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Cancer is a complex genetic disease as a result of accumulated
genomic alterations which serve as the driving force in
initiating tumor development and propelling tumor pro-
gression. Recent advances in molecular genomic technology
and the success of human genome project have empowered
investigators with new tools in analyzing cancer genome
and transcriptome in great details and have expedited
the discovery of new cancer-associated genes. Decoding
the genetic history present in tumor DNA, as well as
identification and characterization of molecular changes
involving cancer-associated genes and the pathways they
controlled, has not only shed new light on the molecular
etiology of cancer, but also has promises for the development
of new diagnostic markers and novel therapeutics. In this
special issue, the papers focus on recent findings of markers
identified in female reproductive cancers including breast,
ovarian, endometrial, and trophoblast tumors. The selected
papers are not an exhaustive representation of the area of
biomarkers in female reproductive cancers. Nonetheless, they
represent the rich and many-faceted knowledge that we have
the pleasure of sharing that with readers. We would like to
thank the authors for their excellent contributions to this
special issue and the reviewers’ insightful input to ensure the
quality of this special issue.

Of particularly interest are the two timely review articles
by A. M. Karst et al. and A. L. Gross et al. focusing on
the possible precursor lesions in the development of female
reproductive cancer. The tubal origin of “ovarian” cancer
has recently been in the research spot-light because of the

identification of potential precursor lesions of ovarian can-
cer, termed “serous tubal intraepithelial carcinoma” in the
fallopian tubes. Both articles critically review the published
studies and provide unique perspectives of the impact and
significance of this new hypothesis in the field of cancer
research.

Review articles focusing on biomarkers including genetic
(K. M. Hirshfield et al.), microRNA (H. M. Heneghan et al.),
and cytokine (F. Barbieri et al.) summarize recent advances
in biomarker discovery and the translational application.
Those articles will serve as the source for the investigators
who wish to pursue in evaluating new potential markers in
the female reproductive cancer research. They also present
the new challenges in biomarker discovery, validation, and
verification.

In addition to the five review articles, there are several
exciting original research articles describing discovery and
validation of biomarkers in female reproductive cancers.
Those papers include the studies of fatty acid synthase (S. M.
Ueda et al.), miR200c (D. R. Cochrane et al.), gene expression
(S. Konstantinovsky et al.), and cytogenetic markers (F.
Micci et al.). The findings from those studies could serve
as biological foundation for future exploration of how those
markers contribute to disease progression. The biomarkers
identified in these studies could also serve as a road map
for development of novel diagnosis tools and new targeted
therapies. This issue also reports a synergistic effect of Pten
loss and oncogenic Kras mutation on the endometrial cancer
development (I. H. Kim et al.) and the result provides
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new insight into the pathogenesis of endometrial carcinoma.
Finally, K. L. Yap et al. applied molecular genetic markers to
demonstrate a lack of a Y-chromosomal complement in the
majority of gestational trophoblastic neoplasms, suggesting
that most trophoblastic tumors are derived from previous
molar gestations. Because the molecular characters in ges-
tational trophoblastic disease are understudied, this short
report should provide new insight into the pathogenesis of
this rare but highly interesting gynecological neoplasm.

In conclusion, this special issue is by no means an
attempt to be comprehensive in covering the field of female
reproductive cancer, but it provides excellent reviews and
research articles that may be useful for readers in this field.
We hope that this special issue will inspire investigators in
launching new research endeavor in this field and are grateful
for the opportunity to manage this special issue.

Tian-Li Wang
Ben Davidson

Phillip J. Buckhaults
Chiun-Sheng Huang

Gudrun Pohl
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Ovarian cancer is a deadly disease for which there is no effective means of early detection. Ovarian carcinomas comprise a diverse
group of neoplasms, exhibiting a wide range of morphological characteristics, clinical manifestations, genetic alterations, and
tumor behaviors. This high degree of heterogeneity presents a major clinical challenge in both diagnosing and treating ovarian
cancer. Furthermore, the early events leading to ovarian carcinoma development are poorly understood, thus complicating efforts
to develop screening modalities for this disease. Here, we provide an overview of the current models of ovarian cancer pathogenesis,
highlighting recent findings implicating the fallopian tube fimbria as a possible site of origin of ovarian carcinomas. The ovarian
cancer model will continue to evolve as we learn more about the genetics and etiology of this disease.

Copyright © 2010 A. M. Karst and R. Drapkin. This is an open access article distributed under the Creative Commons Attribution
License, which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly
cited.

1. Introduction

Ovarian cancer afflicts ∼204 000 women worldwide each
year, including ∼21 650 Americans [1, 2]. Despite its rela-
tively low incidence rate, ovarian cancer is an extremely lethal
disease. Globally, it claims 125 000 lives per year, making it
the seventh leading cause of cancer-related deaths among
women [2]. In the United States, ovarian cancer mortality
is even higher; it ranks as the fifth deadliest malignancy
among women, with an estimated 15 520 deaths per year
[1]. In fact, of the top ten cancer types afflicting American
women in 2008, ovarian cancer had the highest death-to-
incidence ratio, exceeding even that of lung cancer [1]. Its
high mortality is primarily due to difficulties in diagnosing
early stage disease. Although the 5 years survival rate for stage
I ovarian cancer is >90%, stage I diagnoses are more often
the exception than the rule. Most patients (∼75%) present
with advanced stage (III/IV) tumors, for which the 5 years
survival rate is a dismal 30% [1]. This is not surprising when
one considers the anatomical problem—the ovaries are a
pair of tiny organs, only ∼2–4 cm in diameter, suspended on
either side of the uterus and not readily accessible by pelvic
examination unless significantly enlarged. By definition, a
stage I tumor is confined to the ovary [3] and is therefore

unlikely to be noticed without the aid of a sensitive screening
test. Unfortunately, there are currently no effective screening
modalities for detecting ovarian cancer in asymptomatic
individuals. Furthermore, there are no tell-tale physical signs
of the disease. Typical symptoms—which include abdominal
discomfort, bloating, gas, nausea, and urinary urgency—
are vague and often mistaken for gastrointestinal problems
[4, 5]. In many cases, symptoms may not even present until
the tumor has reached an advanced stage. Consequently,
ovarian cancer is frequently nicknamed the “silent killer” [5–
7].

2. Early Detection

The best tools currently available for detecting early-stage
ovarian cancer are transvaginal sonography (TVS) and
serum biomarker testing. TVS is a noninvasive technique
that provides detailed images of ovary size and shape,
facilitating the detection of ovarian masses. Large-scale
studies evaluating its ability to identify early-stage tumors
have reported mixed results [8–13]. Overall, TVS has not
demonstrated adequate sensitivity to warrant its use in
screening general populations. Furthermore, even in the
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most optimistic reports, it is clear that TVS can only
detect tumors that cause a significant increase in ovarian
volume [13]. This is especially worrisome in the case of
serous-type tumors which may spread rapidly from the
ovary to other pelvic sites prior to ovarian enlargement.
For instance, in a large study by van Nagell et al., four
women were diagnosed with late-stage ovarian cancer within
12 months of a negative TVS scan [9]. In addition, there
is debate as to whether all ovarian tumors actually arise
from the ovary and not from adjacent pelvic sites such
as the fallopian tube or peritoneum [14]. Serous tumors
involving the ovary but originating from extraovarian sites
can never be classified as “stage I” according to current
staging systems, since they are never confined to the ovary.
It has therefore been proposed that the definition of “early
stage” ovarian carcinoma should be based on minimal tumor
volume rather than anatomical location [14]. TVS screening
may also be prone to false-positive results because it cannot
always distinguish malignant ovarian tumors from benign
adnexal masses, such as cysts and fibromas, which are highly
prevalent among postmenopausal women [15, 16]. While
TVS alone is not a suitable front-line screening modality, it
can serve as a useful secondary screening tool after serum
biomarker testing [17, 18].

Serum biomarker testing is an ideal form of cancer
detection because it is minimally invasive, cost effective,
easily administered, nonsubjective, and is not contingent
upon primary ovarian involvement. The most well-studied
ovarian cancer biomarker is CA-125, a high molecular weight
transmembrane glycoprotein expressed by coelomic- and
Müllerian-derived epithelia, including that of the fallopian
tube, endometrium, and endocervix [19]. It is not expressed
by normal ovarian epithelium [20]. CA-125 is detected at
low levels (<35 U/mL) in the serum of healthy individuals
but is elevated in ∼50% of stage I ovarian cancer patients
and ∼90% of advanced-stage patients [21–24]. CA-125
elevation is predominantly associated with serous tumors,
the most common and most lethal subtype of ovarian
carcinoma [25]. Serum levels directly correlate with the level
of CA-125 protein production in tumor cells and appear to
reflect a state of active tumor growth [25–27]. Following
its discovery in 1981 [28], CA-125 was intensely studied
to evaluate its potential for detecting early-stage ovarian
cancer, and many encouraging results were reported. For
example, a study of prediagnostic serum samples found
that CA-125 was elevated in 25% of ovarian cancer patients
5 years prior to their diagnoses [29]. However, it was later
discovered that serum CA-125 levels can be increased by
a range of benign conditions (such as pelvic inflammatory
disease, endometriosis, uterine fibroids, and ovarian cysts)
making false positivity a problem [30]. So far, CA-125 has
not demonstrated adequate sensitivity to support its use
in screening asymptomatic women for early-stage ovarian
cancer [31], but longer-term studies are still underway. In the
meantime, CA-125 remains a valuable tool for monitoring
response to chemotherapy and for detecting disease relapse
following treatment [32, 33].

In an attempt to improve sensitivity for early disease
detection, two approaches have been taken. (1) Obtaining

longitudinal measurements of CA-125, and (2) using mul-
tiple tumor markers. The former approach assumes that CA-
125 levels are likely to remain stable in patients with benign
conditions but will increase over time if an ovarian cancer is
in progress. Thus, by plotting serial CA-125 measurements
over a period of years, one can calculate the “probability of
ovarian cancer” for an individual patient using a Bayesian
algorithm [34–36].

The latter approach aims to combine CA-125 with one
or more additional tumor markers, most notably human
epididymis protein 4 (HE4). HE4 is a glycoprotein secreted
by Müllerian epithelia of the female reproductive tract as well
as male epididymis [37]. Like CA-125, it is not expressed by
normal ovarian epithelium but appears in some premalig-
nant ovarian cysts (cortical inclusion cysts) and is strongly
expressed by the most common ovarian tumor subtypes
(serous and endometrioid) [37]. HE4 is both more sensitive
and specific than CA-125 in detecting early-stage ovarian
cancer and is not associated with benign conditions to the
same degree, enabling HE4 to distinguish malignant ovarian
tumors from benign cystic lesions [38–40]. When used in
combination to detect early-stage disease, CA-125 and HE4
perform better than either marker alone and can be used
to stratify patients into high- and low-risk groups [40, 41].
Although HE4 was recently approved by the US Food and
Drug Administration for use in monitoring ovarian cancer
patients following treatment, larger-scale studies are required
to determine whether a dual CA-125/HE4 biomarker test is
suitable for screening asymptomatic women in the general
population.

In addition, some groups have assembled panels of
biomarkers to create a so-called “composite marker.” For
example, Zhang et al. measured the serum levels of four
tumor markers (CA-125II, CA72-4, CA15-3, and M-CSF)
in sets of healthy women, women with benign ovarian
conditions, and women with ovarian cancer [42]. From
their measurements, they derived an artificial neural network
(ANN) model that could distinguish healthy women from
those with early-stage ovarian cancer. The sensitivity of their
ANN-derived composite index was 25–28% higher than that
of CA-125 alone. Similar reports of increased sensitivity
upon employment of multiple tumor markers have been
reported by other groups [43, 44]. However, serum tests for
multiple biomarkers are not yet widely available.

3. Ovarian Cancer Is a Heterogeneous Disease

Some of the greatest challenges in detecting and treating
ovarian cancer stem from its heterogeneous nature. The term
“ovarian cancer” refers not to a single disease, but to a
diverse group of malignancies affecting the ovary. In general,
ovarian tumors may develop from one of three cell types:
epithelial cells, sex cord-stromal cells (including granulosa,
theca, and hilus cells), or germ cells (oocytes). Although
∼40% of all ovarian tumors are nonepithelial in origin, such
lesions rarely progress to a malignant state and account for
only 10% of ovarian cancers [45]. This paper will therefore
focus exclusively on epithelial-derived ovarian tumors, which
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Figure 1: The major histologic subtypes of ovarian carcinoma. Serous carcinomas resemble fallopian tube epithelium, endometrioid
carcinomas resemble endometrial glands, and mucinous carcinomas resemble endocervical epithelium. Photographs show representative
tumor sections stained with hematoxylin and eosin. The shaded circle represents the general anatomical location from which ovarian
carcinomas are thought to arise. The pink and blue entities within the cross-sected ovary represent maturing ovarian follicles.

constitute the predominant and most lethal forms of the
disease. Epithelial ovarian carcinomas are themselves a het-
erogeneous group of neoplasms that exhibit a wide range of
tumor morphologies, clinical manifestations, and underlying
genetic alterations. Upon diagnosis of malignancy, ovarian
tumors are surgically staged to determine how far they have
extended beyond the ovary [3]. Stage I indicates confinement
to the ovary. Stage II tumors extend beyond the ovary to
adjacent pelvic structures such as the fallopian tube or uterus.
Stage III indicates metastasis to the peritoneum and/or
regional lymph nodes. Stage IV tumors have metastasized
beyond the peritoneum to distant sites. Additionally, tumors
are classified by subtype. Current clinical guidelines set forth
by the World Health Organization (WHO) recognize eight
histologic tumor subtypes: serous, endometrioid, mucinous,
clear cell, transitional cell, squamous cell, mixed epithelial,
and undifferentiated [46]. The three most common—serous,
endometrioid, and mucinous—are characterized by their
morphological resemblance to various mucosal tissues of
the female reproductive tract, all of which exhibit Müllerian
differentiation (Figure 1). More specifically, serous tumors
resemble fallopian tube epithelium, endometrioid tumors
resemble endometrial glands, and mucinous tumors resem-
ble endocervical epithelium (though clinically, distinguish-
ing mucinous ovarian tumors from those of the gastroin-
testinal tract is more relevant) [47]. This phenomenon is
quite remarkable when one considers that all ovarian tumor
subtypes are conventionally thought to develop from ovarian

surface epithelium, a monolayer of nondescript, poorly
differentiated mesothelial cells [48]. Within each subtype,
tumors are further described as either benign, malignant, or
borderline and, depending upon tumor subtype, classified as
low- or high-grade. Borderline tumors are considered to have
low malignant potential and/or indolent behavior.

There are major differences in incidence, tumor behavior
(low versus high malignant potential), and clinical outcome
between each histologic subtype. For example, it has been
estimated that∼50% of malignant ovarian tumors are serous
carcinomas, while ∼25% are endometrioid carcinomas,
∼10% are mucinous carcinomas, and only ∼5% are clear
cell carcinomas [45]. However, a study by Seidman et
al. reported incidences of 70%, 7%, 10%, and <3% for
serous, endometrioid, clear cell, and mucinous carcinomas,
respectively, in a series of 220 consecutive cases of invasive
ovarian cancer, suggesting that traditional distribution fig-
ures may vary considerably [49]. In terms of behavior, serous
carcinomas tend to be aggressive, high-grade neoplasms that
spread rapidly throughout the pelvis, while endometrioid
and mucinous carcinomas are typically low-grade lesions,
confined to the ovary [50, 51]. Clear cell and endometri-
oid carcinomas, unlike other subtypes, are strongly linked
to endometriosis [52–56], leading some to believe that
endometriosis may be a precursor to these lesions [57, 58].
Tumor histology can also strongly impact clinical response.
For instance, late-stage serous and clear cell carcinomas, both
of which have similar 5 years survival rates (20–30%), differ
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markedly in their response to chemotherapy; serous tumors
are (initially) highly responsive, while clear cell tumors are
notoriously resistant [59, 60].

Genetic and biomarker profiling studies of ovarian
cancer have revealed that each tumor subtype is associated
with a unique “molecular signature.” For example, gene
expression profiling can readily distinguish mucinous and
clear cell ovarian tumors from other subtypes, regardless
of tumor stage or grade [61, 62]. Similarly, microRNA
(miRNA) profiling of ovarian carcinomas has identified
certain miRNAs that exhibit histotype specificity [63]. Gene
expression profiling has also demonstrated that ovarian clear
cell tumors are distinctly different from other forms of ovar-
ian cancer and have more in common with clear cell tumors
of other organs, such as renal clear cell carcinomas [64]. Even
within one histotype, differences in tumor behavior may
be underscored by distinct expression profiles. For example,
Bonome et al. found that serous borderline tumors (SBTs),
which account for 10–15% of serous ovarian neoplasms
and are associated with vastly improved survival, cluster
separately from high-grade serous carcinomas in hierarchical
clustering analyses [65]. Moreover, SBTs are genetically
more similar to normal ovarian surface epithelium than
to advanced serous tumors. A recent immunohistochemical
biomarker study of 500 ovarian carcinomas found that 20
of 21 candidate tumor biomarkers had significantly different
expression patterns in each tumor subtype and that two
thirds of the biomarkers lost their prognostic value when
survival analyses were made subtype specific [66]. These
results clearly indicate that each ovarian tumor subtype
constitutes a distinct disease and should be treated as
such in the contexts of detection, treatment, and progno-
sis.

Perhaps the most important characteristic of any tumor
is the combination of genetic alterations that underlie
its development and drive its progression. In this arena,
ovarian tumors again exhibit heterogeneity. Mucinous,
endometrioid, and low-grade serous tumors typically acquire
mutations in a variety of genes such as KRAS, BRAF,
PTEN, β-catenin, and TFG-βRII [51], all of which belong
to signaling pathways controlling cell growth and pro-
liferation, among other processes. Conversely, high-grade
serous tumors appear to arise following a mutation in TP53
[67] or, in the case of familial ovarian carcinoma, BRCA1,
BRCA2, MLH1, or MSH2 [68, 69]. All five genes are tumor
suppressors that function in DNA damage signaling and
repair [69, 70], suggesting that DNA damage is an especially
important factor in the etiology of serous ovarian carcinoma.
Mutations in TP53 can even prompt an immunological
response, leading to p53 autoantibody production in some
patients with high-grade ovarian carcinomas [71].

Despite the high degree of phenotypic and genotypic
variability that exists between different forms of ovarian
carcinoma, virtually all patients are treated identically upon
diagnosis: cytoreductive surgery, followed by platinum-based
chemotherapy. Although many tumors are initially respon-
sive to this treatment, most develop platinum resistance
and ∼70% recur at some point [72]. Ultimately, only 30%
of advanced-stage patients survive five years beyond their

diagnoses [1]. Over the past several decades, great advances
have been made in the surgical techniques and chemotherapy
regimens used to treat ovarian cancer. Yet, despite the best
efforts of surgeons, oncologists, and researchers, the 5 years
survival rate has improved by only 8% since 1975 [1]. It has
thus become apparent that a “blanket approach” to ovarian
cancer treatment does not suffice. We must now shift our
focus towards the development of targeted therapies capable
of exploiting the molecular and genetic characteristics of
individual tumor subtypes. This task is made difficult by
the fact that we are still very much in the dark when
it comes to understanding ovarian cancer etiology. Unlike
other malignancies such as cervical or colon cancer, whose
pathogeneses are well characterized, the sequence of events
leading to ovarian carcinoma development remains a subject
of ongoing debate.

4. Evolution of the Ovarian Cancer Model

4.1. Ovarian Surface Epithelium and Cortical Inclusion Cysts.
The traditional view of ovarian cancer asserts that all tumor
subtypes share a common origin in ovarian surface epithe-
lium (OSE). OSE is a flat-to-cuboidal layer of uncommitted
mesothelial cells covering the exterior surface of the ovary.
During ovulation, follicular rupture and oocyte release inflict
physical trauma upon the ovarian surface, creating a breach
in the OSE that must be repaired. Over the course of a
woman’s reproductive life, this process of damage and repair
is repeated multiple times. Accordingly, OSE cells exhibit a
high degree of plasticity that facilitates tissue remodeling;
they express both epithelial and mesenchymal markers and
can transition from an epithelial to mesenchymal phenotype
[73–76]. In addition to physical trauma, OSE cells are
subjected to ovulation-associated inflammatory cytokines
and reactive oxygen species that are capable of damaging
DNA [77]. Accrual of DNA damage by OSE cells may
increase their susceptibility to transformation. Furthermore,
as women age, the ovarian surface develops numerous
invaginations into the cortical stroma. These invaginations
frequently pinch off and become entrapped within the
stroma, forming circular OSE-lined structures termed “cor-
tical inclusion cysts” (CICs) [78]. Once inside the ovary, the
epithelial cells lining CICs are exposed to a new hormone-
rich milieu that is thought to induce a differentiation or
“metaplasia” into more complex epithelium resembling that
of Müllerian-derived organs [78, 79]. Alternatively, it is
postulated that in women experiencing endometriosis or
endosalpingiosis (i.e., abnormal shedding of endometrial
or tubal mucosa, respectively, into the pelvis), remnants
of Müllerian-derived epithelia may adhere to the ovarian
surface and become incorporated into a CIC [78, 80]. Several
hormones acting upon the ovary (e.g., gonadotropins, estro-
gens, and androgens) have growth-promoting properties
that may induce proliferation of epithelial cells within
CICs [81]. If the epithelial cells also happen to harbor
unresolved DNA damage, they may be prime targets for
neoplastic transformation, eventually giving rise to ovarian
carcinomas. The OSE-CIC model can account for several
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important features of ovarian tumorigenesis, including (1)
acquisition of Müllerian characteristics by OSE-derived
tumors, (2) the cystic nature of benign ovarian tumors
and the retention of cystic features by their malignant
counterparts, and (3) the presence of low-grade and bor-
derline tumors within the cortical stroma of the ovary. This
model is also consistent with well-established epidemiologic
data indicating that a decrease in ovulatory cycles (most
commonly due to parity or oral contraceptive use) is the
greatest risk-reducing factor for ovarian cancer in female
populations [82]. However, this model has its limitations.
For example, it does not explain why invasive endometrioid
and mucinous carcinomas are frequently associated with
borderline tumors in the ovary, whereas invasive serous
carcinomas are not. Nor does this model address the clear
differences in genetic alterations that exist between tumor
subtypes. If all ovarian tumors develop from CICs within
the ovary, then why do they have such different outcomes
and such divergent genotypes? Perhaps the most curious
phenomenon, not accounted for by this model, is the exis-
tence of extraovarian peritoneal carcinomas. Such tumors are
histologically identical to serous ovarian carcinomas but do
not involve the ovary and thus, are considered to arise de
novo in the peritoneum.

4.2. Two-Pathway Model. The two-pathway model was
proposed by Shih and Kurman in 2004 in an attempt
to integrate most of the clinical, histopathological, and
molecular genetic findings concerning ovarian cancer. In
particular, they sought to account for the differences in TP53
and KRAS mutational frequencies observed between serous
borderline tumors (SBTs) and serous carcinomas [83–85].
SBTs comprise a subset of serous ovarian tumors (including
those referred to as atypical proliferative serous tumors
and micropapillary serous carcinomas) that are noninvasive,
appear to develop from benign serous cystadenomas, and
progress very slowly towards low-grade serous carcinoma
[86, 87]. The indolent behavior of SBTs contrasts sharply
with that of conventional high-grade serous tumors, which
spread rapidly and metastasize early in their course. Fur-
thermore, SBTs do not harbor the TP53 mutations that
are characteristic of high-grade serous carcinomas. These
observations prompted the formulation of a new model
that classifies all ovarian tumors as either Type I or Type II
[51].

Type I tumors include all major histotypes (serous,
endometrioid, mucinous, clear cell, and transitional) but
exhibit low-grade nuclear and architectural features, slow
growth, and can be linked to well-defined benign ovarian
precursor lesions. The most common genetic alterations seen
among Type I tumors are KRAS and BRAF mutations, both
of which activate the oncogenic MAPK signaling pathway
[88]. Mutually exclusive KRAS and BRAF mutations are
observed in ∼65% of SBTs but are rarely seen in high-
grade serous carcinomas [58, 89]. KRAS mutations also
occur in ∼60% of mucinous, 5–16% of clear cell, and 4-5%
of endometrioid Type I carcinomas [51]. PTEN mutations,
which typically result in constitutive PI3K signaling, occur

in ∼20% of Type I endometrioid neoplasms [90]. The
MAPK and PI3K pathways are related; they eventually
converge upon a common downstream translation factor,
eIF4B [91], which may represent an important signaling
axis in Type I tumor development. WNT and TGF-β
signaling pathways are also of potential importance for Type
I tumor pathogenesis, based on the presence of β-catenin
mutations in 16–54% of endometrioid tumors and TGF-
β RII mutations in 66% of Type I clear cell tumors [51].
Interestingly, all of the genes altered in Type I ovarian tumors
are components of pathways that become intimately related
during the process of epithelial-to-mesenchymal transition
[92, 93].

Type II ovarian tumors, on the other hand, are infre-
quently associated with benign or borderline ovarian precur-
sor lesions. They are comprised almost exclusively of high-
grade serous carcinomas but also include two less common
subtypes—mixed epithelial and undifferentiated carcino-
mas. Type II ovarian tumors are overwhelmingly TP53
mutated (50–80%) and may also exhibit gene amplification
and overexpression of HER2/neu (10–20%) and AKT2 (12–
18%) oncogenes [94–99]. Shih and Kurman’s two-pathway
hypothesis reconciles most of the phenotypic and genotypic
observations pertaining to ovarian tumors and it certainly
improves upon the conventional OSE-CIC model. However,
their model leaves one critical question unanswered—how
do Type II tumors arise and does their pathogenesis include
a well-defined precursor lesion?

4.3. Fallopian Tube as a Site of Origin. This question may
have been answered by a series of studies investigating
the prevalence of occult fallopian tube cancer in women
with germline BRCA gene mutations. Inherited mutations
in BRCA1 or BRCA2 are associated with familial ovarian
and breast cancer syndromes and account for ∼11–15% of
ovarian carcinomas [100]. Mutations in either gene confer
a 15–40% lifetime risk of developing ovarian cancer [101].
Many women with germline BRCA mutations (BRCA+) elect
to undergo risk-reducing bilateral salpingo-oophorectomy
(ovary and fallopian tube removal), after which their ovaries
are thoroughly examined for evidence of occult cancer.
Until recently, the fallopian tubes were not closely examined
following such surgeries, and thus, early-stage tubal cancers
were rarely detected and severely under reported in BRCA+
patients.

In 2001, Piek et al. drew attention to this issue when they
reported that sectioning and examination of fallopian tubes
from 12 BRCA+ patients revealed a high incidence (50%)
of epithelial dysplasia [102]. The fallopian tube epithelium
(FTE) is a columnar cell layer composed of two specialized
cell types—secretory and ciliated cells. In their study, Piek
et al. noticed that dysplastic regions of FTE exhibited a
shift towards the secretory phenotype, with complete loss
of ciliated cells and the acquisition of proliferative capacity
(indicated by Ki67 immunoreactivity). Shortly thereafter,
several other groups reported finding occult tubal cancers in
the fallopian tubes of BRCA+ women, with incidence rates
ranging from 0.9–17% [103–105].
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However, not until a few years later did it become
apparent that the distal end of the fallopian tube, the
“fimbria”, rather than the proximal region of the tube, was
the most crucial site to look for early serous tumors. In
2006, Medeiros et al. conducted a study similar to that of
Piek et al., examining the fallopian tubes of 13 BRCA+
women undergoing bilateral salpingo-oophorectomy [106].
Medeiros et al. employed a specific protocol for Sectioning
and Extensively Examining the FIMbria (SEE-FIM). Their
examination uncovered a high incidence (38%) of serous
tubal intraepithelial carcinomas in the fallopian tube, but
none in the ovaries. Furthermore, 80% of these carcinomas
appeared exclusively in the fimbriated end of the fallopian
tube, indicating that the fimbria is the preferred site of
serous carcinogenesis in BRCA+ women. Similarly, Callahan
et al. reported on a cohort of 122 BRCA+ women in
which 7 early carcinomas were found, all originating in the
fimbrial/ampullary region. A third study by Kindelberger
et al. documented the occurrence of tubal intraepithelial
carcinomas (TICs) in 55 consecutive cases of pelvic (i.e.,
ovarian, tubal, and peritoneal) serous cancer, not selected
for BRCA status [107]. Of 42 cases designated “serous
ovarian carcinoma,” 71% involved the fallopian tube, and
48% of these contained a TIC. Again, TICs were located
predominantly (93%) in the fimbrial region. These results
suggest that many high-grade serous “ovarian” tumors may
actually be of tubal origin, arising from the distal region of
the fallopian tube, but then quickly spreading to the nearby
ovary.

This concept, while at first provocative, is quite plausible
upon consideration. The fimbria lies in extremely close prox-
imity to ovarian surface epithelium and is therefore exposed
to the same inflammatory (and potentially carcinogenic)
microenvironment. At the fimbriated end of the tube the
internal tubal mucosa (endosalpinx) meets the outer tubal
serosa which, in turn, is continuous and indistinguishable
from the peritoneum. It is therefore easy to imagine that
transformed FTE cells, early in their progression, may
slough off and migrate to the ovarian surface or directly
to the peritoneum, with minimal ovarian involvement. This
could explain the existence of some extraovarian peritoneal
carcinomas.

During their initial study of tubal mucosa [106],
Medeiros et al. noted stretches of secretory-type cells exhibit-
ing strong p53 immunoreactivity but appearing nonpro-
liferative and histologically benign. The observed loss of
ciliated cells was reminiscent of dysplastic lesions earlier
described by Piek et al. [102]. They termed these regions of
strong p53 immunoreactivity “p53 signatures” (Figure 2). In
an attempt to further characterize these entities, Lee et al.
examined the occurrence of p53 signatures in the fimbria of
both BRCA+ women and women undergoing hysterectomies
for benign indications (such as fibroids, endometriosis, or
prolapse) [108]. They found that p53 signatures were equally
common in the nonneoplastic fimbria of both BRCA+
and control subjects, suggesting that they are a “normal”
phenomenon. They also discovered that p53 signatures stain
strongly for the DNA damage marker γ-H2AX (Figure 2).
Gamma-H2AX is a phosphorylated form of the histone

protein H2AX. Phosphorylation of H2AX by DNA damage-
sensing kinases ATM and ATR occurs rapidly at sites of DNA
double strand breakage [109]. The presence of so-called “p53
signatures” in the fimbriae of normal women provides the
first evidence that, under normal physiologic conditions,
fimbrial epithelial cells experience genotoxic damage and
trigger a DNA damage response. Lee et al.’s study also made
several key observations about the relationship between p53
signatures and TICs: 1 p53 signatures occur more frequently
in fimbriae where TICs are also present, 2 p53 signatures
are composed exclusively of secretory cells which, like TICs,
exhibit a serous phenotype, 3 p53 signatures and TICs, when
concurrent, share evidence of DNA damage and exhibit
identical TP53 mutations, indicating a common origin, and
4 TICs can be distinguished from p53 signatures by their
increased proliferative capacity (i.e., MIB1 positivity and
increased Cyclin E expression). Based on their observations,
Lee et al. hypothesized that p53 signatures could represent
the elusive ovarian serous carcinoma precursor. To determine
whether p53 signatures also occur in ovarian epithelium,
Folkins et al. examined the ovaries and fallopian tubes of
75 BRCA+ women. They detected a total of 29 signatures
in tubal mucosa but only 1 in OSE and 0 in CICs [110],
confirming that p53 signatures preferentially arise in FTE
rather than OSE.

In light of these developments, Lee et al. formulated
a model of ovarian cancer which incorporates the fimbria
as a major site of origin for serous carcinomas. Their
model asserts that there are two distinct pathways leading
to ovarian tumorigenesis. The first route is the traditional
OSE-CIC pathway, in which OSE (or in some cases FTE,
endometrium, or peritoneum) is entrapped within CICs and
induced to undergo Müllerian metaplasia within the ovarian
stroma, giving rise to mostly endometrioid, mucinous, and
serous borderline tumors via a series of step-wise mutations
(reviewed in [111]). This pathway leads to the formation of
Shih and Kurman’s “Type I” tumors. The second pathway
involves the fallopian tube fimbria, where a combination
of TP53 mutation and genotoxic stress leads to the clonal
expansion of secretory epithelial cells, forming a pre-
neoplastic precursor lesion or “p53 signature.” Additional
genetic “hits” in the absence of functional TP53 enable
these cells to acquire a proliferative capacity, facilitating
progression to TIC (Figure 3). Identifying the genetic targets
of such “hits” is currently a subject of intense research.
Serous TICs have the ability to spread rapidly, moving
from the fimbria to adjacent pelvic structures (e.g., the
ovarian surface, uterine serosa, or peritoneal membranes) or
exfoliating into the peritoneal cavity. This second pathway
leads to the formation of Shih and Kurman’s “Type II”
tumors and, importantly, defines a precursor lesion for
these tumors. The origin of genotoxic stress in the fimbrial
microenvironment remains speculative at this point but is
thought to include inflammatory cytokines and reactive oxy-
gen species associated with ovulation. Accordingly, a recent
paper has reported that p53 signatures are associated with
lower parity in BRCA+ women, suggesting that ovulation
is indeed a risk factor for p53 signature development in the
fimbria [112].
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Figure 2: Pathologic features of the morphological continuum from normal fallopian tube epithelium to invasive serous carcinoma. Normal
fallopian tube epithelium (FTE), containing both secretory (thick arrow) and ciliated (thin arrow) cells, is typically immunonegative for p53,
γ-H2AX (a marker of DNA damage), and MIB1 (antibody against Ki67; a proliferation marker). The benign “p53 signature” is composed of
a stretch of secretory cells exhibiting strong p53 expression and evidence of DNA damage (i.e., nuclear γ-H2AX foci), but showing no signs
of proliferation. Upon progression to TIC, there is an acquisition of proliferative capacity, as evidenced by gain of MIB1 immunoreactivity.
High levels of p53, γ-H2AX, and MIB1 typically persist after a TIC develops into invasive serous carcinoma.

This new model of ovarian cancer accounts for nearly all
aspects of the disease and, for the first time, describes a step-
by-step pathogenesis model for the deadliest and most enig-
matic of all ovarian tumors—serous carcinoma. The clinical
implications of this model were recently reviewed [111, 113]
and suggest that a thorough examination of the fallopian
tube fimbria should be conducted during routine patho-
logic evaluations of salpingo-oophorectomy specimens. It is
important to note, however, that this new model is based
largely upon descriptive pathological evidence and has not
been experimentally validated.

5. Experimental Models of Ovarian Cancer

In order to elucidate the molecular mechanisms driving
ovarian carcinoma development, we must first be able to
model the disease using suitable in vitro and in vivo systems.
Several sophisticated mouse models of ovarian carcinoma
currently exist. Most are based on the traditional OSE-
CIC model of ovarian tumorigenesis and therefore seek to
transform murine ovarian surface epithelium (MOSE) in
vivo. For example, Connolly et al. induced MOSE transfor-
mation in vivo by introducing SV40 T-Ag (large and small)
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Figure 3: Diagram of a fimbrial plica, illustrating the stepwise progression of normal fallopian tube epithelium to invasive serous carcinoma.
The fallopian tube epithelium (FTE) is composed of a single layer of ciliated and secretory cells that are exposed to ovulation-associated
inflammatory cytokines and reactive oxygen species (ROS). Repetitive genotoxic stress causes DNA damage and induces p53 mutation, lead-
ing to the clonal expansion of normal looking FTE cells of secretory phenotype. This stretch of damaged cells—termed a “p53 signature”—
stains strongly for p53 and γ-H2AX. Further genetic “hits” enable cells to acquire a proliferative capacity, giving rise to tubal intraepithelial
carcinoma (TIC). As a TIC progresses to invasive serous carcinoma, malignant cells are exfoliated from the fimbria, whereupon they may
spread rapidly to the surface of the peritoneum and/or ovary. Exfoliation may also occur from TICs prior to fimbrial invasion.

into these cells under the control of a Müllerian inhibitory
substance II receptor (MISIIR) promoter element [114].
Other groups have used the Cre-Lox system to conditionally
knockout tumor suppressor genes TP53 and Rb in murine
ovaries [115]. Orsulic et al. developed a unique model in
which a series of oncogenes was introduced directly into the
MOSE cells of an adult mouse [116]. Their system employed
an avian retroviral vector that requires retroviral receptor
(TVA) expression by target cells. This is normally achieved
by breeding transgenic animals that express TVA under the
control of a tissue-specific gene promoter. However, since
no MOSE-specific promoters exist, they removed the ovaries
from a TVA expressing mouse, infected them in vitro, then
implanted them orthotopically into a recipient mouse. Using
this method, they were able to demonstrate the importance
of TP53 in suppressing ovarian tumorigenesis. Specifically,
they showed that introduction of a trio of oncogenes (c-
MYC, KRAS, and AKT) into p53+/+ MOSE could not induce
tumor formation, while introducing any two of the same
oncogenes induced rapid tumor formation in p53−/− mice.
All three of these models gave rise to poorly differentiated
tumors resembling serous ovarian carcinomas and exhibited
intraperitoneal dissemination.

There have also been attempts to create subtype-
specific mouse models. Dinulescu et al. successfully gener-

ated tumors with endometrioid histology by using the Cre-
Lox system to conditionally activate oncogenic KRAS and
inactivate PTEN [117]. Using this system, they demonstrated
that expression of activated KRAS or deletion of PTEN in
MOSE led to an endometriosis-like condition, characterized
by the presence of benign glandular lesions in the ovary.
In contrast, the combination of both genetic mutations
induced formation of invasive and metastatic adenocarci-
nomas resembling human ovarian endometrioid tumors.
Their model nicely recapitulates the stepwise progression of
Type I ovarian tumors. However, KRAS mutations are not
commonly found in the endometrioid subtype. A second
endometrioid tumor model developed by Wu et al. used the
Cre-Lox system to delete PTEN and APC tumor suppressor
genes, again giving rise to tumors with endometrioid histolo-
gies [118]. Although APC mutations are not characteristic of
endometrioid ovarian carcinomas, they serve to deregulate
the same pathway as β-catenin mutations—specifically, the
WNT signaling pathway.

Mouse models that can faithfully reproduce both the
genotypic and phenotypic characteristics of ovarian tumors
are crucial for the development of targeted therapies. Current
ovarian carcinoma models indicate that there are two
divergent pathways to ovarian tumorigenesis, each giving
rise to tumors with very different characteristics (Types I
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and II). In attempting to model these tumor types, it is
important to consider that many Type II tumors may arise
from extraovarian sites—most notably, the fallopian tube
epithelium. This is of critical importance, for example, in the
context of orthotopic tumor cell implantation.

Recent revelations regarding the tubal origin of high-
grade serous ovarian carcinomas present a challenge because,
while human OSE cells have been routinely cultured for
many years, FTE cells are a relatively scare commodity. There
are no readily available human FTE cell lines and primary
human FTE can be difficult to obtain. Nevertheless, models
of FTE must be created in order to study the mechanisms of
tubal/ovarian serous carcinoma development. Only a hand-
ful of labs thus far have attempted to culture or propagate
FTE cells in vitro, the majority of them working within
the field of reproductive biology [119–124]. As mentioned
earlier, the FTE is a complex columnar epithelium composed
of both secretory and ciliated cell types. However, ciliated
FTE cells tend to either die or rapidly dedifferentiate when
grown in vitro, resulting in a complete loss of the ciliated
cell phenotype from FTE cocultures. Serous tubal/ovarian
carcinomas are exclusively secretory in nature, suggesting
that ciliated cells must be either less susceptible to malignant
transformation or more apt to undergo cell death in response
to genotoxic stressors in their microenvironment. To address
such issues, a model system is required in which both ciliated
and secretory cells remain viable, so that the behaviors of
each cell type may be readily compared and contrasted.

To preserve the phenotypic integrity of FTE cocultures,
they may be grown on collagen-coated porous filters, as
described by Rajagopal et al. for the culture of monkey
oviductal cells [125]. Similar techniques have been used to
construct polarized cultures of respiratory epithelial cells
[126]. Our lab has recently established an analogous “ex
vivo” model of human FTE (unpublished data). Using this
FTE coculture system we aim to answer several important
questions, including the following: What are the molecular
mechanisms driving FTE malignant transformation? Can
transformed FTE cells progress to serous tubal intraepithelial
carcinoma? Which molecules may be targeted in a therapeu-
tic context to halt serous carcinoma progression? Are there
FTE-specific genes that can be exploited for the development
of a tubal serous carcinoma mouse model? Can we identify
novel biomarkers relevant to serous tumor progression? Our
studies must ultimately also consider the role of the tumor
microenvironment, since it is apparent that multicellular
interactions contribute to serous tumor metastasis and
are important factors in a therapeutic context [127, 128].
Overall, these research efforts will offer new insights into
the nature of the FTE and its propensity for malignant
transformation, and thus, advance our understanding of
ovarian cancer pathogenesis.
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The lack of proven screening tools for early detection and the high mortality of ovarian serous carcinoma (OSC), particularly high
grade, have focused attention on identifying putative precursor lesions with distinct morphological and molecular characteristics.
The finding of occult invasive and intraepithelial fallopian tube carcinomas in prophylactically removed specimens from
asymptomatic high-risk BRCA 1/2-mutation carriers supports the notion of an origin for OSC in the fallopian tube. The
intraepithelial carcinomas have been referred to as serous intraepithelial carcinomas (STICs) but our own findings (unpublished
data) and recent reports have drawn attention to a spectrum of changes that fall short of STICs that we have designated serous
tubal intraepithelial lesions (STILs).

