antigen cancer signature in aggressive human breast, prostate, and lung carcinomas with
poor prognosis. Cancer Res. 2007;67(17):8065–8080.

172. Danilovich N, Roy I, Sairam MR. Ovarian pathology and high incidence of sex cord
tumors in follitropin receptor knockout (FORKO) mice. Endocrinology. 2001;142(8):
3673–3684.

173. Chen X, Aravindakshan J, Yang Y, Sairam MR. Early alterations in ovarian surface
epithelial cells and induction of ovarian epithelial tumors triggered by loss of FSH
receptor. Neoplasia. 2007;9(6):521–531.

174. Abel MH, Huhtaniemi I, Pakarinen P, Kumar TR, Charlton HM. Age-related uterine
and ovarian hypertrophy in FSH receptor knockout and FSHbeta subunit knockout
mice. Reproduction. 2003;125(2):165–173.

175. Jackson EL,Willis N,Mercer K, et al. Analysis of lung tumor initiation and progression
using conditional expression of oncogenic K-ras. Genes Dev. 2001;15(24):3243–3248.

176. Ludwig T, Fisher P, Murty V, Efstratiadis A. Development of mammary adenocar-
cinomas by tissue-specific knockout of Brca2 in mice. Oncogene. 2001;20(30):
3937–3948.

177. Marino S, Vooijs M, van Der Gulden H, Jonkers J, Berns A. Induction of medullo-
blastomas in p53-null mutant mice by somatic inactivation of Rb in the external
granular layer cells of the cerebellum. Genes Dev. 2000;14(8):994–1004.

178. Tuveson DA, Zhu L, Gopinathan A, et al. Mist1-KrasG12D knock-in mice develop
mixed differentiation metastatic exocrine pancreatic carcinoma and hepatocellular car-
cinoma. Cancer Res. 2006;66(1):242–247.

179. Chodankar R, Kwang S, Sangiorgi F, et al. Cell-nonautonomous induction of ovarian
and uterine serous cystadenomas in mice lacking a functional Brca1 in ovarian granu-
losa cells. Curr Biol. 2005;15(6):561–565.

180. Clark-Knowles KV, Garson K, Jonkers J, Vanderhyden BC. Conditional inactivation
of Brca1 in the mouse ovarian surface epithelium results in an increase in preneoplastic
changes. Exp Cell Res. 2007;313(1):133–145.

181. Dinulescu DM, Ince TA, Quade BJ, Shafer SA, Crowley D, Jacks T. Role of K-ras and
Pten in the development of mouse models of endometriosis and endometrioid ovarian
cancer. Nat Med. 2005;11(1):63–70.

182. Flesken-Nikitin A, Choi KC, Eng JP, Shmidt EN, Nikitin AY. Induction of carcinogen-
esis by concurrent inactivation of p53 and Rb1 in the mouse ovarian surface epithelium.
Cancer Res. 2003;63(13):3459–3463.

183. Wu R, Hendrix-Lucas N, Kuick R, et al. Mouse model of human ovarian endometrioid
adenocarcinoma based on somatic defects in the Wnt/beta-catenin and PI3K/Pten
signaling pathways. Cancer Cell. 2007;11(4):321–333.

184. Aunoble B, Sanches R, Didier E, Bignon YJ. Major oncogenes and tumor suppressor
genes involved in epithelial ovarian cancer (review). Int J Oncol. 2000;16(3):567–576.

185. Feeley KM, Wells M. Precursor lesions of ovarian epithelial malignancy. Histopathol-
ogy. 2001;38(2):87–95.

186. Farley J, Smith LM, Darcy KM, et al. Cyclin E expression is a significant predictor of
survival in advanced, suboptimally debulked ovarian epithelial cancers: a gynecologic
oncology group study. Cancer Res. 2003;63(6):1235–1241.

187. Gras E, Pons C, Machin P, Matias-Guiu X, Prat J. Loss of heterozygosity at the RB-1
locus and pRB immunostaining in epithelial ovarian tumors: a molecular, immunohis-
tochemical, and clinicopathologic study. Int J Gynecol Pathol. 2001;20(4):335–340.

188. Hashiguchi Y, Tsuda H, Yamamoto K, Inoue T, Ishiko O, Ogita S. Combined analysis
of p53 and RB pathways in epithelial ovarian cancer. Hum Pathol. 2001;32(9):988–996.

17 Animal Models of Ovarian Cancer 389



189. Havrilesky LJ, Berchuck A.Molecular alterations in sporadic ovarian cancer. In: Rubin
SC, Sutton GP, eds. Ovarian Cancer, 2nd ed. Philadelphia: Lippincott Williams &
Wilkins; 2001:23–42.

190. Li SB, Schwartz PE, Lee WH, Yang-Feng TL. Allele loss at the retinoblastoma locus in
human ovarian cancer. J Natl Cancer Inst. 1991;83(9):637–640.

191. Tuveson DA, Shaw AT, Willis NA, et al. Endogenous oncogenic K-ras(G12D) stimu-
lates proliferation and widespread neoplastic and developmental defects. Cancer Cell.
2004;5(4):375–387.

192. Catasus L, Bussaglia E, Rodrguez I, et al. Molecular genetic alterations in endometrioid
carcinomas of the ovary: similar frequency of beta-catenin abnormalities but lower rate
of microsatellite instability and PTEN alterations than in uterine endometrioid carci-
nomas. Hum Pathol. 2004;35(11):1360–1368.

193. Obata K, Morland SJ, Watson RH, et al. Frequent PTEN/MMAC mutations in
endometrioid but not serous or mucinous epithelial ovarian tumors. Cancer Res.
1998;58(10):2095–2097.

194. Sato N, Tsunoda H, Nishida M, et al. Loss of heterozygosity on 10q23.3 and mutation
of the tumor suppressor gene PTEN in benign endometrial cyst of the ovary: possible
sequence progression from benign endometrial cyst to endometrioid carcinoma and
clear cell carcinoma of the ovary. Cancer Res. 2000;60(24):7052–7056.

195. Fukunaga M, Nomura K, Ishikawa E, Ushigome S. Ovarian atypical endometriosis: its
close association with malignant epithelial tumours.Histopathology. 1997;30(3):249–255.

196. Erzen M, Rakar S, Klancnik B, Syrjanen K. Endometriosis-associated ovarian carci-
noma (EAOC): an entity distinct from other ovarian carcinomas as suggested by a
nested case-control study. Gynecol Oncol. 2001;83(1):100–108.

197. Swiersz LM. Role of endometriosis in cancer and tumor development. Ann N Y Acad
Sci. 2002;955:281–292; discussion 93–95, 396–406.

198. Amemiya S, Sekizawa A, Otsuka J, Tachikawa T, Saito H, Okai T. Malignant trans-
formation of endometriosis and genetic alterations of K-ras and microsatellite instabil-
ity. Int J Gynaecol Obstet. 2004;86(3):371–376.

199. Otsuka J, Okuda T, Sekizawa A, et al. K-ras mutation may promote carcinogenesis of endome-
triosis leading to ovarian clear cell carcinoma.Med ElectronMicrosc. 2004;37(3):188–192.

200. Vercellini P, Trecca D, Oldani S, Fracchiolla NS, Neri A, Crosignani PG. Analysis of
p53 and ras gene mutations in endometriosis. Gynecol Obstet Invest. 1994;38(1):70–71.

201. Caduff RF, Svoboda-Newman SM, Bartos RE, Ferguson AW, Frank TS. Comparative
analysis of histologic homologues of endometrial and ovarian carcinoma. Am J Surg
Pathol. 1998;22(3):319–326.

202. Enomoto T, Weghorst CM, Inoue M, Tanizawa O, Rice JM. K-ras activation occurs
frequently in mucinous adenocarcinomas and rarely in other common epithelial tumors
of the human ovary. Am J Pathol. 1991;139(4):777–785.

203. Sieben NL, Macropoulos P, Roemen GM, et al. In ovarian neoplasms, BRAF, but not
KRAS, mutations are restricted to low-grade serous tumours. J Pathol. 2004;202(3):
336–340.

204. Berchuck A, Heron KA, Carney ME, et al. Frequency of germline and somatic BRCA1
mutations in ovarian cancer. Clin Cancer Res. 1998;4(10):2433–2437.

205. Pal T, Permuth-Wey J, Betts JA, et al. BRCA1 and BRCA2 mutations account for a
large proportion of ovarian carcinoma cases. Cancer. 2005;104(12):2807–2816.