1. Introduction

Ovarian cancer is the most lethal gynecologic cancer,
responsible for over 13,000 deaths in the US in 2009
(http://www.cancer.org/). The majority of these cancers
are detected at an advanced stage, after they have spread
to the peritoneal surfaces; the 5-year survival rate for
women diagnosed at stage III-IV is only 28% (SEER Can-
cer Statistics Review, 1975–2004, National Cancer Institute
http://seer.cancer.gov/csr/1975 2006/). A lack of effective
screening tools for early detection of ovarian cancer in high-
risk and general populations has led to increased interest
in the identification of precursor lesions defined by both
morphological and molecular changes that could be the
target of not only early detection but prevention efforts.

2. Molecular Characteristics of Ovarian Cancer

Ovarian cancer is heterogeneous, like other cancers, com-
prising a collection of subtypes with different histologic and
molecular characteristics that in turn inform prognosis [1].
Accumulating evidence suggests that there are two general

pathways in the molecular pathogenesis of what is known
as ovarian cancer [2, 3]. The first (Type I) pathway leads to
borderline tumors, which can develop into low-grade serous,
mucinous, endometrioid, and clear cell carcinomas. These
are for the most part low-grade tumors that are characterized
by a high frequency of mutations of KRAS, BRAF, ERBB2,
CTNNB1 (the gene encoding beta catenin), and PIK3CA, low
proliferation, and a 5-year survival of approximately 55%
[2]. A stepwise model of progression from cystadenomas
to low-grade carcinomas has been proposed for these
neoplasms.

In contrast to the Type I tumors, the Type II tumors
are high-grade and highly aggressive, spreading rapidly
throughout the pelvis. Type II tumors include high-grade
serous carcinoma, malignant mixed mesodermal tumors,
and undifferentiated carcinomas. They are characterized by
a high frequency of mutations in TP53, a tumor suppressor
gene, and a high proliferative index. It is estimated that 60%
of sporadic ovarian carcinomas and the majority of those
diagnosed in BRCA1 mutation carriers are of the high-grade
serous type [4, 5]. Preliminary data suggests that these TP53
mutations may develop early in the carcinogenic process. If
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in fact this is confirmed, new approaches to early detection
and prevention can be developed.

3. Identifying the Cell of Origin

It has conventionally been assumed that ovarian cancers
arise from the ovarian surface epithelium (OSE), which is
viewed as a modified type of mesothelium similar to that
which lines the peritoneal cavity, by a process of invagination
leading to the development of cortical inclusion cysts (CICs).
It has been argued that changes in the microenvironment
of the ovarian stroma surrounding the CICs leads to
müllerian-type differentiation. This step, which is viewed
as a metaplastic change, would be necessary to explain
the morphologic appearance of ovarian epithelial tumors
which have a müllerian-type phenotype. However, others
believe it is unlikely that CICs are precursors and have
instead proposed that ovarian epithelial tumors develop
from müllerian-type epithelium lining paraovarian and
paratubal cysts (the so-called secondary müllerian system)
[6]. A tubal origin for high-grade serous ovarian cancer is
supported by gene expression profiles of OSC that reveal that
they are more similar to normal müllerian epithelium than
the ovarian surface epithelium [7].

4. Prophylactic Salpingo-Oophorectomy in
BRCA1 and BRCA2 Mutation Carriers

Prophylactic bilateral salpingo-oophorectomy (BPSO) speci-
mens from high-risk women have proved to be an invaluable
resource for research into the origins and precursors for
high-grade serous pelvic carcinomas. Women found to have
a deleterious germline mutation in the BRCA1 or BRCA2
gene are known to be at increased risk for ovarian cancer,
with lifetime risk estimates ranging from 40% to 60% [8,
9]. Given the limitations of current options for ovarian
surveillance, bilateral prophylactic salpingo-oophorectomy
(BPSO) after the completion of child-bearing is the current
standard recommendation for these women [10]. This pro-
cedure greatly reduces the risk of subsequent development
of pelvic serous carcinoma, by 80%–90%, but surprisingly
does not eliminate it entirely [11]. Remaining risk is mainly
attributed to primary peritoneal serous carcinoma, which
is similar to high-grade OSC in terms of presentation and
response to treatment [12] and appears to originate from the
same cell lineage [11]. The estimated cumulative incidence
of peritoneal cancer at 20 years after oophorectomy is 4.3%
[13], and so far a survival benefit has been shown in the short
term but not long term [14].

5. Occult Carcinoma

It is estimated that between 2% and 17% of all BPSO
specimens from BRCA1/2 mutation carriers will contain
an occult cancer (see Table 1). The range of estimates to
some extent is reflective of the comparison groups and
the protocols used for sectioning specimens [11, 13, 15–
24]. Despite these inconsistencies a majority of early serous

cancers found in these specimens are localized to the
fallopian tube.

6. Serous Tubal Intraepithelial Carcinomas

High-grade serous tubal intraepithelial carcinomas (STICs)
are noninvasive carcinomas of the fallopian tube that have
been found with varying frequency in BPSO specimens (see
Table 2). STICs are characterized morphologically by nuclear
hyperchromasia and atypia, mitotic figures, and nuclear
stratification [26]. Immunohistochemically, they exhibit
increased staining for p53 and MIB-1 (Ki-67) [26] (Figure 1).
As noted above, many of the occult malignancies detected on
thorough sectioning of BPSO specimens were microscopic
and restricted to the fallopian tube. Subsequently, a careful
and thorough examination of the fallopian tubes from 55
consecutive cases of “serous carcinoma” (pelvic, ovarian, or
tubal) revealed that over 70% involved the endosalpinx and
approximately half contained STICs [27]. These findings led
to the hypothesis that the fallopian tube may be the source
of a significant proportion of all pelvic high-grade serous
carcinomas. To further confirm the shared origin of these
OSC with their coexisting STICs, the authors analyzed p53
mutations in both sites from five cases. Identical mutations
were detected in both sites for all cases. An analysis of
chromosomal copy number changes by FISH demonstrated
similar results in 3/5 cases comparing ovarian serous tumors
with synchronous fallopian tube serous carcinoma, pro-
viding some additional potential support for a common,
monoclonal origin [28]. Further, another study from the
same group examined 45 cases of primary peritoneal serous
carcinoma and found that 9 out of 26 cases with incomplete
tubal sampling and 9 out of 19 cases that underwent
complete examination of the tube had STIC [29]. In all
of these studies, the majority of STICs were found in the
fimbriated end of the tube, adjacent to the ovarian surface.

In an effort to verify the fimbria as a preferred site for
STICs in BPSO specimens, Medeiros et al. [25] investigated
13 BRCA+ BPSOs and 13 controls, who were women
who had bilateral salpingo-oophorectomy due to other
gynecological diseases. Six of the cases had mutations in
BRCA1 and 7 were BRCA2 positive. Cases and controls
had similar age ranges and mean ages (50 and 58 years,
resp.), and all specimens were entirely submitted for review,
sectioned at 2-3 mm intervals. In addition, all fimbriae were
extensively sectioned in one of two ways: serial sectioning (7
cases) or by SEE-FIM protocol—Sectioning and Extensively
Examining the Fimbriae—in 19 cases. The SEE-FIM protocol
was developed to ensure maximal examination of the fimbria
[25]. Cases were compared to controls for the rate of
detection of early neoplasms, their locations, and expression
patterns for p53 and Ki-67. Five cancers were identified, all
of which were tubal and from the case group. Four of the five
tumors involved the fimbria; four of these five also stained
positive for both p53 (>75% nuclei staining positive in a
region of 12 cells in length) and Mib-1. The reason for the
tendency of these early cancers to be found in the fimbria is
not entirely clear, but the authors suggest that it may be due
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Table 1: Prevalence of occult carcinoma in bilateral prophylactic salpingo-oophorectomy specimens.

Author Study design Study population Sectioning protocol Findings

Colgan et al. 2001 [15] Cross-sectional

60 BPSO specimens
from women (mean age
48.4) with high
likelihood of being
BRCA mutation carriers
according to family
history (early criteria) or
tested positive for a
BRCA1 or BRCA2
mutation (later criteria)

Ovaries: multiple
sections through the
short axis; fallopian
tubes: 40/60 had
representative sections
only, the other 20 were
completely submitted
with transverse sections

5 (8.3%) cases showed
occult carcinoma; 4/5
located in fallopian tube

Leeper et al. 2002 [17] Cross-sectional

30 BPSO specimens
from women (mean age
46, range 30–65) at high
risk of ovarian cancer
according to family or
personal history

Ovaries and tubes: first 7
cases had representative
sections only, remaining
23 cases were serially
sectioned

5 (16.7%) cases showed
occult carcinoma; 3
located in fallopian tube

Olivier et al. 2004 [18] Cross-sectional

38 BPO specimens and
90 BPSO specimens
from women (mean age
46, range 26–74) with
known BRCA1 or
BRCA2 mutations or
personal history of
breast cancer and family
history suggestive of
hereditary breast and
ovarian cancer

Ovaries from all
procedures and tubes
from BPSO procedures:
sectioned in their
entirety

5 (5.6%) cases from
BPSO group showed
occult carcinoma (all in
BRCA1 carriers); 2
restricted to the fallopian
tube; no occult cancers
in ovary-only specimens

Lamb et al. 2006 [22] Cross-sectional

113 BPSO specimens
from women (median
age 47, range 30–70) at
high risk for ovarian
cancer based on GOG
criteria

Ovaries and tubes:
sectioned at 2- to 3-mm
intervals

7 (6.2%) cases showed
ovarian, fallopian tube
or peritoneal neoplasia;
5 were early high-grade
serous tubal neoplasia

Finch et al. 2006 [21] Cross-sectional

159 BPSO specimens
from BRCA1 or BRCA2
mutation carriers (mean
age 47.7, range 34–71)

Ovaries: serially
sectioned; fallopian
tubes initially
representative
sections—partway
through protocol
amended to submit
tubes in entirety

7 (4.4%) cases showed
occult carcinoma; 6
involved fallopian tube

Medeiros et al. 2006 [25] Case-control

13 BPSO specimens
from BRCA1 or BRCA2
mutation carriers (mean
age 50, range 39–76) and
13 controls (mean age
58, range 43–76)
undergoing surgery for
benign reasons

Ovaries and tubes:
sectioned at 2- to 3-mm
intervals; fimbriae in
some cases serially
sectioned, in others by
SEE-FIM protocol

5 (38%) cases showed
early cancers; all in the
fallopian tube; 4/5
stained positive for both
p53 and MIB-1, the 5th
scored positive for
MIB-1 only; no cancers
were found in controls

Hermsen et al. 2006 [24] Case-control

85 BPSO specimens
from high-risk women
according to family
history or BRCA1 or
BRCA2 mutation status
(median age 48, range
33–64) and 72 controls
undergoing surgery for
benign reasons (median
age 37, range 23–79)

Sectioning details not
specified

1 case of tubal
carcinoma + 2 cases of
severe tubal dysplasia/in
situ carcinoma (3.5%)
were identified in the
BPSO group; no cancers
were found in controls
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Table 1: Continued.

Author Study design Study population Sectioning protocol Findings

Callahan et al. 2007 [23] Cross-sectional

122 BPSO specimens
from women with
BRCA1 or BRCA2
mutations or variants
(median age 46.5, range
23–76)

Ovaries and tubes:
sectioned at 2- to 3-mm
intervals for all cases;
SEE-FIM protocol
performed in a subset

7 (5.7%) cases showed
occult tubal carcinoma

Finch et al. 2006 [13] Cross-sectional

490 BPSO specimens
from women with
BRCA1 or BRCA2
mutations (mean age
47.6, range 19–76)

All reported cancers
confirmed by review of
medical records and/or
pathology reports. The
pathology reports were
reviewed in order to
correctly assign the
diagnosis of ovarian,
fallopian tube, or
primary peritoneal
cancer.

11 (2.2%) specimens
showed occult cancer; 7
were identified as
ovarian; 3 were classified
as tubal; 1 case had
positive peritoneal
washings with no source
of cancer identified

Powell et al. 2005 [19] Cross-sectional

67 BPSO specimens
from women with
BRCA1 or BRCA2
mutations (mean age 47,
range 31–64)

Ovaries and tubes:
serially sectioned at
2 mm intervals (“full”
adherence to specified
protocol) in 20 cases;
partial adherence in 21
cases; standard
procedures
(nonadherence) in 26
cases

7 (17%) specimens that
were processed by fully
or partially adherent
protocols (n = 41)
showed occult cancer; 4
were tubal and 3 were
ovarian

BPO: bilateral prophylactic oophorectomy; BPSO: bilateral prophylactic salpingo-oophorectomy; GOG: gynecologic oncology group; SEE-FIM: sectioning
and extensively examining the fimbriae.

to increased surface area of this site, or potential differences
in characteristics of the cells from this region versus more
proximal sections of the tube. Their findings support a
possible means of spread to the ovary by exfoliation or tubal-
ovary adhesions.

7. Resemblance of STIC to Serous Endometrial
Intraepithelial Carcinoma

Like high-grade OSC, uterine serous carcinomas are aggres-
sive cancers with poor prognosis [30, 31]. Despite com-
prising only 10%–15% of all endometrial carcinomas, USC
causes a disproportionate number of deaths and appears to
have a different etiologic pathway than the usual type of
endometrial carcinoma (endometrioid adenocarcinoma). In
contrast to the endometrioid type, which is typically found to
be associated with endometrial hyperplasia and other signs
of hyperestrogenism, most uterine serous carcinomas are
diagnosed in older, postmenopausal women with atrophic
endometrium and no evidence of endometrial hyperplasia.
It has therefore been hypothesized that uterine serous car-
cinoma and its presumptive precursor, serous endometrial
intraepithelial carcinoma, may originate in an estrogen-
independent manner [32] and are associated with other
factors [33].

Serous endometrial intraepithelial carcinoma (SEIC)
is characterized by “replacement of endometrial surface
epithelium and glands by malignant cells that resemble
invasive high-grade endometrial carcinoma” [34]. It has
been identified in greater than 90% of uteri containing
serous carcinoma [31]. Interestingly, immunostaining for
p53 expression in pairs of uterine serous carcinoma with
SEIC showed the majority to be p53 positive and all pairs
were concordant [34]. Shared p53 mutations have also
been described in SEIC and the associated uterine serous
carcinoma [35]. Uterine serous carcinoma and OSC both
exhibit a tendency to spread rapidly throughout the pelvis
and multifocal disease is often found at diagnosis. These
multiple foci are thought to represent monoclonal disease,
unlike endometrioid carcinomas, which have been shown to
have multiple sites of origin [36]. The question of site of
origin for these multifocal uterine serous carcinoma parallels
that of the origin of other pelvic serous carcinomas.

A recent study attempted to document the frequency
of concurrent STIC and SEIC, conjecturing that uterine
serous carcinoma with STIC might represent a distinct subset
of pelvic serous carcinomas, with as-yet unclear origin. Of
22 uterine serous carcinoma cases examined, the presence
of STIC was confirmed in 5 [36]. It was found that the
endometrial tumor in all five of these cases was either
noninvasive or superficially invasive, and in 2 of the cases
identical p53 mutations were identified in both tubal and
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Table 2: Serous tubal intraepithelial carcinoma in pelvic serous carcinoma cases.

Author Study design Study population Sectioning Protocol Findings

Salvador et
al. 2008 [28]

Cross-sectional
16 cases of epithelial
ovarian malignancy with
tubes submitted in toto

fallopian tubes
submitted in toto and
serially sectioned every
3-4 mm

10 of the 12 cases of high-grade
serous carcinoma showed either
unilateral tubal mucosal
involvement by TIC (n = 7) or
tubal obliteration ipsilateral to
the dominant ovarian mass
(n = 3). In 3 of 5 selected high
grade serous carcinoma cases
with TICs, FISH analysis showed
similar copy number changes in
foci of the ovarian and fallopian
tube mucosal carcinoma; one
case was not synchronous and
the 5th was indeterminate

Kindelberger
et al. 2007
[27]

Cross-sectional

55 cases containing
pelvic serous carcinoma
(mean age 61.5, range
43–82)

SEE-FIM for all cases

41(75%) showed involvement of
endosalpinx; 11 were classified as
tubal or peritoneal primary; (9 of
these had TICs); 20/30 cases
classified as ovarian had TICs;
93% of TICs involved the
fimbria. Of 5 ovarian cases with
TICs, p53 DNA analysis showed
identical mutations in at least
one focus of TIC and ovarian
cancer

Carlson et al.
2008 [29]

Cross-sectional

45 cases of primary
peritoneal serous
carcinoma in which
there was either
nonuniform sampling of
the fallopian tube
(n = 26) or SEE-FIM
protocol (n = 19)

nonuniform sampling
(portion of tube
submitted), or SEE-FIM
protocol

9 (35%) of first sampling group
and 9 (47%) of second samping
group showed STICs. 5/5 cases
tested showed identical p53
mutations in the peritoneal and
tubal lesions

FISH: fluorescence in situ hybridization; SEE-FIM: sectioning and extensively examining the fimbriae; STIC: serous tubal intraepithelial carcinoma; TIC: tubal
intraepithelial carcinoma.

endometrial lesions, suggesting a common origin, perhaps
in the tube, for these cases. The proposal that these uterine
tumors may also be of tubal origin is intriguing and certainly
deserves further investigation.

8. Identification of Precursor Lesions

8.1. Serous Tubal Intraepithelial Lesions

8.1.1. Molecular Changes. We use the term “serous tubal
intraepithelial lesions” (STILs) to describe a spectrum of
epithelial changes ranging from normal appearing tubal
epithelium, expressing p53, to lesions with increasing degrees
of cytologic atypia that fall short of an STIC (Figure 2).
Others have reported these changes as tubal intraepithelial
lesions in transition (TILT) [37]. Characterization of STILs
has become a central focus of several groups, including
ours, in order to determine the nature of these lesions and
their relationship to STICs, specifically whether these are the
earliest steps in the carcinogenic process. A 2007 study [38]

sought to examine the relationship of what was designated
“p53 signatures,” characterized by high p53 immunostaining,
defined as strong nuclear staining obscuring nuclear detail in
at least 12 consecutive secretory nuclei in benign-appearing
epithelium, and STIC. The fallopian tubes from three groups
of women were included in this series: (1) 41 women
with BRCA1 or BRCA2 mutations undergoing BPSO, (2)
58 consecutive women undergoing procedures for other
gynecologic disease, and (3) 17 women already identified
to have STICs, all of which were shown in a previous
study to be associated with pelvic serous carcinoma [27].
All fimbriae were sectioned using the SEE-FIM protocol.
Sections were examined for prevalence of p53 signatures.
Similar percentages of p53 signatures were found in the
benign BPSO specimens from BRCA+ women versus group
2 (24% and 33%, resp.) and were most often found in
the fimbriated end of the tube. Nine of the 17 STICs
(53%) contained at least one p53 signature and multiple
p53 signatures were found in tubes containing STICs at
twice the frequency found in nonneoplastic tubes. Staining
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(a)

(b)

Figure 1: Serous tubal intraepithelial carcinoma (STIC). (a)
The morphological features of a small STIC showing papillary
architecture with intraepithelial carcinoma cells, many of which are
detached and are able to freely disseminate onto ovaries, pelvic, or
peritoneal wall. (b) The p53 immunohistochemistry demonstrates
that all intraepithelial carcinoma cells are intensely positive for p53
nuclear immunoreactivity. In contrast, the normal-appearing tubal
epithelial cells flanking the STIC are negative for p53.

of a subset of tissues containing p53 signature, STIC, or
serous carcinoma revealed the colocalization of γ-H2AX,
an immunohistochemical marker of double-stranded DNA
damage, with p53.

Another study from the same group compared the
prevalence of p53 signatures in fallopian tubes versus ovarian
cortical inclusion cysts in BRCA+ women [39]. Cases con-
sisted of consecutive BPSOs performed in BRCA+ women.
Controls, taken from a prior study, were a consecutive series
of women free of ovarian cancer, having surgery for other
gynecologic conditions, who had either tested negative for
BRCA mutations or were untested. All tubes and ovaries
were submitted entirely, and the SEE-FIM protocol was used
for examining the fimbriae. The proportions of specimens
that showed at least one p53 signature were similar between
cases and controls (38% and 33%, resp.). No CICs were
found to contain p53 signatures. Sixty-six percent of the p53
signatures in cases stained positive for γ-H2AX; staining for
γ-H2AX in the p53 signatures of controls was not reported.

8.1.2. Hormonal Changes. One of the prevailing theories
of ovarian epithelial carcinogenesis is that of “incessant
ovulation” as a potential causative role in these cancers.
Ovulation has been suggested to cause genotoxic damage in
the ovarian surface epithelium where ovarian cancers have
traditionally been thought to originate; the recent findings
of colocalization of γ-H2AX with p53 staining in STILs and
STICs in the fimbria, adjacent to the ovarian surface, is

(a)

(b)

(c)

Figure 2: Serous tubal intraepithelial lesion (STIL). (a) The
morphological features of an STIL identified in a young cancer-free
BRCA mutation carrier. The epithelium shows mild nuclear and
architectural atypia but not to the level of a classical STIC. (b) An
immunohistochemical stain for p53 shows overexpression in several
consecutive secretory cells. (c) An immunohistochemical stain for
Ki-67 shows a low proliferation index.

therefore highly intriguing and will be important to explore
further.

A recent study exploiting genetic microarray technol-
ogy compared the expression profiles of normal-appearing
fallopian tube epithelium of BRCA+ mutation carriers and
healthy controls to serous carcinomas [40]. Fallopian tube
epithelium samples from the BRCA+ group (but not the
normal controls) were found to cluster closely with serous
carcinoma samples. In particular, BRCA+ fallopian tube
epithelium taken during the luteal phase (versus follicular
phase) expressed gene profiles most similar to those of the
serous carcinoma tissues. Two differentially expressed genes,
SKIL (ski-like), an oncogene, and DAB2, a tumor suppressor,
emerged as candidates that have been implicated in the
tumorigenic process [41, 42]. SKIL was found to be overex-
pressed, and DAB2 underexpressed, in serous carcinoma and
BRCA+ luteal fallopian tube epithelium, relative to BRCA+
follicular fallopian tube epithelium samples, suggesting that
the hormonal milieu during the luteal phase, particularly in
BRCA+ carriers, may predispose to a carcinogenic process in
the fallopian tube epithelium. The extent to which hormonal
changes during the luteal phase represent a transitory
phenomenon, and the manner in which the fallopian tube
epithelium might retain a more permanent imprint of such
cyclical fluctuations, is unclear.

Tubal-mucosal morphology is known to be influenced
by hormones [15], although these changes have not been
precisely quantified. Presumably, the endogenous and exoge-
nous hormonal milieu plays a key role in the molecular
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alterations of the fallopian tube epithelium, varying with
age and menopausal status. Evidence from epidemiological
studies provided further supports the role of hormonal
exposures in affecting risk of ovarian cancer. It has been
wellestablished in epidemiological studies that use of oral
contraceptive pills (OCP) protects against the development
of ovarian cancer; use for five or more years reduces risk
by approximately 50% [43, 44]. Parity has also been shown
in numerous studies to be protective, conferring a 30%–
60% decreased risk compared to nulliparity [45]. Two
theories have been postulated to explain these findings:
that ovulation causes repetitive cell damage/repair which
over time increases the risk of mutations or that increasing
exposure to gonadotropin-releasing hormones (represented
by lower OCP use and parity, or increased ovulatory cycles)
may be the mechanism by which ovarian cancer risk is
increased. But studies attempting to find a correlation
between number of ovulatory cycles and accumulation of
p53 mutations in ovarian cancers have been contradictory
[46–48]. Schildkraut et al. (1997) examined the ovaries from
197 women with invasive ovarian cancer and found that cases
overexpressing p53 (53%) were exposed to significantly more
ovulatory cycles than those cases that did not overexpress
p53. However, a study by Webb et al. examined 234 cases of
invasive ovarian cancer and found no associations between
p53 overexpression and other factors including years of
ovulation, parity, family history of ovarian cancer, or age.
One cross-sectional study examined the association between
factors including parity, history of breast cancer, prior
chemotherapy, smoking history, tamoxifen use, age at first
birth, age at time of oophorectomy, BMI, age at menarche,
and oral contraceptive use (never versus ever) obtained from
medical record review and the presence of p53 signatures in
the tubes of 75 BRCA+ mutation carriers [49]. Thirty eight
percent of the tubes showed at least one p53 signature, and
parity was significantly associated with the presence of p53
signatures. Due to the cross-sectional nature of the study
temporality could not be assessed.

8.1.3. Cortical Inclusion Cysts. Several studies comparing the
prevalence of CICs in “high-risk” prophylactically removed
ovaries versus normal-risk ovaries have reported inconsistent
findings [50]. One study comparing morphology of ovarian
surface epithelium of 64 women with a family history of
ovarian cancer with 30 women without a family history
found significantly more CICs in the high-risk group [51],
while others have found no significant difference in the
frequency of CICs. CICs also appear to increase with age in
both high-risk and normal-risk women, and this needs to
be taken into consideration when evaluating its significance
as a precursor lesion [50]. Barakat et al. [52] examined
ovarian tissues from 18 BRCA1 mutation carriers and 20
age-matched controls and found no significant differences
in frequency of inclusion cysts or other morphological
alterations. Immunohistochemical staining for p53, ERBB-
2, and Ki67 of the CICs also showed no difference in
expression between cases and controls. In a cross-sectional
study examining the relationship between demographic vari-
ables and the presence of CICs in 74 bilateral prophylactic

salpingo-oophorectomies (BPSOs) from BRCA1/2 mutation
carriers, Folkins et al. [53] found women with ≥7 versus <7
CICs per ovary pair had significantly older age at childbirth
and menopause, older age at surgery, and higher body
mass index (BMI). Limitations of this study include the
small sample size, which prevented the analyses from being
adjusted for confounders, such as age, and the retrospective
collection of information on risk factors from medical
records.

8.1.4. Future Directions. Large, well-powered studies with
uniform sectioning methodology are needed to better define
the prevalence of STICs and STILs in specimens from high-
risk women and the general population, and to determine
the incidence of subsequent peritoneal cancer. Further
prospective data is needed to assess interactions between
exposures and these lesions. Animal experiments could assist
in validating the temporality of these precursor lesions to
the development of ovarian serous carcinoma, as this type
of study would not be feasible in clinical studies. The genetic
changes accompanying and preceding these lesions may then
be able to be targeted in prevention studies. In addition,
a validated classification of STIL would help both internal
validity and generalizability of studies.

References

[1] K. R. Cho and M. Shih Ie, “Ovarian cancer,” Annual Review of
Pathology, vol. 4, pp. 287–313, 2009.

[2] M. Shih Ie and R. J. Kurman, “Ovarian tumorigenesis: a
proposed model based on morphological and molecular
genetic analysis,” American Journal of Pathology, vol. 164, no.
5, pp. 1511–1518, 2004.

[3] R. J. Kurman and M. Shih Ie, “Pathogenesis of ovarian cancer:
lessons from morphology and molecular biology and their
clinical implications,” International Journal of Gynecological
Pathology, vol. 27, no. 2, pp. 151–160, 2008.

[4] H. T. Lynch, M. J. Casey, C. L. Snyder, et al., “Hereditary ovar-
ian carcinoma: Heterogeneity, molecular genetics, pathology,
and management,” Molecular Oncology, vol. 3, no. 2, pp. 97–
137, 2009.

[5] P. A. Shaw, J. R. McLaughlin, R. P. Zweemer, et al.,
“Histopathologic features of genetically determined ovarian
cancer,” International Journal of Gynecological Pathology, vol.
21, no. 4, pp. 407–411, 2002.

[6] L. Dubeau, “The cell of origin of ovarian epithelial tumours,”
The Lancet Oncology, vol. 9, no. 12, pp. 1191–1197, 2008.

[7] R. T. Marquez, K. A. Baggerly, A. P. Patterson, et al., “Pat-
terns of gene expression in different histotypes of epithelial
ovarian cancer correlate with those in normal fallopian tube,
endometrium, and colon,” Clinical Cancer Research, vol. 11,
no. 17, pp. 6116–6126, 2005.

[8] D. Ford, D. F. Easton, D. T. Bishop, S. A. Narod, and D. E.
Goldgar, “Risks of cancer in BRCA1-mutation carriers,” The
Lancet, vol. 343, no. 8899, pp. 692–695, 1994.

[9] D. F. Easton, D. Ford, D. T. Bishop, et al., “Breast and ovarian
cancer incidence in BRCA1-mutation carriers,” American
Journal of Human Genetics, vol. 56, no. 1, pp. 265–271, 1995.

[10] “The NCCN Clinical Practice Guidelines in Oncology
Genetic/Familial High-Risk Assessment: Breast and Ovarian



8 Journal of Oncology

(Version 1.2009),” National Comprehensive Cancer Network,
June 2009, http://www.nccn.org.

[11] T. R. Rebbeck, H. T. Lynch, S. L. Neuhausen, et al., “Prophylac-
tic oophorectomy in carriers of BRCA1 or BRCA2 mutations,”
The New England Journal of Medicine, vol. 346, no. 21, pp.
1616–1622, 2002.

[12] G. H. Eltabbakh and M. S. Piver, “Extraovarian primary
peritoneal carcinoma,” Oncology, vol. 12, no. 6, pp. 813–819,
1998.

[13] A. Finch, “Salpingo-oophorectomy and the risk of ovarian,
fallopian tube, and peritoneal cancers in women with a
BRCA1 or BRCA2 mutation,” Journal of the American Medical
Association, vol. 296, no. 2, pp. 185–192, 2006.

[14] S. M. Domchek, T. M. Friebel, S. L. Neuhausen, et al.,
“Mortality after bilateral salpingo-oophorectomy in BRCA1
and BRCA2 mutation carriers: a prospective cohort study,” The
Lancet Oncology, vol. 7, no. 3, pp. 223–229, 2006.

[15] T. J. Colgan, J. Murphy, D. E. C. Cole, S. Narod, and B. Rosen,
“Occult carcinoma in prophylactic oophorectomy specimens:
prevalence and association with BRCA germline mutation
status,” American Journal of Surgical Pathology, vol. 25, no. 10,
pp. 1283–1289, 2001.

[16] N. D. Kauff, J. M. Satagopan, M. E. Robson, et al., “Risk-
reducing salpingo-oophorectomy in women with a BRCA1 or
BRCA2 mutation,” The New England Journal of Medicine, vol.
346, no. 21, pp. 1609–1615, 2002.

[17] K. Leeper, R. Garcia, E. Swisher, B. Goff, B. Greer, and P. Paley,
“Pathologic findings in prophylactic oophorectomy specimens
in high-risk women,” Gynecologic Oncology, vol. 87, no. 1, pp.
52–56, 2002.

[18] R. I. Olivier, M. Van Beurden, M. A. C. Lubsen, et al., “Clinical
outcome of prophylactic oophorectomy in BRCA1/BRCA2
mutation carriers and events during follow-up,” British Jour-
nal of Cancer, vol. 90, no. 8, pp. 1492–1497, 2004.

[19] B. C. Powell, E. Kenley, L. M. Chen, et al., “Risk-reducing
salpingo-oophorectomy in BRCA mutation carriers: role of
serial sectioning in the detection of occult malignancy,”
Journal of Clinical Oncology, vol. 23, no. 1, pp. 127–132, 2005.

[20] P. A. M. Meeuwissen, C. Seynaeve, C. T. M. Brekelmans, H. J.
Meijers-Heijboer, J. G. M. Klijn, and C. W. Burger, “Outcome
of surveillance and prophylactic salpingo-oophorectomy in
asymptomatic women at high risk for ovarian cancer,” Gyne-
cologic Oncology, vol. 97, no. 2, pp. 476–482, 2005.

[21] A. Finch, P. Shaw, B. Rosen, J. Murphy, S. A. Narod, and T.
J. Colgan, “Clinical and pathologic findings of prophylactic
salpingo-oophorectomies in 159 BRCA1 and BRCA2 carriers,”
Gynecologic Oncology, vol. 100, no. 1, pp. 58–64, 2006.

[22] J. D. Lamb, R. L. Garcia, B. A. Goff, P. J. Paley, and E. M.
Swisher, “Predictors of occult neoplasia in women undergoing
risk-reducing salpingo-oophorectomy,” American Journal of
Obstetrics and Gynecology, vol. 194, no. 6, pp. 1702–1709,
2006.

[23] M. J. Callahan, C. P. Crum, F. Medeiros, et al., “Primary fallop-
ian tube malignancies in BRCA-positive women undergoing
surgery for ovarian cancer risk reduction,” Journal of Clinical
Oncology, vol. 25, no. 25, pp. 3985–3990, 2007.

[24] B. B. J. Hermsen, P. J. Van Diest, J. Berkhof, et al., “Low
prevalence of (pre) malignant lesions in the breast and high
prevalence in the ovary and fallopian tube in women at hered-
itary high risk of breast and ovarian cancer,” International
Journal of Cancer, vol. 119, no. 6, pp. 1412–1418, 2006.

[25] F. Medeiros, M. G. Muto, Y. Lee, et al., “The tubal fimbria
is a preferred site for early adenocarcinoma in women

with familial ovarian cancer syndrome,” American Journal of
Surgical Pathology, vol. 30, no. 2, pp. 230–236, 2006.

[26] E. Jarboe, A. Folkins, M. R. Nucci, et al., “Serous carcino-
genesis in the fallopian tube: a descriptive classification,”
International Journal of Gynecological Pathology, vol. 27, no. 1,
pp. 1–9, 2008.

[27] D. W. Kindelberger, Y. Lee, A. Miron, et al., “Intraepithelial
carcinoma of the fimbria and pelvic serous carcinoma: evi-
dence for a causal relationship,” American Journal of Surgical
Pathology, vol. 31, no. 2, pp. 161–169, 2007.

[28] S. Salvador, A. Rempel, R. A. Soslow, B. Gilks, D. Huntsman,
and D. Miller, “Chromosomal instability in fallopian tube
precursor lesions of serous carcinoma and frequent mono-
clonality of synchronous ovarian and fallopian tube mucosal
serous carcinoma,” Gynecologic Oncology, vol. 110, no. 3, pp.
408–417, 2008.

[29] J. W. Carlson, A. Miron, E. A. Jarboe, et al., “Serous
tubal intraepithelial carcinoma: its potential role in primary
peritoneal serous carcinoma and serous cancer prevention,”
Journal of Clinical Oncology, vol. 26, no. 25, pp. 4160–4165,
2008.

[30] M. Hendrickson, J. Ross, A. Martinez, et al., “Uterine papillary
serous carcinoma. A highly malignant form of endometrial
adenocarcinoma,” American Journal of Surgical Pathology, vol.
6, no. 2, pp. 93–108, 1982.

[31] M. E. Sherman, P. Bitterman, N. B. Rosenshein, G. Delgado,
and R. J. Kurman, “Uterine serous carcinoma: a morpho-
logically diverse neoplasm with unifying clinicopathologic
features,” American Journal of Surgical Pathology, vol. 16, no.
6, pp. 600–610, 1992.

[32] J. V. Bokhman, “Two pathogenetic types of endometrial
carcinoma,” Gynecologic Oncology, vol. 15, no. 1, pp. 10–17,
1983.

[33] M. E. Sherman, M. E. Bur, and R. J. Kurman, “p53 In
endometrial cancer and its putative precursors: evidence for
diverse pathways of tumorigenesis,” Human Pathology, vol. 26,
no. 11, pp. 1268–1274, 1995.

[34] R. A. Ambros, M. E. Sherman, C. M. Zahn, P. Bitterman, and
R. J. Kurman, “Endometrial intraepithelial carcinoma: a dis-
tinctive lesion specifically associated with tumors displaying
serous differentiation,” Human Pathology, vol. 26, no. 11, pp.
1260–1267, 1995.

[35] H. Tashiro, C. Isacson, R. Levine, R. J. Kurman, K. R. Cho,
and L. Hedrick, “p53 gene mutations are common in uterine
serous carcinoma and occur early in their pathogenesis,”
American Journal of Pathology, vol. 150, no. 1, pp. 177–185,
1997.

[36] E. A. Jarboe, A. Miron, J. W. Carlson, et al., “Coexisting
intraepithelial serous carcinomas of the endometrium and
fallopian tube: frequency and potential significance,” Interna-
tional Journal of Gynecological Pathology, vol. 28, no. 4, pp.
308–315, 2009.

[37] C. P. Crum, “Intercepting pelvic cancer in the distal fallopian
tube: theories and realities,” Molecular Oncology, vol. 3, no. 2,
pp. 165–170, 2009.

[38] Y. Lee, A. Miron, R. Drapkin, et al., “A candidate precursor to
serous carcinoma that originates in the distal fallopian tube,”
Journal of Pathology, vol. 211, no. 1, pp. 26–35, 2007.

[39] A. K. Folkins, E. A. Jarboe, A. Saleemuddin, et al., “A candidate
precursor to pelvic serous cancer (p53 signature) and its
prevalence in ovaries and fallopian tubes from women with
BRCA mutations,” Gynecologic Oncology, vol. 109, no. 2, pp.
168–173, 2008.



Journal of Oncology 9

[40] A. A. Tone, H. Begley, M. Sharma, et al., “Gene expression
profiles of luteal phase fallopian tube epithelium from BRCA
mutation carriers resemble high-grade serous carcinoma,”
Clinical Cancer Research, vol. 14, no. 13, pp. 4067–4078, 2008.

[41] J. Deheuninck and K. Luo, “Ski and SnoN, potent negative
regulators of TGF-β signaling,” Cell Research, vol. 19, no. 1,
pp. 47–57, 2009.

[42] D. H. Yang, Z. Fazili, E. R. Smith, et al., “Disabled-2 het-
erozygous mice are predisposed to endometrial and ovarian
tumorigenesis and exhibit sex-biased embryonic lethality in a
p53-null background,” American Journal of Pathology, vol. 169,
no. 1, pp. 258–267, 2006.

[43] H. A. Risch, N. S. Weiss, J. L. Lyon, et al., “Events of
reproductive life and the incidence of epithelial ovarian
cancer,” American Journal of Epidemiology, vol. 117, no. 2, pp.
128–139, 1983.

[44] V. Beral, “Ovarian cancer and hormone replacement therapy
in the Million Women Study,” The Lancet, vol. 369, no. 9574,
pp. 1703–1710, 2007.

[45] J. Permuth-Wey and T. A. Sellers, “Epidemiology of ovarian
cancer,” Methods in Molecular Biology, vol. 472, pp. 413–437,
2009.

[46] J. M. Schildkraut, E. Bastos, and A. Berchuck, “Relation-
ship between lifetime ovulatory cycles and overexpression
of mutant p53 in epithelial ovarian cancer,” Journal of the
National Cancer Institute, vol. 89, no. 13, pp. 932–938, 1997.

[47] J. M. Schildkraut, B. Calingaert, P. A. Marchbanks, P. G.
Moorman, and G. C. Rodriguez, “Impact of progestin and
estrogen potency in oral contraceptives on ovarian cancer
risk,” Journal of the National Cancer Institute, vol. 94, no. 1,
pp. 32–38, 2002.

[48] P. M. Webb, A. Green, M. C. Cummings, D. M. Purdie, M.
D. Walsh, and G. Chenevix-Trench, “Relationship between
number of ovulatory cycles and accumulation of mutant p53
in epithelial ovarian cancer,” Journal of the National Cancer
Institute, vol. 90, no. 22, pp. 1729–1734, 1998.

[49] A. Saleemuddin, A. K. Folkins, L. Garrett, et al., “Risk factors
for a serous cancer precursor (“p53 signature”) in women with
inherited BRCA mutations,” Gynecologic Oncology, vol. 111,
no. 2, pp. 226–232, 2008.

[50] K. Q. Cai, A. Klein-Szanto, D. Karthik, et al., “Age-dependent
morphological alterations of human ovaries from populations
with and without BRCA mutations,” Gynecologic Oncology,
vol. 103, no. 2, pp. 719–728, 2006.

[51] B. A. Werness, A. M. Afify, K. L. Bielat, G. H. Eltabbakh, M. S.
Piver, and J. M. Paterson, “Altered surface and cyst epithelium
of ovaries removed prophylactically from women with a family
history of ovarian cancer,” Human Pathology, vol. 30, no. 2, pp.
151–157, 1999.

[52] R. R. Barakat, M. G. Federici, P. E. Saigo, M. E. Robson, K.
Offit, and J. Boyd, “Absence of premalignant histologic, molec-
ular, or cell biologic alterations in prophylactic oophorectomy
specimens from BRCA1 heterozygotes,” Cancer, vol. 89, no. 2,
pp. 383–390, 2000.

[53] A. K. Folkins, A. Saleemuddin, L. A. Garrett, et al., “Epidemi-
ologic correlates of ovarian cortical inclusion cysts (CICs)
support a dual precursor pathway to pelvic epithelial cancer,”
Gynecologic Oncology, vol. 115, no. 1, pp. 108–111, 2009.



Hindawi Publishing Corporation
Journal of Oncology
Volume 2010, Article ID 297671, 11 pages
doi:10.1155/2010/297671

Research Article

Germline Mutations and Polymorphisms in
the Origins of Cancers in Women

Kim M. Hirshfield,1 Timothy R. Rebbeck,2 and Arnold J. Levine1, 3

1 The Cancer Institute of New Jersey, University of Medicine and Dentistry of New Jersey, New Brunswick, NJ 08901, USA
2 Department of Biostatistics and Epidemiology, University of Pennsylvania School of Medicine, Philadelphia, PA 19104, USA
3 Institute for Advanced Study, Princeton, NJ 08540, USA

Correspondence should be addressed to Arnold J. Levine, alevine@ias.edu

Received 23 June 2009; Accepted 14 November 2009

Academic Editor: Tian-Li Wang

Copyright © 2010 Kim M. Hirshfield et al. This is an open access article distributed under the Creative Commons Attribution
License, which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly
cited.

Several female malignancies including breast, ovarian, and endometrial cancers can be characterized based on known somatic
and germline mutations. Initiation and propagation of tumors reflect underlying genomic alterations such as mutations,
polymorphisms, and copy number variations found in genes of multiple cellular pathways. The contributions of any single genetic
variation or mutation in a population depend on its frequency and penetrance as well as tissue-specific functionality. Genome
wide association studies, fluorescence in situ hybridization, comparative genomic hybridization, and candidate gene studies have
enumerated genetic contributors to cancers in women. These include p53, BRCA1, BRCA2, STK11, PTEN, CHEK2, ATM, BRIP1,
PALB2, FGFR2, TGFB1, MDM2, MDM4 as well as several other chromosomal loci. Based on the heterogeneity within a specific
tumor type, a combination of genomic alterations defines the cancer subtype, biologic behavior, and in some cases, response to
therapeutics. Consideration of tumor heterogeneity is therefore important in the critical analysis of gene associations in cancer.

1. Inherited Mutations that Predispose to
Cancers in Women

There is strong evidence that inherited genetic factors
(mutations plus single nucleotide polymorphisms) can play
a major role in breast cancer susceptibility [1]. Inherited
mutations in a small number of genes account for about
five to ten percent of women’s cancers. These inherited
variations, identified in breast, ovarian, and endometrial
cancer susceptibility, can be characterized in the general
population by their frequency and the magnitude of their
impact upon a patient (Table 1). Some inherited variants
occur rarely in the general population, but confer large risks
to the individual. Examples of these genes are BRCA1 and
BRCA2 in breast and ovarian cancers. A second class of
inherited variants confers a lower risk, and these variants are
also rare in the general population. An example of this class
of genes is a mutation in the CHEK2 gene in breast cancer.
The third class, composed of high-risk variants that are also
common in the population, has never been identified by the

methods presently available and may in fact not exist because
it may well be strongly selected against in populations.
Finally, a fourth class of inherited variants includes those
that confer low disease risk to the individual, but occur at
higher frequencies in populations. These include some of
the recent findings from genome-wide association studies
(GWASs) mostly with breast cancers. A summary of the
major findings to date for these genes is in Table 1 and is
discussed in what follows.

Despite these advances made in identifying inherited
breast cancer susceptibility genes, the vast majority of breast
cancers are sporadic, that is, no identifiable mutation in one
of the known breast cancer susceptibility genes. While this
may reflect the fact that we have yet to identify the next
BRCA gene, it may also reflect the polygenic nature of breast
cancer susceptibility. Other contributors to genetic suscep-
tibility, for example, polymorphisms, may have a higher
relative contribution to risk, but their lower penetrance
makes identification more difficult. Furthermore, modifi-
cation of genetic susceptibility by environmental factors,
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Table 1: Genetic loci implicated in hereditary, familial, and
sporadic breast cancer susceptibility.

High penetrance, Low penetrance, Low penetrance,

low frequency low frequency High frequency

BRCA1 CHEK2 FGFR2

BRCA2 ATM LSP1

PTEN PALB2 MAP3K1

p53 BRIP1 TGFB1

STK11 TOX3

2q35

8q

both endogenous and exogenous, may alter the degree of
penetrance. Supporters of the polygenic nature of breast
cancer suggest that the contributions from polymorphisms
are very important because of their high frequency in the
population.

1.1. High-Penetrance, Low-Frequency Inherited Variants.
Although inherited mutations in a small number of genes
account for only about five to ten percent of women’s
cancers, by far the BRCA1 and BRCA2 gene mutations are
the most common examples of this observation (50–70% of
familial breast cancers) [2]. In some populations BRCA1 and
BRCA2 mutations can account for ten percent of all breast
cancers (Ashkenazi Jewish populations) and ovarian cancers
but in many ethnic groups and in all populations taken
together these mutations are much rarer (reviewed in [3]).
The BRCA1 and BRCA2 proteins appear to be scaffolding
proteins that assemble DNA repair complexes of proteins
at double-strand DNA breaks (mediating homologous DNA
repair processes) (reviewed in [4]). Mutations in these
genes result in a faulty repair process and a high mutation
rate, especially during DNA replication, leading to cancers.
The penetrance of these mutations for cancer occurrence
and the age of onset of these cancers in women can be
quite variable. There have been a number of other possible
functions ascribed to the BRCA1 and BRCA2 proteins such
as ubiquitin ligase activity and a modifier of transcription
and it is certainly possible that these protein complexes
act in several ways [5]. Breast cancers initiated in women
who are heterozygous for BRCA1 or BRCA2 often have a
reduction to homozygosity at the BRCA-locus eliminating
its functions. This results in DNA damage in the tumor
which should activate the p53 protein resulting in apoptosis,
senescence, or cell cycle arrest. If this is the case, the p53
gene product would be a suppressor of this cancer phenotype
and contribute to the variable penetrance of these breast
cancer genes. Consistent with this is the observation that
BRCA1/2-initiated breast cancers have very high rates (29–
84%) of somatic p53 mutations compared to 14–35% in
non-BRCA1/2-related breast cancer [6].

Inherited mutations in several other genes, such as PTEN
and p53, can give rise to cancers in women. Cowden’s Disease
is a heterozygous deficiency in the PTEN gene that can
result in breast, endometrial, and other cancers [3, 7]. The

PTEN protein is a lipid (PIP-3) phosphatase that modulates
a growth factor pathway, in turn regulating metabolic
pathways in cells, angiogenesis, mitochondrial functions and
apoptotic functions [8]. Genetic alterations in this pathway
are among the most common somatic mutations observed in
breast and endometrial cancers [9, 10]. Mutations in LKB1
also predispose to breast and ovarian cancers as one of the
phenotypes in Peutz-Jeghers syndrome [3, 11]. Inherited
defects in one allele of the p53 gene give rise to Li-Fraumeni
syndrome, where a subset of the cancers observed at an early
age are breast cancers [12].

1.2. Low-Penetrance, Low-Frequency Inherited Variants. This
class of inherited variants is difficult to detect with existing
methods because the rarity of these variants and coupled
with small effect sizes this means that most association
studies will not be able to detect them due to limitations in
population sizes under study. In the extreme, these variants
may represent “private” mutations that confer a small degree
of risk to very few individuals in this population, such that
nearly every person would have a unique set of predisposing
alleles. While it has been difficult to detect inherited variants
of this type there are several examples of this type of variant
which were uncovered by examining candidate genes that an
investigator suspected played a role in a cancer. Inherited
alterations in the CHEK2 gene which normally produces
a protein kinase found in signal transduction pathways
(p53 pathway and others), alerts the cell that there is DNA
damage and its loss can have an impact upon several types
of cancer [13]. Similarly the ATM protein kinase harbors
genetic variants that detect single- and double-strand breaks
in the DNA and signals to the p53 pathway and other DNA
repair processes. Variants in this gene could lower or raise
the sensitivity of this DNA damage detector and impact upon
the efficiency of p53 and its tumor suppressor pathway and
can predispose women to breast cancers [14]. The BRIP1
gene (BRCA1 interacting protein-1) encodes a protein that
is a DNA/RNA helicase of the REC Q family that binds
to the carboxy-terminus of BRCA1 protein conferring an
activity involved in DNA repair and variants of this gene
can predispose to breast cancers [15]. Interestingly this gene
product is also a component of the Fanconi anemia gene
pathway for DNA repair processes. Finally the PALB2 gene
product (partner and localizer of BRCA2) is part of the
BRCA2 protein complex and plays a role in DNA repair.
It has recently been shown to be a genetic determinant of
familial breast and other cancers primarily in the certain
populations, but found at even lower frequency in other
populations [16].

1.3. Low-Penetrance, High-Frequency Inherited Variants.
Fewer than 10% of breast cancers are attributable to known
mutations in breast cancer susceptibility genes BRCA1 and
BRCA2. The multigenic susceptibility due to common, low-
penetrance risk markers is yet to be defined [1, 17–20].
Both candidate gene [21] and genome-wide association
studies have identified novel markers for susceptibility [22–
25] and prognosis [26]. Genome-wide association studies
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have become widely used to identify commonly occurring
alleles at disease susceptibility loci. These studies use a large
number of high-density markers to identify associations
with disease that rely upon patterns of linkage disequilib-
rium in the human genome. GWASs have been successful
in identifying genes for breast cancer, and GWASs for
ovarian and endometrial cancers are underway although
several investigators have validated findings from GWAS
studies designed originally for breast cancer studies but
employed for ovarian cancer [27]. Some of the more
reproducible genes that GWASs studies have indicated can
play a role in the risk for developing breast cancers include
FGFR2, LSP1, MAP3K1, TGFB1, TOX3, 2q35, and 8q
[17, 22, 24].

2. Somatic Mutations That Are Commonly
Observed in Women’s Cancers

Both gene amplifications and deletions can lead to common
somatic mutations in women’s cancers. Among the amplifi-
cations are the following. (1) HER-2/Neu, amplified in about
15% of the breast cancers, is a growth receptor that activates
the Ras-MEK and the PI3K pathways in cancer cells [28]. (2)
Cyclin D, amplified in about 10–12% of the breast cancers,
is a subunit of the cyclin dependent kinase −4/6 that acts
upon the Rb protein freeing the E2F transcription factor for
entry into the cell cycle [28, 29]. (3) WIP1, amplified in about
13% of breast cancers, is a serine/threonine phosphatase
that inactivates the ATM kinase and the p53 protein [30].
The GASC1 gene, which produces a histone demethylase
activity, is amplified in about 5–10% of breast cancers but
20–25% of the basal breast cancers. This enzyme removes
dimethyl and trimethyl groups from histone H-3 lysine-
9 and 36 residues which results in altered transcriptional
patterns in these cells. Inactivation of gene functions by
deletion or other mechanisms commonly occurs in (1)
PTEN in breast, ovarian, and endometrial cancers, and (2)
p53 in HER2/neu positive breast cancers, triple negative
breast cancers, and BRCA-associated breast and ovarian
cancers. PI3K amplifications and activating mutations are
common in breast and endometrial cancers [31, 32] and Ras
activating mutations are common in endometrial cancers.
Several genes such as AKT and STAT3 are often expressed at
high activities in all of these cancers but without detectable
amplifications of those genes. Epigenetic alterations, such as
methylation of cytosine residues in CpG dinucleotides, can
bring about the inactivation of genes (p16 gene in breast
cancers) while mismatch repair defects have been observed
to enhance the mutation rate of many genes in endometrial
cancers. In addition to those somatic mutations discussed
here, a large number of mutations in many oncogenes and
tumor suppressor genes have been observed at lower rates in
women’s cancers.

Large copy number variations in genetic loci from
tumor tissues have been observed using fluorescent in situ
hybridization (FISH), comparative genomic hybridization
(CGH), and a reduced heterozygosity of single nucleotide
polymorphisms over large regions of a chromosome. This

type of genomic instability has been observed at many loci in
all chromosomes in some breast tumors. Other breast tumors
demonstrate little or no genomic instability (below the level
of detection). As a generalization those individuals who
have tumors that demonstrate very high levels of genomic
instability have a poorer prognosis [33]. While some loci are
repeatedly amplified, as occurs in Her2 overexpressing breast
cancers, or deleted, as with PTEN in endometrial cancers, the
heterogeneity of mutations in women’s cancers is striking.
There are many mutational paths to initiate and propagate
a tumor.

Notably however, somatic mutations often occur in genes
where germline mutations in those same genes are the
etiologic factors in cancer susceptibility syndromes. Alter-
natively, somatic mutations occur in other genes involved
in regulatory aspects of those vital pathways. Despite the
number of mutational pathways to initiate and propagate
tumors, several specific genomic alterations are associated
with particular breast cancer phenotypes. These phenotypes
are manifested in their molecular profile, biology, and
prognosis. Patterns of transcriptional profiles obtained from
breast tumors have permitted a fairly reproducible classifi-
cation of breast cancers that are derived from different cell
types or have evolved under the influence of different gene
expression patterns [34–38]. These different transcriptional
patterns correlate well with critical diagnostic criteria (ER+,
PR+, HER-2/neu+, triple negative, BRCA1) that guide both
diagnosis and treatment protocols for these types of breast
cancers. The classification also correlates well with some
mutations such as p53, but other causal mutations such
as cyclin D and WIP1 amplifications, PI3K and STAT3
activations need to be explored. Classification based upon
transcriptional profiles also associates well with several
clinical parameters. For example, luminal A cancers are
hormone receptor positive, are diagnosed primarily in older
women, are low grade with low proliferative index, and have
mainly wildtype p53 [35, 38]. Luminal B cancers also tend
to retain wildtype p53 but have reduced or absent expression
of progesterone receptor and are more likely to recur than
luminal A cancers [35, 36, 38]. In contrast to luminal
tumors, basal cancers are hormone receptor negative and
Her2 negative, are more likely to be diagnosed in young, pre-
menopausal women, are high grade with high proliferative
index, and are associated with higher risk of recurrence [35–
38]. Her2-amplified breast cancers, regardless of hormone
receptor status, are of higher grade and proliferative index,
have worse prognosis with higher recurrences in first five
years after diagnosis, and commonly have p53 mutations
[35, 36]. Like basal tumors, BRCA1-associated breast cancers
predominantly occur in young, premenopausal women, are
primarily hormone receptor negative, and the most likely to
carry p53 mutations [34]. Unfortunately this type of detail
and analysis does not yet exist for ovarian and endometrial
cancers.

Thus, it is now clear that there are at least five types
of breast cancer with characteristic transcriptional profiles
that can harbor some subset of mutations that drive these
cancers [39]. Importantly, each type of breast cancer calls for
different treatment protocols and often results in different
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outcomes. We have only partially established the critical
mutational patterns in each type of breast cancer and we
have only begun to extend this type of analysis to other
women’s cancers. However, it is apparent that breast cancer
heterogeneity reflects underlying genomic alterations leading
to different biology and phenotypes.

3. Single Nucleotide Polymorphisms (SNPs) and
Their Phenotypes

Inherited mutations in genes involved in DNA repair pro-
cesses (BRCA1, BRCA2), cell cycle checkpoints and apoptosis
(p53 , Rb), and gene products that regulate critical pathways
(PTEN) clearly play a central role in predetermining the
initiation of cancers, often with an incomplete penetrance.
Polymorphic alleles in many additional genes, often in these
same signal transduction pathways, can also contribute,
albeit in a smaller quantitative fashion, to the origins of
a cancer, the propagation of a cancer, and the treatment
responses of a cancer. By definition a mutation in a gene
occurs rarely in a population (below 1% of the population
under study) while a polymorphism occurs more commonly.
Because these polymorphic alleles can act cooperatively
and many genes in the same signal transduction pathway
can show epistatic relationships, single nucleotide polymor-
phisms (SNPs) and copy number variations (CNVs) can have
observable impact upon the incidence of a cancer in a defined
population, the age of onset of a cancer, the response to
treatment, the frequency of relapse, and the overall survival
of a patient population. Thus in addition to inherited
mutations, SNPs and CNVs in a population provide a genetic
background that can influence the cancer cells harboring
the inherited and somatic mutations that arise and cause a
tumor. The phenotypes observed in people with inherited
mutations in cancer causing genes are an increased incidence
of cancers in a family or population and an earlier age of
onset of a cancer than observed in the total population.
Mutations in the p53 gene show this pattern and in addition
multiple independent cancers in the same individual can be
observed [3, 12]. Inherited mutations also often produce
a limited set or tissue type of cancer such as BRCA1 or
BRCA2 with breast and ovarian tumors [3]. It is thought that
the BRCA1 and BRCA2 proteins function in many tissues
to repair DNA damage, so the limited cancer causation
to breast and ovary remains a mystery. Indeed all of the
tumor suppressor genes demonstrate a tissue preference in
the tumors they cause when they function as inherited alleles
but somatic mutations in those same genes are often found in
a much wider group of cancers of different tissues [40]. SNPs
and CNVs will likely also have limited tissue impact upon
cancers and like inherited mutations, functioning through-
out development and life, can have cumulative impact over
a lifetime.

The possible role of a SNP or an CNV in cancer is
usually demonstrated by an association study correlating
the presence of an “at-risk” allele with the incidence of
a cancer or a related phenotype. This is fundamentally a
statistical argument that provides correlation, not causality.

The situation gets better if the at-risk allele can be shown,
in vitro or in vivo, to have a different level or activity that
could lead to the population wide phenotype. Examples of
these correlations are now being demonstrated for results
from GWAS and are taking into account tumor subtypes
[41]. Thus molecular and cellular studies can provide an
important rational for the population study results. In some
cases it may also be possible to model the at-risk allele
in another genetic system, such as a mouse carrying the
alternate human alleles in the orthologous gene of the mouse.
One would then explore the phenotypes observed in humans
using such a mouse model. In this way it may be possible to
move from correlation to causality. In the process of these
studies one may learn about the details of the properties of
an SNP or CNV that enlightens the population studies. A
very good example of this is an SNP, SNP309, in the first
intron of the MDM2 gene in humans. The MDM2 protein
is a ubiquitin ligase which negatively regulates p53 levels in
a cell by polyubiquitination of the p53 protein followed by
its degradation. Thus MDM2 levels and activity in a cell
regulate the p53 protein levels in a cell. SNP309 in the MDM2
gene comes in two forms, a G-allele and a T-allele. The first
intron of the MDM2 gene contains sites for transcription
factors that regulate the levels of the MDM2 mRNA. The
G-allele binds a transcription factor, Sp-1, better than the
T-allele [42]. Ten base pairs away from this Sp-1 site is an
ER binding site and the Sp-1 and ER transcription factors
can interact so that the highest levels of MDM2 mRNA and
protein are produced in cells that are G/G homozygotes and
ER+ and exposed to estrogen as shown in breast cancer
cells in culture. Indeed the association of the G-allele of
SNP 309 with an early age of onset of a cancer is most
commonly observed in premenopausal women with ER+
tumors [43]. Thus if one analyzes all women with breast
cancers for an association with the presence of the “at-
risk” allele of this SNP the statistical test for an association
commonly fails. Only when the association is tested with
premenopausal females with ER+ tumors can a clear associ-
ation be found. This is a good example of understanding the
biology and genetics before one undertakes large association
studies.

The human genome of any individual contains about
three million SNPs that distinguish that person from another.
In the population of humans there are an estimated fifty
million SNPs. Most of these differences have no detectable
phenotype. Because of this, large genome wide scans
(GWAS) of SNPs now employ a million SNPs to test for an
association with a disease [44]. This is clearly an exercise
in multiple hypothesis testing and so one requires very
large populations of cases (and controls) and a statistical
significance (a type 1 error rate) that provides a P =
10−7 value. Even then the number of false positives can
be large and so repeated independent studies are required
to refine the truly significant associations. This is in part
why many SNP associations with cancers have been so
poorly reproducible. Small study populations will often give
lots of false positives not observed in independent repeat
studies. In case-control studies where one is examining
the different allele frequencies in a case and a control



Journal of Oncology 5

group there is presently no mathematical test to prove that
these two populations are equivalent. Allele frequencies can
differ in racial groups or other populations and while it
is easy to control for some parameters we do not know
all of the variables. In spite of these difficulties several
recent publications employing GWAS approaches with large
populations have been reported for associations with breast
cancers, colorectal cancers, lung cancers, melanomas and
prostate cancers [17, 22, 24, 25, 45–51].

A different approach to uncovering active SNPs with
associations to cancers is to examine a small number of
candidate genes for the presence of SNPs that impact upon a
phenotype. The criticism of this approach is that novel genes
and SNPs that impact upon a cancer will not be discovered
by this approach. Rather it is a chance to delve deeper into
the diversity and properties of a gene, its protein and its
phenotypes in a population. The most likely candidate genes
that have functional SNPs are the ones that have mutations
in some cancers or provide an inherited basis for cancer
when they are mutated. Because SNPs are expected to be
less deleterious than a mutation which inactivates or fully
activates a function, it is helpful to look for candidate SNPs in
genes that demonstrate haploinsufficiency. This encompasses
those genes that have a cancer-related phenotype when an
individual has only one wild type allele, and presumably
half the activity and level of a protein. Interestingly the
p53 gene, MDM2 gene, and the MDM4 gene (a second
negative regulator of p53 that acts upon MDM2) are all
haploinsufficient genes in mice and p53 is haploinsufficient
in humans (there is presently no test for MDM2 or MDM4
haploinsufficiency in humans) [52, 53]. These three proteins
make up the core of p53 regulatory activities in a cell (see
Figure 1). There is a great deal of evidence demonstrating
that the levels and/or activities of these proteins in a cell are
tightly controlled by extensive feedback loops and that small
changes in these proteins have phenotypes that are readily
observed.

Another way to look for SNPs that have biological activity
is to examine whether a mutant allele or a polymorphic allele
is under negative or positive selection in a population. If that
is the case then that allele must have a biological activity that
impacts upon the organism. There are now a growing num-
ber of methods to look for regions of a genetic locus under
positive or negative selection. Selection pressures in humans
commonly result from genes that contribute to resistance to
infectious diseases (about 20% of human cancers are caused
by or associated with viruses), optimal use of nutritional
opportunities (the IGF-PI3K-PTEN-mTOR pathways help to
regulate this), or the highest levels of fecundity, leaving more
offspring in a population (the p53 pathway can participate
in this and is discussed below). Employing information
theory-entropy based methods Atwal et al. have suggested
that some alleles of MDM2 and MDM4 are under positive
selective pressures in Caucasian populations [54, 55]. Based
on identification of selected loci in MDM4, studies have now
demonstrated associations between MDM4 SNP loci with
risk of breast and ovarian cancers as well as age of onset
of ovarian cancers and hormone receptor negative breast
cancers [55, 56].

There is also evidence that an allele in the coding region
of the p53 protein may also be under positive selective
pressure in Caucasian populations. This SNP at codon 72
in the p53 protein (out of 393 amino acids) either encodes
an arginine (Arg) or a proline (Pro) residue. The Pro-
allele is the ancestral form and Africans near the equator
have very high levels of the Pro-allele. As populations
move to northern latitudes in Europe (Caucasians) and in
Asia (Asians) there is an increasing frequency of the Arg-
allele reaching 75–85% in Scandinavia. One explanation
for this distribution comes from the observation that
p53 induces the synthesis of pro-opiomelanocortin which
regulates the tanning response. This could be thought of
as a protective mechanism for light-skinned populations
or helping to protect individuals of lighter skin color
which was developed to enhance the production of vitamin
D in northern climates. In a recent study in China, a
correlation was found that implicates both temperature
and ultra-violet light sources as the driving forces upon
selection of the p53 Arg/Pro and SNP309 polymorphisms
[57].

There is a growing body of evidence that the newly
formed and selected Arg-allele in Caucasian and Asian
populations has quite different properties then the Pro-allele.
Cells in culture with the Arg-allele transcribe several pro-
apoptotic genes at higher rates than the same cell lines with
Pro-alleles. Several studies have demonstrated that cells with
the Arg-allele undergo higher frequencies of apoptosis than
the same cells with Pro-alleles. A deletion of the p53 protein
proline rich domain, in which the Arg/Pro polymorphism
resides, reduces the efficiency of apoptosis by that mutant
p53 protein. These studies demonstrate at the cellular and
molecular level that functional differences exist between
these two alleles of the p53 gene [58–61].

Perhaps the best explanation for the selection of the p53
Arg allele in Caucasian populations is the observation that
the cytokine leukemia inhibitory factor (LIF) is regulated
at the transcriptional level by p53 and two times more
LIF is produced in cells by the Arg-allele than the Pro-
allele of p53 [62]. p53-mediated production of LIF in
the uterus is required for implantation of mouse embryos
after fertilization (LIF is also produced in humans for
implantation) and so both p53 and LIF are required for
high levels of fecundity [63]. Interestingly, the frequency
of the p53 Pro-allele is quite enriched in women who
are at an in vitro fertilization clinic and demonstrate
lower levels of implantation of fertilized eggs [62]. This
observation may explain the selective pressures on these
alleles in Caucasians. Obviously there are not similar fertility
difficulties in Africans with the Pro-allele, suggesting that
the genetic background (other alleles in genes in the p53
pathway) is an important factor for this phenotype. Poor
fertility was observed in p53 knockout mice and varied in
different genetic backgrounds [63]. Some of the compen-
sating MDM2 and MDM4 alleles are also under selection
pressures in Caucasian populations. It has been these types
of studies that have identified functional SNPs that can now
be tested for their activities and associations with specific
cancers.



6 Journal of Oncology

SNPs in the p53 pathway

Stress
DNA

damage

ROS UV γ-irradiation
Hypoxia rNTP

depletion
Spindle
damage

Nitric
oxide

(NO)
Nutrition

deprivation
Heat/cold

shock
Oncogene
activation

MDM4 MDM2 p53

Introns haplotype
T/C SNP

(ER−)

Intron1
G/T SNP

(ER+)

Codon 72
Arg/Pro SNP

PP2A/B CCNG1

Intron
A/G SNP

(ER+)

Intron
T/C SNP

(androgen+)

Figure 1

4. The p53 Pathway and Cancer Prevention

The p53 protein and its signal transduction pathway respond
to a wide variety of stresses and act as a fidelity check
point preventing mistakes leading to high mutation rates.
Cellular stresses such as DNA damage, telomere shortening,
hypoxia, nutrient deprivation, an interruption of ribosome
biogenesis, errors in proper mitotic spindle functions, or
even the mutational activation of selected oncogenes (myc,
Ras) can activate the p53 protein so that it becomes an
efficient transcription factor for selected genes. A wide vari-
ety of protein kinases, histone methylases, ubiquitin ligases,
and so forth participate in detecting these stress signals and
modifying the p53, MDM2, or MDM4 proteins. This results
in shutting down the MDM2/4 negative regulation of p53,
an increased half-life, and an increased concentration of the
p53 protein in the cell (Figure 1). Higher levels of a modified
p53 protein then give rise to a transcriptional response of p53
regulated genes. The most common outcomes of this signal
transduction pathway are apoptosis, cellular senescence, or
cell cycle arrest. Because these stresses upon a cell can cause
a very high error rate in both DNA replication and cell
division, p53 blocks progression through the cell cycle or
eliminates clones that contain mutational events. In this
way p53 acts as a tumor suppressor gene over a lifetime of
stressful events. The presence of only one wild type p53 allele
in mice or humans (Li-Fraumeni syndrome) leads to an early
onset of tumors compared to the wild type population and
often leads to multiple independent tumors in an individual
with almost a one hundred percent penetrance [64, 65].
Four independent studies have now shown that the G-
allele (at-risk allele) of SNP309 in the MDM2 gene, which
raises the levels of this mRNA and protein inhibiting p53
activity, lowers the age of onset of tumors and increases the
number of independent tumors observed in individuals with
Li-Fraumeni syndrome [42, 66–68]. Those individuals with

Li-Fraumeni syndrome who do not have a p53 mutation
(patients with a high frequency of tumors due to an unrelated
mutation) are not affected by the SNP309 G-allele demon-
strating the specificity and epistatic relationship between
MDM2 and p53. Li-Fraumeni patients with a p53 mutation
also have more rapid telomere erosion, demonstrating the
role of p53 and SNP309 in this process [67]. It is well known
that p53 senses the loss of telemetric DNA and will stop cell
division or cause cellular apoptosis. One study examining
both the p53 Arg/Pro and SNP309 polymorphisms suggested
that the p53 Pro-allele can have an impact upon the age of
onset of cancers (earlier) and survival (poorer) in patients
with Li-Fraumeni syndrome and SNP309 can make the
situation worse, but the number of patients with both geno-
types was too small to obtain a statistically confident result
[68].

5. SNPs in the p53 Pathway Associated with
Breast and Ovarian Cancers

The literature examining the association of SNPs in genes in
the p53 pathway is fraught with contradictions. Undoubt-
edly, this comes about for several reasons. First, studies
involving small population sizes do not necessarily provide
adequate statistical power. Second, studies may fail to
stratify populations into groups that reflect the biology and
clinical impacts of a cancer. For example, MDM2 SNP309,
which acts preferentially in premenopausal females with
ER+ tumors, is a smaller group in the total cohort. Third,
there is a failure to understand that SNPs in different
genes may have very different phenotypes in the context
of a cancer (tissue specificity, the age of onset phenotype,
etc.). Finally, there is a tendency to make comparisons of
cases and controls that are not biologically or genetically
equivalent.
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At present, the structure of many association studies
leads to false positives and negatives as well as uncovering
an occasional functional SNP. For example, a very large
population of women with breast cancer was analyzed in
a GWAS but the patients were not stratified by ER status
or for any of the clear differences between different types
of breast cancers [22]. Clearly, this will dilute any signal
that comes from just one of these cancer types. In addition,
when SNPs in tumor suppressor genes or oncogenes are
under study it may be the case that a mutation in that
gene will eliminate the SNP from being identified or all
SNPs in genes epistatic to the mutated gene may no longer
score in the association study. Because of these difficulties
we must rely upon the independent replication of results
as well as a functional explanation for how an SNP is
acting to uncover an association. In a formal large meta-
analysis of published results from the literaturevan Heemst
et al. [69] studied the impact of p53 Pro/Pro and Arg/Arg
polymorphisms upon the frequency of developing cancers
and upon the longevity of the population under study. They
found that individuals with a Pro/Pro genotype had an
increased risk of developing a cancer over their lifetimes
when compared to individuals with an Arg/Arg genotype.
In a prospective study of individuals 85 years and older,
carried out with 1226 people over a ten-year period, they
found that people with the Pro/Pro genotype had a 2.45
increased proportional mortality from cancer (P = .007).
But this group also showed a longer longevity (a 41%
increased survival in the population, P = .032). One
interpretation of this result is that the Arg/Arg genotype
has a higher apoptotic rate in response to stress and so
protects against cancer better, but also kills stem cells more
efficiently over a lifetime, reducing longevity [69]. This
suggests that studying older patients may reveal a phenotype
in this p53 SNP because it acts over a lifetime to protect
the host from stresses. By the same token, older mice show
declines in p53 activities with age and this lower level of
p53 responses could uncover a phenotype at older ages that
is too robust to measure in younger groups [70]. If this
interpretation is correct one can see why the p53 Arg/Pro
SNP has given rise to such contradictory responses when
the ages of the case and control groups are not taken into
account.

Similarly, studies with MDM2 SNP309 have produced
contradictory associations with cancers. Some of this has to
do with mixing both males and females into the cohort under
study (SNP309 is regulated by the ER), some of this has to
do with a failure to separate ER+ and ER− tumors in the
analysis, and some studies just choose the wrong phenotype
or cohort to measure. For example, the observation that
the G-allele (the at-risk allele) of SNP309 is associated with
an earlier age of onset in a variety of cancers has now
been reproduced by many independent groups employing
soft tissue sarcomas [43], lymphomas [43], leukemia [71],
melanomas [72], head neck [73] and oral squamous cell
carcinomas [74], gastric cancer [75], colon cancers [76, 77],
lung cancers [78–80], endometrial cancer [81, 82], bladder
cancers [83, 84], glioblastoma [85], neuroblastoma [86], and
both breast cancers [43] and ovarian [87] cancers. In a study

of lung cancers, Lind and her colleagues [78] found that
G/G homozygotes had a 1.62 odds ratio of developing cancer
compared with T/T homozygotes. When only females in the
study were considered the G/G to T/T odds ratio was 4.06.
This is the same result observed in an independent study
with large diffuse B-cell lymphomas where the G-allele of
SNP309 was associated with cancer only in premenopausal
females and not in postmenopausal females nor in men
[43].

In a third recent study of melanomas, a similar associ-
ation was found only in premenopausal females [72]. This
pattern suggests that active estrogen receptors are present in
a large number of tumors and can affect the outcome of the
disease. This set of genetic observations opens up possible
new routes for therapy with these tumors. In another large
study with lung cancer patients carried out in China by
Zhang et al. [80] they demonstrated an odds ratio of 1.83
for the G/G over T/T alleles and a 1.47 fold odds ratio for the
p53 Pro/Pro over Arg/Arg individuals. Those patients who
were G/G and Pro/Pro had an odds ratio of 4.36; whereas
those smokers (a mutagenic stress that activates p53) who
were Pro/Pro, G/G had an odds ratio of 10.41. Understanding
the biology of the signal transduction pathway can permit
one to study the relevant variables. Often combinations of
SNPs that have an epistatic relationship can provide much
more significant results.

Recently, biologically functional SNPs were detected in
the MDM4 gene that appear to be under evolutionary
selection pressures and have an impact upon fecundity
in females at an IVF clinic [62, 63]. Association studies
employing five different patient populations have indicated
that selected alleles of these SNPs confer an increased risk
for or early onset of breast cancers and ovarian cancers
[55, 56]. The ethnic backgrounds of the cohorts under
study made a difference in the ability to detect these
associations so that once again a genetic background of
other SNPs that reside in other genes in the same pathway
could play an important role. The minor alleles of these
same MDM4 SNPs demonstrated a clear enrichment in
their frequencies in women at an IVF clinic who had
difficulties with implantation of embryos. These diverse
phenotypes suggest a functional consequence of these SNPs
that can be selected for or against over recent (Caucasian
and Asian) times of human evolution. It will be important
to observe replications of these data in a wide variety of
cancers.

Because many of the cancer treatments result in DNA
damage and other stresses to a cell, the response (as
determined by a combination of SNPs) to treatment and
long-term survival could depend upon the combination
of alleles in the p53 pathway SNPs. To test this notion
association studies will have to assemble large groups of
individuals who have experienced a defined cancer and
treatment and record the outcomes over many years. Such
cohorts are more difficult to assemble but are an important
part of this effort. Characterizing the patient and the tumor
genome prior to the selection of treatments is a growing
concern and would be aided by the use of validated SNPs and
mutations.
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6. Limitations with SNP Studies

The success of these studies has been in part due to the use
of large study samples (usually based around multicenter
consortia) and replication data sets that have been designed
into the gene discovery algorithm. Although this approach
maximizes the identification of possible genes involved in
contributing to breast cancers, these studies often give rise to
a number of false positive findings due to multiple hypothesis
testing with a very large number of SNPs in the GWAS
scans. In addition, the GWAS approach tends to optimize
the discovery of genes with statistically significant marginal
effects. Therefore, it may miss significant genes. First, genes
may not be detected whose effects are not significant on
the margin but are significant in conjunction with other
genes or exposures. Second, genes may not be identified if
there is substantial genetic heterogeneity among cases, such
that the proportion of individuals in the population whose
disease is caused by a gene is so small that its effect is
“washed out” in the total sample. Third, GWASs tend to favor
large numbers over epidemiologically rigorous study designs.
Although large samples are clearly required to detect small
effects, and replication/validation of initial results maximizes
the chances that reported associations are true positives,
it is possible that unmeasured biases due to study design
limitations may have resulted in high false negatives.

Likewise, meta-analyses, used to critically evaluate and
statistically combine studies, have been performed for
MDM2 SNP309. However, a caveat to such an analysis is that
the studies are comparable. Population-specific effects and
SNP functionality in independent racial genetic backgrounds
may exist and limit the ability to combine heterogeneous
study groups. To emphasize this, Shi et al. describe a causative
selection of MDM2 SNP309 and p53 Arg72 associated with
environmental stresses, that is, cold winter temperatures and
UV intensity, wherein the two SNPs are not coselected [57].
This is further supported by two publications describing
population-specific differences between African-Americans,
Caucasians, and Caucasians of Ashkenazi Jewish descent for
both MDM2 SNP309 and MDM4 haplotypes [54, 55]. A
combined analysis for SNP309 was presented in Wilkening
et al. [88]. Data from eleven breast cancer studies, five
colorectal cancer studies, or seven lung cancer studies were
each combined for a fixed meta-analysis. Based on their
analysis, they concluded that the SNP309 variant did not
have an impact on risk or colorectal cancers, but did exhibit
increased risk in the homozygous state for lung cancer.
They concluded that SNP309 alone has little effect on the
risk of common cancers. In reviewing criteria of studies
within the analysis, there is significant heterogeneity between
study groups. Other studies have also previously concluded
that the effects of SNP309 are evident in women but not
in men and in hormone receptor-positive breast cancers
[43]. Most studies do not differentiate between gender or
hormone receptor positive diseases, both of which may
dilute any effects. In contrast to the conclusions made by
Wilkening et al. [88], those of Hu et al. [89] are that the
homozygous variant is associated with increased risk of all
types of tumors where tumor type and ethnicity contributed

to substantial heterogeneity. The latter publication by Hu
et al. [89] describes in detail methods for identifying
appropriate studies, data extraction and analysis. The major-
ity of publications fail to reduce heterogeneity in their
populations based on molecular markers, gender, and degree
of disease heterogeneity. Therefore, a meta-analysis would
be limited by these factors and should be interpreted with
caution.

The majority of useful and reproducible reports involv-
ing SNP associations with breast, ovarian, and endometrial
cancers have occurred in the context of candidate gene
studies. These studies typically identify loci that are hypoth-
esized to contain genetic variants that may be associated
with disease risk. Using this approach, a number of putative
susceptibility genes have been identified for these tumor
sites that have been validated. Furthermore, candidate gene
studies have tended to have used more rigorous study
designs, collected useful epidemiological and confounder
data, and have detailed information that may define etiologi-
cally heterogeneous groups of individuals that may provide
a setting in which genes that are not easily detectable in
the usual GWAS setting may be found. This comes about
because we have a great deal of information about those
genes already known to play a role in cancer causation that
modifies the questions we ask and the associations we look
for in a study. It appears that both the GWAS algorithm and
the candidate gene algorithm may have value in identifying
susceptibility genes, and these genes may be different because
of the strengths and weaknesses of each approach.
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Breast cancer is a complex phenotypically diverse genetic disease, involving a variety of changes in gene expression and structure.
Recent advances in molecular profiling technology have made great progress in unravelling the molecular taxonomy of breast
cancer, which has shed new light on the aetiology of the disease and also heralded great potential for the development of novel
biomarkers and therapeutic targets. Mi(cro)RNAs are a contemporary class of small noncoding endogenous RNA molecules,
generating great excitement in the clinical and scientific communities. The recent discovery that miRNA expression is frequently
dysregulated in cancer has uncovered an entirely new repertoire of molecular factors upstream of gene expression, which warrants
extensive investigation to further elucidate their precise role in malignancy. We present a comprehensive and timely review of the
role of miRNAs in cancer: addressing miRNA function, their putative role as oncogenes or tumor suppressors, with a particular
emphasis on breast cancer throughout. We discuss the recent discovery of quantifiable circulating cancer-associated miRNAs,
which heralds immense potential for their use as novel minimally invasive biomarkers for breast and other cancers. Finally, we
comment on the potential role of miRNAs in breast cancer management, particularly in improving current prognostic tools and
achieving the goal of individualized cancer treatment.
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1. Introduction

The molecular biology of malignancy is diverse, complex,
and remains poorly understood. The incidence of malignan-
cies such as breast cancer is increasing consistently, and breast
cancer has now become the commonest form of female
malignancy among women in almost all of Europe and North
America. Each year more than 1.3 million women will be
diagnosed with breast cancer worldwide and approximately
4652 000 will die from the disease [1] despite the fact that
breast cancer is highly curable if diagnosed and treated
appropriately at an early stage. In Ireland alone, the annual
incidence is currently over 2300 and rising [2]. The value of
current histological prognostic indicators in predicting the
course of the disease is weak and many of the molecular
mechanisms underlying breast cancer progression remain
poorly understood. This deficit has led to significant interest
in the quest for novel predictive markers for breast cancer.

Mi(cro)RNAs are a contemporary class of tiny noncoding
endogenous RNA molecules, only 18–25 nucleotides long.
Since their discovery in 1993, these small molecules have

been shown to play critical regulatory roles in a wide range
of biological and pathological processes. Elucidating their
mechanisms of action is still in its infancy. Nonetheless,
work in this area to date has demonstrated that miRNAs
may regulate cellular gene expression at the transcriptional
or posttranscriptional level; by suppressing translation of
protein coding genes, or cleaving target mRNAs to induce
their degradation, through imperfect pairing with target
mRNAs of protein coding genes [3]. MiRNA biogenesis in
the human cell is a multistep complex process. A simplified
representation is shown in Figure 1 [4]. The specific region of
miRNA importance for mRNA target recognition is located
at the 5′ end of the mature miRNA sequence, from bases
2 to 8. This is often referred to as the “seed sequence”
[5]. Computational target prediction algorithms have been
developed to identify putative mRNA targets, and these place
considerable importance on this seed sequence, using it
to search for complementary sequences in the 3′-UTRs of
known genes that exhibit conservation across species. These
algorithms predict that each miRNA may potentially bind to
as many as 200 targets and estimate that miRNAs control the
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expression of at least one third of human mRNAs, further
highlighting their crucial role as regulators of gene expression
[6].

At the time of writing, 8 273 mature miRNA sequences
have been described in primates, rodents, birds, fish, worms,
flies, plants, and viruses [7]. This represents a growth of
over 200 microRNAs in the last 2 years. In the human
genome, over 600 mature miRNAs have been reported to
date; however, computational prediction estimates that this
could increase to >1000 [8]. It is obvious that the microRNA
story is just beginning.

2. Experimental Techniques for miRNA Analysis

The explosion of interest in miRNAs over the past two
years necessitates effective tools for detecting their presence,
quantification, and functional analysis. High-throughput
profiling techniques such as miRNA microarrays and bead-
based miRNA profiling have facilitated miRNA expression
profiling, that is, far superior to existing low through-put
techniques such as Northern blotting and cloning, and is
essential for validation of microarray data. Castoldi et al. [9]
described a novel miRNA microarray platform using locked
nucleic acid-modified capture probes. Locked nucleic acid
modification improved probe thermostability and increased
specificity, thus enabling miRNAs with single nucleotide
differences to be discriminated—an important consideration
as sequence-related family members may be involved in
different physiologic functions [10]. An alternative high-
throughput miRNA profiling technique is the bead-based
flow cytometric approach developed by Lu et al. [11]; a
method which offers high specificity for closely related miR-
NAs because hybridization occurs in solution. Quantitative
real-time PCR methodologies have been widely applied to
miRNA research. To date, the most successful approach in
terms of specificity and sensitivity is a two-step approach
using looped miRNA-specific reverse transcription primers
and TaqMan probes from Applied Biosystems [12].