206. Dubeau L. The cell of origin of ovarian epithelial tumors and the surface epithelium
dogma: does the emperor have no clothes? Gynecol Oncol. 1999;72:437–442.

207. Boyd J, Sonoda Y, Federici MG, et al. Clinicopathologic features of BRCA-linked and
sporadic ovarian cancer. JAMA. 2000;283(17):2260–2265.

208. Rubin SC, Benjamin I, Behbakht K, et al. Clinical and pathological features of ovarian
cancer in women with germ-line mutations of BRCA1. N Engl J Med. 1996;335(19):
1413–1416.

390 D.C. Connolly



209. Olive KP, TuvesonDA. The use of targetedmousemodels for preclinical testing of novel
cancer therapeutics. Clin Cancer Res. 2006;12(18):5277–5287.

210. Auzenne E, Ghosh SC, Khodadadian M, et al. Hyaluronic acid-paclitaxel: antitumor
efficacy against CD44(þ) human ovarian carcinoma xenografts. Neoplasia. 2007;9(6):
479–486.

211. Kim TJ, Ravoori M, Landen CN, et al. Antitumor and antivascular effects of AVE8062
in ovarian carcinoma. Cancer Res. 2007;67(19):9337–9345.

212. Klostergaard J, Auzenne E, Ghosh S, Farquhar D, Rivera B, Price RE. Magnetic
resonance imaging-based prospective detection of intraperitoneal human ovarian carci-
noma xenografts treatment response. Int J Gynecol Cancer. 2006;16(Suppl 1):111–117.

213. Sallinen H, Anttila M, Narvainen J, et al. A highly reproducible xenograft model for
human ovarian carcinoma and application of MRI and ultrasound in longitudinal
follow-up. Gynecol Oncol. 2006;103(1):315–320.

214. Lyshchik A, Hobbs SB, Fleischer AC, et al. Ovarian volume measurements in mice with
high-resolution ultrasonography. J Ultrasound Med. 2007;26(10):1419–1425.

215. Leyton J, Lockley M, Aerts JL, et al. Quantifying the activity of adenoviral E1A CR2
deletion mutants using renilla luciferase bioluminescence and 30-deoxy-30-[18F]-
fluorothymidine positron emission tomography imaging. Cancer Res. 2006;66(18):
9178–9185.

216. Chaudhuri TR, Mountz JM, Rogers BE, Partridge EE, Zinn KR. Light-based imaging
of green fluorescent protein-positive ovarian cancer xenografts during therapy. Gynecol
Oncol. 2001;82(3):581–589.

217. Subramanian IV, Bui Nguyen TM, Truskinovsky AM, Tolar J, Blazar BR, Ramakrish-
nan S. Adeno-associated virus-mediated delivery of a mutant endostatin in combination
with carboplatin treatment inhibits orthotopic growth of ovarian cancer and improves
long-term survival. Cancer Res. 2006;66(8):4319–4328.

218. Chang CL, Wu TC, Hung CF. Control of human mesothelin-expressing tumors by
DNA vaccines. Gene Ther. 2007;14(16):1189–1198.

219. Guse K, Dias JD, Bauerschmitz GJ, et al. Luciferase imaging for evaluation of oncolytic
adenovirus replication in vivo. Gene Ther. 2007;14(11):902–911.

220. Hung CF, Tsai YC, He L, et al. Vaccinia virus preferentially infects and controls human
and murine ovarian tumors in mice. Gene Ther. 2007;14(1):20–29.

221. Hung CF, Tsai YC, He L, Wu TC. Control of mesothelin-expressing ovarian cancer
using adoptive transfer of mesothelin peptide-specific CD8þ T cells. Gene Ther. 2007;
14(12):921–929.

222. Komarova S, Kawakami Y, Stoff-Khalili MA, Curiel DT, Pereboeva L. Mesenchymal
progenitor cells as cellular vehicles for delivery of oncolytic adenoviruses. Mol Cancer
Ther. 2006;5(3):755–766.

223. Choy G, O’Connor S, Diehn FE, et al. Comparison of noninvasive fluorescent and
bioluminescent small animal optical imaging. Biotechniques. 2003;35(5):1022–1026,
1028–1030.

224. Tung CH,MahmoodU, Bredow S,Weissleder R. In vivo imaging of proteolytic enzyme
activity using a novel molecular reporter. Cancer Res. 2000;60(17):4953–4958.