To complement these miRNA profiling assays and to
address functional questions necessitated the development of
methods to manipulate miRNA expression. 2-O-Methyl anti-
sense single-strand oligonucleotides and locked nucleic acid-
modified oligonucleotides have been developed as miRNA
inhibitors, making the suppression of endogenous miRNA
activity and its downstream effect on mRNA expression
achievable both in vitro and in vivo [13–16]. The effects of
target miRNA knockdown on cell morphology and function
can be determined using standard assays for processes such
as cell proliferation, migration, invasion, and angiogenesis.
MiRNA inhibition can be studied in animal models via
transfection with tumor cells treated with miRNA inhibitors
[17] or by the intravenous injection of “antagomirs” (2-
O-methyl-modified nucleotides with a cholesterol moiety
at the 3′-end [18]. The most recent development in the
field of miRNA inhibition, led by Naldini and colleagues,
describes techniques to manipulate miRNA expression in
vivo by expressing decoy miRNA targets via lentiviral vectors
[19]. This new approach to examine loss-of-function in
vivo complements the results obtained by classic knockout

technology as described above. It allows inhibition of specific
miRNAs by building in multiple different decoys in the same
miRNA inhibitor. This exciting new development should
lead to answers for interesting functional questions with
clinical or therapeutic relevance. For example, one could
now potentially knock down the oncogenic proprieties of the
miR-17-92-1 cluster which is well documented to be involved
in human cancer [20]. This technique could also help one
examine the let-7 microRNA family—a large, well-known
tumor suppressor miRNA family [21] thereby providing
insights into the functional consequence of knocking down
all let-7 miRNAs [22].

MiRNA mimicry, a complementary technique to the
aforementioned miRNA inhibition, has recently been used
in vitro to identify the cellular processes and phenotypic
changes associated with specific miRNAs transfected into cell
lines [23]. Functional assays (e.g., proliferation, migration,
invasion, and angiogenesis) then allow us to determine the
effect of miRNA upregulation on tumorigenic or nontumori-
genic cell populations. These revolutionary technologies will
undoubtedly help us shed light on the functional roles of
miRNAs and hold immense potential for application to the
clinical arena as novel therapeutic targets.

2.1. MiRNA and Human Cancer. Early experimental work
into the regulatory role of miRNAs uncovered their impor-
tant role in various cellular processes such as differentiation,
cell growth, and cell death. These processes are commonly
dysregulated in cancer, implicating miRNAs in carcino-
genesis. The first evidence of involvement of miRNAs in
malignancy came from the identification of a translocation-
induced deletion at chromosome 13q14.3 in B-cell chronic
lymphocytic leukemia [24]. Loss of miR-15a and miR-16-1
from this locus results in increased expression of the anti-
apoptotic gene BCL2. Intensifying research in this field, using
a range of techniques including miRNA cloning, quantitative
PCR, microarrays and bead-based flow cytometric miRNA
expression profiling has resulted in the identification and
confirmation of abnormal miRNA expression in a number
of human malignancies including breast cancer (Table 1).
MiRNA expression has been observed to be upregulated
or downregulated in tumours compared with normal tis-
sue, supporting their dual role in carcinogenesis as either
“Oncomirs” or tumour suppressors respectively [11].

The ability to obtain miRNA expression profiles from
human tumors has led to remarkable insight and knowledge
regarding the developmental lineage and differentiation
states of tumours. Even within a single developmental lineage
it has been shown that distinct patterns of miRNA expression
are observed, that reflect mechanisms of transformation, and
further support the idea that miRNA expression patterns
encode the developmental history of human cancers. In
contrast to messenger RNA (mRNA) profiles it is possible
also to successfully classify poorly differentiated tumours
using these new miRNA expression profiles [24, 25]. This
has exciting implications clinically, in that miRNA expression
may accurately diagnose poorly differentiated tissue samples
which proved to be of uncertain histological origin thus
facilitating treatment planning. Again in contrast to mRNA,
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Figure 1: MiRNA biogenesis and processing in human cells: the multistep process begins in the nucleus where the RNase III enzyme Drosha,
coupled with its binding partner DGCR8, cleaves nascent miRNA transcripts (pri-miRNA) into ∼70 nucleotide precursors (pre-miRNA).
These pre-miRNAs consist of an imperfect stem-loop structure. Pre-miRNAs are then exported from the nucleus into the cytoplasm by
Exportin 5. In the cytoplasm, the hairpin precursors are cleaved by Dicer and its binding partner the transactivator RNA-binding protein
TRBP into a small, imperfect dsRNA duplex (miRNA : miRNA∗) that contains both the mature miRNA strand and its complementary
strand. The miRNA strand is incorporated into the miRNP complex and targets complementary mRNA sequences, exerting its functionality
via mRNA cleavage or translational repression.

Lu et al. showed that even a modest number of miRNAs are
sufficient to classify human tumours and miRNAs remain
largely intact in routinely collected, formalin-fixed, and
paraffin-embedded clinical tissues [11]. Such information
would eliminate the diagnostic uncertainty that previously
existed in this setting and will be particularly useful for
metastatic lesions of uncertain primary origin.

2.2. Breast Cancer and Genomic Signatures. Recent advances
in phenotyping and molecular profiling of human cancers
have greatly enhanced the diagnosis and biological clas-
sification of several tumors, in particular breast cancers
where this technology has enhanced disease classification
beyond single-gene markers. Prior to this a very limited
armamentarium of prognostic markers beyond those offered
by histopathological analysis was available in the clinical
arena. Pioneering work by Sorlie et al. [33–35] identi-
fied microarray-generated gene expression signatures which
stratified breast cancers into intrinsic subtypes largely based
on their ER, progesterone (PR), and HER2/neu receptor
status. Subtypes were designated Luminal A, which strongly
expressed ER and/or PR, but were HER2/neu negative; Lumi-
nal B, which were ER, PR, and HER2/neu (triple) positive;
Basal tumours which were ER, PR, and HER2/neu triple
negative; and an HER2 subset which was ER negative ER but
had high expression of several genes in the HER2/neu ampli-
con, including HER2 and GRB7. Survival analyses showed

significantly different outcome for patients depending on
their tumour subtype, emphasising the clinical relevance of
stratification by such molecular profiling. This novel method
of disease stratification based on the molecular taxonomy
of the breast tumour heralds the promise of improving
and individualizing patients’ treatment regimens [36]. Great
scientific endeavours in this field of microarray-based gene
expression profiling are ongoing and intensifying, with the
aim of translating such technical advances to the clinical
arena, in providing us with a new tool for accurate molecular
diagnosis of breast cancer [37]. One such application recently
has been the development by Paik et al. of a multigene assay
predictive of recurrence of tamoxifen-treated, node-negative
breast cancer (Oncotype DX) [38]. This, and other similarly
novel genomic tests (e.g., MammaPrint, Theros, MapQuant
Dx) prove the feasibility of accelerating the transition
between empirical and molecular medicine. Analogous to
the derivation of intrinsic subtypes of breast cancer from
gene expression signatures, it is predicted that in the very
near future miRNA signatures, which are currently showing
capability of accurately classifying tumours according to
currently available prognostic variables, will serve as novel
biomarkers and prognostic indicators thus providing strong
rationale for individualised treatment. Additionally it is
thought that miRNAs have the potential to improve greatly
the precision of the recently derived genomic signatures,
given that miRNA profiles have superior accuracy to mRNA
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Table 1: MiRNAs with altered expression in malignancy.

Tissue/tumor type Increased expression Decreased expression

Breast [26, 27] miR-21, miR-29b-2
miR-125b, miR-145 miR-10b,
miR-155, miR-17-5p, miR-27b

Ovarian [28, 29] miR-141, miR-200(a-c),
miR-221

let-7f, miR-140, miR-145,
miR199a, miR-424

Endometrial [30–32] miR-103, miR-107, miR-185,
miR-205, miR-210, miR-449

miR-99b, miR-152, miR-193,
miR-204, miR-221, let-7i

Glioblastoma [4, 25] miR-221, miR-21
miR-181a, miR-181b,
miR-181c

Chronic lymphocytic leukaemia [24] miR-15, miR-16

Lymphoma [4, 11] miR-155, miR-17-92cluster miR-15a

Colorectal [4, 11, 25]
miR-10a, miR-17-92 cluster,
miR-20a, miR-24-1,
miR-29b-2, miR-31

miR-143, miR-145, let-7

Thyroid [4, 25] miR-221, miR-222, miR-146,
miR-181b, miR-197, miR-346

Hepatocellular [4, 25] miR-18, miR-224
miR-199a, miR-195,
miR-200a, miR-125a

Testicular [11] miR-372, miR-373

Pancreatic [4, 11, 25]

miR-221, miR-376a, miR301,
miR-21, miR-24-2, miR-100,
miR-103-1,2, miR-107,
miR-125b-1

miR-375

Cholangiocarcinoma [25] miR-21, miR-141, miR-200b

Prostate [11] let-7d, miR-195, miR-203 miR-128a

Gastric [4, 11, 25] miR-223, miR-21, miR-103-2 miR-218-2

Lung [4, 11, 25] mir-17-92 cluster, miR-17-5p let-7 family

profiling in this regard [11]. A comprehensive interrogation
of the breast cancer subclasses via miRNA expression profil-
ing could further characterize the molecular basis underlying
these subtypes, perhaps define more precise subsets of breast
cancer, and provide opportunities for the identification of
novel targets that can be exploited for targeted therapy.

2.3. MiRNA and Breast Cancer. Elucidation of the molecular
mechanisms involved in breast cancer has been the subject
of extensive research in recent years, yet several dilemmas
and major challenges still prevail in the management of
breast cancer patients including unpredictable response and
development of resistance to adjuvant therapies. The emer-
gence of miRNAs as regulators of gene expression identifies
them as obvious novel candidate diagnostic and prognostic
indicators, and potential therapeutic targets. Calin et al. [24]
showed that half of the known mature human miRNAs are
located in cancer-associated genomic regions, or fragile sites,
thus potentiating their role in cancer. A specific example
of this is the polycistron cluster miR-17-92 at the c13orf25
locus on chromosome 13q31. This locus is known to undergo
loss of heterozygosity in a number of different cancer types,
including breast cancer [39]. A number of other miRNAs
(miR-196 and miR-10a) are located in homeobox clusters,
which are known to be involved in the development of breast
cancer and associated with the malignant capacity of cancer
cells [40].

MiRNA expression studies in breast cancer indicate
their importance and potential use as disease classifiers
and prognostic tools in this field. In their analysis of 76
breast tumour and 34 normal specimens, Iorio et al. [26]
identified 29 miRNAs that were differentially expressed in
breast cancer tissue compared to normal, and a further set
of 15 miRNAs that could correctly discriminate between
tumour and normal. In addition, miRNA expression cor-
related with biopathological features such as ER and PR
expression (miR-30) and tumour stage (miR-213 and miR-
203). The differential expression of several let-7 isoforms was
associated with biopathologic features including PR status
(let-7c), lymph node metastasis (let-7f-1, let-7a-3, let-7a-
2), or high proliferation index (let-7c, let-7d) in tumour
samples. Mattie et al. identified unique sets of miRNAs
associated with breast cancers currently defined by their
HER2/neu or ER/PR status [27]. Significantly, there was
overlap between the miRNAs identified in both studies. In
initial studies in our own Department, we have shown that
the expression levels of miR-195 and mir-154 are negatively
correlated with ER positivity in a cohort of early breast
cancers [41]. In another recent publication we were the
first to identify reliable endogenous controls for analysis of
miRNA by RQ-PCR in human breast tissue [42], subsequent
to our validation of a two-gene normaliser (MRPL19 and
PPIA) for analysis of gene expression in primary breast tissue
[43].
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3. Circulating microRNAs: Novel Minimally
Invasive Biomarkers for Breast Cancer?

Current challenges in the management of breast cancer
include a continuing search for sensitive minimally invasive
markers that can be exploited to detect early neoplastic
changes thus facilitating the detection of breast cancer at an
early stage, as well as for monitoring the progress of patients
with breast cancer and their response to treatments. Existing
biomarkers for breast cancer have many inherent deficien-
cies. Mammography is currently the gold standard diagnostic
tool however it is not without limitations, including its use
of ionizing radiation and a false positive rate of 8–10% [44].
To date, only two markers have been established so far in
the routine assessment of breast cancer: ER (for predicting
response to endocrine therapies) and HER2 (for predicting
response to Trastuzumab) [45]. Although these markers are
currently available, ER and HER2 assessment is far from
perfect [46]. A number of circulating tumour markers (e.g.,
carcinoembryonic antigen [CEA] and carbohydrate antigen
15-3 [CA 15-3]) are used clinically in the management of
breast cancer, but the sensitivity of these markers is low, so
that they are not useful as screening tools [47] though they
have long been in clinical use as prognostic markers and to
monitor for disease progression or recurrence. Despite their
frequent use, CEA and Ca 15.3 remain poor markers for early
stage disease with a documented preoperative sensitivity of
only 9.11 and 5.36, respectively, as documented by Uehara
et al. [48, 49].

The ideal biomarker should be easily accessible such that
it can be sampled relatively noninvasively, sensitive enough
to detect early presence of tumours in almost all patients and
absent or minimal in healthy tumour-free individuals.

There is also great need for the identification of sensitive,
reliable and acceptable markers of response to neoadjuvant
and adjuvant therapies. MiRNAs have enormous potential to
serve as an idea class of cancer biomarkers for the following
reasons.

(1) MiRNA expression is known to be aberrant in cancer
[11, 24].

(2) MiRNA expression profiles are pathognomonic, or
tissue-specific [11].

(3) MiRNAs are remarkably stable molecules that have
been shown to be well preserved in formalin fixed,
paraffin embedded tissues as well as fresh snap frozen
specimens [50, 51].

Acknowledging the exceptional stability of miRNAs in
visceral tissue very recently instigated efforts to establish if
miRNAs were also preserved, detectable, and quantifiable
in the circulation and other bodily fluids (urine, saliva,
etc.). This area of miRNA research is only now emerging,
and is generating much excitement in clinical and scientific
communities, such as its potential. MiRNA presence in
serum was described for the first time in March 2008, in
patients with diffuse large B-cell lymphoma [52]. Subsequent
to this, a small number of studies have reported similarly,
on the presence of miRNA in circulation and their potential

for use as novel biomarkers for diseases and physiological
states including malignancy, diabetes mellitus and pregnancy
[53–55]. However these studies have been limited by small
numbers and inconsistencies in methodologies [56]. This
concept needs extensive investigation to validate the theory.
To date no work has been published on the role of circulating
miRNAs in breast cancer—an area where, if feasible, their
use as novel minimally invasive biomarkers would be an
incredible breakthrough in our management of this disease.

4. Therapeutic Potential

The association of aberrant miRNA expression with tumori-
genesis and the functional analysis of specific miRNAs illus-
trate the feasibility of using miRNAs as targets of therapeutic
intervention. Anti-miRNA 2-O-methyl or locked nucleic
acid oligonucleotides used to inactivate oncomirs such as
miR-21 in breast tumors may taper tumor growth [17]. Anti-
miR-21-induced reduction in tumor growth, interestingly,
was also shown by Si et al. to be potentiated by the addition
of the chemotherapeutic agent topotecan, an inhibitor of
DNA topoisomerase I. This suggests that suppression of the
oncogenic miR-21 could sensitize tumor cells to anticancer
therapy, which is an exciting prospect for patients exhibiting
a poor response to primary chemotherapy. Conversely, the
induction of tumor suppressor miRNA expression using viral
or liposomal delivery of tissue-specific tumor suppressors to
affected tissue may result in the prevention of progression,
or even shrinking, of breast tumors. Tumor suppressor
miRNA induction has also been shown to be subject
to epigenetic control. Using chromatin remodelling drugs
to simultaneously inhibit DNA methylation and histone
deacetylation, epigenetic alterations in cancer and normal
cells were manipulated by Saito et al. [57], who showed that
certain miRNAs were upregulated in tumor cells but not in
normal cells. MiR-127, which exhibited reduced expression
in 75% of human cancer cells tested, was significantly
upregulated after treatment. The induction of this miRNA
was associated with downregulation of the proto-oncogene
BCL6, suggesting a cancer-protective effect for miR-127 and
a novel therapeutic strategy for the prevention and treatment
of malignancy. This concept of inducing tumour suppressor
miRNA expression has been termed “miRNA Replacement
Therapy”; in anticipation of the promising clinical potential
it holds.

5. Conclusion

The involvement of miRNAs in the initiation and pro-
gression of human malignancy holds great potential for
new developments in current diagnostic and therapeutic
strategies in the management of patients with breast cancer.
Much of the work on microRNAs is still in its infancy and
requires further exploration so that we may better under-
stand their role in tumorigenesis. This scientific endeavour
will undoubtedly lead to exciting developments in the future
management of breast cancer. As the functional roles of
miRNAs in cancer biology are further uncovered we predict
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that; circulating miRNAs will serve as novel minimally inva-
sive biomarkers for breast and other cancers, that improved
methods of stratifying and subclassifying breast cancers will
lead to tailored and individualized therapeutic regimens,
thus sparing many patients from toxic effects of treatments
from which they would derive no benefit. There is obviously
great demand now for further intensive research into the
identification of novel miRNAs, the elucidation of their
mRNA targets, and an understanding of their functional
effects, so as to improve our knowledge of the roles of these
novel biomarkers in carcinogenesis and to expose their true
potential as therapeutic agents.
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Ovarian cancer is the most common type of gynecologic malignancy. Despite advances in surgery and chemotherapy, the survival
rate is still low since most ovarian cancers relapse and become drug-resistant. Chemokines are small chemoattractant peptides
mainly involved in the immune responses. More recently, chemokines were also demonstrated to regulate extra-immunological
functions. It was shown that the chemokine network plays crucial functions in the tumorigenesis in several tissues. In particular
the imbalanced or aberrant expression of CXCL12 and its receptor CXCR4 strongly affects cancer cell proliferation, recruitment
of immunosuppressive cells, neovascularization, and metastasization. In the last years, several molecules able to target CXCR4
or CXCL12 have been developed to interfere with tumor growth, including pharmacological inhibitors, antagonists, and specific
antibodies. This chemokine ligand/receptor pair was also proposed to represent an innovative therapeutic target for the treatment
of ovarian cancer. Thus, a thorough understanding of ovarian cancer biology, and how chemokines may control these different
biological activities might lead to the development of more effective therapies. This paper will focus on the current biology of
CXCL12/CXCR4 axis in the context of understanding their potential role in ovarian cancer development.

1. Introduction

Chemokines are small secreted cytokines, primarily involved
in the regulation of the motility of hematopoietic cells (cells
of the immune system) in their specific homing to lymphoid
organs in normal hematopoiesis and during inflammation
[1], through the activation of specific G-protein coupled
receptors [2].

To date 53 human chemokines and 23 receptors have
been cloned and characterized.

Chemokines display high structural homology and over-
lapping functions and often bind more than one receptor.
In general, ligand binding causes chemokine receptor acti-
vation, hallmarked by the phosphorylation of C-terminal
serine/threonine residues that, in turn, drives dissociation of
heterotrimeric G-proteins into α and βγ subunits, inhibition
of adenylyl cyclase activity, increased generation of inositol
trisphosphate, intracellular calcium release, and the activa-
tion of phosphatidyl inositol 3 kinase (PI3K)/Akt cascade
and Ras/MAP kinase signalling [3].

Chemokines are divided into subfamilies by struc-
tural and functional criteria. Structurally, chemokines are
classified into four groups (C, CC, CXC, and CX3C)
according to the number and location of the conserved
cysteine residues in the primary structure of these molecules
(Figure 1). The “C” group of chemokines (containing only
two cysteines) consists of two molecules (XCL), namely,
XCL1/lymphotactin and XCL2/SCM-1β, both binding the
receptor XCR1. Lymphotactin, coded on human chro-
mosome 1, attracts lymphocytes but not monocytes or
neutrophils.

Human “CC” chemokines (structurally characterized by
four cysteines) includes 28 members, called CCL1-28 that
bind at least 10 receptors (CCR1-10). CC chemokine targets
include monocytes, T cells, dendritic cells, eosinophils, and
basophils. Representative CC chemokines are CCL2 (also
called monocyte chemotactic protein, MCP-1), CCL3 and
CCL4 (macrophage inflammatory protein MIP-1α and MIP-
1β), CCL5 (RANTES), and CCL11 (eotaxin).
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Figure 1: Chemokine subfamilies classification. The first cysteine (C)
in the sequence forms a covalent bond with the third, the second
and the fourth cysteines also form a disulfide bond to create the
tertiary structure characteristic of chemokines. In the CC subfamily
the first two cysteines are adjacent to each other, in the CXC group
there is one amino acid between the first two cysteines, and in the
CX3C group there are three amino acids between cysteines.

The “CXC” group (in which one amino acid is present
between the first two cysteines) includes 21 ligands (CXCL1-
21) mostly encoded on human chromosome 4. CXC
chemokines bind at least 7 receptors (CXCR1-7) and mediate
neutrophil chemotaxis. The CXC group can be divided
into two main categories based on the presence of the
tripeptide Glu-Leu-Arg (ELR) before the CXC motif (N-
terminal domain). Representative CXC chemokines include
CXCL8/IL-8, among the ELR-containing peptides and
CXCL9/monokine-induced by IFN-γ (MIG), CXCL10/IFN-
γ inducible protein-10 (IP-10), and CXCL12/stromal cell-
derived factor-1 (SDF1) as ELR negative molecules.

Lastly, the “CX3C” chemokines (three amino acids
between the first two cysteines) are, to date, represented
by a single peptide, namely, CX3CL1/fractalkine, which is
encoded on human chromosome 16, binds the CX3CR1
receptor and regulates T cell trafficking and adhesion [4].

Functionally, chemokines, released upon inflamma-
tory stimuli that induce leukocyte recruitment to dam-
aged/infected sites, are considered as “inflammatory” [5]
while chemokines that induce migration of leukocytes to
lymphoid organs are considered “homeostatic” and are
usually constitutively secreted by stromal cells expressed at
these sites [6]. Homeostatic chemokines, such as CXCL12,
coordinate cell trafficking and homing, which is essential
during development and for homeostasis and function of the
immune system.

More recently, several extra-immunological functions
were discovered for most of the components of the
chemokine sub-families (for review see [7]). In particular, it
was demonstrated that chemokines are major players during
embryonic development, when their role as chemotactic
mediators contribute to cell migration in the different
body districts. Moreover, in the adult, chemokines play a
relevant function in the central nervous system (CNS) where
both ligands and receptors are expressed [8, 9]. At CNS
level, chemokines control, among other functions, pain,
alimentary behavior and glial responses to injuries [10–12].

2. Chemokines in Cancer

In cancer, genetic changes that accumulate in transformed
cells are dependent on microenvironmental factors and
control the development of the malignant process. In the
past few years, a major role has been assigned to chemokines
and their receptors as molecules that affect neoplastic
development and progression.

Many chemokine/receptor pairs are expressed in tumors,
not only by cancer cells but also by cells of the tumor
microenvironment, including cells of the stroma (endothelial
cells, fibroblasts) and leukocytes, thus contributing to the
cross-talk between the tumor and its microenvironment to
control tumor growth and progression [13].

In the malignancy context, chemokines play diverse
effects, most of them deriving from their ability to induce
cell migration. The ability of chemokines to enhance the
motility of leukocytes, endothelial cells, and/or tumor cells
is a key factor in determining the cancer establishment and
progression. Depending on their specific expression pattern
on target cells, on tumor type and on tumor microenviron-
ment factors, several chemokines support malignancy, while
others can at times inhibit this process [14].

The extensive research that was thus far performed on the
roles of chemokines in cancer indicates that these molecules
affect tumors mainly acting at four levels: (a) determine
the extent and type of leukocyte infiltrates; (b) promote
angiogenesis; (c) control site-specific metastasization; (d)
affect tumor cells proliferation [15, 16].

The immune response induced by malignancy is clearly
evident since many solid tumors are highly populated by
host leukocytes that have migrated into the tumor from the
systemic circulation.

In tumors, leukocyte infiltrates may have either anti-
cancer or cancer-promoting effects, depending on their
type, their activity, and their modes of interaction with the
tumor cells. In line with their classification as leukocyte
chemoattractants, chemokines are released by tumor cells or
by cells of their microenvironment and are able to induce
the recruitment of different hematopoietic cell subtypes to
tumors (T lymphocytes, macrophages, natural killer (NK)
cells, neutrophils, eosinophils, and B cells). In particular,
among CXC chemokines, CXCL9, CXCL10, and CXCL11 are
induced by interferon γ (IFNγ) and are typical chemoat-
tractants of NK cells [15]. Accordingly, overexpression of
these chemokines by different experimental means leads to
limitations in cancer development, associated with elevation
in cytotoxic responses and with the creation of long-term
antitumor immunity. These chemokines have additional
antitumor activities but at the same time they may exert
tumorigenic functions when acting directly on the tumor
cells [17].

On the other hand, some chemokines may induce proan-
giogenic effects, leading to highly neovascularized tumors
and increased metastatic spread. A large number of studies
now clearly indicate that chemokines, mainly belonging
to the CXC and CC subgroups, are important regulators
of tumor angiogenesis. However, also on this parameter,
opposite final effects may occur; some chemokines support
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the formation of new blood vessels, while others are angio-
static.

Angiogenic CXC chemokines promote the migration
and proliferation of endothelial cells. Accordingly, they were
shown to be potent tumor-supporting factors in a large
variety of tumor types. For example, CXCL8 acts on endothe-
lial cells mainly via their high affinity CXCR2 receptor
[18]. Conversely, other CXC chemokines, including CXCL4,
CXCL9, CXCL10, and CXCL11 are potent angiostatic factors.
Their activity, via the CXCR3, receptor inhibits the neovas-
cularization induced by powerful angiogenic factors. This
activity of CXC chemokines, altogether with their ability to
recruit antitumoral immune cells, led to the hypothesis of a
function for these peptides as potential antitumoral factors.
In contrast, CXCL12, another relevant member of this group,
promotes tumor neoangiogenesis under specific conditions,
thus being regarded as one of the most powerful pro-
malignancy factors [19]. Many chemokines sustain cancer
cell proliferation and survival, through an interaction with
receptors expressed by the tumor cells. Such an activity was
reported for CXCL8 that acts as an autocrine growth factor
for human ovarian cancer Hey-A8 cell line [20]. Moreover, in
vivo studies showed that CXCL8-overexpressing Hey-A8 cells
are able to increase tumor cell growth, microvessel density,
and the tumorigenic rate [20].

The chemokine CXCL12 also exerts a direct effect on
tumor cell proliferation and survival in a high variety of
tumors. In fact, altogether with its receptor CXCR4, CXCL12
constitutes the chemokine/receptor axis that attracted the
greatest interest in oncology. This receptor-ligand system
was reported to be overexpressed in several cancer types
including acute and chronic leukemias [21] and solid

tumors such as breast [22], colon [23], prostate [24], and
ovarian cancers [25], glioblastomas [26, 27], melanomas
[28], pituitary adenomas [29], and meningiomas [30, 31].

Physiologically, the CXCR4/CXCL12 axis is involved in
migration of embryonic cells participating to the devel-
opment of the central nervous system, bone marrow, and
heart [32, 33]. Although for many years the interaction
between CXCR4 and CXCL12 was thought to be unique,
more recently, it was reported that CXCL12 binds also to
another receptor, named CXCR7 [34]. CXCR7 is expressed
in several cell types, including endothelial cells, T and B cells,
dendritic cells, chondrocytes, endometrial stromal cells. The
interaction of CXCL12 with CXCR4 mainly affects chemo-
taxis, while the binding to CXCR7 mediates proliferation in
tumor cells [35]. Thus, CXCL12 can modulate the migration
capacity of tumor cells and CXCR7 can enhance tumor
growth.

Chemokines interacting to specific G protein coupled
receptors (GPCRs) activate several signalling pathways in
both normal and cancer cells. In normal cells, upon activa-
tion, CXCR4 dimerizes and transduces several intracellular
signals (Figure 2). Most of them are PTX-sensitive and
therefore dependent on activation of Gi/Go proteins, includ-
ing Gα and Gβγ-mediated signals. Gαι activation implies
the inhibition of adenylyl cyclase (AC) function, thereby
determining a decrease in the cytosolic concentration of
cyclic AMP (cAMP), and leading to the inhibition of
protein kinase A (PKA). Gαq transduces the CXCR4 signals
through the activation of phospholipase Cβ (PLC) which
increases inositol triphosphate and intracellular calcium
levels. Chemokine signalling activated by Gβγ induces a
direct activation of PI3 kinase (PI3K), a survival regulator
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acting on effectors of apoptosis [36]. PI3K activation is
often detected in cancer as mediator of the increased
survival of the tumor cells. Importantly, beside survival,
chemokines in general, and CXCL12 in particular, are also
powerful activators of the MAP kinase (ERK1/2) cascade, the
most studied proliferative mechanism responsible of tumor
growth [30, 36]. Interestingly, ERK1/2 activation may involve
either the classical Ras/Raf/MEK pathway or the activation
of the cytosolic, Ca++-dependent tyrosine kinase Pyk2 [11].
However, in pituitary adenoma cell lines, CXCR4-induced
activation of the calcium-dependent protein kinase Pyk2
was involved in a proliferative response independent by
ERK1/2 and involving large conductance Ca2+-dependent K+

channels [37, 38]. Thus, the intracellular signaling involved
in CXCL12 tumor cell proliferation is extremely dependent
on the cell type analyzed.

More recently, several studies proposed that CXCR4-
dependent activation of ERK1/2 was mediated by trans-
activation of tyrosine kinase receptors. Cross-talk between
growth factor and G protein-coupled receptors is now
believed to play an important role in both normal and tumor
responses. In particular, the transactivation of epidermal
growth factor receptor (EGFR) and the activation of its
downstream signaling pathways are critical for the mitogenic
activity of different GPCR ligands, including chemokines.
In the ovarian cancer cell line SKOV-3, CXCL8/IL-8 was
shown to induce transient phosphorylation of EGFR and
its association with the adaptor molecules Shc and Grb2,
suggests an important cross-talk between chemokine and
growth factor pathways [39]. In three other ovarian cancer
cell lines (OC 314, OC 315, OC 316), it was demonstrated
that CXCL12/CXCR4 interaction induces a dose-dependent
cell proliferation through ERK1/2 and Akt activation that
was dependent on EGFR phosphorylation caused by a mech-
anism involving the activity of the cytosolic tyrosine kinase
c-Src [40]. Thus, a “cross-talk” between CXCL12/CXCR4
and EGFR intracellular pathways may link signals of cell
migration and proliferation in ovarian cancer. A similar
mechanism was also demonstrated in breast cancer cell lines,
showing that estrogen-dependent proliferation involves the
synthesis of CXCL12 (identified as estradiol-dependent
gene), that causes an autocrine stimulation of CXCR4 and
the subsequent activation of c-Src that, in turn, induces a
ligand-independent activation of EGFR and ERK1/2 phos-
phorylation [41]. The transactivation of HER2/neu through
CXCL12 stimulation of CXCR4 and Src activation cells was
also demonstrated, in breast and prostate cancers [41–43].

3. Chemokines, Tumor-Specific Immune
Responses, and Tumor Microenvironment

The interaction of chemokines, their receptors, growth
factors, inflammatory with cancer cells forms a complex
network at the tumor site, responsible for the overall pro-
gression or rejection of the tumor. In particular, chemokines
play an essential role in coordinating the function of the
immune system participating either in several steps of the
antitumor immunity or in the regulation of the release of

several mediators able to activate proangiogenic stimuli, and
thus supporting tumor development.

In fact, on one hand, chronic inflammation is often
associated with cancer development [44] with an inflam-
matory component detectable also in the microenviron-
ment of tumors non epidemiologically related to inflam-
mation [45]. Moreover, several chemokines (mainly of the
CXC/ELR+ family) are involved in regulation and recruit-
ment of multiple cell types within tumor microenvironment,
often possessing neoangiogenetic activity (Figure 3). Thus,
chemokines may exert not only a direct effect on tumor
cells but may control tumor growth also through the
activation of their specific receptors expressed in a large
number of stromal (fibroblasts and endothelial cells) and
inflammatory cells. Importantly these cells also secrete a
variety of chemokines, which regulate the migration of
infiltrating macrophages, lymphocytes, dendritic cells, and
neutrophils in response to a chemokine gradient [13].

On the other hand, the activity of several chemokine may
be detrimental for tumor growth causing the recruitment
in tumor microenvironment cytotoxic T lymphocytes and
NK cells responsible of the immunosurveillance against
transformed cells (Figure 3).

Among CXC-chemokines, CXCL12 is known to regulate
the local immune response and is a potent chemoattractant
for T cells, pre-B lymphocytes, and dendritic cells and its
receptor CXCR4 is expressed by T lymphocytes, monocytes,
neutrophils, and endothelial cells. This chemokine produced
by different cell types in the tumor microenvironment mod-
ulates the activity of immunosuppressive cells (macrophages,
neutrophils, T regulatory cells) contributing to tumor pro-
gression.

The molecular pathways activated in tumor cells that
control cancer-related immunity include transcription fac-
tors, such as nuclear factor-κB (NF-κB), hypoxia inducible
factor α (HIF1α), and signal transducer and activator of
transcription 3 (STAT3), which, in turn, control the pro-
duction of other chemokines and inflammatory mediators
(prostaglandins, cytokines). Altogether these factors trigger
the recruitment of activated inflammatory cells generating
the cancer-related inflammatory microenvironment. For
example, tumor-associated leukocytes represent a source
of growth factors, acting on tumor cells, and angiogenic
factors.

This dual role of chemokines in tumor development, to
either eliminate malignant cells or escape the host immune
control, was demonstrated in several tumor types [46]. For
example, in melanoma, while chemokines contribute to the
recruitment of CD8+ T lymphocytes expressing CXCR3 that
infiltrate the tumor leading to the improvement of patient
survival [22], the lack of critical chemokines (CCL2, CCL3,
CCL4, CCL5, CXCL9, and CXCL10) in melanoma metastases
may block the migration of activated T cells, which in turn
could limit the effectiveness of antitumor immunity [47].
On the other hand, the aberrant expression of chemokines
in tumors induces immunosuppression and favors tumor
growth as shown in hepatocellular carcinoma, where high
levels of CXCL9 and CXL10 have been associated with
inhibition of CXCR3 expression by CD8+ T limphocytes,
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reduction of T-cell tumor infiltration and cytotoxic functions
and tumor growth [48].

Another mechanism by which certain tumors evade
the immune system is through the chemorepulsive activity
of high levels of CXCL12. CXCL12 at low concentration
(<10 nM) acts as a T cell chemoattractant [49], while higher
concentrations of the chemokine can repel T cells in vitro
and in vivo via a CXCR4 receptor-mediated mechanism [50].

In conclusion, according to which chemokines are
released, completely opposite events may occur; abundant
production of proinflammatory chemokines (i.e., ELR+
CXC-chemokines) can lead to a strong inflammatory
response that potentiates angiogenesis, thus favoring a rapid
neoplastic growth. Alternatively, high levels of monocytes
and/or neutrophil infiltration, for example, in response
to ELR- chemokines, can be associated with angiostasis,
cytotoxicity, and possible tumor regression [19] (Figure 3).

On the basis of these evidences, the characterization
of the different chemokine networks in various types of
cancer cells may foster better knowledge for understanding
the immune-related mechanisms of cancer development and
application in cancer immunotherapy.

4. Ovarian Cancer

Ovarian cancer causes more deaths than any other cancer of
the female reproductive system, representing the world sixth
most commonly diagnosed neoplasia among women [51].
Despite the high incidence and mortality rates, the etiology
of this disease is poorly understood. Age and family history
for the disease represent established risk factors for ovarian
cancer; other possible risk factors include postmenopausal
hormone-replacement therapy and lifestyle factors such as
cigarette smoking and alcohol consumption. However, in
many cases, the causes of ovarian cancer are yet to be
identified.

The progression of these tumors within the peritoneal
cavity results in late diagnosis and high mortality rate.
Indeed, the majority of patients are diagnosed with advanced
disease and treated with surgery and postoperative cis-
platinum- and taxane-based chemotherapy [52]. Moreover,
several patients exhibit primary resistance to chemotherapy
and approximately 70% achieve remission that is generally
not durable, with an overall 5-year survival rate of 20–30%
[53].
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Ovarian cancers are histologically diverse: about 80%
originates in the epithelium (epithelial ovarian cancer, EOC);
the remaining 20% arise from other cell types (germ cell,
sex cord-stromal, and mixed cell tumors) or are metastases
to the ovary (most commonly, from the breast or gastro-
intestinal tract tumors). EOC includes four histotypes
(serous, mucinous, clear cell, and endometrioid) differing
for epidemiologic, genetic changes, tumor markers, and
response to therapy. The molecular events leading to the
development of EOC are not yet clear, although if genetic
and epigenetic alterations have commonly been observed.
One of the most frequent genetic changes (about 70%
of cases) is the mutation or loss of TP53 function but,
despite the great number of studies, its correlation with
chemoresistance and prognostic impact are not yet fully
proved [54]. Loss of heterozigosity and mutations BRCA1
and BRCA2 leading to inactivation of other genes, has
been described in familial ovarian cancers [55]. Mutations,
amplification, and overexpression of well-known oncogenes,
such as PI3K subunit-α, FGF1, MYC, EGFR, KRAS, HER2,
and AKT2, have been also associated with ovarian cancer
[56].

The different subtypes of ovarian cancer could be further
subclassified according to tumor cell type grade, taking into
account the different molecular characteristics: high grade
serous cancers typically contain BRCA1 and TP53 mutations
(up to 80%); low grade serous carcinomas often have
mutations in the KRAS and BRAF genes (>60%), and low-
grade endometrioid cancers are associated with mutations
in the beta-catenin gene, CTNNB1, PTEN, and PI3CA and
mucinous carcinomas frequently have mutations in KRAS
and TP53. This subclassification of ovarian cancers is essen-
tial because different subtypes of ovarian cancer respond
differently to treatment and have different prognoses
[57].

Some of the genes involved in ovarian cancer develop-
ment control the activation of specific intracellular signalling
pathways, particularly PI3K/Akt, EGFR, HER2/neu, PKC1,
Src, and Ras, that are activated in more than half of ovarian
neoplasms and thus could represent future targets for new
anticancer agents.

In particular, EGFR and HER2/neu activate signaling
pathways (PI3K/Akt and ERK1/2 MAP kinase), leading to
different cellular processes involved in tumor development,
such as cell division and migration, adhesion, differentiation,
and apoptosis [58]. Aberrant EGFR and HER2 expression
was reported in ovarian carcinomas [59]. This evidence
prompted the development of several strategies to target
EGFR and HER2: monoclonal antibodies directed against
the extracellular domain of the receptors or small molecules
targeting the intracellular tyrosine kinase domains (tyrosine
kinase inhibitors (TKIs)) are in various stages of clinical trials
for ovarian cancer [60].

However, the molecular pathways underlying ovarian
cancer progression are still poorly understood and currently
the signaling pathway research identified promising novel
candidates for cancer treatment and thus much effort has
been made to establish signal transduction as target for
therapy.

One of the major challenges for ovarian cancer clinical
outcome is the occurrence of metastasis. Ovarian cancer
spreads by direct seeding of cells into the peritoneal cavity
where they form cancer nodules, by lymphatic dissemination
to the pelvis, or, less frequently, by hematological diffusion to
the parenchyma of the liver or lung. Ovarian cancer metas-
tasis in the peritoneal cavity is not limited by anatomical
barriers, thus peritoneal metastatic lesions can easily implant
and give rise to ascitic tumor cells growing in plasma-derived
exudate. Both tumor size and accumulation of ascites are
inversely associated with survival [61].

Some of the EOC clinical features (failure to early
disease detection, resistance to chemotherapy, high rate of
recurrence) have been recently ascribed to the presence, as in
other solid human cancer types, of cancer stem cells (CSCs)
a rare cell subpopulation that maintain their tumorigenic
potential after cytotoxic therapy.

These tumor characteristics well fit with the known
properties of CSC such as quiescence and elevated multidrug
resistance activity, leading to insensitivity to cytotoxic drugs,
and multipotency, resulting in diversity in histological
phenotype associated with ovarian cancer. A large number
of studies on tumor-initiating stem cells in hematological
and solid cancers have been published (for review see [62]),
although very few reports addressed the role of CSCs in
EOC. Stem and progenitor-like cells able of self-renewal,
pluripotency, differentiation in vitro and in vivo have been
recently isolated from human epithelial ovarian cancers
[63]. It was also hypothesized that putative ovarian CSC
possesses an altered mitochondrial phenotype associated to
its evolution towards tumorigenesis. Few studies showed
the isolation of putative mouse ovarian CSC endowed with
clonogenic, tumorigenic activity in vivo, and enhanced
chemo-resistance in vitro [64, 65]. Another recent evidence,
supporting the role of CSC in EOC, was reported by Alvero
et al., describing that these cells have a distinctive genetic
profile that confers them the capacity to form ascites and
solid tumors, display chemoresistance, and promote tumor
recurrence [66].

A further development of this research area is required
to unequivocally define the contribution of CSC to human
ovarian cancer development, and the signaling pathways
involved. Importantly, these findings could lead to new
therapeutic strategies to specifically target ovarian CSCs.
Moreover, this knowledge is essential to understand the
mechanisms underlying the risk factors for this important
disease and is crucial for the development of effective
screening protocols aimed at its early detection. On these
bases, an improved understanding of the molecular biology
of ovarian cancer may lead to the discovery of novel
molecular targets for the treatment of ovarian cancer.

5. Chemokines in Ovarian Cancer

One novel and, possibly, extremely relevant signaling path-
way in ovarian cancer development, growth, and diffusion
is represented by the chemokine system. In EOC there is
now evidence for a complex chemokine network regulating



Journal of Oncology 7

autocrine/paracrine mechanisms, relevant for the biology
of both normal and malignant ovarian cells [67, 68]. As
outlined before, chemokines expressed in cells of tumor
microenvironment can affect the type and the degree of the
immune infiltrate in the tumor. Among chemokines, the CC
subfamily, and particularly CCL2, is the most often expressed
in ovarian cancer histotypes [69] being particularly involved
in macrophage recruitment. Negus et al. [70] reported the
expression of CCL2 and CCL5 in epithelial ovarian cancer
cells and demonstrated the relationship between the presence
of CCL2 with the extent of immune cell infiltration. More
recently, the analysis of ovarian cancer ascitic fluid and ascite
cells allowed the identification of the expression of CCL2,-
3,-4,-5,-8, and -22, altogether with their receptors (namely,
CCR1, -2a,-2b, -3,-4,-5, and-8), at mRNA and protein level
[71]. However, a definite correlation between this expression
pattern and the total cell counts in ascites or the stage of
the disease still has not been completely reached. Indeed,
tumors appear to utilize the same molecular mechanisms
used by normal immune system to eliminate malignant
cells. Concerning this topic, the influence of chemokines in
the antitumor immune response has been described in a
study that strongly supports the view that tumor-associated
regulatory T cells (mediators of the immune tolerance by
suppressing autoreactive T cells directed towards tumor
antigens) impair the function of T effector cells in tumor-
bearing patients [72]. Tumor tissue and ascites from patients
with ovarian cancer contain high levels of cells with the
hallmarks of regulatory T cells. These cells migrate into
the tumor microenvironment in a process mediated by the
chemokine CCL22 and are capable of suppressing antitumor
responses. This specific recruitment of regulatory T cells
represents a mechanism by which tumors may develop
immune advantages and, as a consequence, the suggested
inhibition of regulatory T cell migration or function using
antibodies against CCL22, may represent a novel antitumor
approach.

One of the main features of all solid tumors is their
dependence on neovascularization. Cancer cells recruit
endothelial cells through the activity of several chemokines,
cytokines, and growth factors. Angiogenesis is also critical
for ascites development and metastasis in ovarian cancer.
The role of chemokines in tumor angiogenesis is well
known, and this process is mainly controlled by chemokines
of the CXC family in a negative (angiostatic chemokines,
ELR-) or positive manner (angiogenic, ELR+) [73]. In
particular, CXCL8/IL-8 and CXCL1-3/GROα, β and γ, and
CXCL5/ENA-78 induce angiogenesis through the activation
of direct mechanisms on endothelial cells [74]. In ovar-
ian cancer, the existence of a direct relationship between
the expression of angiogenic molecules and the patho-
logical behavior of five different human ovarian cancers,
xenografted in the peritoneal cavity of nude mice, was
reported, demonstrating that the expression of CXCL8/IL-
8 was associated with neovascularization and inversely
correlated to survival [75].

Most chemokines sustain cancer cell proliferation and
survival acting as autocrine factors, as reported for CXCL8 in
Hey-A8 human ovarian cancer cells line blocked by specific

neutralizing antibodies. Moreover, CXCL8-overexpressing
cells when xenotransplanted in mice display an increased
cell growth, microvessel density, and the tumorigenic rate
[20]. Similarly, in vitro, IL-6 and CXCL8/IL-8 accelerate the
proliferation rate of several EOC cell lines [76].

The metastatic spread of tumors is controlled by the
microenvironment of the metastatic organ that supports
the homing and the growth of the tumor cells. Several
observations indicate that the tumor microenvironment at
metastatic sites is enriched with chemokines and that tumor
cells, expressing the cognate receptors, migrate and adhere in
response to the chemokines promoting metastasis formation
at these specific target organs.

In this respect, a very extensive research was performed
on CXCL12/CXCR4 ligand/receptor pair in breast cancer,
showing high expression of CXCL12 in target metastatic
organs of breast tumor cells, and the expression of CXCR4
in tumor cells [77].

An important role for the CXCL12/CXCR4 axis in
ovarian tumor metastasis was also identified and a cor-
relation between the activity of this chemokine system
and an enhanced intraperitoneal dissemination of EOC
was described [78] (see below). However, it is clear that
CXCL12 does not act by itself, and other pairs of chemokines
of different families and their respective receptors are
involved in metastasization. In EOC ascitic fluid and
blood of patients the reduction of migration responses
of monocyte/macrophages expressing several chemokine
receptors (CCR1, CCR5, and CXCR4) produced in the tumor
microenvironment, has been described [79]. In particular,
the role of CCL11/eotaxin-1 in proliferation and invasion
of ovarian cancer cells was analyzed. EOC overexpressed
CCR2, 3, and 5, the cognate receptors of CCL11, with a
strong positive correlation between tumor grade and the
levels of each of these receptors. Interestingly, the inhibition
of CXCL11 activity by neutralizing antibodies significantly
increases cis-platinum response in ovarian carcinoma cells
[80].

6. CXCL12/CXCR4 Expression in Ovarian
Cancer and Its Role in Tumor Cell
Proliferation and Metastases

In 2001 and 2002 Scotton et al. investigated, for the first time,
the possible role of CXCL12 in ovarian cancer [25, 81]. In
particular the expression of chemokines and their receptors
was reported in ten primary ovarian tumors, six cell lines,
and twenty ovarian cancer ascites. From these studies it
was shown that CXCR4 was the only chemokine receptor
expressed in these cells. Its expression was evidenced not
only in tumor cells but also in mononuclear and endothelial
cells within the tumor tissues; whereas endothelial cells in
tissues adjacent to the tumors were negative. CXCR4 was also
expressed in almost all the cells derived from ascites, and high
concentrations of CXCL12 were detected in all ascitic fluids
analyzed.

Interestingly, CXCR4 and CXCL12 are not involved
in the biology of normal ovarian epithelium since their
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expression was not detected in normal ovarian tissues and
in healthy women with family history of ovarian cancer.
In contrast, papillary serous and endometrioid ovarian
tumors display a high expression of CXCL12. Low-grade
ovarian cancers were reported to have a differential pattern
of expression, with benign mucinous tumors negative but
serous benign positive for the expression of this chemokine
[25].

Subsequently, CXCR4 and CXCL12 expression in ovarian
cancer have been confirmed by other studies [78, 82, 83].

More recent detailed analysis showed the expression
of CXCR4 and CXCL12 also in normal ovary, but their
localization was confined to the follicular cells and it
was not detected in normal epithelium [82]. However, in
consideration that 91% and 59% of ovarian cancers express
CXCL12 and CXCR4, respectively, it was proposed that an
overexpression of this chemokine system was present in
ovarian malignant cells. In addition, the CXCR4/CXCL12
expression was associated with unfavorable prognosis with
significantly reduced median disease progression-free sur-
vival [82]. Similarly, Kajiyama et al. [78] demonstrated that
in patients whose tumors were positive for the expression of
CXCR4, the overall survival was significantly worse than in
patients negative for CXCR4 expression. Moreover, the level
of CXCL12 in the ascites was directly related to the stages of
disease.

Thus, even if the published studies individually examined
a small number of ovarian cancers, all these results agree
that CXCL12/CXCR4 axis may be closely associated with the
development of peritoneal metastasis and the prognosis of
patients with epithelial ovarian carcinoma (EOC).

In vitro studies directly demonstrated that, in the
presence of CXCL12, CXCR4 controls both ovarian cancer
cell proliferation and migration, through the activation of
the ERK1/2 and Akt pathway [40]. In addition, it was
also demonstrated that CXCL12 effects on ovarian cancer
cell lines are mediated by EGFR transactivation through
a mechanism involving the activity of cytosolic tyrosine
kinases, belonging to the c-Src family [84].

Inhibition of CXCR4 activity reduces intraperitoneal
dissemination of ovarian cancer xenografts. In vitro, CXCL12
induces cell migration and invasion of the IGROV ovar-
ian cancer cell line. Human peritoneal mesothelial cells
(HPMCs), lining the peritoneal cavity, bind to EOC in the
initial step of peritoneal metastasis. CXCL12 is predomi-
nantly expressed in HPMCs rather than in EOC cells, while
CXCR4 was found in both EOC and HPMCs, thus creating
an extracellular chemotactic milieu for EOC migration.
Moreover, coculture experiments, using HPMCs and EOC,
showed a strong increase in CXCL12 release, suggesting
that some tumor-derived factors upregulate CXCL12 levels
in ascites. TGFβ1 may be one of these factors increasing
CXCL12 production. AMD3100, a potent CXCR4 antago-
nist, reduced the formation of peritoneal metastasis in an in
vivo experimental model, even if no significant differences in
survival were observed between mice treated with AMD3100
and control mice [78]. Clinical trials should become feasible
with the development of novel orally available CXCR4
inhibitors.

Ovarian cancer metastasizes preferentially to local lymph
nodes and peritoneum and, in contrast with breast cancer,
only rarely in other organs such as liver, lung, and bones.

Ovarian and breast cancers share the overexpression
of HER2/neu, a member of the EGFR family. HER2/neu
increases the metastatic potential in murine and human cell
lines and induces mammary tumors and lung metastases in
transgenic animal models [85]. CXCR4 plays an important
role in targeting the metastasis of breast cancer. Malignant
breast cancer cells express CXCR4, invade the extracellular
matrix, and circulate in the blood and lymphatic vessels
attracted by CXCL12 that is abundantly released by target
metastatic organs. Recently, it has been demonstrated that
the overexpression of HER2/neu in breast cancer enhances
the metastatic potential through the upregulation of CXCR4,
providing a link between CXCR4 and HER2/neu in tumor
progression and metastasis [86].

A similar study was performed in a cohort of 148 ovarian
tumor samples by immunohistochemistry on tissue microar-
rays [87]. HER2/neu overexpression was found in a quarter
of malignant tumors and associated with significantly shorter
overall survival, in agreement with the majority of publica-
tions. However, HER2/neu positive patients did not show a
higher expression of cytoplasmic CXCR4 staining, which was
positive in over half of the cases and closely correlated with
CXCL12 expression [87]. The lack of influence of CXCR4
in ovarian cancer could reflect the peculiar characteristics
of the metastatic process in ovarian cancer as compared
to other cancers such as colon [88], non-small-cell lung
cancer [89], gliomas [90], malignant melanomas [28], oral
squamous carcinoma [91], and adult acute myeloid leukemia
[92]. In these types of cancer, distant metastasis, favored by
CXCL12 expression on target organs, significantly influences
the survival, while in ovarian cancer the recurrence in the
pelvis and in the peritoneum is the main cause for death.
Nevertheless, it needs to take in account that, in this study,
CXCR4 and HER2/neu expression was evaluated in paraffin-
embedded tissues blocks and their histology and grading
was related with survival of patients, without analysis of the
metastatic sites.

Thus, the presence of high level of CXCL12 in the ascitic
fluids as well as the inhibition of intraperitoneal dissemi-
nation of ovarian cancer xenografts by CXCR4 antagonist
suggests that CXCR4/CXCL12 axis may be important in the
invasion of ovarian cancer cells and further studies will be
necessary to better deepen this important question.

The published studies dealing with the expression of
CXCL12 and CXCR4 in human ovarian cancer cell lines,
tumor biopsies and ascite cells are summarized in Tables 1
and 2, respectively.

Interestingly, also in other gynecological cancers, such
as cervical and endometrial carcinomas, chemokines were
reported to have a pathogenic role.

Most of the early studies on the role of CXCR4 in cervical
cancer were performed using the HeLa cell line (cervical
adenocarcinoma-derived cell), the first immortalized cell
line developed for research purposes [95, 96]. CXCL12
stimulation of HeLa cells induces increase of intracellular
calcium concentrations, activation of ERK1/2 MAP kinase,
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Table 1: CXCR4 and CXCL12 expression in human ovarian cancer cell lines.

Ovarian cancer cell lines CXCR4 expression CXCL12 expression References

Protein mRNA Protein mRNA

IGROV, CAOV-3, PEO1, PEO14 X X X X [81]

OVCAR-3, SKOV-3 Not detected Not detected Not detected Not detected [81]

IGROV, CAOV-3 X X [25]

OC 314, OC 315, OC 316 X X X [40]

SKOV-3, RMG-I, NOS-2, KOC-7C, X X X [78]

ES2, NOS-4 X [78]

BG-1 X X X X [93, 94]

Table 2: CXCR4 and CXCL12 expression in human ovarian carcinomas and tumor ascite cells.

Ovarian carcinoma CXCR4 expression CXCL12 expression References

Solid tumors (positive/total, %) Protein mRNA Protein mRNA

8/10, 80% X X X X [81]

19/20, 95% X X [81]

16/18, 88% X X [25]

26/44, 60% X [82]

40/44, 91% X [82]

27/30 (metastatic), 91% X [82]

23/30 (metastatic), 77% X [82]

12/12, 100% X X X X [83]

119/128, 93% X [87]

128/128, 100% X [87]

16/36, 44% X [78]

Ascites (positive/total, %)

63/63, 100% X [81]

26/26, 100% X [78]

PI3K-Akt and Jak-STAT pathways; all these signals cooperate
in cell migration and spreading. Studies on human cervical
carcinoma (HCC) demonstrated high expression of CXCR4
in HCC-derived cell lines and in tissue sections, while normal
cervical epithelium was negative [97]. CXCL12 binding to
CXCR4 induces cell movement, cytoskeleton reorganization,
and gene activation, synergizing with hepatocyte growth
factor. In fact, metastasization of cervical adenocarcinoma
or squamous cell carcinomas is more frequent in tumors
expressing high levels of CXCR4 than tumors that express
either low levels or are negative for CXCR4 [98, 99]. Also
CCR7 levels in cervical adenocarcinoma/squamous cells are
associated with invasion of lymph nodes as well as tumor
cell proliferation and survival. CXCR4 and CCR7 expression
is significantly higher in patients with larger tumor size,
deep stromal invasion, lymph-vascular space involvement, or
lymph node metastasis [100]. As far as endometrial cancer,
studies on CXCR4 and CXCL12 expression revealed that
CXCR4 is overexpressed in endometrial cancers as compared
with normal tissues, whereas CXCL12 was overexpressed in
normal mucosa. In addition, in vivo cell migration may
be contrasted by CXCR4 neutralizing monoclonal antibody
that reduces size and number of the metastasis in all target
organs (peritoneum, lung, liver) [101]. However, a different

study shows that CXCR4 expression was inversely related to
tumor grade and patient outcome [100]. On the contrary, no
difference between cancer and normal tissues was reported as
far as CXCR7 expression [101].

7. CXCR4/CXCL12 and Primordial Germ
Cells Development

Ovarian germ cell tumors (OGCTs) account for about 20%
of all ovarian neoplasms and constitute the second largest
group of ovarian cancer mainly affecting young women (58%
of all ovarian tumors in women younger than the age 20
years). They histogenetically derive from primordial germ
cells and differ with regard to clinical presentation, tumor
biology, and histology. OGCTs include both benign (pre-
dominantly) and malignant (MOGCT) subtypes. MOGCTs
are rare but aggressive and very curable tumors, accounting
for approximately 1-2% of all ovarian malignancies [102].

In most organisms primordial germ cells (PGCs) migrate
through developing embryo to reach the location where the
gonad develop. In this process somatic cells of the gonads
support the proper development of germ cells, the lineage
that gives rise to sperm and eggs.
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In mice lacking CXCL12, the colonization of gonads
by PGCs is impaired [103]. CXCR4 is expressed in mouse
germ cells; whereas expression of its ligand is high in the
genital, the target of the migrating cells. In fact, CXCL12
is essential for homing of PGCs into genital ridges but
is not required for direct migration through tissues of
embryos [104, 105]. Different studies demonstrated that
in mouse germ cell migration and survival requires the
CXCL12/CXCR4 interaction [106, 107].

Recently, it was reported that also the other CXCL12
receptor, CXCR7, takes an active part in the migration
of PGCs; knockdown of CXCR7 gene results in impaired
polarity and aberrant migration of PGCs [108]. Unlike
CXCR4, CXCR7 function was found to be required in
tissues surrounding the migrating cells (where it is found
primarily in intracellular structures) rather than in PGCs.
It was suggested that the key role of CXCR7 is to bind
and internalize CXCL12 thereby controlling the level of the
diffusible chemokine in the extracellular space [108]. Thus,
CXCR7 may act as a high-affinity decoy receptor to facilitate
the migration of PGCs by shaping the distribution of the
chemokine in the environment [109].

CXCR4 and CXCL12 control cell migration in several
normal and pathological conditions [103–105, 108, 109].
In neonatal mice CXCL12/CXCR4 signalling contributes to
maintain the size and longevity of the primordial follicle
pool [106]. CXCL12/SDF1α and β (but not CXCL12/SDF1γ)
transcript variants were identified in cultured neonatal
and adult ovary by microarray analysis and RT-PCR. In
neonatal tissues both CXCL12 and CXCR4 display similar
expression pattern. They are detected in primordial and
primary/secondary oocytes with lower level of staining in
the interstitial tissues and granulosa cells. The primordial
oocytes are essentially “resting” cells with limited metabolic
capability suggesting that the presence of CXCR4/CXCL12
may be with index of an essential role for this chemokin
system within the follicle [106].

Recently it was proposed an innovative hypothesis con-
cerning the cell type by which ovarian epithelial tumors may
rise [110]. In fact, it was widely accepted that the origin of
epithelial ovarian tumors derives from the mesothelial cell
layer lining the ovary surface (ovarian coelomic epithelium).
However, it was observed that ovarian epithelial neoplasms
are remarkably similar to epithelial cells from extra-ovarian
sites in the female reproductive tract. The three most
common subtypes of these tumors, referred as serous,
endometrioid, and mucinous are morphologically identical
to carcinomas of the fallopian tube, endometrium, and
endocervix, respectively. It has been suggested that ovarian
epithelial cells could arise from tissues that are embryological
derived from the Mullerian ducts.

In other types of cancer the physiological role of
CXCR4/CXCL12, carried out during the embryonic devel-
opment, is turned in the ability to influence cell migration
and spreading in cancer. Thus, studying CXCR4/CXCL12
function in epithelial ovarian cancer, the choice of an incor-
rect cell controls could bring wrong conclusions. It could
be possible that a deregulated CXCR4/CXCR7/CXCL12 axis
could be already evident in early stage of illness.

8. CXCR4 as a Potential Therapeutic Target

All the data previously discussed provide the rationale for
targeting CXCR4 in cancer. In particular, this notion is
further supported by the different mechanisms resulting
from CXCR4 inhibition: (a) the reversal of stromal cell inter-
actions responsible of tumor cell survival; (b) the blockade
of proangiogenic activity of CXCL12 and the reduction of
the dissemination and migration ability of tumor cells; (c)
the blockade of tumor growth through autocrine/paracrine
signaling mediated by CXCL12/CXCR4 interaction; (d) the
mobilization of tumor cells from tissues to increase their
sensitivity to conventional chemoterapeutic agents.

On these premises, several molecules able to antago-
nize CXCR4 activity in response to CXCL12 have been
identified. To date four types of CXCR4 inhibitors have
been described: (1) peptide-based antagonists, (2) nonpep-
tidic antagonists; (3) neutralizing antibodies for CXCR4;
(4) modified CXCL12 peptides, endowed of antagonistic
activity.

The first small peptide antagonists of CXCR4 (named
T22, T134, and T140) [111, 112] were discovered screening
compounds with potential anti-HIV-1 activity (CXCR4 acts
also as coreceptor in T-cell line tropic HIV infection [95,
96]). In particular T22 blocks CXCR4 activity by binding the
receptor region involved in HIV-1 entry into the cell. T140,
the most active antagonist [113], is a 14-residues peptide
with the main limitation in the low stability in serum. Thus,
this shortcome was overcome by modified structural analogs
(T14003 and TC14012) [114]. Recently, T140 synthesize
as cyclic peptide (FC131) [115], and a new antagonist
(named POL3026) [116], with better pharmacokinetic prop-
erties and potent CXCR4 antagonist activity, have been
described. In cancer, T140 efficacy to block CXCR4 has been
reported in different tumor models in vivo and in vitro,
including leukemia [117], breast [118] and lung cancers
[119], and malignant melanoma [120]. T140 and TN14003
are currently in clinical development for B-cell homing
[117].

Among nonpeptidic small molecules, cyclams and bicy-
clams such as AMD3100 are endowed of CXCR4 antagonistic
properties [121] and weak partial agonist activity [122–124].

Antitumor efficacy of AMD3100 was demonstrated in
breast cancer where it blocks CXCL12-induced HER2/neu
activation in vitro [125] and inhibits tumor growth in vivo
[126]. Its antineoplastic activity has been also demonstrated
in pancreatic cancer cells, colorectal and glioblastoma tumor
xenografts [127–129]. Moreover, playing CXCR4 a key role
in cross-talk between leukemia cells and their microenviron-
ment, the potential use of this drug in hematological cancer
has been widely studied and it is currently used in clinics for
the mobilization of hematopoietic stem cells [130, 131].

Indeed, in hematological malignancies, tumor cells use
CXCR4 for dissemination and progression of the disease,
because interactions of CXCR4 with its ligand are critical
for hematopoietic cells trafficking and homing to lym-
phatic tissues [132]. Stromal cells within bone marrow
microenvironment constitutively secrete CXCL12 and the
activation of CXCR4 induces leukemia cell migration to
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the marrow microenvironment, providing growth and drug
resistance signals. AMD3100 is able to mobilize leukemia
cells from their stromal microenvironment and inhibits
adhesive tumor-stroma interactions, thus making leukemia
cells accessible to conventional drugs [133].

AMD3100 has also been used as agent that disrupts inter-
action with the bone marrow microenvironment in multiple
myeloma cells [134] and in between mantle cell lymphoma
cells [135]. Therefore, targeting the CXCR4/CXCL12 axis
is attractive therapeutic approach in leukemia patients. It
was shown that in leukemia cells, several growth and sur-
vival factors from the tumor microenvironment, including
CXCR4 activation, induce PI3K activation. Therefore, the
activity of isoform-selective PI3K inhibitors was investigated
to indirectly block CXCL12/CXCR4 signals in chronic cell
leukemia leading migration, stromal cell interactions, and
stromal cell-mediated drug resistance [136].

AMD3100 was successfully used in both in vitro and in
vivo experiments carried out in ovarian cancer cells [25].

Antibodies against CXCR4 have been reported to affect
HIV-1 infection and cancer cell migration [137]. The limit-
ing point for monoclonal antibody therapeutic development
is due to the high frequency of heterogeneous conformation
of CXCR4 and posttranslational modification that reduce the
antibody specificity and function [138].

Antichemokine activity was also identified in some
natural compounds. Soybean and cruciferous vegetables
have been implicated in the protection against spontaneous
and carcinogen-induced cancers although the mechanisms
for this anticarcinogenicity are not fully elucidated. Epidemi-
ologic studies in Asian women indicate that consumption of
a traditional diet high in soy confers significant protection
against breast cancer [139].

3,3′-Diindolylmethane (DIM) and genistein, dietary
phytoestrogens, belonging to isoflavone class of flavonoids,
have anticarcinogenic activities [140]. Recently, Hsu et
al. demonstrated that DIM inhibits the chemotactic and
invasive potential of breast and ovarian cancer cells especially
through an estrogen-independent mechanism, reducing the
chemotaxis towards CXCL12. In addition, downregulation
of CXCR4 and CXCL12 and inhibition of chemotaxis and
chemoinvasion in breast and ovarian cancer cells toward
CXCL12 are among of the biological effects of genistein
[93] likely through the inhibition of the estrogen dependent
CXCL12 mRNA synthesis.

9. Conclusions

One of the topics emerging from this review is that
ovarian cancer growth and metastasis can be controlled by
immunomodulatory and chemotactic chemokines. Indeed,
chemokine/chemokine receptor systems attract increasing
attention as anticancer strategies due to their direct involve-
ment in almost every aspect of tumorigenesis. Thus, further
biology and pharmacology studies have to be developed to
fully address the chemokinergic system as an ideal target for
the inhibition of tumor proliferation, angiogenesis, invasion,
and metastasization.
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Our previous reports demonstrated that NAC1, a BTB/POZ domain-containing nuclear protein, upregulates in recurrent ovarian
serous carcinoma and participates in developing drug resistance in cancer cells. The current study applies quantitative proteomics
to identify the proteins controlled by NAC1 by comparing the proteomes of SKOV3 cells with and without expression of a
dominant negative NAC1 construct, N130. From the proteins that are downregulated by N130 (upregulated by NAC1), we chose
to further characterize fatty acid synthase (FASN). Similar to change in protein level, the FASN transcript level in SKOV3 cells
was significantly reduced by N130 induction or by NAC1 knockdown. Immunohistochemistry showed that NAC1 and FASN
immunointensities in ovarian serous carcinoma tissues had a highly significant correlation (P < .0001). Moreover, we found
that recurrent serous carcinomas exhibited higher FASN immunointensities than their matched primary tumors (P < .001).
Multivariate analysis showed that an FASN staining score of >1 in serous carcinomas was associated with a worse overall survival
time (P < .01). Finally, C93, a new FASN inhibitor, induced massive apoptosis in carboplatin/paclitaxel resistant ovarian cancer
cells. In conclusion, we show that NAC1 is essential for FASN expression in ovarian serous carcinomas and the expression of FASN
significantly correlates with tumor recurrence and disease aggressiveness. The dependence of drug resistant tumor cells on FASN
suggests a potential application of FASN-based therapeutics for recurrent ovarian cancer patients.

1. Introduction

Ovarian cancer is a neoplastic disease that exemplifies
many of the major issues underlying current chemotherapy
regimens in clinical oncology [1, 2]. Although most ovarian
carcinomas at advanced stages are responsive to initial
carboplatin and paclitaxel treatment, tumor clones resistant
to these drugs eventually evolve as recurrent diseases. As
a consequence, the main contributors to the mortality
and morbidity of advanced stage ovarian cancer patients
are chemoresistant tumors. In an effort to elucidate the
molecular mechanisms underlying chemoresistance, we have

studied ovarian cancer genome and transcriptome and have
identified several genes and pathways that are potentially
involved in this phenotype. One of these genes, NACC1
encoding NAC1 (or NAC-1) protein, shows significantly
higher expression in recurrent chemoresistant ovarian serous
carcinomas than in primary untreated tumors [3]. NACC1
belongs to the BTB/POZ domain gene family and contains
the BEN domain that potentially mediates protein-DNA and
protein-protein interactions during chromatin organization
and transcription [4]. Biologically, NAC1 has been demon-
strated to be an embryonic stem cell marker that controls
proliferation and pluriopotency in embryonic stem cells



2 Journal of Oncology

[5–7]. NAC1 homodimerizes through the highly conserved
BTB/POZ domain (a.a. from 1–129) [8] and its complex
formation is essential for a variety of its biological functions.

In our previous study, we found that recurrent ovarian
serous carcinomas showed a higher NAC1 expression level
than their matched primary untreated tumors [3, 9]. Ectopic
expression of NAC1 increased paclitaxel resistance while
knockdown of NAC1 or disruption of NAC1 homodimer-
ization sensitized cancer cells to chemotherapeutic drugs
[3, 9]. In order to understand how NAC1 contributes to
drug resistance, we previously compared the gene expression
profiles of SKOV3 ovarian cancer cells to those of NAC1
inactivated SKOV3 cells where the inactivation was induced
by expression of N130, a mutant protein containing only
the BTB/POZ domain of NAC1 that competitively inhibits
NAC1 homodimerization. We found that NAC1 negatively
regulated the components of the Gadd45 tumor suppres-
sor pathway including Gadd45α and its binding protein,
Gadd45gip1 [9, 10]. However, suppressing the Gadd45
tumor suppressor pathway did not completely rescue ovarian
cancer cells after NAC1 inactivation, thus suggesting that
other mechanisms also play a role.

In this study, we identified proteins that are potentially
regulated by NAC1 by applying a quantitative proteomic
method using tandem mass spectrometry (MS/MS) and
spectral count [11]. A total of 2914 proteins were identified.
To reduce the sampling error and increase the quantification
accuracy, 208 proteins identified by at least 20 spectra and
two unique peptides were quantified to identify candidate
proteins controlled by N130 expression. By comparing the
protein quantity in the proteomes between N130-induced
and noninduced SKOV3 cells, we identified new NAC1
regulated proteins that could be responsible for the NAC1-
mediated drug resistance and for other biological functions.
Among the proteins found to be downregulated in N130-
induced cells, we selected fatty acid synthase (FASN) for
further characterization because it has been shown to be
associated with tumor progression in a variety of human can-
cers and its inhibitors are available for potential translation
studies.

2. Methods

2.1. Cell Lines and Clinical Tissue Samples. High-grade
ovarian carcinoma cell lines, SKOV3, A2780, and OVCAR3,
were obtained from the American Type Culture Collection
(Rockville, MD), and a low-grade serous cell line, MPSC1,
was previously established by us [12]. OSE10 was as SV-
40-immortalized ovarian surface epithelial cell line. All
cell lines were maintained in RPMI media with 5% heat-
inactivated fetal bovine serum (HyClone, Logan, UT) and
2% penicillin/streptomycin (Gibco, Rockville, MD).

A total of 427 ovarian carcinoma tumors collected
between January 1990 and December 2006 were arranged in
tissue microarrays. These included 269 high-grade serous,
45 low-grade serous, 45 endometrioid, and 68 clear cell
carcinomas. Fifteen histologically normal ovarian tissues
and 20 benign ovarian serous cystadenomas collected over

the same period were also analyzed. For Kaplan-Meier
survival analysis, we included 184 primary high-grade serous
carcinoma patients who underwent optimal primary cytore-
ductive surgery followed by platinum-based chemotherapy
at the Johns Hopkins Hospital. The paraffin tissues were
obtained from the surgical pathology repository at the Johns
Hopkins Hospital and clinical data was obtained from medi-
cal records, including age, race, stage, histologic subtype, and
date of patient’s current status (alive or deceased). Median
follow-up in those patients was 44.7 months. A subset of 56
high-grade serous carcinomas including 28 pairs of matched
primary and recurrent tumors was analyzed to correlate
FASN expression levels and to evaluate primary/recurrent
tumor status. Another subset of 162 high-grade serous
carcinomas was analyzed for correlation of NAC1 and FASN
expression levels because the NAC1 immunostaining slides
from these cases were available from our previous study
[3]. Collection of tissue samples was in accordance with the
guidelines of the institutional review board.

2.2. Quantitative Proteomics. Cell lysates were collected 48
hours after induction (removal of doxycyclin) or mock
induction [3]. Protein concentration was measured by BCA
assay. The same amounts of proteins (1 mg) from each
condition were reduced, alkylated, and digested with 1 to 50
Trypsin/protein ratio at 37◦C overnight. The peptides were
purified with C18 columns and resuspended in water with a
final concentration of 10 μg/μL.

For protein identification and quantification, each pep-
tide mixture was analyzed twice by the LTQ ion trap
mass spectrometer (Thermo Finnigan, San Jose, CA). For
each analysis, 2 μg of peptides were injected into a peptide
cartridge packed with C18 resin, and then passed through
a 10 cm × 75μm i.d. microcapillary HPLC (μLC) column
packed with C18 resin. A linear gradient of acetonitrile from
5%–32% over 100 minutes at flow rate of ∼300 nL/min was
applied. During the LC-MS mode, data was acquired in the
m/z range of 400 and 2000. The MS/MS was also turned on
to collect CID using data dependent mode.

MS/MS spectra were searched with SEQUEST against the
human IPI protein database (version 2.28). The peptide mass
tolerance is 3.0 Da. Other parameters of database searching
are as follows: cysteine modification (add cysteine 57) and
oxidized methionine (add methionine with 16 Da). The
output files were evaluated by INTERACT [13] and Peptide
Prophet [14]. The identified peptides with a probability
score ≥ 0.9 were used for the spectral count. To determine
the number of MS/MS spectra used for identification of
each protein in different conditions using our in-house
developed software tool and to reduce the error for protein
identification and quantification using MS/MS spectra, we
only quantified proteins identified by at least 20 spectra
and 2 independent peptides from the N130-induced and-
noninduced cells.

2.3. Western Blot and Real Time PCR. Western blot analysis
was performed on the protein lysates prepared from ovarian
cancer cell lines and OSE10. Similar amounts of total



Journal of Oncology 3

protein from each lysate were separated on 10% Tris-Glycine-
SDS polyacrylamide gels (Novex, San Diego, CA) and then
electroblotted to Millipore Immobilon-P polyvinylidene
difluoride membranes. The membranes were probed with an
anti-FASN mouse monoclonal antibody (1 : 100) (FASgen,
Baltimore, MD) followed by a peroxidase-conjugated goat
antimouse immunoglobulin (1 : 6,000). Western blots were
developed by chemiluminescence (Pierce, Rockford, IL)
utilizing glyceraldehyde-3-phosphate dehydrogenase as the
loading control. To determine the mRNA levels of FASN,
we performed quantitative real-time PCR using a BioRad
iCycler. Total RNA was isolated with the TRIzol method
(Invitrogen) and cDNA was synthesized from 2 to 5 μg total
RNA. FASN primer sequences were 5′-CATCCAGATAGG-
CCTCATAGAC-3′ (forward) and 5′-CTCCATGAAGTA-
GGAGTGGAAG-3′ (reverse). The expression of FASN was
normalized to that of human amyloid beta precursor protein
based with threshold cycle numbers calculated from dupli-
cate measurements. Mean fold expression differences were
further normalized to those of ovarian surface epithelium,
OSE10.

2.4. Immunohistochemistry. For immunohistochemistry,
paraffin sections after deparaffinization were incubated with
a primary antimouse FASN antibody at a dilution of 1 : 50 in
a 4◦C moist chamber overnight. Negative controls included
benign serous cystadenomas and normal ovaries. Two
independent observers scored the FASN immunoreactivity
using a categorical scoring system from 0 (not detectable) to
3 (intense) with the mean score recorded from triplicates.
Among the FASN stained cases, there were 162 that had been
previously stained with an anti-NAC1 antibody [3, 15].

2.5. Cell Number and Apoptosis Detection. Cancer cells were
seeded in 96-well plates at 2.5 × 103 cells/well for 24 hours
and then were incubated with 100 μL of the FASN inhibitor,
C93, at concentrations ranging from 2.5 μg/mL to 50 μg/mL
for 48 hours. After incubation, the number of viable
cells was measured by the CellTiter-Blue assay (Promega,
Madison, WI). These numbers were plotted against FASN
inhibitor concentrations, and the value of IC50 (i.e., the
C93 concentration at which cell growth dropped to 50% of
the control level) was estimated. To detect early apoptotic
cells, we grew ovarian cancer cell lines in 6 well plates (5 ×
105 cells/well) and treated them with C93 at their IC50 and
with DMSO of equal concentration. The early apoptotic cells
were quantified utilizing the Annexin V-FITC detection kit
(Biovision, Mountain View, CA) and annexin V-stained cells
were determined by flow cytometry.

After treating cells with C93 or DMSO, cells were
trypsinized, washed, and resuspended in a solution contain-
ing 0.6% NP-40, 3.7% formaldehyde, and 11 mg/mL Hoechst
33258 in a phosphate buffered solution. The stained cells
were then quantified by the BD LSR cytometer (Becton
Dickinson, Franklin Lakes, NJ). Cell cycle analysis was
performed using the CellQuest software (Becton Dickinson)
and cells in the subG1 phase that represent the late phase of
apoptosis were also measured.

2.6. Lentivirus Production and Transduction. Two NAC1
targeting shRNA plasmids previously cloned into the pLKO.1
(Sigma) and the packaging lentivirus plasmids were cotrans-
fected into 293FT cells using Lipofectamine 2000 (Invit-
rogen. The sequences of NAC1 targeting shRNAs were
5′-CCGGCCCAAGTGAGATTG CACATTTCTCGAGAAA-
TGTG CAATCTCACTTGGGTTTTTTG-3′ (shRNA-A) and
5′-CCGG CAAGTACTACTGCC AGAACTTCTCGAG AA-
GTTCTGGCAGTAGTACTTGTTTTTTG-3′ (shRNA-C).
Five hours after incubation, the transfection reagents were
replaced with 10% FBS RPMI culture media supplemented
with bovine serum albumin. The virus-containing super-
natant was collected, the mixture was centrifuged, and
polybrene was added to a final concentration of 8 μg/mL.
Transduction was carried out by adding 0.25 mL of virus
supernatant to the SKOV3 cells. A second transduction was
performed 24 hours later using the same protocol. shRNA or
control (vector only) virus transduced cells were enriched
by adding 2 μg/mL of puromycin. Following this second
round of transduction, cells were collected at 48 and 72 hours
for quantitative real-time PCR analysis of NAC1 and FASN
mRNA expression levels.

3. Results

3.1. High-Throughput Quantitative Proteomics Identifies
FASN as an NAC1-Regulated Protein. To determine the pos-
sible mechanism by which NAC1 promotes drug resistance,
we used the quantitative proteomics to compare the pro-
teomes of N130-induced and-noninduced SKOV3 ovarian
cancer cells using tandem mass spectrometry (MS/MS) and
spectral count [11]. We were able to identify proteins that
corresponded to a total of 2914 proteins. To reduce the sam-
pling error and increase the quantification accuracy, 208 pro-
teins identified by at least 20 spectra and two unique peptides
were quantified to identify candidate proteins controlled by
N130 expression. Based on the protein expression ratio of
N130 noninduced to N130 induced cells (N130 OFF versus
N130 ON), we listed the 19 proteins whose abundances
were at least increased 50% (OFF/ON ≥ 1.5, Table 1) and
identified 18 proteins whose levels were at least increased
50% (ON/OFF ≥ 1.5) by N130 induction (Table 1).
Cells with induced expression of N130 showed significantly
higher levels NAC1 expression than N130-noninduced cells
(ON/OFF = 76.5), and all the identified peptides from
NAC1 matched the N130 (BTB/POZ) domain, indicating the
robustness of N130 induction. Since our primary interest
was to identify the proteins that are upregulated by NAC1
(i.e., downregulated by N130), we selected fatty acid synthase
(FASN) for validation and characterization since its level
in noninduced cells is 1.57 times that in induced cells. We
made this choice because, more than other proteins in the
list, FASN has been associated with tumor progression and
because specific inhibitors of FASN are available for further
studies. The levels of FASN are less abundant in N130
induced cells than in N130-noninduced cells, suggesting
that NAC1 inactivation by N130 suppresses FASN protein
expression in SKOV3 cells.
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Table 1: Proteins that are differentially expressed in N130-induced and-noninduced SKOV3 cells.

(a) Proteins downregulated by N130 induction

IPI Protein name
ON-
spectra

ON-
peptides

OFF-
spectra

OFF-
peptides

Total
spectra

Off/on

IPI00013881
Heterogeneous nuclear
ribonucleoprotein H

4 5 20 7 24 4.62

IPI00012388
Transcription intermediary
factor 1-beta

8 7 23 9 31 3.07

IPI00220985 Keratin, type I cytoskeletal 18 8 4 18 5 26 2.35

IPI00298547
RNA-binding protein regulatory
subunit

10 7 23 7 33 2.30

IPI00299571 Protein disulfide isomerase A6 11 3 21 8 32 1.91

IPI00216976
aldolase C,
fructose-bisphosphate

10 3 19 4 29 1.90

IPI00012074
Heterogeneous nuclear
ribonucleoprotein R

9 5 17 7 26 1.89

IPI00013917 40S ribosomal protein S12 10 3 19 3 29 1.85

IPI00297779
T-complex protein 1, beta
subunit

10 5 18 8 28 1.80

IPI00027434 Transforming protein RhoC 8 5 14 5 22 1.75

IPI00141318 P63 protein 8 6 13 5 21 1.73

IPI00219217 lactate dehydrogenase B 11 6 18 8 28 1.67

IPI00219096 high-mobility group box 1 15 4 25 5 40 1.67

IPI00009236 Caveolin-1 9 2 15 2 24 1.67

IPI00328343
Probable ATP-dependent RNA
helicase p47

11 6 18 6 29 1.64

IPI00302927
T-complex protein 1, delta
subunit

8 3 13 6 21 1.63

IPI00328188 fatty acid synthase 21 7 33 11 54 1.57

IPI00015027 AHNAK-related protein 11 7 17 11 27 1.55

IPI00017617
Probable RNA-dependent
helicase p68

11 8 17 7 28 1.50

(b) Proteins upregulated by N130 induction

IPI Protein name
ON-
spectra

ON-
peptides

OFF-
spectra

OFF-
peptides

Total
spectra

On/off

IPI00017454 Hypothetical protein FLJ13940 23 4 0 0 23 ?

IPI00045207 NAC1 protein 153 9 2 1 155 76.50

IPI00395440 Unknown 26 5 5 4 31 5.13

IPI00107117 Peptidylprolyl isomerase B 14 5 6 3 20 2.33

IPI00290566
T-complex protein 1, alpha
subunit

14 6 6 3 20 2.33

IPI00176692
similar to Heterogeneous nuclear
ribonucleoprotein A1

27 5 12 6 39 2.25

IPI00221088 ribosomal protein S9 17 6 8 6 25 2.13

IPI00215918 ADP-ribosylation factor 4 17 7 9 7 26 1.89

IPI00015786 Spectrin alpha chain, brain 53 27 30 18 83 1.77

IPI00152412 Hypothetical protein 14 4 8 5 22 1.75

IPI00020984 Calnexin 29 10 17 7 46 1.71

IPI00010896
Chloride intracellular channel
protein 1

17 5 10 4 27 1.70

IPI00027626
T-complex protein 1, zeta
subunit

18 9 11 9 29 1.64

IPI00216587 40S ribosomal protein S8 13 6 8 6 21 1.63
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(b) Continued.

IPI Protein name
ON-
spectra

ON-
peptides

OFF-
spectra

OFF-
peptides

Total
spectra

On/off

IPI00216318 tyrosine 3-monooxygenase 40 10 25 9 65 1.58

IPI00329351
60 kDa heat shock protein,
mitochondrial

66 21 44 17 110 1.52

IPI00217468 H1 histone family, member 5 21 5 14 4 35 1.50

IPI00291006
Malate dehydrogenase,
mitochondrial

15 6 10 4 25 1.50

Table 2: Immunointensities of NAC1 and FASN in high-grade
serous carcinoma.