225. Bremer C, Tung CH, Weissleder R. In vivo molecular target assessment of matrix
metalloproteinase inhibition. Nat Med. 2001;7(6):743–748.

226. Hama Y, Urano Y, Koyama Y, et al. A target cell-specific activatable fluorescence
probe for in vivo molecular imaging of cancer based on a self-quenched avidin-
rhodamine conjugate. Cancer Res. 2007;67(6):2791–2799.

17 Animal Models of Ovarian Cancer 391



Index

Note: The page numbers with letter ‘f’ denote figures and page numbers with letter ‘t’ denote
tables.

A
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lysophosphatidic acid and, 280, 282

Matrix metalloproteinase-14 (MMP-14), 212
Matuzumab, 68, 91
Maximal surgical effort concept, 45–48
MCAs, seeMulticellular aggregates (MCAs)
MCF-7 (cell line), 140
MCJ, see Methylation controlled DNAJ

(MCJ)
MEK, 74, 274, 366
MEKK1, 289–290
Melanoma, 74, 78, 231, 233, 256, 275, 341
Melphalan, 45
Membrane-type 1 matrix metalloproteinase

(MT1-MMP), 280, 327, 329f
Mesenchymal stem cell migration, 288
Mesothelin, 94
Metastasis, 269–270, 335–347

2-D models of, 338–339
3-D metastasis models of, see Three-D

organotypic metastasis models
EGFR and, 210
microenvironmental regulation of, 319–330
overview, 335–360

Methylation controlled DNAJ (MCJ),
135, 137

Mice, 190, 206, 307, 358, 359
angiopoietin and, 310
autotaxin and, 260, 273
genetically induced transformation in,

364–366
in vivo imaging of, 376–379
lysophosphatidic acid and, 270–271,

287, 288
metastasis in, 335, 336
P-selectin and, 304
sphingosine-1-phosphate and, 256,

258–259
spontaneous immortalization and

transformation in, 360–361
TACE and, 283
viral immortalization and transformation

in, 359
See also Genetically engineered mouse

(GEM) models; Transgenic mouse
models; Xenograft mouse models

Microenvironment
of ascitic tumor cells, 322–324
cell adhesion and, 309–311

EGFR in, 210–213
lysophosphatidic acid in, 272, 276–285
metastasis regulated by, 319–330
of omental metastasis, 336–338, 343–344
pericellular adhesive, 320–322
of peritoneal metastasis, 327–329, 342

MicroRNA (miRNA), 134, 136, 137, 170
Microvessel density (MVD), 65
MiR-140, 136, 137
Mir-15/16, 134
MIS, see Müllerian inhibiting substance

(MIS)
Mitogen-activated protein kinase (MAPK),

19, 21, 64, 67, 74, 75f
MMAC-1, see Phosphate and tensin

homologue (PTEN)
MMP, seeMatrix metalloproteinase (MMP)
MNU, see N-Methyl-N-nitrosourea (MNU)
Monoclonal antibodies, murine, 67–68
Mortality rates, 3, 63, 85, 241, 320
MOSE (cell line), 360, 361–362, 366
MOVCAR (cell line), 368
MRI, see Magnetic resonance imaging

(MRI)
MTA-1, 136
mTOR, seeMammalian target of rapamycin

(mTOR)
MUC16, 368
Mucinous ovarian cancer, 255, 259, 319, 353
Müllerian inhibiting substance (MIS), 193,

367–369, 375
Müllerian tumors, 319, 353, 358, 364
Multicellular aggregates (MCAs), 320, 322,

324–325, 327, 330
Myc, 134
Myelodysplastic syndrome (MDS), 138

N

N-Acetylglucosamine 6-O-sulfotransferase2
(GlcNAc6ST-2), 304

N-cadherin, 292, 298
EGFR and, 214, 214–217
melanoma and, 341
metastasis and, 322, 325