FASN 2+/3+ FASN 0/1+

NAC1 intense 51 34

NAC1 weak 19 58

Total (n) 70 92

Table 3: FASN immunointensity in primary and recurrent ovarian
serous carcinomas.

Score

Tumor 0/1+ 2+/3+

Primary 18 10

Recurrent 4 24

Total (n) 22 34

χ2P < .0001.

3.2. Validation of NAC1-Dependent FASN Expression. To
validate the proteomic result above, we used quantitative
real-time PCR to determine FASN transcript levels in two
independent experimental systems. In our first system,
we used the same NAC1 dominant negative (N130) cell
model that was used in the proteomic analysis to assess
whether disruption of NAC1 homodimerization by N130
leads to a decrease in FASN mRNA level. We observed that
N130 mRNA, as detected by a PCR primer pair that amplifies
the N130 region, increases 48 and 72 hours after induction
(Figure 1(a)). At these same time points, SKOV3 cells with
N130 induction exhibit a downregulation of FASN mRNA.
Of note, at 48 hours after N130 induction, the decrease
in FASN expression is similar between mRNA (46%) and
protein (36%) levels. In our second system, we knocked
down NAC1 in SKOV3 cells to determine the FASN levels.
Two NAC1 shRNAs (shRNA-A and -C) that target different
coding regions of NACC1 were designed and packaged
into lentivirus. We found that both shRNAs effectively
reduce NAC1 transcript levels (to less than 10% of control)
after transduction with shRNA lentivirus (Figure 1(b)).
Correspondingly, FASN expression levels also decrease as
compared to control. The above findings from cell culture
systems suggest that NAC1 expression and its dimerization
domain are essential for maintaining FASN expression in
tumor cells.

In order to assess the biological significance of NAC1-
dependent FASN expression, we stained tumor samples

obtained from ovarian cancer ascites and tissues for NAC1
and FASN and correlated their immunointensities. The
specificity of the anti-NAC1 has been demonstrated previ-
ously [3] and the specificity of the anti-FASN monoclonal
antibody is shown in Figure 2(a). Western blot analysis
shows a single protein band at the molecular mass of FASN
protein in all three ovarian cancer cell lines (OVCAR3,
A2780, and SKOV3) but not in a low-grade serous carci-
noma cell line, MPSC1, nor in ovarian surface epithelial
cells (OSE10). Analyzing 162 high-grade serous carcinomas
showed a significant positive correlation in NAC1 and
FASN immunointensities (P < .0001, Fisher Exact test)
(Table 2). These immunointensities for four representative
high-grade serous carcinomas are shown in Figure 2(b). Our
observations support the view that FASN expression is at
least in part regulated by NAC1.

3.3. FASN Expression in Ovarian Serous Tumors. To extend
the above immunostaining findings, we investigated FASN
immunoreactivity in various types of ovarian tumors. All
benign cystadenomas and normal ovarian surface epithe-
lium (n = 35) display undetectable to very low FASN
staining (mean score = 0) whereas ovarian carcinomas of
various histologic subtypes show FASN immunoreactivity
(mean score ≥ 1) in most cases (Figures 2(c) and 2(d)).
The FASN staining score of high-grade serous carcino-
mas is significantly higher than that of low-grade serous
carcinomas (P < .0001, t-test) and normal ovaries and
benign cystadenomas (P < .0001). The FASN score in high-
grade serous carcinomas is marginally higher than that in
clear cell carcinoma (P = .024) and there is no statistical
significance of FASN score between high-grade serous and
endometrioid carcinoma (P = .099). Since NAC1 has
been shown to be highly expressed in recurrent rather than
primary high-grade ovarian serous carcinomas, we expect
that FASN expression levels will follow the same pattern. To
test this possibility, we assessed the FASN immunoreactivity
of matched primary and first recurrent tumors from the
same individuals. As expected, the FASN staining score is
significantly higher in recurrent than in primary tumors
(P < .0001, paired t-test) (Figure 3(a)). Based on a
2 × 2 contingency table and chi-square analysis, we also
found that recurrent tumors exhibit a higher percentage of
cases with intense FASN immunoreactivity than primary
tumors do (Table 3). Figure 3(b) illustrates representa-
tive pairs of primary and recurrent tumors with FASN
stain.
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Figure 1: NAC1-dependent FASN expression in ovarian cancer cells. (a) N130 mRNA, as detected by a PCR primer pair that amplifies the
N130 region, increases after N130 induction. In contrast, FASN mRNA decreases 48 and 72 hours after induction. (b) After shRNA lentivirus
transduction, both shRNAs (-A and -C) effectively reduce NAC1 transcript levels to less than 10% of control and reduce FASN expression.

3.4. Clinical Significance of FASN Expression in High-Grade
Ovarian Serous Carcinomas. To evaluate the clinical signif-
icance of FASN expression, we correlated the expression
levels in primary high-grade serous carcinoma tumors
with overall survival of the patient. We found that higher
FASN staining scores (scores > 1) correlated with worse
overall survival (P < .002) (Figure 3(c)). Patients with
primary tumors that showed minimal or undetectable FASN
immunoreactivity (score ≤ 1) had a median survival time
of 60.4 months (range 1–193 months), whereas those with
tumors that showed positive immunoreactivity (score > 1)
had a median survival time of 36.9 months (range 1–140
months, P < .01). After adjusting for age, stage, and race
in a multivariate analysis, we found that, in patients with
primary serous carcinomas, FASN expression remains an
independent marker for prognosis with a hazard ratio of 1.87
(95% CI: 1.12–3.11, P = .02).

3.5. C93 Suppresses Growth of Paclitaxel-Resistant and Car-
boplatin-Resistant Ovarian Cancer Cells. The above findings
suggest that FASN preferentially expresses in recurrent and
in most aggressive types of ovarian serous carcinomas,
raising the possibility that FASN expression contributes to
this phenotype. Thus, to determine if FASN expression
is essential for cell growth and survival of high-grade
serous carcinoma cells (including those that are resistant
to paclitaxel or carboplatin), we applied C93, a second
generation FASN inhibitor, to ovarian cancer cell lines
(including SKOV3, A2780, and OVCAR3). We first used the
cell number counted by CellTiter Blue assay to determine
the IC50 of C93 for each ovarian cancer cell line. The
IC50 of C93 was 7.4 μg/mL, 7.4 μg/mL, and 8.7 μg/mL

for parental, paclitaxel, and carboplatin resistant SKOV3
cells, respectively; 7.4 μg/mL, 7.5 μg/mL, and 8.4 μg/mL for
parental, paclitaxel, and carboplatin resistant A2780 cells,
respectively; and 8.6 μg/mL, 6.5 μg/mL, and 8.8 μg/mL for
parental, paclitaxel, and carboplatin resistant OVCAR3 cells,
respectively. When applied to each cell line at its IC50

concentration, C93 significantly increases the percentage of
annexin V stained cells (representing the early phase of
apoptosis) and the sub-G1 fraction in cell cycle analyses
(representing the late phase) (Figure 4). Thus, C93 induces
apoptosis in all three ovarian cancer cell lines. The number of
annexin V-stained cells increases in a time dependent fashion
in all cancer cell lines including those resistant to carboplatin
and paclitaxel (Figure 4(b)). Moreover, paclitaxel resistant
cells are more sensitive to C93 than carboplatin resistant
cells, especially in the A2780 and SKOV3 cell lines. In all
three cell lines, the C93-treated group shows a significantly
higher percentage of sub-G1 cells than the DMSO-treated
group (P < .01). These sub-G1 cells can be detected as
early as 12 hours after C93 treatment and become more
pronounced by 48 hours (Figure 4(c)). C93 fails to affect cell
cycle progression in SKOV3 and OVCAR3 cells by 96 hours
after treatment but it arrests A2780 cells in the G1 phase as
early as 24 hours after treatment (data not shown).

4. Discussion

One of the major challenges facing ovarian cancer patients is
the development of chemoresistant tumors after cytoreduc-
tion surgery and chemotherapy. In this study, we provide new
evidence that homodimerization of NAC1, a drug resistance-
associated nuclear protein, is essential for maintaining FASN
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Figure 2: Expression of NAC1 and FASN in ovarian tumor tissues. (a) Western blot analysis shows a single protein band that corresponds
to FASN protein in all three ovarian cancer cell lines (OVCAR3, A2780, and SKOV3) but not in a low-grade serous carcinoma cell line
(MPSC1) nor in ovarian surface epithelial cells (OSE10). (b) Immunoreactivity of NAC1 (upper panels) and FASN (bottom panels) in four
representative high-grade serous carcinomas. For each staining, the immunostaining scores are shown in the upper left corner (c)-(d). FASN
expression in different types of ovarian carcinomas. (c) FASN immunointensity scores for different types of ovarian carcinoma including
high-grade serous, low-grade serous, clear cell, and endometrioid carcinomas. The mean and standard deviation of the immunostaining
score are shown. (d) Representative tumor sections of FASN immunostaining are illustrated. FASN immunoreactivity is detectable in high-
grade serous carcinoma cells but not in normal ovarian surface epithelium nor in cystadenomas.

expression at both protein and mRNA levels in ovarian
cancer cells. We also demonstrate that FASN expression
is highly correlated with the status of recurrent chemore-
sistant ovarian serous carcinomas and is independently
correlated with poor overall survival. Suppressing FASN
enzyme activity with its inhibitor induces apoptosis in cancer
cells that are resistant to paclitaxel and carboplatin. Thus,
molecular studies that illuminate the fundamental properties
of chemoresistance should provide new therapeutic targets
for treating recurrent ovarian cancers.

Mammalian FASN is a∼260 kD cytoplasmic enzyme that
is responsible for all the steps of de novo fatty acid synthesis. It
catalyzes the NADPH-dependent condensation of malonyl-
CoA and acetyl-CoA to palmitate [16]. Importantly, normal
adult tissues express minimal amounts of FASN due to
the presence of abundant dietary lipids. In contrast, a
variety of tumors including breast, colon, ovary, and prostate
cancer express elevated FASN levels [17–23], since tumor
cells become less sensitive to regulatory nutritional signals
and prefer the de novo lipogenesis pathway. Furthermore,
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Figure 3: Clinical significance of FASN expression in high-grade ovarian serous carcinoma. (a) Comparison of FASN immunointensity
scores for 28 pairs of matched primary and recurrent tumors from the same patients. Recurrent tumors exhibit elevated expression when
compared to primary specimens from the same patient (P < .0001). (b) FASN staining of the primary and recurrent tumors from two
representative patients. (c) Kaplan-Meier curve analysis shows that patients whose tumors exhibit higher FASN immunostaining scores
have significantly shorter survival times than those whose tumors show undetectable or very low FASN immunoreactivity (60.4 versus 36.9
months, P < .01).

FASN expression level highly correlates with the clinical
aggressiveness of tumors [17, 18, 24–27].

Although previous reports have shown the role of FASN
expression in ovarian cancer [18, 28], the current study
provides new findings that should have several biological
and clinical implications. First, we use in vitro cell culture
studies using NAC1 targeting shRNAs and the dominant
negative NAC1 (N130) approach to demonstrate that FASN
is one of the proteins regulated at least in part by NAC1.
This NAC1-dependent FASN expression in protein level
is further supported by its mRNA level and the positive
correlation between NAC1 and FASN immunointensities
in ovarian serous carcinoma samples. The mechanism
underlying upregulation of FASN in human cancer is not
clear and it likely involves multiple pathways. Previous
studies have shown that, in prostate cancer, caveolin-1 and

KLF5/SREBP-1 function upstream of FASN [29, 30]. Thus,
at least in ovarian cancer cells, the NAC1 pathway represents
another mechanism for controlling FASN expression. Unlike
other members of the BTB/POZ family, NAC1 lacks the
zinc finger DNA-binding domain. Rather, it has been
reported to act as a transcription corepressor with other
BTB/POZ proteins [31]. Moreover, it has also been shown
to interact with nuclear proteins potentially involved in
tumorigenesis, including Nanog [7], CoREST [32], and
HDAC3 and HDAC4 [33]. Thus, it is possible that FASN
expression is indirectly controlled by NAC1 through binding
with its specific partner(s). Identification of the NAC1-FASN
pathway sheds new light on the molecular mechanism by
which NAC1 promotes tumor progression. Further studies
are required to elucidate the transcriptional regulation of
FASN by NAC1.
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Figure 4: C93 treatment promotes apoptosis in ovarian cancer cells including cells that are resistant to carboplatin and paclitaxel. (a) In
three ovarian cancer cell lines, C93 at its IC50 concentration increases the percentage of annexin V stained cells in a time dependent fashion.
DMSO was used as the vehicle control. (b) C93 also increases annexin V stained cells in carboplatin resistant (CR) and paclitaxel resistant
(TR) cell lines. (c) In all three cell lines, C93 treatment leads to an increase in sub-G1 cells when compared to the DMSO-treated group
(P < .001). The percentage of sub-G1 cells is measured 48 hours after C93 treatment.

The second finding in the current study involves the
positive correlation between FASN expression and recur-
rence status in ovarian serous carcinoma tissue. It has been
shown that ectopic overexpression of FASN results in drug
resistance and that reducing the FASN expression increased
the drug sensitivity in breast cancer cell lines [34]. At low
concentrations, FASN inhibitor also sensitized tumor cells
with FASN overexpression to chemotherapeutic agents [34,
35]. The FASN-mediated drug resistance appears to be due
to a decrease in drug-induced apoptosis due to abundant

palmitic acid as a result of FASN overexpression [34]. Despite
recent advances in discovering drug-resistance biomarkers
that are associated with recurrent and chemoresistant ovar-
ian cancer [1, 3, 15, 36–41], reversing drug resistance by
targeting these markers remains a tantalizing objective. The
problem lies in the lack of reagents that can be used to inhibit
these genes in clinical studies. Thus, therapeutic targeting
of FASN provides an attractive option since selective small
compound inhibitors for this protein are available. The first
generation of FASN inhibitors, including C75 and Orlistat,
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potently inhibited tumor growth in a mouse xenograft model
but the adverse effects associated with these drugs prevented
their further consideration for clinical applications [23]. On
the other hand, C93, the second generation FASN inhibitor
used in this study, pharmacologically eliminates concomitant
CPT-1 stimulation and does not induce the anorexia and
feeding behavior changes in mice that were caused by earlier
generation FASN inhibitors [28, 42]. These features are
important for any FASN inhibitor before it can be considered
for clinical testing. Our in vitro studies demonstrate that
C93 affects both carboplatin and paclitaxel resistant ovarian
cancer cells. Thus, ovarian cancer cells that overexpress
FASN are molecularly dependent on it for cell survival. This
observation is significant because FASN inhibitors provide
an alternative treatment for ovarian cancer patients who
have developed recurrent tumors after initial paclitaxel and
carboplatin treatment.

The antitumor effects of FASN inhibitors, like C93,
are thought to result from depletion of end product fatty
acids with accumulation of toxic intracellular malonyl-CoA
and altered production of phospholipids with diminished
membrane synthesis [23, 43]. Alternatively, FASN inhibitors
may suppress tumors through metabolism-independent
mechanisms. For example, FASN inhibition has been shown
to selectively activate AMP-activated protein kinase (AMPK)
in ovarian cancer cells causing cytotoxicity while sparing
most normal human tissues from these pleiotropic effects of
AMPK activation [28]. Moreover, a positive feedback regu-
lation has been reported in ovarian carcinoma cells between
AKT activation and FASN expression [44]. Phosphorylated
AKT significantly correlates with FASN expression and
FASN inhibition by either C75 or cerulenin downregulates
phosphorylated AKT [44–46]. Therefore, FASN inhibitors
may contribute to antioncogenesis by suppressing tumor-
promoting signaling pathways such as AKT, a pathway that
is frequently activated in ovarian serous carcinoma [47].
Thus, the C93-induced apoptosis in ovarian cancer cells
may be related to FASN inactivation and/or suppression of
AKT activity. It has been demonstrated that FASN inhibition
initiates apoptosis more effectively in neoplastic cells with
mutant TP53 than in those with wild-type TP53 [27, 48].
Our current finding supports this view as the A2780 cell line
that harbors wild-type TP53 [49] responds to C93 with cell
cycle arrest in the G1 phase in addition to apoptosis, while
both the SKOV3 and OVCAR3 cell lines with their deleted
and mutated TP53, respectively, respond to C93 with massive
apoptosis [50]. Since mutated TP53 appears in the majority
of ovarian high-grade serous carcinomas [1, 51], it is likely
that apoptosis is the predominant antitumor mechanism of
FASN inhibition.

As with other epithelial cancers of the breast, colon,
and prostate [20, 21, 52], FASN overexpression in ovar-
ian cancer, as this study shows, appears to be associated
with the most malignant type, that is, high-grade serous
carcinoma. More importantly, in patients with this cancer,
the level of FASN expression significantly correlates with
worse clinical outcome, supporting the view that FASN
expression contributes to disease aggressiveness in cancer
cells. A similar observation has been reported for NAC1

[3, 15], hence suggesting that the NAC1-FASN pathway con-
stitutes one of the mechanisms that propels ovarian cancer
progression. How FASN contributes to disease aggressiveness
in ovarian cancer remains speculative. Besides endowing
drug resistance, FASN may enhance oncogenesis via cellular
mechanisms such as enhancing the Wnt [53], c-Met [54],
and proteosome pathways [55]. Moreover, upregulation of
FASN gives cancer cells a growth and survival advantage by
blocking apoptosis under hypoxia, a common condition in
solid tumors and tumor effusions [56, 57].

In summary, this study identified candidate proteins
controlled by NAC1 and provides new evidence that FASN
expression is at least in part regulated by NAC1. Thus the
NAC1-FASN pathway may represent a new mechanism for
tumor progression that creates ovarian tumor cells that
are resistant to chemotherapy. Our findings also indicate
that FASN is a novel biomarker for recurrent ovarian
serous carcinoma and its enzyme activity is essential for
the survival of chemoresistant tumor cells. New generation
FASN inhibitors, like C93, deserve consideration in future
clinical trials involving advanced ovarian serous carcinomas,
particularly those that are refractory to paclitaxel and plat-
inum drugs. Further studies will be required to delineate the
biological and translational roles of FASN in drug resistance
in ovarian and perhaps other types of cancers.
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FASN: Fatty acid synthase.
NAC1: Nucleus accumbens associated 1.
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We focus on unique roles of miR-200c in breast, ovarian, and endometrial cancers. Members of the miR-200 family target ZEB1,
a transcription factor which represses E-cadherin and other genes involved in polarity. We demonstrate that the double negative
feedback loop between miR-200c and ZEB1 is functional in some, but not all cell lines. Restoration of miR-200c to aggressive
cancer cells causes a decrease in migration and invasion. These effects are independent of E-cadherin status. Additionally, we
observe that restoration of miR-200c to ovarian cancer cells causes a decrease in adhesion to laminin. We have previously reported
that reintroduction of miR-200c to aggressive cells that lack miR-200c expression restores sensitivity to paclitaxel. We now prove
that this ability is a result of direct targeting of class III beta-tubulin (TUBB3). Introduction of a TUBB3 expression construct
lacking the miR-200c target site into cells transfected with miR-200c mimic results in no change in sensitivity to paclitaxel. Lastly,
we observe a decrease in proliferation in cells transfected with miR-200c mimic, and cells where ZEB1 is knocked down stably,
demonstrating that the ability of miR-200c to enhance sensitivity to paclitaxel is not due to an increased proliferation rate.

1. Introduction

Specific miRNAs have been found to be expressed in cell
type-specific manner, at specific developmental stages, and
in disease states including cancer [1, 2]. During the initiation
and progression of cancer, miRNAs have been observed to
act as oncogenes or tumor suppressors [3, 4]. While some
miRNAs are overexpressed in cancers, the majority appear
to be lost and often localize to fragile sites [5]. Differences
in the miRNA expression profiles of normal compared to
cancerous tissue of the endometrium, breast and ovary have
been documented [6–11]. MiRNAs can affect the expression
of a large number of proteins, including those involved in
pathways relevant to cancer, such as apoptosis, migration and
metastatis. Thus, miRNAs hold promise as biomarkers for
several types of cancer [12, 13].

Epithelial to mesenchymal transition (EMT) is a normal
process that occurs during development in which individual
cells or groups of cells become motile. The same process is
thought to be used by cancer cells during tumor progression
to enable them to become more motile and thus more

metastatic [14]. EMT involves reprogramming of the cells
by transcription factors such as ZEB1, SIP1 (ZEB2), Twist,
Snail, and Slug [15]. A hallmark of EMT is loss of E-cadherin
expression, loss of polarity, acquisition of mesenchymal
markers, and increased motility [16, 17]. Both ZEB1 and
the closely related ZEB2 bind E-box like sequences in the E-
cadherin promoter, recruit the corepressor CtBP and thereby
repress E-cadherin [18]. ZEB1 also represses additional genes
involved in polarity [16]. ZEB1 expression is confined to cells
of mesenchymal origin, while normal epithelial cells and low
grade carcinomas do not express ZEB1. However, we and
others have shown that in high grade, aggressive carcinomas
that have undergone EMT, ZEB1 can be expressed, leading to
loss of E-cadherin [19–22].

Several miRNAs have been implicated in the process of
EMT, among them are the members miR-200 family [23–25].
This family contains five members (miR-200a, -200b, -200c,
-141 and, -429) which are highly homologous. Originally,
miR-200c was reported to directly bind ZEB1 and cause
degradation of the mRNA, resulting in an upregulation of
E-cadherin [26]. Subsequently, other reports have shown
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that all members of the miR-200 family, since they share a
high degree of homology especially in their seed sequence,
are capable of repressing both ZEB1 and ZEB2 [27–29].
We have demonstrated that miR-200c represses not only
ZEB1/2, but a program of transcripts normally expressed
only in cells of mesenchymal origin [30]. Since members of
the miR-200 family are responsible for repressing ZEB1 and
ZEB2 as well as other mesenchymal genes, these miRNAs are
considered “guardians of the epithelial phenotype.” MiR-200
family members are therefore thought to be expressed in an
epithelial cell-specific manner in normal tissues. Recently,
the ability of ZEB1 to transcriptionally repress expression
of miR-200 family members has been documented [31,
32]. This double negative feedback loop between miR-200
family members and ZEB1 allows for plasticity between the
epithelial and mesenchymal states [33].

In this paper, we focus on the role of miR-200c in breast,
ovarian, and endometrial cancers. The mutual repression
between ZEB1 and miR-200c is functional in some, but not
all cells that we have tested. Increasing miR-200c levels causes
a decrease in adhesion to laminin. We demonstrate that the
decrease in migration and invasion observed when miR-200c
is reintroduced to cancer cells that lack it is independent
of restoration of E-cadherin. Lastly, we have previously
demonstrated that class III beta tubulin (TUBB3) is directly
controlled by miR-200c. Expression of TUBB3 is known to be
a common mechanism of resistance to microtubule-targeting
agents in many types of cancer. Here, we present conclusive
data that repression of TUBB3 is the mechanism whereby
miR-200c restores sensitivity to paclitaxel. Taken together,
these data demonstrate that loss of miR-200c is a marker for
chemoresistance and aggressiveness in breast, ovarian, and
endometrial cancers.

2. Materials and Methods

2.1. Cell Culture. Hec50 cells, representing the more aggres-
sive Type II endometrial cancers [19], were cultured in
DMEM with 10% FBS, and 2 mM L-glutamine. MDA-MB-
231 are a triple negative breast cancer cell line and were
grown in media containing 5% FBS, HEPES, nonessential
amino acids, L-glutamine, penicillin, streptomycin, and
insulin. Hey cells were grown in RPMI with 5% FBS. All cells
were grown in a 37◦C incubator with 5% CO2. The identity
of all the cell lines was confirmed by DNA profiling using the
Identifiler Kit (Applied Biosystems).

2.2. Transfections. Lipofectamine 2000 (Invitrogen) was
combined with pre-200c (miRNA mimic) or scrambled
negative control (Ambion) at a concentration of 60 nM and
incubated in serum free RPMI for 20 minutes prior to
addition to Hey cells. Cells were incubated at 37◦C for 4
hours before replacement of FBS to 10%. Protein and RNA
were harvested 48 hours posttransfection.

TUBB3 (from Fernando Cabral, University of Texas -
Houston Medical School) was cloned into pCI-neo. Tran-
sient transfection of 3.3 μg of TUBB3 plasmid or empty
vector (pCI-neo, Promega) per well in a 6-well plate was
performed using lipofectamine 2000.

2.3. Generation of Stable Cell Lines. Transduction of cells
was performed using SMARTvectorTM shRNA Lentivral
Particles (Thermo Scientific Dharmacon). Each cell line was
transduced with 3 separate lentiviral constructs targeting
ZEB1 as well as two controls: SMARTvector Empty Vector
particles and SMARTvector Firefly Luciferase Control parti-
cles. The former is a negative control and does not correlate
with gene silencing and the latter is a positive control target-
ing firefly luciferase plasmids PGL2 and PGL3. All vectors are
packaged and contain a TurboGFP and an SCMV promoter,
as well as a puromycin-resistance selectable marker.

MDA231 and Hec50 cells were plated at 3000 cells/well
and 1500 cells/well, respectively, in triplicate using 96 well
plates. The following day, media was replaced with 80 μl
of fresh media containing 10 μg/mL polybrene (Sigma).
The amount of viral particles/well was determined using
the following calculation: (MOI × CN)/VT, where MOI
(multiplicity of infection) = 10 TU/cell, CN = number of
cells/well, and VT = stock viral titer of 104 TU/μL. Viral
particles were added in a total volume of 20 μL to each well.
The following day, transduction media was removed and
wells were rinsed with PBS and replaced with regular media.
Once confluent, cells were trypsinized and replated in 48
well plates. At this point, antibiotic selection was initiated
and cells were ultimately expanded and maintained using
1 μg/mL of puromycin (Sigma).

2.4. Immunoblotting. Whole cell protein extracts were dena-
tured and 50 μg separated on 8% SDS PAGE gels and
transferred to PVDF membranes. The membranes were
blocked in 5% milk in TBS-T, and then probed overnight at
4◦C. Primary antibodies were diluted in 5% milk in TBS-T.
The primary antibodies used were ZEB1 (rabbit polyclonal
from Dr. Doug Darling, University of Kentucky, 1 : 1500
dilution), E-cadherin (clone NCH-38 from DAKO, 1 μg/mL),
TUBB3 (rabbit polyclonal PRB-435P from Covance, 1 : 5000
dilution), and α-tubulin (clone B-5-1-2 from Sigma, 1 :
20000 dilution). After incubation with appropriate HRP-
conjugated secondary antibody, bands were detected using
Western Lightning Chemiluminescence Reagent Plus (Perkin
Elmer).

2.5. Real Time RT-PCR. RNA was harvested from cells using
Trizol (Invitrogen) as per the manufacturer’s instructions.
Prior to generating cDNA, mRNA was treated with DNase1
(Invitrogen) for 15 minutes at room temperature. RNA
was reverse transcribed into cDNA in a reaction containing
reaction buffer, dNTPs, RNAse inhibitor (Applied Biosys-
tems), random hexamers, and 200 U of MuLV-RT (Applied
Biosystems). The reaction proceeded at 22◦C for 10 minutes,
then at 37◦C for one hour. For normalization, real time
RT-PCR was performed on the cDNA using eukaryotic
18S rRNA endogenous control primers and FAM-MGB
probe (Applied Biosystems). TaqMan MicroRNA Reverse
Transcription kit was used to generate cDNA for real time
RT-PCR reaction in conjunction with a miR-200c specific
primer and probe (ABI, assay ID 002300). The reverse
transcription primer for miR-200c is a hairpin primer which
is specific for the mature miRNA and will not bind to the
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precursor molecules. Reported values are the means and
standard errors of 3 biological replicates.

The relative mRNA or miRNA levels were calculated
using the comparative Ct method (ΔΔCt). Briefly, the cycle
threshold (Ct) values for the rRNA were subtracted from Ct
values of the target gene to achieve the ΔCt value. The 2−ΔCt

was calculated for each sample and then each of the values
was then divided by a control sample to achieve the relative
miRNA levels (ΔΔCt).

2.6. Migration and Invasion Assays. The assays were per-
formed on MDA-MB-231 stable empty vector or shZEB1 #2,
or Hey cells transiently transfected with the miR-200c mimic
for 48 hours. Cells were serum starved for 12 hours prior to
performing the assay. BD BioCoat Control Insert Chambers
24-well plate with 8 micron pore size and BD BioCoat
Matrigel Invasion Chambers were used for migration and
invasion assays, respectively. After starvation, cells were
removed from the plate and 50000 Hey cells or 250000 MDA-
MB-231 cells were plated in 0.5 mL media with 0.5% FBS
in the upper chamber. In the lower chamber 0.8 mL of 50%
conditioned media plus 50% complete media containing an
additional 10% FBS was used as an attractant. Hey cells
were incubated for 24 hours and MDA-MB-231 cells for
48 hours at 37◦C. Migrating or invading cells on the lower
surface of the membranes were stained with Diff-Quik stain
(Fisher) and counted manually using ImagePro Plus software
(Mediacybernetics Inc.).

2.7. Adhesion Assays. Adhesion assays were performed using
InnoCyte ECM Cell Adhesion Assays (Calbiochem) for
Collagen IV, Fibronectin, Basement Membrane Complex
and Laminin. To each well 50000 cells were added and
the plates were incubated at 37◦C for 1.5 hour. The wells
were gently washed with PBS before adding the Calcein-
AM solution. The plates were incubated for 1 hour at 37◦C,
and fluorescence was read with an excitation wavelength of
485 nm and an emission wavelength of 528 nm. The relative
fluorescent units were plotted, and the error bars represent
standard error of the mean over four replicates.

2.8. Clonogenic Assay. Hey cells were plated into 6-well plates
at a density of 2000 cells per well. Twenty-four hours after
plating, the cells were treated with 0, 1, 2, 3, 4, or 5 nM
paclitaxel (Sigma) in triplicate. The cells were incubated at
37◦C for 8 days before fixing and staining with crystal violet.
Photos were taken of the plates and the images analyzed using
ImageJ software (NIH). The average number of colonies
and the average total area was plotted, with error bars
representing the standard error of the mean over the three
replicates.

2.9. Cell Death ELISAs. Hec50 cells were transfected with
the miR-200c mimic as described previously for the Hey
cells. Twenty-four hours after transfection, cells were treated
with 0, 15, 20 or 25 nM paclitaxel (Sigma). Twenty-four
hours after treatment, the Cell Death ELISA (Roche) which
recognizes mono- and oligonucleosomes in the cytoplasm of
dying cells was performed as per manufacturer’s instructions.

2.10. Proliferation Assays. Cells were plated into 6-well plates
(4000 Hey cells/well and 6000 MDA-MB-231 or Hec50
cells/well). At time points indicated, cells were trypsinized
and counted using the Vi-cell Cell Viability Counter (Beck-
man Coulter).

3. Results

3.1. Reciprocal Repression of miR-200c and ZEB1 Occurs in
Some but Not All Cell Types. Just as members of the miR-
200 family can repress ZEB1 by degradation of its transcript,
ZEB1 can repress expression of the miR-200 family members
by binding to E-boxes within their promoter regions [31, 32];
see Figure 1(a). Directly increasing miR-200c levels in Hey
cells (aggressive serous ovarian cell line) by transfection
of a miR-200c mimic (pre-200c) results in repression of
ZEB1 expression (Figure 1(b)). Although ZEB1 is a repressor
of E-cadherin, we did not observe E-cadherin expression
induced by the repression of ZEB1 in these cells (data
not shown). However there are several other mechanisms
through which E-cadherin can be lost including methylation
of the promoter [34, 35] and chromosomal deletion [36,
37]. In contrast, we have previously shown that transient
transfection of the miR-200c mimic into MDA-MB-231
(an aggressive triple negative breast cancer cell line) and
Hec50 (an aggressive Type 1 endometrial cancer cell line)
causes a marked repression of ZEB1 and a restoration of
E-cadherin expression [30]. Presently, we stably transduced
lentiviral shRNAs targeting ZEB1 into these two cell lines
(Hec50 and MDA-MB-231). While two of the shRNAs did
not decrease ZEB1 protein, shRNA #2 caused an almost
complete repression of ZEB1 expression resulting in re-
expression of E-cadherin in both cell lines (Figures 2(c) and
2(d)). Intriguingly, while knock down of ZEB1 in MDA-
MB-231 cells causes the expected increase in miR-200c levels
(indicative of the reciprocal regulation), no such increase is
observed in Hec50 cells. This suggests that while reciprocal
repression of miR-200c and ZEB1 occurs in some cell lines, it
does not occur in all.

3.2. Restoration of miR-200c to Aggressive Cancer Cells Results
in Decreased Migration, Invasion, and Cell Adhesion. It has
been previously shown that the miR-200 family members
cause a decrease in cell migration and invasion [27, 29, 30].
We observe a decrease in migration and invasion in the
MDA-MB-231 cells in which ZEB1 has been knocked down,
resulting in an increase in miR-200c levels. In the MDA-
MB-231 cells there is 52% decrease in migration and a 50%
decrease in invasion in the shZEB1 #2 containing cells in
which ZEB1 is completely knocked down versus luciferase
control (Figures 2(a) and 2(b)). We show here that the same
holds true in the aggressive ovarian cancer Hey cell line. This
cell line is highly migratory and invasive, and reintroduction
of miR-200c to these cells results in an 83% decrease in
migration and a 79–86% decrease in invasion compared to
negative controls (Figures 2(c) and 2(d)). However, it is
interesting to note that the effect on migration and invasion
caused by miR-200c is independent of the E-cadherin status
of the cells, since unlike the MDA-MB-231 cells, Hey cells
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Figure 1: Reciprocal repression between ZEB1 and miR-200c occurs in some, but not all cell types. (a) Schematic of the mutual repression of
ZEB1 and miR-200c. (b) Western blotting for ZEB1 and α-tubulin loading control, and real time RT-PCR for miR-200c in Hey ovarian cells
transiently transfected with a miR-200c mimic. Real time RT-PCR for miR-200c and western blotting for ZEB1, E-cadherin, and α-tubulin
in MDA-MB-231 breast cancer cells (c), and Hec50 endometrial cancer cells (d) stably transfected with shRNA lentiviral vector targeting
ZEB1 (shZEB), luciferase (shLuciferase), or the empty vector (shRNA EV).

do not regain E-cadherin expression in response to decreased
ZEB1 levels.

While E-cadherin protein affects epithelial cell-cell con-
tact, we also wished to determine if miR-200c affects
adhesion to substrates as measured by fluorescent adhesion
assays. Hey cells transiently transfected with the miR-200c
mimic showed a small but statistically significant decrease
in adhesion to basement membrane complex (BMC) and
laminin (Figures 3(a) and 3(b)). There is also a trend towards
decreased adhesion to collagen IV (Figure 3(c)); however,
this did not reach statistical significance. No difference in
adhesion to fibronectin was observed (Figure 3(d)). Since
there was an affect on adhesion to BMC and laminin in
ovarian cancer cells with high miR-200c levels, we performed
the adhesion assay with the Hec50 and MDA-MB-231 cells
in which ZEB1 had been stably knocked down. We again see
a decrease in adhesion to BMC and laminin in the MDA-
MB-231 cells; however, only the decrease in BMC binding
is statistically significant (Figures 3(e) and 3(f)). In contrast

to the Hey and MDA-MB-231 cells, there was no decrease
in adhesion to either substrate in the Hec50 cells in which
ZEB1 is knocked down (data not shown), but there is not a
concomitant increase in miR-200c, as shown in Figure 1(d).
This result suggests that the effects on adhesion may be
mediated through miR-200c.

3.3. Increased Chemosensitivity to Paclitaxel with miR-200c
Expression. We have previously demonstrated that miR-200c
expression causes increased chemosensitivity to microtubule
targeting agents such as paclitaxel. While the ELISA cell
death assay that we have used previously to demonstrate
this property of miR-200c is a short-term assay, we confirm
here, in a relatively long-term clonogenic assay, that there
is increased sensitivity of Hey cells to paclitaxel when
transfected with pre-200c (Figure 4(a)). We observe a 49–
55% decrease in total area and a 67–70% decrease in the
number of colonies in the pre-200c treated cells versus the
negative control with 5 nM paclitaxel treatment (Figures 4(b)
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Figure 2: Increased miR-200c decreases migration and invasion, not necessarily dependent on restoration of E-cadherin. Migration (a) and
invasion (b) assays for MDA-MB-231 cells stably expressing an shRNA targeting ZEB1 with representative images below. Migration (c) and
invasion (d) assays in Hey cells transiently transfected with a miR-200c mimic. Asterisks indicate a statistically significant difference (P < .05,
Student’s t-test) versus negative controls.

and 4(c)). As the assay is conducted over a relatively long
period of time, the maximum dose of paclitaxel used is
relatively small compared to what is used in the assays that
look at acute toxicity (i.e., 24 hours). At doses of paclitaxel of
10 nM and higher, no colonies are formed in the assay (data
not shown).

We have previously implicated the ability of miR-200c to
directly target TUBB3 (class III beta tubulin) as being the
mechanism responsible for the increased chemosensitivity
to microtubule targeting agents. TUBB3 is normally only
expressed in neuronal cells; however aberrant expression of
TUBB3 in several different types of cancers has been shown
to cause resistance to paclitaxel [38–43]. We demonstrated
that miR-200c directly targets TUBB3 for degradation. To
definitively test whether TUBB3 is responsible for the miR-
200c-mediated increase in chemosensitivity to paclitaxel, we

transfected cells with a TUBB3 construct lacking its 3’ UTR
(containing the miR-200c binding site) which is therefore
not able to be targeted by miR-200c. Transfection of this
exogenous TUBB3 construct does not affect the transfection
of the miR-200c mimic, nor its ability to downregulate
ZEB1 and upregulate E-cadherin (Figures 5(a) and 5(b)) in
Hec50 cells. When the Hec50 cells are transfected with an
empty vector (no exogenous TUBB3) in addition to miR-
200c mimic, there is a statistically significant increase in
sensitivity to paclitaxel as measured in a cell death ELISA; see
Figure 5(c). However, when the cells are transfected with the
TUBB3 expression vector lacking its 3’ UTR, the enhanced
sensitivity to paclitaxel is lost; see Figure 5(d). Therefore,
expression of exogenous TUBB3 lacking the miR-200c target
site reverses the chemosensitivity to paclitaxel caused by
increased miR-200c expression.
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Figure 3: Increased miR-200c levels decrease adhesion to substrates. Fluorescent adhesion assays of Hey cells to (a) basement membrane
complex, (b) laminin, (c) collagen type IV, and (d) fibronectin. Adhesion of MDA-MB-231 cells to (e) basement membrane complex and (f)
laminin. Asterisks indicate a statistically significant difference (P < .05, Student’s t-test) versus the negative controls.

It can be argued that cells with increased proliferation
would be more sensitive to microtubule poisons and
that could be an alternative explanation for the observed
chemosensitivity upon restoration of miR-200c. We
therefore performed proliferation assays in the three cell
types and found decreased proliferation in all three (Figures
6(a), 6(b), and 6(c)). Since the decrease in proliferation is
observed in all three cell types, including the Hec50s where
there was no increase in miR-200c levels, it is likely that the
effects on proliferation occur via ZEB1 and not by miR-200c.

The fact that the increase in chemosensitivity is found in
cells that are proliferating more slowly than the negative
controls demonstrates that increased proliferation is not the
mechanism behind the increase in chemosensitivity.

4. Discussion

In this paper we build on our previous work to further
characterize the role that loss of miR-200c plays in generating
an aggressive cancer phenotype. We focus on ovarian,
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Figure 4: Chemosensitivity to paclitaxel induced by miR-200c expression. (a) Clonogenic assay in Hey cells either mock transfected,
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controls.

endometrial, and breast cancer. The miR-200 family is crucial
for the maintenance of the epithelial phenotype. ZEB1 is
normally only expressed in cells of mesenchymal origin;
however, its aberrant expression is observed in cancers that
have undergone EMT. ZEB1 (and the closely related ZEB2)
transcripts are targeted by miR-200c and the other miR-200
family members. Interaction of any of the miR-200 family
members with the ZEB transcripts results in degradation and
inhibition of translation. Therefore the maintenance of miR-
200c expression in normal epithelial cells serves to prevent
ZEB1 and ZEB2 from being expressed. Since both ZEB1 and
ZEB2 repress genes involved in polarity, repression of these
proteins serves to maintain polarity, an important epithelial
cell characteristic. We have recently shown that in addition
to repressing ZEB1 and 2, miR-200c represses a program of
transcripts normally only expressed in cells of mesenchymal
and neuronal origin, such as fibronectin (FN1), neurotrophic
tyrosine kinase (NTRK2), quaking 1 (QKI), and TUBB3
[30]. Thus, miR-200c maintains epithelial cell characteristics

not only by maintaining polarity via repression of ZEB1 and
ZEB2, but also by repressing additional non-epithelial genes.

It has been recently demonstrated that miR-200c and
ZEB1 regulate each other in a double-negative feedback loop
[31, 32]. The miR-200 family of miRNAs is expressed in two
clusters, one on choromosome 1p36.33 and the other on
chromosome 12p12.31. E-boxes are located in the promoter
region of each of these clusters. ZEB1 can bind these E-
boxes and directly repress all miR-200 family members [31].
Therefore, in cells that have undergone EMT, ZEB1 and 2
not only serve to repress genes involved in polarity, but also
repress the miR-200 family and thereby release the repression
of many genes characteristic of the mesenchymal phenotype.
Central to the double feedback loop between miR-200c and
ZEB1 is TGF-β. During TGF-β-induced EMT, there is an
increase in Ets1 which binds to and activates the promoter
of ZEB1 [44]. Therefore, in a tumor microenvironment,
increased TGF-β levels are thought to result in an increase
of ZEB1 transcription to a point where it can overcome the
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Figure 5: Restoration of TUBB3 reverses miR-200c-mediated enhanced chemosensitivity to paclitaxel. (a) Western blots for ZEB1, E-
cadherin, TUBB3, and α-tubulin in Hec50 cells transiently transfected with a miR-200c mimic or negative controls and an expression vector
for TUBB3 or empty vector. (b) Real time RT-PCR for miR-200c. Cell death ELISA for cells transfected with a miR-200c mimic and an
empty vector (c) or TUBB3 expression vector (d) treated with various concentrations of paclitaxel. Asterisks indicate statistically significant
difference (P < .05, Student’s t-test) versus negative controls.

repression caused by miR-200c. As ZEB1 protein begins to
be made, it can then repress the miR-200 family members,
resulting in progression through EMT [32].

We have previously shown that restoration of miR-200c
in Hec50 endometrial cells and MDA-MB-231 breast cancer
cells causes repression of ZEB1 and re-expression of E-
cadherin protein. Here we show that transfection of miR-
200c mimic into Hey cells, an aggressive serous ovarian cell
line, also causes a dramatic repression of ZEB1; however
no expression of E-cadherin was observed. To test whether
the double-negative feedback loop is intact in the Hec50
and MDA-MB-231 cells, these cells were infected with
lentivirus expressing an shRNA against ZEB1. In both cell
lines, efficient knock down of ZEB1 was achieved, as was
re-expression of E-cadherin. In MDA-MB-231 cells, ZEB1
knock down resulted in an increase in miR-200c levels,

as would be expected from the negative feedback loop.
However, this was not the case in Hec50 cells, where there
was no increase in miR-200c. Whether the break in the
negative feedback loop is an anomaly of this particular
cell line remains to be tested. The mechanism behind the
phenomenon is also unknown; however, it does offer an
opportunity to dissect the contribution of ZEB1 versus that
of miR-200c to the phenotype of the cells. For example,
significantly decreased proliferation was observed in the
Hey cells transiently transfected with the miR-200c mimic
as well as in the MDA-MB-231 and Hec50 cells that have
ZEB1 stably knocked down, although miR-200c levels did
not rise in the Hec50s. Therefore it is likely that the
decrease in proliferation is due to the lack of ZEB1, not an
increase in miR-200c. Conversely, the decrease in adhesion
to the basement membrane complex and laminin was only
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Figure 6: Proliferation assay in Hey cells transiently transfected with a miR-200c mimic (a), or Hec50 cells (b), and MDA-MB-231 cells
(c) stably expressing an shRNA against ZEB1. Asterisks indicate statistically significant difference (P < .05, Student’s t-test) versus negative
controls.

observed in the Hey and MDA-MB-231 cells, and not the
Hec50s, suggesting that this phenotype is a function of miR-
200c expression rather than ZEB1.

We and others have previously shown that restoration
of miR-200c to cancer cells that do not express it causes
a decrease in invasion and migration [27, 30]. Here we
show that knock down of ZEB1 in MDA-MB-231 cells,
which causes an increase in miR-200c, negatively affects
migration and invasion. Furthermore, we show that restora-
tion of miR-200c in Hey ovarian cancer cells results in a
dramatic decrease in migration and invasion even though
E-cadherin is not restored in these cells, despite complete
repression of ZEB1. Loss of E-cadherin expression can
result from mechanisms other than ZEB1 transcription
repression, including chromosomal deletion and promoter
hypermethylation [34–37]. Possibilities for its continued

absence in these cells include promoter methylation such that
even when repression by ZEB1 is relieved, E-cadherin will
not be expressed, or perhaps levels of another transcriptional
repressor such as Snail or Twist remain high and repress E-
cadherin. Regardless of the mechanism, the effects of miR-
200c on invasion and migration appear to be independent of
E-cadherin status. While E-cadherin is involved in epithelial
cell-cell adhesion and its expression has been shown to
negatively affect migration and invasion [45, 46], increased
miR-200c is able to decrease migration and invasion on its
own. We have previously observed that restoration of miR-
200c affects genes involved in cell motility and invasion such
as ARHGDIB, NTRK2, EPHB1, and FN1 [30].

We demonstrate that miR-200c causes a decrease in
adhesion to basement membrane complex, laminin, and
perhaps collagen type IV. This observation is particularly
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relevant to ovarian cancer because the cancerous cells adhere
to sites within the peritoneal cavity. During the progression
of cancer there is switching of the expression patterns of the
cell surface adhesion molecules, such as the cadherins and
integrins [47–49]. Although the change in the number of
adherent cells appears modest, this might play a significant
role in developing a potential treatment for ovarian cancer.
The ability of ovarian cancer cells to spread and adhere to
the peritoneal cavity is one of the major phenotypes of this
disease. A small change in ability of the cells to adhere might
reflect a great decrease in the tumor burden and/or increase
the ability to debulk the tumor. These results are independent
of E-cadherin expression since the decrease in adhesion is
observed in both the MDA-MB-231 cells (where E-cadherin
expression is regained with increased miR-200c) and in Hey
cells, where it is not.

Clonogenic assays reveal that there is an increase in
chemosensitivity to paclitaxel with increased miR-200c lev-
els. Indeed, acquired resistance to paclitaxel in ovarian cancer
cells has been shown to be associated with EMT, resulting in
an aggressive phenotype [50]. Clinically, aberrant expression
of TUBB3 (not normally expressed in epithelial cells) has
been found to be associated with resistance to taxanes [38–
41]. We have previously shown that TUBB3 is a direct target
of miR-200c and suggested that its repression by miR-200c
is the mechanism behind the ability of miR-200c to increase
chemosensitivity to microtubule targeting agents [30]. Here,
we perform the definitive experiment to prove that miR-
200c-mediated TUBB3 downregulation is indeed the cause
of the enhanced chemosensitivity. We utilized exogenous
TUBB3 lacking its 3’UTR such that it cannot be targeted by
miR-200c and show that resistance to paclitaxel is maintained
even in the presence of miR-200c. In contrast, endogenous
TUBB3 is reduced when miR-200c is added, resulting in
enhanced chemosensitivity to paclitaxel.

Microtubule targeting agents such as paclitaxel work
more efficiently in cells that are rapidly dividing. Conse-
quently, it could be argued that the increase in chemosensi-
tivity caused by miR-200c is due to increased proliferation.
However, we show that increase of miR-200c or direct
knockdown of ZEB1 results in decreased proliferation in
three different types of cancer cells. It is therefore the
downregulation of TUBB3, not an increase in proliferation
that is responsible for the enhanced chemosensitivity to
taxanes observed with restoration of miR-200c to resistant
cancer cells.

5. Conclusions

MiR-200c expression serves to maintain the epithelial phe-
notype in well-differentiated, low-grade, breast, ovarian, and
endometrial cancer cells. This phenotype includes decreased
adhesion to laminin and decreased migration and invasion.
Furthermore we find that not all of miR-200c’s actions can
be attributed to the restoration of E-cadherin via targeting of
ZEB1. We further prove that miR-200c-mediated repression
of TUBB3 is the cause of enhanced chemosensitivity to
microtubule targeting agents. Lastly we demonstrate that not

all cells exhibit the double negative feedback loop between
miR-200c and ZEB1 and that this can be exploited to identify
the distinct roles of miR-200c as compared to ZEB1.
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1. Introduction

Breast cancer is the most common malignancy in women,
constituting more than 25% of cancers in this group. The
incidence of breast cancer around the world greatly varies,
with highest rates in the North America, Western, and
Northern Europe and Australia/New Zealand (82.5–99.4 per
100,000 women). Mortality in these areas of high incidence is
19.2–22.6 per 100,000 women [1]. Breast cancer metastasizes
most often to axillary lymph nodes, but may involve any
organ. Metastasis to serosal surfaces involves primarily the
pleural cavity [2, 3], and infrequently, the pericardial and

peritoneal cavities [4]. Pleural effusions may occur at any
point of time in the clinical course and may be the sole
manifestation of metastatic disease [5]. This condition is
associated with a poor median survival of less than 1 year
[5, 6].

In recent years, we have reported on the differential
expression of metastasis-related molecules, including pro-
teases, angiogenic molecules, signaling molecules, inhibitors
of apoptosis, and transcription factors, in breast carcinoma
effusions compared to patient-matched primary carcinomas
[7–10]. However, these studies focused on a limited number
of genes. The global view of cellular transcriptional activity
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using gene array technology is required to identify clusters of
genetic markers that explain the complex biological processes
involved in carcinoma progression to effusions. At present,
only one study in which breast carcinoma effusions were
compared with primary carcinomas is available. Dupont et
al. analyzed the gene expression signature of 19 effusions and
compared them to 4 primary carcinomas, 8 cells lines and 4
specimens consisting of benign breast tissue. Effusions could
be differentiated into two categories, one resembling cells
lines and expressing CD24, CD44 and cytokeratins 8, 18 and
19, the other expressing metastasis-associated genes, such as
S100A4, uPA receptor, vimentin and CXCR4 [11].

The present study compared the gene expression sig-
natures of 10 effusions and 10 primary breast carcinomas.
Selected differentially expressed genes of pathways related to
adhesion, interaction with the extracellular matrix (ECM)
and regulation of the actin cytoskeleton were validated on
mRNA and protein level, and their clinical relevance was
analyzed in a larger series of breast carcinoma effusions. Our
data demonstrate that in agreement with our previous obser-
vations, breast carcinoma cells in effusions are markedly
different from their counterparts in primary carcinomas.
This bears relevance to validation of novel therapeutic targets
and stratification of patients with respect to treatment
response and survival.

2. Materials and Methods

2.1. Patients and Material

2.1.1. Effusions. Ten effusions (7 pleural, 2 peritoneal, 1
pericardial) from patients with primary breast carcinoma
(9 of infiltrating ductal type, 1 lobular) were submitted for
routine diagnostic purposes to the Department of Pathology
at the Norwegian Radium Hospital during the period 1999–
2005. Submitted specimens were processed immediately
upon arrival, and pellets were used for preparation of
paraffin-embedded cell blocks and for freezing in equal
volumes of RPMI supplemented with 20% fetal calf serum
and 20% DMSO. All specimens underwent morphological
evaluation and were further characterized using immuno-
histochemistry, as previously detailed [12]. All effusions had
>50% carcinoma cells of the total cellular content, ranging
between 80–100% of cells in 8/10 specimens. Study approval
was given by the Regional Committee for Medical Research
Ethics in Norway.

2.1.2. Primary Tumors. Ten primary breast carcinomas
of infiltrating duct type were retrieved from snap-frozen
archival material stored at −70◦C at the Department of
Pathology, Norwegian Radium Hospital. Morphological
evaluation of frozen sections from the studied specimens
was performed in all cases in order to ensure the presence
of a predominant carcinoma cell population and absence of
necrosis.

2.2. Gene Array. Eleven samples were prepared from each
group (one effusion and one primary carcinoma with two

samples each). Analysis of differentially expressed genes
was performed by two experimental designs. (1) Eleven
pair-wise competitive hybridizations of cDNA target sample
from randomly chosen patients from the effusion group
and sample from randomly chosen patients from primary
solid tumor group. (2) Six pair-wise hybridizations of cDNA
samples from randomly chosen patients from the effusion
group and pooled reference sample from four primary solid
tumors.

2.2.1. RNA Extraction. Biopsies from primary tumors and
effusions were lysed using SV- total isolation kit (Promega,
Madison, Wis, USA) and total RNA was extracted according
to the manufacturer’s guidelines. The quantity and quality of
the total RNA preparations were assessed using a NanoDrop
ND-1000 (NanoDrop, Wilmington, De, USA) combined
with agarose gel electrophoresis and only samples with
ribosomal 28S/18S ratio near 2 were selected for array
analysis.

2.2.2. Reverse-Transcription Reaction. Twenty micrograms
total RNA was mixed with 2 μg oligo dT (Amersham
Biosciences, Piscataway, NJ, USA) and RNAse-free water to
a total volume of 16.9 μL, incubated 10 minutes at 75◦C and
cooled on ice. Six microliters of first strand buffer, 3 μL of
0.1 M DTT, 2 μL of Superscript II RT (Invitrogen, Carlsbad,
Calif, USA), 1.2 μL 25X Aminoallyl (aa-aUTP)/d-NTP mix
(Sigma, Haverhill, UK) and 1 μL of RNAse inhibitor (Amer-
sham Biosciences) were added to each reaction tube. The
mixture was centrifuged briefly and incubated 60 minutes
at 42◦C. Additional 1 μL of Superscript II RT was added
following incubation for 60 minutes at 42◦C.

2.2.3. RNA Hydrolysis. Free RNA was disassembled with
mixture of 10 μL 1 M NaOH and 10 μL 0.5M EDTA and
underwent neutralization with 25 μL 1 M Hepes.

2.2.4. cDNA Purification. Unincorporated aa-aUTP and free
amines were removed using Microcon YM-30 spin column
(Millipore, Bedford, Mass, USA) and cDNA yield were
measured by Nanodrop spectrophotometer. The sample was
dried at RT using speed-vac.

2.2.5. Coupling Cyanine Dye Ester to aa-cDNA. The cDNA
target samples were labeled by Cy3 or Cy5 fluorescent dyes
(Amersham Biosciences) according to the sample group
and resuspended in 0.1M Carbonate buffer (pH 8.6). The
samples were incubated in the dark for 1 hour in RT and
diluted in 35 μL NaOAc 100 mM (pH 5.2). The free dyes were
removed using QIAquik PCR clean up kit (Qiagen, Valencia,
CA, USA), washed with 5 mM phosphate buffer (pH 8.0,
80% ethanol) and eluted with 4 mM Phosphate elution
buffer (pH 8.5). The hybridization efficiency and the yield of
the dye incorporation were calculated using Labeled cDNA
Calculator (http://www.pangloss.com/seidel/Protocols/
percent inc.html). Equal amount of Cy3/Cy5 labeled cDNA
were mixed and dried in the speed-vac.
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2.2.6. Hybridization. The slides, with printed Array-Ready
Oligo set for the Human Genome Version 3.0 (Qiagen)
containing 34,580 longmer probes, representing 24,650 genes
and 37,123 gene transcripts, were blocked with 1%BSA in
0.1% SDS 5XSSC buffer, washed in distilled water and dried
at 1000 rpm for 2 minutes. The mixed pair of samples was
resuspended in hybridization buffer (25% Formamide, 0.1%
SDS in 5XSSC) supplied with 0.02 μg t-RNA and denatured
at 95◦C. The arrays were hybridized in a water bath, in
sealed, watertight hybridization chambers (DieTech, Ford
City, Pa, USA) for 16–18 hours at 42◦C. After hybridization,
the slides were rinsed in a coupling jar containing 2 ×
SSC 0.1% SDS, followed by washing for 5 minutes in
1 × SSC, then for 5 minutes in 0.2 × SSC, and finally
for 10 minutes in 0.05 × SSC. The slides were dried as
described above. The final visualization is carried out using
Axon 4000B fluorescence scanner. Griding and analysis of
images was performed using Gene Pix 6.0 software package
(Molecular Devices, Sunnyvale, Calif, USA). Specific genes
were characterized according to fluorescence intensity of
Cy3/Cy5 Dyes. The fluorescent intensities of Cy5 and Cy3
for each target spot were adjusted so that the mean Cy3/Cy5
ratio of housekeeping genes was equal to one, a design
allowing more precise analysis of differentially expressed
genes.

2.2.7. Statistics. Statistical analysis of microarrays was pre-
formed by The Genomic Data Analysis Unit of Hadassah
Medical School, Hebrew University of Jerusalem.

The quality assurance, calibration, data normalization
(Lowess) [13] and Volcano plot for GPR files were performed
by custom built package written in MATLAB R2007a. An
additional statistical analysis and clustering were carried out
using the Spotfire (Somerville, MA) and Partek (St. Louis,
MO) software packages.

Gene annotations and specific pathways were fin-
gered out using online free access programs such as: GO
annotation (http://www.geneontology.org/), Onto-Express,
Pathway-Express (Intelligent Systems and Bioinformatics
Laboratory, Computer Science Department, Wayne State
University).

2.3. Reverse Transcription Polymerase

Chain Reaction (RT-PCR)

2.3.1. Reverse-Transcriptase Reaction. Total RNA from spec-
imens analyzed for BCAR1,VIL2 and DCN expression
was extracted using Tri-Reagent (Sigma) according to
the manufacturer’s guidelines. 0.5 μg total RNA was
reverse-transcribed using the M-MLV Reverse Transcriptase
(Promega) with incubation of 2 hours at 37◦C, followed by 5
minutes at 95◦C, and diluted to 1 : 5 with RNase-free water.

2.3.2. Semiquantitative RT-PCR. RT-PCR was performed on
complementary DNA samples using a DNA thermal cycler
(Eppendorf Mastercycler gradient, Eppendorf, Hamburg,
Germany) with Reddymix PCR master mix (ABgene, Surrey,
UK). Primer sequence was as follows:

BCAR1. sense 5′-GGG-CCA-CAG-GAC-ATC-TAT--
GAT-3′, antisense 5′-GAG-GAA-CGT-CGT-AGA-CTG-
CG-3′ (amplicon size, 318 base pairs [bp]). VIL2. sense 5′-
GTT-TTC-CCC-AGT-TGT-AAT-AGT-GCC-3′, antisense
5′-TGC-CTT-TGC-AAA-GCT-TTT-ATT-TCA-3′ (ampli-
con size, 995 bp).

Conditions were as follows: BCAR1: 95◦C for 3 minutes,
denaturation at 95◦ for 15 seconds, annealing at 59◦ for 30
seconds, extension at 72◦ for 20 seconds, 34 cycles; VIL2: 95◦

for 3 minutes, denaturation at 95◦ for 15 seconds, annealing
at 64◦ for 30 seconds, extension at 72◦ for 20 seconds,
33 cycles. The HT-1080 fibrosarcoma cell line served as a
positive control in both reactions.

Products were separated on 1.5% agarose gels, isolated
using the Invisorb Spin DNA extraction kit (Invitek GmbH,
Berlin, Germany) and sequenced. Gels were photographed
by the Kodak EDAS 290 system (Kodak, Rochester, NY,
USA). Densitometer analysis of films was performed using a
computerized image analysis (NIH IMAGE 1.63) program.
BCAR1 and VIL2 mRNA levels were established by calcu-
lating the target molecule/28S ratio (all cases scored for
band intensity compared to control). Expression intensity
of 5% or less of control levels was interpreted as nega-
tive. Measurements were made at the linear phase of the
reaction.

2.3.3. Quantitative RT-PCR (qRT-PCR). qRT-PCR was pre-
formed using the Mx3000P QPCR System (Stratagene,
Calif, USA). Oligonucleotide primers were designed in the
Primer Express program (Applied Biosystems, Foster City,
Calif, USA). Primer sequences for DCN were 5′-TCC-GCT-
GAA-GAG-CTC-AGG-AAT-3′ for the forward primer, and
5′-CCT-TGA-GGA-ATG-CTG-GTG-ATA-TTG-3′ for the
reverse primer. The primers for RPLPO normalizer gene
were: 5′-CCA-ACT-ACT-TCC-TTA-AGA-TCA-TCC-AAC-
TA-3′ for the forward primer and 5′-ACA-TGC-GGA-TCT-
GCT-GCA-3′ for the reverse primer. One of the primers
in each primer pair was designed in exon-exon boundaries
region in order to minimize the DNA contamination noise.
The specificity of primer binding was analyzed by BLAST
(http://blast.ncbi.nlm.nih.gov/) with Human genomic +
transcript (Human G + T) database for highly similar
sequences (megablast). The primer optimal concentration
and the sensitivity, efficiency, and accuracy of qPCR were
calibrated by amplifying serial geometric dilutions of pooled
sample consisted from five primary tumor and five effusion
cDNA samples. 0.1 μg of cDNA product from the Reverse
Transcriptase reaction were amplified using DyNAmo SYBR
Green qPCR Kit with ROX passive reference dye (Finnzymes
Oy, Espoo, Finland) according to the manufacturer’s instruc-
tions. Absence of primer-dimers and non-specific products
was verified by single product peak in the qPCR dissoci-
ation curve. In addition, the PCR product was separated
by gel electrophoresis and sequenced (Hebrew University
facilities).

2.4. Immunohistochemistry. Formalin-fixed paraffin-embed-
ded sections were available from 52 breast carcinoma
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effusions (47 pleural, 4 peritoneal, 1 pericardial) from 51
female patients (one patient with 2 effusions) aged 33–86
(mean = 59) years with histologically verified breast cancer.
In 27 cases, the primary carcinoma was additionally available
for analysis.

Slides from the primary breast carcinoma specimens
were available in our archives for 45 cases. These were
diagnosed as infiltrating duct carcinoma (38), lobular car-
cinoma (5) or mixed duct and lobular carcinoma (2). In the
remaining 6 cases, effusion specimens were submitted to our
clinic from patients operated at other hospitals.

These 79 above-described specimens were manually
immunostained for p130cas, phospho-Ezrin (p-Ezrin), and
claudin-4. The monoclonal mouse p130cas antibody (clone
CAS-14) was purchased from NeoMarkers (LabVision Cor-
poration, Fremont, Calif, USA). A monoclonal mouse p-
Ezrin antibody was purchased from BD Pharmingen (San
Jose, Calif, USA). The rabbit polyclonal claudin-4 antibody
was purchased from Zymed (San Francisco, Calif, USA). All
slides underwent pretreatment in a microwave oven for 20
minutes (p-Ezrin and claudin-4 slides in Tris/EDTA buffer,
pH = 9-9.1, p130cas slides in citrate buffer, pH = 6). Antibody
dilutions were 1 : 200 for all antibodies. Visualization was
achieved using the EnVision + peroxidase system (Dako A/S,
Glostrup, Denmark).

Negative controls consisted of sections that under-
went similar staining procedures with isotype-matched
mouse antibody, normal goat IgG or non-relevant rabbit
immunoglobulins according to the antibody host species.
Positive controls consisted of a breast carcinoma biopsy that
demonstrated immunoreactivity for the studied antigens in
a pilot study.

Staining was considered positive only when localized
to the cell membrane in a linear pattern for p-Ezrin and
claudin-4, and when present in the cytoplasm for the p130cas
reaction. Staining extent was scored on a scale of 0–4, as
follows: 0 = no staining, 1 = staining of 1–5%, 2 = staining of
6–25%, 3 = staining of 26–75%, 4 = staining of 76–100% of
cells. No specimen contained less than 100 tumor cells. Slides
were scored by a surgical pathologist experienced in effusion
cytology and breast pathology (BD).

2.5. Western Blotting. Frozen specimens were thawed and
subsequently lysed in 1% NP-40, 20 mM Tris HCl (pH
7.5), 137 mM NaCl, 0.5 mM EDTA, 10% glycerol, 1 mM
phenyl-methylsulfonyl fluoride, 1 μg/mL Aprotinin, 2 μg/mL
leupeptin, 1 mM sodium orthovanadate, and 0.1% SDS.
25 μg of a total protein from each sample were separated by
electrophoresis through SDS-10% polyacrylamide gels under
reducing conditions. After electrophoresis, proteins were
transferred to Immobilon transfer membranes (Millipore,
Bedford, Mass, USA). Membranes were blocked in 5% Non
Fat Dry Milk (NFDM) in 0.1% Tween TBS (TBST) and
incubated overnight at 4◦C in 5% BSA TBST containing anti-
p-Ezrin (Thr567) rabbit mAb (Cell Signaling Technology Inc.,
Danvers, Mass, USA).

After incubation, membranes were washed and incu-
bated for 1 hour with peroxidase-conjugated AffiniPure goat

anti-rabbit IgG (Jackson ImmunoResearch, West Grove, PA,
USA) in TBST containing 5% BSA. Membranes were devel-
oped using the enhanced chemiluminescence kit (Pierce,
Rockford, Ill, USA), according to manufacturer’s specifi-
cations. Membranes were then washed, stripped in 0.2 M
glycine, 0.1% SDS, and 1% Tween 20 (pH 2.2), blocked in
TBST containing 5% NFDM, and incubated overnight at
4◦C in 5% BSA in TBST containing a rabbit polyclonal anti-
Ezrin Ab (Abcam, Cambridge, UK). Total Ezrin activity was
normalized to β-actin activity measured using rabbit anti-β-
actin polyclonal antibody (Cell Signaling Technology Inc.).
Protein detection was preformed as described above. Protein
lysate from MCF-7 breast carcinoma cells served as control.

Levels of phosphrylation of the TORC1 substrate p70S6K
were analyzed using goat anti-p-p70S6KThr389 and rabbit
anti-p70 S6K antibodies (Santa Cruz biotechnology, inc.,
Santa Cruz, Calif, USA) as described above. Secondary
peroxidase-conjugated donkey anti-goat IgG (Santa Cruz
biotechnology, inc.) was used for anti-p-p70S6KThr389 detec-
tion.

2.5.1. Quantification of Blotting Results. Gels were scanned by
the KODAK EDAS 290 system. Densitometer analysis of films
was performed using a computerized image analysis program
(NIH IMAGE 1.63)

3. Statistical Analysis

IHC and IB results were analyzed using the SPSS-PC
package, version 15.0 (Chicago, Ill, USA). Comparative
analyses of tumor cell expression results in all effusions
versus primary tumors were performed using the Mann-
Whitney U test. The same test was applied for analysis of
the relationship between protein expression in effusions and
clinicopathologic parameters. The Wilcoxon Signed Ranks
test was applied for patient-matched analysis in the 27 cases
with effusion and primary tumor. Univariate analysis for
disease-free survival (DFS) and overall survival (OS) for 44
patients with clinical data were executed using the Kaplan-
Meier method and Log-rank test. For this analysis, expression
categories were grouped as focal (≤25% of cells) or diffuse
(>25% of cells).

4. Results

4.1. Breast Carcinoma Effusions and Primary Carcinomas
Have Different Gene Expression Patterns. We have previously
shown that effusions constitute a unique form of breast
carcinoma metastasis with mRNA and protein expression
patterns that differ from primary tumors and solid metas-
tases [7–10]. In the present study, we compared the global
expression profile of breast carcinoma cells in effusions with
that of primary carcinomas.

Figure 1(a) shows volcano plot of global gene expression
in effusions and primary tumors. Differences of 1–5 fold in
gene expression with cut-off P-value <.05 were defined as
significant. We identified 255 significantly down-regulated



Journal of Oncology 5

255 96

0

0.5

1

1.5

2

2.5

3

3.5

4

4.5

−
lo

g
10

(p
-v

al
u

es
)

−6 −4 −2 0 2 4 6

log 2 (ratio)

(a)

(b)

(c)

Figure 1: Breast carcinoma effusion and primary carcinoma expression arrays. (a): Volcano plot of differentially expressed genes in malignant
effusions in comparison to pooled primary tumors (n = 6). The x-axis indicates the differential expression profiles, plotting the fold-
induction ratios in a log-2 scale. The y-axis indicates the statistical significance of the difference in expression (P-value, t-test) in a -log10
scale. Differentially expressed genes (P < .05) appear above the horizontal line. Numbers denote up-regulated (red) or down-regulated
(blue) genes in effusions. (b): Gene expression profiling of effusions (blue) and primary breast carcinomas (red) in three-dimensional space
by Principal Component Analysis using 351 genes that showed significant up- or downregulation in effusions in comparison to the pooled
primary tumor sample (two different view angles). (c): Gene expression profiling of 11 effusions (blue) and 11 primary carcinomas (red) in
three-dimensional space by Principal Component Analysis (three different view angles).

and 96 significantly up-regulated genes in effusion samples
(total = 351).

4.1.1. PCA Analysis. Principal Component Analysis (PCA)
(Partek, St. Louis, Mon, USA) is a technique used to reduce
multidimensional data sets to lower dimensions and to
highlight their similarities and differences. PCA analysis of

six effusion and primary tumor samples was performed
using the set of 351 genes that were differentially expressed
in effusions and primary carcinomas (Figure 1(b), sup-
plementary Table 1, available at doi:10.1155/2010/969084.).
Selected genes are shown in Table 1. The analysis showed
that this gene set effectively separates tumors at these two
anatomic sites. We additionally performed random PCA
analysis of the gene expression pattern in all 11 effusions
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Figure 2: Dendrogram. A dendrogram of a supervised analysis of
386 genes (horizontal rows) across 6 effusion versus six primary
tumor replicates. Each cell in the matrix represents the expression
level of a single transcript in a single sample. The supervised hier-
archical clustering analysis clearly distinguished between effusion
and control expression pattern. Red or green color indicates high
or low transcript levels relative to threshold based on overall gene
expression values across each array slide, respectively, while black
color indicates equal to median level of expression.

and 11 primary tumor pairs (Figure 1(c)). The analysis was
performed using a set of 342 genes that showed trend of up-
or downregulation in those patients. The difference between
this gene number and the above-detailed 351 genes results
from the fact that two different analyses were performed, the
first being a pool versus individual specimen analysis, the
second of individual case versus individual case. However,
the pathways detected were identical. Three patterns were
identified: (1) unique for primary tumors; (2) unique for
effusions and (3) samples with overlapping gene expression.

4.2. Gene Ontology and Function. In order to understand
the biological function of the genes that were up- or
down-regulated in effusions, we used the GO annotation
(http://www.geneontology.org/) and Pathway-Express (14,
15) programs.

We found multiple pathways involved in cell mainte-
nance that are altered in effusions in comparison to primary
tumors (Table 2). It can be seen that the pathways involved
in focal adhesion, ECM-receptor interaction and regulation

of the actin cytoskeleton are highly involved in phenotypic
transformation of carcinoma cells in primary tumors to
those in effusions. Some of the differentially-expressed genes
were found to participate in the specific pathways listed
above. Other differentially-expressed genes could not be
classified as components of a specific pathway, but are of
great clinical impact in breast carcinoma, for example, ERβ
with a 3.23-fold downregulation in effusions and MTA3, an
estrogen-sensitive gene involved in E-cadherin regulation,
with a 2.42- fold downregulation in effusions.

4.3. Hierarchical Clustering of Gene Expression Profiles. The
significantly altered genes in effusions (t-test/ ANOVA, P-
value <.05) were selected for performing UPGMA hier-
archical clustering (Figure 2). The unsupervised clustering
analysis was performed using the Spotfire software. The
differentially expressed genes were classified into 10 major
clusters. Of these 10 clusters, cluster G included genes that
were strongly up-regulated in effusions, while cluster J genes
were strongly down-regulated in comparison to primary
tumors. We found some clinically-relevant genes, such as
KRT8, CLDN4 and VIL2 in cluster G, while cluster J included
CLDN19, the ECM genes COL1A1, COL22A1, COL5A2 and
the ITGA7 and ITGA5 integrin genes.

4.4. Validation of Gene Array Results. Since cell motility
and cell-ECM interactions may have a major effect on
the metastatic potential of carcinoma cells in effusions, we
focused on genes participating in regulation of the actin
cytoskeleton, focal adhesion, and ECM-receptor interactions
in validation of the array results. The genes focused on were
the following: DCN, which encodes for the small cellular
or pericellular matrix proteoglycan decorin [14] and was
found to be significantly down-regulated in effusions; VIL2,
encoding for ezrin, which controls the actin cytoskeleton
dynamics; BCAR, encoding for the integrin signaling adaptor
protein p130cas. In addition, Tuberous Sclerosis 1 (TSC1),
also known as the tumor suppressor hamartin, the main
inhibitor of the mTOR signaling pathway [15, 16], was
one of the genes that were found to be down-regulated
in effusions in comparison to primary tumors. Thus, we
decided to analyze mTOR activity in effusions compared to
solid primary tumors. Validation was by semiquantitative
and quantitative RT-PCR, Western Blotting and immunohis-
tochemistry, using an enlarged set of effusions and primary
carcinomas.

4.4.1. DCN. DCN expression levels were analyzed in 29
effusions and 35 primary carcinomas using qRT-PCR. DCN
levels were significantly higher in primary tumors (P <
.0001, Figure 3(a)), in agreement with the gene array results.

4.4.2. BCAR1/ p130cas. Semiquantitative RT-PCR analysis of
35 primary tumors and of 29 effusions showed significantly
higher up-regulation of BCAR1 in effusions (P < .0001,
Figure 3(b)). Immunostaining of 52 effusions and 26 of
the 27 primary carcinomas (one unsatisfactory reaction)
for p130cas showed its presence in tumor cells in 50/52
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Table 1: Selected genes identified by fold-change analysis using the MATLAB R2007a program that are differentially expressed in primary
tumors versus effusions (complete list available in supplementary Table 1).

Genes more highly expressed in effusions

Gene Full name Log2 change

CLDN4 Claudin-4 4.8544

KRT8 Keratin 8 3.9099

NTN4 Netrin-4 3.5957

VIL2 Villin 2 2.7965

FASN Fatty acid synthase 2.7583

DLX3 Distal-less homeobox 3 2.3846

ZNF75C ZNF75C 2.2346

TRAF4 TNF-receptor-associated factor 4 2.0682

NEDD4L Neural precursor cell expressed, developmentally down-regulated 2.0061

NPC1L1 NPC1 (Niemann-Pick disease, type C1 gene)-like 1 1.9928

Genes more highly expressed in primary tumors

CLDN19 Claudin-19 20.4327

HPR Haptoglobin-related protein 11.7846

IGFBP7 Insulin-like growth factor binding protein 7 10.6376

ZFYVE20 Zinc finger FYVE domain containing 20 10.4542

HP Haptoglobin 9.1384

GFRA1 GDNF family receptor alpha 1 8.6866

APOBEC2 Apolipoprotein B mRNA editing enzyme, catalytic polypeptide-like 2 8.6565

STK39 Serine threonine kinase 39 (STE20/SPS1 homolog, yeast) 8.0239

SLC6A16 Solute carrier family 6, member 16 7.2568

effusions and 24/26 primary carcinomas (Figures 4(a) and
4(b)). Comparative analysis showed no significant difference
in staining extent at these two anatomic sites (P > .05).

OS for the 44 patients with survival data ranged from 2–
393 months (mean = 90 months), while DFS ranged from 0–
336 months (mean = 55 months). In survival analysis, higher
p130cas expression in effusions was associated with a trend
for poor OS (P = .062) and DFS (P = .098; Figure 5).

4.4.3. VIL2/Ezrin. Semiquantitative RT-PCR analysis of 43
primary tumors and 25 effusions showed significantly higher
VIL2 expression in effusions (P = .0021, Figure 3(c)).
Protein levels and phosphorylation extent of Ezrin were
analyzed by Western blotting using phospho- and pan-
specific antibodies. Pan-Ezrin protein level was significantly
higher in effusions (P = .004, Figure 3(d)), whereas
p-ezrin levels did not significantly differ. Although the
fraction of phosphorylated protein did not significantly
differ, the total amount of the protein was up-regulated in
effusions (P = .004). Thus, the absolute phosphorylated
ezrin levels were higher in effusions compared to primary
tumors.

Immunostaining of 51 of the 52 effusions (one unsatis-
factory reaction) and 27 primary carcinomas showed signif-
icantly higher p-Ezrin expression in effusions compared to
primary carcinomas (P < .001 in analysis of all cases, as well
as patient-matched specimens), as evidenced by score = 4
staining in 49/51 effusions and only 2/27 primary carcinomas
(Figures 4(c)–4(e)). Ezrin was not analyzed for survival in
view of the practically uniform score = 4 staining in effusions.

4.4.4. Claudin-4. Immunostaining of 52 effusions and 23
of the 27 primary carcinomas (4 unsatisfactory reactions)
for claudin-4 showed its presence in tumor cells in 51/52
effusions and 20/23 primary carcinomas (Figures 4(f)–4(i)).
However, staining extent was higher in effusions, a difference
that was significant in analysis of all cases (P = .002), and
showed a trend in matched specimen analysis (P = .062).
Claudin-4 protein expression was unrelated to OS or DFS
(P > .05).

4.4.5. mTOR Pathway Activity. TSC1 showed a 2.3-fold
downregulation in effusions compared to primary tumors
in the array analysis. Analysis of the phosphorylation level
of the rapamycin sensitive mTOR Complex 1 (mTORC1)
substrate p70S6K showed that in spite of the TSC1 down-
regulation, the levels of p70S6K phosphorylation were lower
in effusions compared to primary tumors (P = .003,
Figure 6).

5. Discussion

Breast carcinoma metastasis to the serosal cavities represents
an advanced stage in tumor progression and is associated
with extensive alterations at the molecular level, involving
clinically established targets such as HER-2 and hormone
receptors, as well as other cancer-associated molecules [7–
10]. Despite the fact that breast carcinoma is one of the
most extensively studied cancer forms, little effort has been
directed towards understanding the biology of tumor cells
in malignant effusions. The major aim of the present study
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Table 2: Pathways involved in the differentially expressed genes (a): six individual effusion patients against the pooled sample of primary
tumors; (b): 11 individual effusions against 11 individual primary tumors.

(a)

Pathway name
Number of
genes in
pathway

Number of
differentially
expressed genes in
pathway

Percentage of
differentially
expressed genes in
pathway

P-value

Cell adhesion molecules (CAMs) 132 10 7.576 1.36E-04

Regulation of actin cytoskeleton 208 11 5.288 0.001462

Focal adhesion 195 9 4.615 0.010329

Calcium signaling pathway 175 8 4.571 0.01545

ECM-receptor interaction 87 6 6.897 0.005234

Tight junction 119 4 3.361 0.175458

PPAR signaling pathway 70 3 4.286 0.123277

TGF-beta signaling pathway 84 1 1.19 0.780451

Wnt signaling pathway 149 1 0.671 0.935266

Apoptosis 84 1 1.19 0.792465

mTOR signaling pathway 47 1 2.128 0.584796

Gap junction 92 1 1.087 0.81801

MAPK signaling pathway 256 3 1.172 0.855694

Adherens junction 77 1 1.299 0.763346

Small cell lung cancer 86 1 1.163 0.800108

Cytokine-cytokine receptor interaction 256 1 0.391 0.990004

(b)

Pathway name
Number of
genes in
pathway

Number of
differentially
expressed genes in
pathway

Percentage of
differentially
expressed genes in
pathway

P-value

Cell adhesion molecules (CAMs) 132 9 6.818 4.22E-07

Regulation of actin cytoskeleton 208 4 1.923 0.061989

Focal adhesion 195 3 1.538 0.169683

ECM-receptor interaction 87 2 2.299 0.130698

Tight junction 119 1 0.84 0.580383

TGF-beta signaling pathway 84 5 5.952 3.19E-04

Wnt signaling pathway 149 3 2.013 0.09173

Apoptosis 84 1 1.19 0.46079

mTOR signaling pathway 47 1 2.128 0.291965

MAPK signaling pathway 256 3 1.172 0.288211

Adherens junction 77 1 1.299 0.432252

Small cell lung cancer 86 4 4.651 0.003658

Cytokine-cytokine receptor interaction 256 4 1.563 0.10534

Phosphatidylinositol signaling system 77 2 2.597 0.106703

Pancreatic cancer 73 3 4.11 0.016395

Colorectal cancer 85 3 3.529 0.023709

Cell cycle 114 3 2.632 0.050093

Jak-STAT signaling pathway 153 3 1.961 0.097521

Non-small cell lung cancer 53 2 3.774 0.057405

Endometrial cancer 52 2 3.846 0.055498

Basal cell carcinoma 56 2 3.571 0.059335

Renal cell carcinoma 69 2 2.899 0.09072
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(b) Continued.

Pathway name
Number of
genes in
pathway

Number of
differentially
expressed genes in
pathway

Percentage of
differentially
expressed genes in
pathway

P-value

Melanoma 71 2 2.817 0.09521

ErbB signaling pathway 87 2 2.299 0.133163

Melanogenesis 102 2 1.961 0.166065

Thyroid cancer 31 1 3.226 0.203583

VEGF signaling pathway 70 1 1.429 0.397797

Prostate cancer 86 1 1.163 0.468679

was to characterize a general expression fingerprint that
distinguishes effusions from primary tumors.

Our data show that 351 genes among 24,650 gene tran-
scripts are significantly altered in effusions in comparison
to primary carcinomas. Many of these genes are involved in
ECM-receptor interaction, focal adhesion and regulation of
the actin cytoskeleton pathways, which define the metastatic
potential of carcinoma cells by enhancing their motility and
leading to anoikis escape in the absence of ECM molecules.

PCA analysis of significantly altered genes distinguished
clearly between primary tumors and effusions. The gene
expression profile correlated with phenotypic change during
the transition of breast carcinoma cells from the solid tumor
to suspended cell clusters in pleural effusions. Carcinoma
cells in effusions showed down-regulated ECM encoding
molecules such as decorin, fibronectin, collagens I, XXII
and V, concomitantly with the downregulation of the ECM-
binding receptors, integrins α5 and α7. Thus, it appears as if
the cells in effusions lose the requirement for interaction with
matrix components, possibly by a compensatory signaling
mechanism within the cells.

The second goal of the study was to highlight molecules
with multiple functional influences on the metastatic poten-
tial of cells in effusions. One of these molecules is the
cytoskeleton organizer ezrin. This protein provides a func-
tional link between the plasma membrane and the actin
cytoskeleton by interacting with the cytoplasmic domains of
adhesion membrane proteins and regulation of cytoskele-
ton polymerization through the Rho pathway activation
[17]. Moreover, ezrin promotes growth and survival via
AKT/mTOR pathway activation in Ewing’s sarcoma cell lines
[18]. A recent study provided additional information regard-
ing the role of ezrin in elevation of the metastatic potential
of carcinoma cells, by showing that its downregulation of
the cell-cell adhesion molecule E-cadherin, and suggesting
that ezrin is associated indirectly with the E-cadherin/β-
catenin complex by regulating Src activation [19]. Screening
of a broad spectrum of human cancers, including breast,
lung and prostate tumors showed high expression of ezrin
in tumors of mesenchymal origin and in primary breast
carcinomas. Moreover, ezrin expression was shown to be
strongly associated with poor prognosis in breast carcinoma
[20]. In agreement with the latter report, higher VIL2 mRNA
expression in effusions was associated with poor disease-
free survival in our cohort (data not shown). This finding

requires further investigation, as it was obtained in analysis
of only 17 effusions.

The up-regulation of ezrin in effusions was validated
using RT-PCR, Western blotting and IHC. We found that
the up-regulation of ezrin in effusions is associated with
expression of the functionally active T567 phosphorylated
ezrin [17, 18] at the plasma membrane. This gene is not
only up-regulated at the mRNA and protein levels, but is
also more active in effusions compared to solid tumors.
Since the increase in ezrin activation may influence multiple
metastasis-associated cell functions [17, 18], the therapeutic
targeting of this protein may prove beneficial in effusion
therapy.

Statistical analysis of the array results showed that
the TSC1 gene, encoding a protein involved in mTORC1
inhibition, is down-regulated in effusions in comparison
to primary tumors. The mTOR pathway is highly involved
in breast carcinoma pathogenesis and adjuvant therapy
resistance [21]. Moreover, there is evidence that mTOR
activation can lead to anchorage-independent growth of
carcinoma cells [22], making it a potentially important factor
for cell survival in effusions. Rapamycin analogues, such
as temsirolimus (CCI-779) or everolimus (RAD-001) that
target mTOR are now in different stages of clinical trials
for anti-cancer therapy as a single agent [23] or as additive
treatment having synergetic effect with ER- and HER2/neu-
targeted therapy [24, 25]. Downregulation of the mTOR
inhibitor TSC1 in effusion may lead to subsequent activation
of mTORC1 at this site of metastasis, suggesting that this
signaling pathway may be altered along tumor progression
in breast carcinoma.

Recent studies demonstrate that TSC1 directly interacts
with ezrin and through this interaction regulates focal adhe-
sion complex formation and causes cytoskeletal remodeling
[26, 27]. The loss of TCS1 results in loss of focal adhesions,
cell rounding and progressive detachment of cells from the
substrate [27]. Since effusions are characterized as clusters of
detached carcinoma cells, the parallel dysregulation of TSC1
and ezrin expression may play a critical role in effusion for-
mation. The relative phosphorylation extent of the mTORC1
substrate p70S6K [28, 29] was measured in order to analyze
the effect of TSC1 downregulation on the mTORC1 activity.
In spite of the downregulation of the mTORC1 inhibitor
TSC1, the extent of p70S6K phosphorylation remains low in
the effusions in comparison to primary tumors. The reason
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Figure 3: Validation by PCR and Western blotting. (a): DCN mRNA expression in effusions and solid primary tumors, showing higher
expression in the latter specimen type (P < .0001). DCN levels were measured by qRT-PCR using specific primers for decorin A1, A2
and B isoformes. The pool sample consisting of cDNA from five primary tumors and five effusion samples served as a positive control. DCN
mRNA expression levels were normalized to RPLPO reference gene expression levels. (b): BCAR1 mRNA relative expression levels in primary
tumors and effusions. Gene expression level was measured by semiquantitative RT-PCR and normalized to relative 28s expression. The MCF-
7 breast carcinoma cell line served as positive control. BCAR1 levels were significantly higher in effusions (P < .0001). (c): VIL2 expression
in effusions in comparison to primary carcinomas. VIL2 mRNA levels were measured by RT-PCR with specific primers and normalized to
relative 28s expression. Human HT1080 fibrosarcoma cell line served as a positive control. VIL2 levels were significantly higher in effusions
(P < .0001). (d): Total Ezrin protein expression in effusions in comparison to primary carcinomas. Ezrin protein levels were analyzed using
specific antibodies and normalized to total beta-actin levels. Ezrin levels were significantly higher in effusions (P = .004).

for low mTORC1 activity in effusions should be investigated.
One possible explanation is that other substrates of mTOR
may be relevant and p70S6K may be a minor effector of this
pathway in effusions.

Hormone receptor status and the relevance of adjuvant
hormonal therapy at different stages of the disease are central
in breast carcinoma research [30]. We have previously shown
that ER is down-regulated in effusions in comparison to

primary tumors [8]. In the present study we observed BCAR1
gene up-regulation in effusions. High BCAR1 expression was
reported to be associated with a poor response to first-line
tamoxifen therapy in patients with recurrent disease and with
an increased rate of relapse [31]. Moreover, overexpression
of BCAR1 causes tamoxifen resistance in tamoxifen-sensitive
breast carcinoma cells [32]. The up-regulation of p130cas
in effusions can be a result of population enrichment by
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Figure 4: Validation by immunohistochemistry. (a)-(b), p130cas: Immunostaining for p130cas in a primary carcinoma (a) and pleural
effusion (b) showing cytoplasmic staining in tumor cells. (c)–(f), p-Ezrin: Immunostaining for p-Ezrin in a primary carcinoma (c), pleural
effusion from the same patient (d), and 2 additional effusions obtained from the pericardial (e) and pleural (f) cavity. Tumor cells in the
primary carcinoma are p-Ezrin-negative, whereas cells in all three effusions are stained at the membrane. (g)–(i), claudin-4: immunostaining
for Claudin-4 in a primary carcinoma (g), pleural effusion from the same patient (h), and an additional effusion obtained from the
pericardial cavity (i, same specimen as in e). Tumor cells in the primary carcinoma are Claudin-4 -negative, whereas cells in the two effusions
are stained at the membrane.

resistant cells due to tamoxifen treatment. Thus, BCAR1
expression status in effusions must be taken under consid-
eration while choosing therapeutic regimen in patients with
breast carcinoma effusions. On the other hand, p130cas is
a downstream effector of integrins [33]. The up-regulation
of p130cas can lead to subsequent activation of Rac pathway
and actin cytoskeleton rearrangements [34, 35]. This can
elevate the metastatic potential of the cells in effusions by
enhancing cell migration and leading to anoikis escape, as
has been shown in in vitro systems [36, 37].

In contrast to the established importance of ER-α
as a breast cancer marker, the prognostic and predictive
relevance of ER-β remains unclear. Several previous reports
have shown correlation between low ER-β expression and

advanced disease stage and shorter survival in various
tumors, including gynecological carcinomas [38–40]. In the
present study we found downregulation of ER-β in effusions.
Since breast carcinoma effusions constitute stage IV disease,
this observation is concordant with the above-detailed
publications. Low ER-β levels in effusions may contribute
to tamoxifen resistance, as had been shown in ER-positive
primary breast carcinomas [41]. Thus, the expression levels
of ER-β may influence decisions regarding therapeutic
regimens for patients with this form of metastatic disease.

Claudins are a family of tight junction (TJ)-specific
integral membrane proteins, including more than 20 mem-
bers to date. TJs, located between epithelial or endothelial
cells, at the apical region of the adjacent lateral membranes,



12 Journal of Oncology

0

0.2

0.4

0.6

0.8

1
C

u
m

u
la

ti
ve

su
rv

iv
al

0 100 200 300 400

Overall survival (months)

P = .062

(a)

0

0.2

0.4

0.6

0.8

1

C
u

m
u

la
ti

ve
su

rv
iv

al

0 100 200 300 400

Disease-free survival (months)

P = .098

(b)

Figure 5: The prognostic role of p130cas expression in breast carcinoma effusions. (a): Kaplan-Meier survival curve showing the trend for
association between p130cas expression and overall survival (OS) for 44 patients with breast carcinoma effusions. Patients with effusions
with higher expression (>25% of tumor cells) (n = 33, dashed line) had a mean OS of 78 months versus 142 months for patients whose
effusions showed low (≤25%) expression (n = 11, solid line; P = .062). (b): Kaplan-Meier survival curve showing the trend for association
between p130cas expression and disease-free survival (DFS) for 42 patients with breast carcinoma effusions. Patients with effusions with
higher expression (>25% of tumor cells) (n = 31, dashed line) had a mean DFS of 48 months versus 89 months for patients whose effusions
showed low (≤25%) expression (n = 11, solid line; P = .098). DFS data were unavailable for 2 patients.

0

20

40

60

80

100

120

140

P
h

os
ph

or
yl

at
io

n
(%

)

∗

∗P < .003

Primary tumors
Effusions

Figure 6: Reduced p70S6K phosphorylation in breast carcinoma
effusions compared to primary tumors. mTOR activity measured
by Western blot analysis of the mTORC1 substrate p70S6K
phosphorylation extent in effusions (n = 16) and primary tumors
(n = 22). Phosphorylated p70-S6K protein levels were analyzed
using phospho-specific antibodies and normalized to total p70S6K
levels. The 3T3-NIH cell line served as a positive control.

control the paracellular transport of solutes and maintain
cell polarity by blocking the free diffusion of proteins
and lipids between the apical and basolateral domains of
the plasma membrane [42–44]. TJ filaments also contain
occludin, the first TJ-specific integral membrane protein
identified, yet it has been shown that claudins are essential
and sufficient to form TJ strands [45]. The structure of

claudins consists of intracellular amino and carboxy termini,
four transmembrane domains, and two extracellular loops
mediating interactions between claudins on adjacent cells
[42–44]. The second extracellular loop serves as a binding
site for Clostridium perfringens enterotoxin in claudin-3 and
-4 [45]. The carboxy terminus of most claudins contains
potential serine and/or thereonine phosphorylation sites
and a PDZ-binding motif, to which the TJ cytoplasmic
scaffolding proteins ZO-1, -2 and -3 bind [44].

We have recently shown that several claudin family
members are upregulated in ovarian carcinoma effusions
compared to corresponding primary carcinomas [46]. In
the present study, we found upregulation of claudin-4 in
breast carcinoma effusions compared to primary carcino-
mas, suggesting that members of this family are upregulated
at this anatomic site in multiple epithelial malignancies. Our
observations are in agreement with a recent study in which
claudin-4 expression was shown to be associated with high
grade and poor prognosis in breast carcinoma [46]. The
previously discovered role of claudin-3 and claudin-4 in cell
motility and increased MMP-2 activity [47] suggests that this
may be yet another metastasis-promoting molecule in breast
carcinoma effusions.

In conclusion, gene array analysis of breast carcinoma
effusions and primary carcinomas showed differences in
expression of multiple genes regulating cell motility, inva-
sion and metastasis. The study of effusions and the way
they differ from solid tumors will expand our knowledge
regarding tumor progression in general, as well as regarding
malignancies affecting this anatomic site in particular, and
may have an impact on treatment modalities and prognostic
models.
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Cancer of the ovary is bilateral in 25%. Cytogenetic analysis could determine whether the disease in bilateral cases is metastatic
or two separately occurring primary tumors, but karyotypic information comparing the two cancerous ovaries is limited to a
single report with 11 informative cases. We present a series of 32 bilateral ovarian carcinoma cases, analyzed by karyotyping and
high-resolution CGH. Our karyotypic findings showed that spreading to the contralateral ovary had occurred in bilateral ovarian
cancer cases and that it was a late event in the clonal evolution of the tumors. This was confirmed by the large number of similar
changes detected by HR-CGH in the different lesions from the same patient. The chromosomal bands most frequently involved
in structural rearrangements were 19p13 (n = 12) and 19q13 (n = 11). The chromosomal bands most frequently gained by
both tumorous ovaries were 5p14 (70%), 8q23-24 (65%), 1q23-24 (57%), and 12p12 (48%), whereas the most frequently lost
bands were 17p11 (78%), 17p13 (74%), 17p12 (70%), 22q13 (61%), 8p21 and 19q13 (52%), and 8p22-23 (48%). This is the first
time that 5p14 is seen gained at such a high frequency in cancer of the ovary; possibly oncogene(s) involved in bilateral ovarian
carcinogenesis or tumor progression may reside in this band.

1. Introduction

Cancer of the ovary represents 30% of all malignancies of
the female genital organs [1]. The most common ovarian
neoplasms, typically occurring in women of reproductive age
and beyond, originate from the ovarian surface epithelium
and belong to one of three major types: serous, mucinous,
and endometrioid tumors. These neoplasms range from the
clearly benign (80%) to highly malignant carcinomas, with
tumors of borderline malignancy in between.

Bilateral carcinomas of the ovary vary in frequency
depending on which tumor type is involved but can be
found in roughly 25% of all ovarian cancer cases [2].
The question of whether bilateral ovarian carcinomas are

the result of metastatic spreading from one ovary har-
boring the primary tumor to the contralateral ovary, as
opposed to the alternative, simultaneous occurrence of
two independent primary tumors, was addressed nearly
two decades ago by Pejovic et al. [3]. In a chromosome
banding analysis they found no clear-cut difference in
the karyotypic pattern between the tumors of the two
ovaries in each woman but considerable differences from
case to case. Hence, metastatic spreading from one side
to the other must have been the pathogenetic mechanism,
although the side carrying the primary tumor could not be
identified. No similar later studies have been undertaken
to confirm or falsify the findings and conclusions then
made.
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We present a series of 32 bilateral ovarian carcinoma
cases, in six also including cancerous lesions in the omentum
or peritoneum, analyzed primarily by karyotyping and
high-resolution comparative genomic hybridization (HR-
CGH) but also tested for microsatellite instability. Because
the findings in the two or three samples from each woman
were largely similar, we conclude that bilateral ovarian cancer
occurs by a metastatic process and that spreading to the
contralateral ovary mostly is a late event in the clonal
evolution of these cancers.

2. Materials and Methods

2.1. Tumors. The examined material consists of 70 fresh
samples from ovarian carcinomas surgically removed at
The Norwegian Radium Hospital from 1999 to 2004 (see
Table 1 in Supplementary Material available online at
doi:10.1155/2010/646340). The tumors were part of a con-
secutive series of 248 ovarian tumors cultured and kary-
otyped by us (of which 203 were carcinomas; unpublished
data). The 70 tumors came from altogether 32 patients with
bilateral ovarian cancer. From all patients we had tumor
material from both ovaries, and from six patients we also had
samples from a metastasis to the omentum (three patients)
or peritoneal cavity (three patients). Neoadjuvant therapy
had been given to four patients before surgery (cases 5,
9, 22, and 24); otherwise, no preoperative chemotherapy
or irradiation had been given. The tumors were classified
as serous papillary adenocarcinoma (22 cases; Supplemen-
tary Table 1), endometrioid carcinoma (cases 23, 29, and
31), adenocarcinoma NOS (case 24), carcinosarcoma (case
21), and mucinous adenocarcinoma (case 26), and four
cases showed a mixed histology and were classified as
endometrioid and serous papillary (cases 3, 6, and 27)
and clear cell and serous papillary carcinoma (case 28).
The tumors also showed different patterns of differentiation
(well, moderately, and poorly differentiated; Supplementary
Table 1).

2.2. Cell Culturing and Karyotyping. The tumor samples were
manually minced and disaggregated with Collagen II (Wor-
thington, Freehold, NJ, USA) until a suitable suspension
of cells and cell clumps was obtained. After 6-7 days of
culturing in a selective medium [4], colchicine was added
and the cultures harvested according to Mandahl [5]. The
chromosomes of the dividing cells were then G-banded and a
karyotype established according to the recommendations of
the ISCN [6].

2.3. High-Resolution Comparative Genomic Hybridization
(HR-CGH). DNA was isolated by the phenol-chloroform
method as previously described [7]. CGH [8] was performed
according to our modifications of standard procedures [9].
Chromosomes were karyotyped based on their inverted
DAPI appearance and the relative hybridization signal inten-
sity was determined along each chromosome. An average of
10–15 metaphases was analyzed. A negative (normal versus
normal) and a positive (a cell line with known copy number

changes) controls were included in the experiments. For the
scoring of CGH results, we adopted the use of dynamic
standard reference intervals (D-SRI). A D-SRI represents a
“normal” ratio profile that takes into account the amount of
variation detected in negative controls for each chromosome
band. This provides a more objective and sensitive scoring
criterion than fixed thresholds [10–12] and, consequently, a
higher resolution. The D-SRI used was generated with data
from 10 normal versus normal hybridizations (totalling 110
cells). This interval was automatically scaled onto each sam-
ple profile, and aberrations were scored whenever the case
profile and the standard reference profile at 99% confidence
intervals did not overlap. The description of the CGH copy
number changes was based on the recommendation of the
ISCN [6].

2.4. Microsatellite Instability Status. The tumor’s microsatel-
lite instability (MSI) status was determined in all samples
using a consensus panel of five microsatellite markers
(BAT25, BAT26, D2S123, D5S346, and D17S250) [13]. A
tumor was considered to be MSI-high if two or more of
the five markers exhibited novel alleles compared to normal
DNA, MSI-low if only one marker deviated from the normal
pattern, and microsatellite stable (MSS) if none of the tumor
genotypes showed an aberrant pattern. Control DNA corre-
sponding to the individual tumors was not available from
the patients and therefore single allele changes, that is, the
presence of two different alleles, can reflect a heterozygous
constitutional genotype or a homozygous genotype with a
novel tumor-specific allele. Thus, dinucleotide markers were
not scored when such a pattern appeared in the tumors.
The MSI status was assessed according to Wu et al. [14].
Allelic sizes were determined using GeneMapper 3.7 software
(Applied Biosystems, Foster City, CA, USA), and the results
were independently scored by two investigators. A second
round of analyses was always performed, confirming the
findings.

3. Results

The cell culturing and subsequent G-banding cytogenetic
analysis gave informative results in 58 samples (Supplemen-
tary Table 1), 39 of which showed an abnormal karyotype
whereas 19 were normal. The remaining 12 samples were
culture failures and therefore could not be examined using
this technique. The abnormal karyotypes were complex;
that is, more than four abnormalities were present in all
informative cases but one, case 21. This case was the only
carcinosarcoma of our series; the tumor of the right ovary
(case 21b) showed a der(16)t(1;16)(q21;q22) as the sole
abnormality whereas a complex karyotype was seen in the
tumor of the left ovary (case 21a), but with a similar
der(16)t(1;16)(q21;q22) as one of many changes. Mostly
many more aberrations than four were seen, several of which
could not be completely identified. The modal chromosome
number was hypodiploid in six cases, diploid in three,
hyperdiploid in three, hypotriploid in one case, hypertriploid
in 19, neartetraploid in one, hyperpentaploid in three cases,
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and a mix of hyperdiploid and hypertetraploid clones in one
(case 5a). For 14 cases, we obtained abnormal karyotypes
from either both ovaries or from one ovarian tumor and
a metastasis in the omentum/peritoneum, but in six of these
cases, the technical quality was not sufficiently good to be
able to compare the karyotypic data from different lesions
in a reliable way. For eight patients, however, it was possible
to compare the abnormal karyotypes, and in one additional
patient both ovarian tumors and the peritoneal metastasis
yielded informative results and could be compared (cases 8a,
8b, and 8c in Supplementary Table 1). In all these nine cases,
more or less extensive karyotypic similarities between the
samples taken from the different tumor lesions were found,
with the number of identical aberrations ranging from one
to eight per karyotype. However, because in seven out of
these nine cases the karyotypic description was incomplete
due to the complexity of the rearrangements, it is possible
that more common abnormalities were present. In cases 19a
and 19b, the karyotypic description was identical for the two
tumorous ovaries (Figure 1).

The chromosomes seen to be most frequently involved
in structural rearrangements by G-banding analysis were,
in order of falling frequency, chromosomes 19, 1, 11, and
16 (Figure 2). The bands most frequently rearranged were
19p13 (involved in 12 rearrangements), 19q13 (11 rearrange-
ments), 1q21, 16q22, and 19q10-11 (six rearrangements),
11p15, 12p13, and 15p11 (five rearrangements each), and
1p36 and 16q24 (four rearrangements each). The chromo-
somes most frequently involved in numerical aberrations
were the X chromosome (in eight tumors) and chromosomes
8 and 14, involved in six tumors each.

The HR-CGH gave informative results on 60 samples
showing genomic imbalances in 56 of them. From seven
lesions there was no DNA available for analysis. No informa-
tive results were obtained in cases 13b, 22b, and 32b because
of poor quality of the hybridization signal, despite running
the experiments twice. In six cases, the G-banding karyotype
matched the imbalances detected by CGH well. However,
because the G-banding analysis often showed an incomplete
karyotype with marker chromosomes and additional mate-
rial of unknown origin sitting on known chromosomes, the
CGH analysis allowed the identification of more imbalances.
In 17 cases, a normal karyotype was detected by G-banding
analysis whereas the CGH experiments showed genomic
imbalances in the tumor samples. We gained information
also on the 10 cases that were culture failures, finding
imbalances in seven of them. Gains were more frequent
than losses as seen by HR-CGH, and high-level amplification
was found in 23 lesions. The major copy number changes
were gains of or from chromosome arms 1p, 1q, 2p, 3q,
5p, 8q, 11q, 12p, and 20q and losses of or from Xp, 4q,
5q, 6q, 8p, 13q, 16q, 17p, 17q, 18q, 19q, and 22q. More
specifically, the most frequently gained bands were, in order
of decreasing frequency, 5p14 and 8q23 (39%), 2p23 (38%),
1q24, 3q25, and 3q27q28 (36%), 1q21, and 3q22 (34%),
2p13, 3q13, and 8q21 (32%), 1p31 (30%), 20q13 (29%), and
11q22 and 12p12 (25%). The most frequently lost bands
were 17p11 and 17p13 (45%), 17p12 (43%), 16q23 and
22q13 (38%), 8p21 and 17q21 (34%), 8p22-23 (32%), Xp21

and 6q25 (30%), 4q34, and 18q22 (29%), 13q14 and 19q13
(27%), and 5q13-14 (25%) (Figure 3(a)). A comparison of
the imbalances scored for the tumors in the two ovaries
and/or the omentum/peritoneum showed that the bands
most often gained by both ovarian tumors were 5p14 (70%
of the 23 cases or 46 samples showing informative results),
8q23-24 (65%), 1q23-24 (57%), 12p12 (48%), 2q23 and
3q22 (43%), and 2p23, 3q13-21, 3q24-28, and 11q14 (39%).
The most often lost bands were 17p11 (78%), 17p13 (74%),
17p12 (70%), 22q13 (61%), 8p21 and 19q13 (52%), 8p22-
23 (48%), 16q22-23, 17q12-21, and 18q22 (43%), and 4q31,
4q33q34, 11p15, and Xp21 (39% each; Figure 3(b)).

The samples showed from one (samples 4a and 4b) to
58 (sample 11a) copy number alterations with an average
number of copy alterations (ANCA) index of 37.9. Ampli-
fications were most often scored on chromosome arms 8q
(eight tumors) and 3q and 12p (four tumors each).

As ovarian cancer can be part of the hereditary non-
polyposis colon cancer (HNPCC) spectrum, characterized
by microsatellite instability (MSI); we tested for this in the
present series. Fifty-nine tumors gave informative results.
Fifty-six of the tumors were classified as microsatellite stable
(MSS) as none of the tumor genotypes showed an aberrant
pattern; these were MSS tumors. Three cases (9a, 9c, and
16b) were scored as MSI-low (MSI-L; Supplementary Table
1). In four cases, the MSI status could not be determined in
spite of running the experiments twice. The remaining seven
samples were not analyzed as there was no DNA available.

4. Discussion

Cytogenetic studies of bilateral ovarian cancer are limited to
the one by Pejovic et al. [3] who karyotyped tumors from
both ovaries in 15 patients. Because the baseline karyotypes
in each tumor pair were identical in the 11 patients from
whom informative results were obtained, the conclusion
was that the second tumor always arose by spreading of a
monoclonal process from the first one. However, since the
clonal evolution of the neoplastic cells in the two locations
was similar, one could not determine which tumor was
primary and which was metastatic.

We report a series of 32 patients with bilateral ovar-
ian cancer analyzed by karyotyping, HR-CGH, and a
microsatellite instability assay. As in the study by Pejovic
et al. [3], considerable similarity was observed between
the left-sided and right-sided tumors. From one to eight
common aberrations were seen by karyotyping in the
nine patients from whom informative results for both
ovaries/omentum/peritoneum were obtained, averaging 3.22
common aberrations per patient. Because the karyotypic
descriptions were incomplete, more common aberrations
may have remained hidden among the markers. Indeed, the
HR-CGH analysis revealed from one (cases 4 and 31) to
43 (case 1) genomic imbalances common to both or all
lesions in the 23 patients from whom informative results for
both ovaries/omentum/peritoneum were obtained, giving an
average of 25.5 common aberrations per case or patient.
Our findings therefore confirm the conclusions of Pejovic et
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Figure 1: Tumor karyotypes from case 19. The two cancerous ovaries showed an identical karyotype with two related clones: (a)
54,XX,+X,+5,+8,+8,+12,+14,+14,+16, and (b) 52,XX,+X,+5,+8,+8,inv(10)(p12q22),+12,+der(16)t(14;16)(q13;q22),del(17)(p12). Arrows
point to numerical changes, arrowheads to structural rearrangements.
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Figure 2: Breakpoint positions (circles to the right) and numerical changes (lines; losses to the left and gains to the right) detected in the
chromosome aberrations of 32 cases of bilateral ovarian cancer.

al. [3] that bilateral ovarian cancer occurs via a metastatic
mechanism, but the addition of CGH data allowed us to
expand on this assessment of the pathogenetic connection
between macroscopically discrete tumor lesions: the fact that
so many aberrations are common to the tumors in both sides
indicates that spreading to the contralateral ovary is a late
event in the clonal evolution of the neoplastic parenchyma
cells. The aberrations unique to each tumor lesion, on the
other hand, in all likelihood arose after the metastasis was set
up, in the other-sided ovary or in the omentum/peritoneum.
The data are too sparse to conclude with certainty whether
the latter metastases differ in any significant way from the

tumors situated in the ovaries themselves when it comes to
acquired genomic aberrations, but this does not appear to be
the case.

In the present study, the chromosomes most frequently
involved in numerical aberrations were the X chromo-
some and chromosomes 8 and 14. More precisely, the X
chromosome was lost in six tumors and gained in two,
whereas chromosomes 8 and 14 were involved in numerical
aberrations in six tumors each, equally often in gains
and losses. These numerical aberrations are well known
in ovarian carcinomas [15]. The mechanisms behind their
occurrence are unknown as are their pathogenetic effects.
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Figure 3: (a) All genomic imbalances detected by HR-CGH in 56 tumor lesions from altogether 32 cases of bilateral ovarian cancer (including
six metastases to the omentum/peritoneum). (b) Genomic imbalances detected by HR-CGH in both tumorous ovaries from the 23 cases
yielding informative results. The data from the latter subset are likely to reflect the earliest genomic changes, since they are present in both
tumor lesions. Some of the imbalances in the former and larger group may have been acquired after spreading, since they also include
findings in only one tumor per case.

The chromosome most frequently involved in structural
rearrangements was chromosome 19; more specifically,
19p13 was involved in 12 rearrangements in eight tumors,
whereas 19q13 was involved in 11 rearrangements in eight
tumors, and the centromeric region of chromosome 19 was
involved in six rearrangements in three cases. Alterations of
19p13 particularly, but also 19q13, in the form of added
extra material are known to be among the most frequent
cytogenetic aberrations in ovarian carcinomas [4, 16–18].
Sometimes the 19p+ or 19q+ markers look alike [16, 19],
but the origin of the additional material could only rarely
be identified [4]. The rearrangements of chromosome 19
have never been seen as the only chromosomal aberration
in ovarian carcinoma, and so it seems likely that they
are progressional rather than primary anomalies. Their
detection here in many cases indicates that they show no
frequency-difference between unilateral and bilateral ovarian
carcinomas.

Rearrangements of chromosome 1 were also detected
quite often in the present series, involving mostly 1q21 (six
rearrangements) and 1p36 (four rearrangements). Similar
aberrations were also previously reported. Pejovic et al. [16,
19] found frequent deletions of the distal half of 1q and
various abnormalities resulting in loss of 1p34-36. Again, no
difference between the current series of bilateral carcinomas
and ovarian carcinomas in general is discernible.

Another hot-spot of chromosomal rearrangements in
our series was 11p14-15 (eight rearrangements in total,
five mapped to 11p15 and three to 11p14). Often the
rearrangements are described as an add(11)(p14-15) which,
in addition to the added material, may well also lead
to loss of 11p-material distal to the breakpoint. Similar
changes have been reported by other investigators [16,

20, 21]. Also chromosomal bands 16q22 and 16q24 were
repeatedly rearranged in the present series, in six and four
cases, respectively. The Mitelman database of chromosome
aberrations in cancer reports such changes in five and
14 ovarian carcinomas, respectively [22]. As for the other
above-mentioned changes, neither the genes involved nor
anything else about the mechanism of their contribution to
tumorigenesis is known.

The karyotypic features of the only bilateral carci-
nosarcoma analyzed in the present series deserve special
mention. The tumor of the left ovary showed two apparently
unrelated clones with many abnormalities in an incom-
plete karyotypic description. The right-sided tumor had a
46,XX,der(16)t(1;16)(q21;q22) as the sole abnormality in all
analyzed cells, an aberration that was shared also by the
contralateral tumor. In contrast to what appears to be the
general rule in the other bilateral tumors, therefore, spread-
ing to the left side seems to have taken place early in clonal
evolution in this case. Unfortunately, no DNA was available
to perform CGH on the tumor from the right side of this
case to compare the genomic imbalances of the two lesions.
Carcinosarcomas or malignant mixed mesodermal tumors
comprise less than 1% of ovarian neoplasms [23]. They
are microscopically characterized by a mixture of malignant
epithelial and stromal element, similar to what is observed
in corresponding uterine tumors [23]. There are altogether
ten such tumors reported with karyotypic aberrations [24–
30]. Rearrangement of chromosome 1 seems to be the most
frequent cytogenetic change in carcinosarcomas of the ovary
as well as of the uterus [9].

The bands most often seen by HR-CGH to be gained
in both tumorous ovaries were 5p14 (70% of the 23 cases
or 46 samples), 8q23-24 (65%), 1q23-24 (57%), 12p12
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(48%), 2q23 and 3q22 (43%), and 2p23, 3q13-21, 3q24-
28, and 11q14 (39%). The most often lost bands were
17p11 (78%), 17p13 (74%), 17p12 (70%), 22q13 (61%),
8p21 and 19q13 (52%), 16q22-23, 17q12-21, and 18q22
(43%), and 4q31, 4q33-34, 11p15, and Xp21 (39%). This
picture of imbalances by and large tallies well with what has
been reported before in unilateral ovarian carcinomas. The
most common imbalances detected in ovarian carcinomas
by chromosome-based CGH have been gains of or from
chromosome arms 1q, 3q, 8q, 12p, and 20q and losses of or
from 4p, 4q, 8p, 13q, 16q, 18q, and Xp [31–39]. Interestingly,
the chromosomal band most frequently gained in our series
of bilateral ovarian carcinomas was 5p14, being gained in
70% of the cases. This is the first time that the short arm
of chromosome 5 is seen to be gained so often in ovarian
carcinomas. The two only previous reports in which the
same band was found gained showed a frequency of 17.6%
(three out of 17 sampled analyzed; [40]) and 41.1% (six
out of 13 samples analyzed; [41]). In addition, a CGH
profile of 543 cases of ovarian carcinomas (summarized
in http://www.progenetix.net/) shows a profile for 5p14
with 14.4% gains, 3.9% losses, and 1.3% amplifications.
An explanation for the higher frequency of gain of 5p14
observed in our series could be found in the fact that
our data are based on high-resolution CGH, a method
that is known to be more sensitive in the detection of
imbalances compared to normal chromosomal CGH [12].
The most exciting possibility, of course, would be that the
observed gain has to do with a tumor’s propensity to spread
to the contralateral side, but confirmation in independent
studies is needed before we ascribe much credibility to
this explanation. Regardless of what it might mean, the
direct pathogenetic significance of this specific gain remains
unknown; possibly oncogene(s) located in 5p14 may be
active in ovarian carcinogenesis and/or tumor progression
and spreading.

The most frequent losses seen in the present series were
from 17p, more precisely 17p11 in 78% of the samples,
17p13 in 74%, and 17p12 in 70%. Much interest has focused
on the loss of genetic information from the short arm of
chromosome 17, where losses seem to occur especially at
17p13.1 [42, 43] as well as at an even more distal locus in
17p13.3 [42, 44]. Two possible target tumor suppressor genes
have been mapped to 17p13.3, OVCA1 and OVCA2 [45].
The target of the more proximal (17p13.1) 17p change could
be TP53. Indeed, loss at 17p is the most common genetic
alteration thus far detected in ovarian cancer, with mutation
rates as high as 50% in advanced stage carcinomas [46].
However, we did not perform any further, detailed analysis
to see if TP53 or possibly other gene(s) were directly involved
in the losses detected in this series.

DNA microsatellite instability reflects an altered pattern
of short tandem repeat sequences (microsatellites) in divid-
ing cells and has been described in HNPCC as well as other
tumor types. Ovarian cancer, although most often sporadic,
can occur together with HNPCC as part of the Lynch
cancer family syndrome [47]. Several studies have suggested
an association between MSI and certain histological types
of ovarian carcinoma. However, in most of these studies,

different kinds of microsatellite markers were used, and the
presence of MSI was declared based on the demonstration
of instability at only one locus [48–52]. In studies where the
NCI markers and criteria were used, Sood et al. [53] found
MSI-H in 12% of invasive carcinomas, whereas Gras et al.
[54] reported that MSI-H was limited to endometrioid and
clear cell carcinomas (12.5%). Liu et al. [55] and Cai et al.
[56] found that 20% of endometrioid carcinomas were MSI-
H. In our series of bilateral ovarian carcinomas, where 22 of
32 were serous papillary tumors, all cases but one (tumors 9a
and 9c; these tumors were serous papillary carcinomas and
MSI-L) were MSS. This is in agreement with previous studies
finding that most of the MSI were scored in tumors of the
clear cell and endometrioid subtype of ovarian cancer.
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Endometrial cancer is the most common gynecological cancer. Estrogen-dependent endometrioid carcinoma is the most common
type of endometrial cancer, and alterations in the expression of PTEN and K-ras have been associated with this disease. To study
the roles of Pten and K-ras in endometrial cancer, we generated Pten ablation and oncogenic K-ras mutation in progesterone
receptor positive cells (PRcre/+Pten f / f K-rasG12D). Double mutant mice dramatically accelerated the development of endometrial
cancer compared to a single mutation of either gene. Histological analysis showed that all of the 1-month old double mutant
female mice developed endometrial cancer with myometrial invasion. The expression of PR was downregulated in double mutant
mice compared to a single mutation of either gene which resulted in decreased suppression of estrogen signaling. Therefore, these
results suggest a synergistic effect of dysregulation of the Pten and K-ras signaling pathways during endometrial tumorigenesis.

1. Introduction

Endometrial cancer is the most common type of gyne-
cological cancer in the United States with approximately
40 100 cases diagnosed and about 7470 deaths from the
disease each year [1]. Therefore, there is great interest in
identifying novel ways to treat and prevent this disease.
Estrogen-dependent endometrioid carcinoma is the most
common type of endometrial cancer. An increased incidence
of endometrial cancer has been found in association with
prolonged, unopposed estrogen (E2) exposure [2, 3] and
alterations in the expression of the tumor suppressor gene,
PTEN, as well as the oncogenes, β-catenin and Ras [4, 5].
Currently, progesterone (P4) therapy is used as a means to
prevent the development of endometrial cancer associated
with unopposed E2 as a means to block E2 actions [6].

The uterus consists of heterogeneous cell types that
undergo dynamic changes in response to the ovarian steroid
hormones E2 and P4 to support embryo development and

implantation. E2 stimulates the proliferation of epithelial
cells in the mouse uterus [7, 8]. In contrast, P4 is inhibitory to
this E2-mediated proliferation of the luminal and glandular
epithelial cells. However, P4, alone or in conjunction with
E2, leads to uterine stromal cell proliferation [8–10]. The
ability of the ovarian steroid hormones to regulate uterine
cell proliferation depends upon the ability of hormonal stim-
ulation to regulate growth factor communication networks
between the uterine stroma and epithelium. For instance, P4
attenuates E2-stimulated uterine epithelial cell proliferation
by regulating uterine stromal cell gene expression [11]. An
imbalance caused by increased E2 action and/or decreased
P4 action can result in abnormal endometrial proliferation
and endometrial adenocarcinoma. Therefore, elucidating
the molecular mechanisms by which the steroid hormones
control uterine physiology is important to understanding the
pathology of these diseases.

Two common mutations that occur in endometrial can-
cer are in the tumor suppressor Pten and the oncogene K-ras
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[4, 5]. K-ras encodes a guanine nucleotide binding protein of
21 kDa that has a central role in the regulation of cell growth
and differentiation by transducing signals from activated
transmembrane receptors. It has been shown to be mutated
in 10%–30% of endometrial cancers [4]. These mutations
have been found in all grades of endometrioid carcinoma
and have been reported in complex atypical hyperplasia,
suggesting a relatively early role for K-ras mutations in
endometrial tumorigenesis [12]. PTEN (phosphatase and
tensin homologue deleted from chromosome 10) is one
of the most frequently mutated tumor suppressor genes
in human cancers [13, 14]. PTEN is completely lost or
mutated in >50% of primary endometrioid endometrial
cancer [15] and in at least 20% of endometrial hyperplasias,
the precancerous lesions of the endometrium [15, 16].
Thus, loss of PTEN is a very early event in the multistep
process leading to endometrioid endometrial cancer [16, 17].
Phosphoinositide 3-kinases (PI3K) regulates a number of
cellular functions through the activation of Akt [18]. PTEN
acts as a negative regulator of PI3K signaling [19]. Previously,
loss of Pten (either as a heterozygote or by uterine specific
ablation) has been shown to induce endometrial cancer in
mice highlighting its important role in cancer development
[20, 21]. This mutation and subsequent Akt activation
resulted in the activation of ERα-dependent pathways that
play an important role in the tumorigenesis of endometrial
cancer [21]. Interestingly, the PTEN/PI3K/AKT signaling
pathway can also be activated by E2 suggesting a complex
interaction between these two signaling pathways [22].

In this study, we utilized conditional Pten ablation and
oncogenic K-ras mutation in the uteri of mice to demonstrate
a synergistic effect of dysregulation of the Pten and K-
ras signaling pathways during endometrial tumorigenesis.
Pten ablation and oncogenic K-ras mutation dramatically
accelerated the development of endometrial cancer com-
pared to single mutation of either gene. Thus, these results
demonstrate the importance of Pten and K-ras regulation in
the tumorigenesis of endometrial cancer.

2. Materials and Methods

2.1. Animals. Mice were maintained in the designated ani-
mal care facility at Baylor College of Medicine according to
the institutional guidelines for the care and use of laboratory
animals. PRCre/+ mice were previously generated [23]. The
Pten f / f were acquired from Dr. Hong Wu (University of
California, Los Angeles, Los Angeles, CA) [24]. The lox-
stop-Lox KrasG12D mice were acquired from Dr. Tyler Jacks
(MIT, Cambridge, MA) [25]. Mice of various genotypes
were sacrificed at 2 and 4 weeks of age. At the time of
dissection, uterine tissues were placed in the appropriate
fixative or flash frozen and stored at −80◦C. For the
genotyping of the oncogenic K-ras mutation, total RNA
was isolated from uterus according to, Qiagen minieasy kit
protocol. cDNA was generated from RNA samples by reverse
transcription, followed by PCR amplification using primers
K-ras1S, 5′-GCCATTTCGGACCCGGAGCGA and K-ras1A,
5′-CCTACCAGGACCATAGGCACATC. RNA expression of
wild-type K-ras and mutant K-ras G12D was determined by

digestion of 5 μL of the reverse transcription-PCR products
with HindIII for 1 hour at 37◦C. The restriction products
were resolved in a 2% agarose gel. The mutant K-ras G12D
allele contains a HindIII restriction site engineered in exon 1,
which is absent in the wild-type allele. Therefore, digestion of
the 488-bp products generates 300-bp and 148-bp restriction
fragments in the mutant but not in the wild-type PCR
product.

2.2. Western Blot Analysis. Samples containing 15 μg of
proteins were applied to SDS-PAGE. The separated proteins
were transferred onto a polyvinylidene difluoride membrane
(Millipore Corp., Bedford, MA). Membranes were blocked
overnight with 0.5% casein (wt/vol) in PBS with 0.1%
Tween 20 (vol/vol) (Sigma-Aldrich, St. Louis, MO) and
probed with anti-Akt(Santa Cruz Biotechnology, Inc., Santa
Cruz, CA), anti-phospho-Akt (Cell Signaling Technology,
Inc., Danvers, MA), anti-PR (DAKO Corp., Capinteria,
CA), or anti-ERα (DAKO Corp., Capinteria, CA) antibod-
ies. Immunoreactivity was visualized by incubation with
a horseradish peroxidase-linked secondary antibody and
treatment with ECL reagents. To control for loading, the
membrane was stripped and probed with anti-actin (Santa
Cruz Biotechnology, Inc., Santa Cruz, CA) and developed
again.

2.3. Immunohistochemistry and TUNEL Assay. Uterine sec-
tions from paraffin-embedded tissue were cut at 5 μm
and mounted on silane-coated slides, deparafinized, and
rehydrated in a graded alcohol series. Sections were prein-
cubated with 10% normal serum in PBS (pH 7.5) and then
incubated with anti-PR antibody (DAKO Corp., Capinteria,
CA) or anti-ERα (DAKO Corp., Capinteria, CA) in 10%
normal serum in PBS (pH 7.5). On the following day,
sections were washed in PBS and incubated with a secondary
antibody (5 μL/mL; Vector Laboratories, Burlingame, CA)
for 1 hour at room temperature. Immunoreacitivity was
detected using the Vectastain Elite ABC kit (Vector Labora-
tories, Burlingame, CA). The TUNEL assay was performed
according to manufacturer’s instructions using the Roche In
Situ Cell Death Detection Kit, Fluorescein (Roche, Boulder,
CO).

2.4. RNA Isolation and Quantitative Real-Time RT-PCR.
Total RNA was extracted from