Neoadjuvant chemotherapy, 49–51
N-Ethylmaleimide, 255
Neuregulin-1, 204
Neuregulin-2, 204
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NF1, 231
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NF-kB, seeNuclear factor kappa B (NF-kB)
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Nkx type transcription factors, 154
N-Methyl-N-nitrosourea (MNU), 358
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NOE 035 (cell line), 278
NOEY2, 96t
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Nonsteroidal anti-inflammatory drugs
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Novel therapeutics
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targets for, 65–78, 85–99
See also Biomarker targets
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peptide (PTHrP), 168, 172
PARP, see Poly(ADP-ribose) polymerase
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location and function of, 110t, 116–117
as a therapeutic target, 97t
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Procaine, 138
p160ROCK, 233
Progesterone, 173
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Progression, 5
Progression-free survival (PFS), 47–48, 66
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Protein kinase C, 89, 279–280
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R
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Rapamycin, 72, 366

See alsoMammalian target of rapamycin
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Receptor tyrosine kinases (RTKs), 64
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molecularly targeted agents for, 88–93
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Regulator of G-protein-signaling (RGS)

proteins, 288–289
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Renal-cell carcinoma, 73, 275
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RGS proteins, see Regulator of G-protein-

signaling (RGS)proteins
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subfamily of GTPases, 229, 232–233
RhoA, 232, 233, 281, 288, 307
RhoC, 232, 233
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RNA-induced silencing complex (RISC),

132f, 134
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ROCK, 233, 281, 288
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RPS6KA2, 110t, 116, 122
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S1P, see Sphingosine-1-phosphate (S1P)
S6, 372

S-110, 138
SAHA, 139
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SCH66336, 71
Scriptaid, 139
Secreted phospholipase A2 (sPLA2), 247, 249,
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Secreted protein acidic and rich in cysteine,

see SPARC
sEGFR, see Soluble epidermal growth factor

receptor (sEGFR)
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angiogenesis and, 305
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Selective estrogen receptor modulators
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Semenogelin I, 168
Semenogelin II, 168
Serous ovarian cancer, 259, 319,

353, 358
SF-1126, 91
SH3, 67
SHIN-3 (cell line), 117
Sialyl-Lewisa (sLea), 303, 304
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T-antigen
Single hit hypothesis, 111
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284, 287, 292
sphingosine-1-phosphate and, 257
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Small interfering RNA (siRNA),
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Small-molecule tyrosine kinase inhibitors
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A2 (sPLA2)
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of advanced-stage ovarian cancer, 44–56
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Stem cells, cancer, 158–160
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SU1498, 276, 280
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for malignant bowel obstruction, 55–56

Survival rates, 63, 85, 193–194, 306, 325
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cytoreduction and, 46, 47–48, 53
disease-free, 181
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TACE, see Tumor necrosis factor-a
converting enzyme (TACE)
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2-D models compared with, 338
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Tissue inhibitors of metalloproteinase
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TNF, see Tumor necrosis factor- a (TNF- a)
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Topoisomerase II, 213
Topotecan, 79
Total abdominal hysterectomy (TAH), 36,

38, 40
Toyocamycin, 76
TP53, 93
TRAG-3, 135

406 Index



Transforming growth factor-a (TGF- a),
193, 203, 206, 213

Transforming growth factor-b (TGF-b),
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retinoids and, 19, 20
vitamin D and, 14, 17, 18

Transforming growth factor-b1 (TGF-b1),
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Trastuzumab, 67–68, 89
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Two-D metastasis models, 338
Two-hit hypothesis, 111–112
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Vascular endothelial growth factor-165
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Vascular endothelial growth factor-B

(VEGF-B), 64, 66
Vascular endothelial growth factor-C
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Vascular endothelial growth factor-D
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Vascular endothelial growth factor-E

(VEGF-E), 64
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Vascular endothelial growth factor
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Vascular endothelial growth factor receptor-
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Vascular endothelial growth factor receptor-
3 (VEGFR-3), 64

Vascular endothelial growth factor (VEGF),
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Wilms tumor, 235
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Wortmannin, 280
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Xenograft mouse models, 72, 117, 235,
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chemoprevention in, 23–24
EGFR in, 206, 209, 212
intraperitoneal implantation,
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and, 255
metastasis in, 335
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ZAC1, see LOT-1
ZD1839, see Gefitinib
ZD4054, 212
ZD6474, 68t, 70
Zebularine, 138, 139–140
Zolinza, 139

408 Index



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 600
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 600
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 600
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 600
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 600
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 600
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 600
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 600
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 600
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 600
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 600
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 600
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 600
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 600
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 600
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 600
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 600
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 600
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 600
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice


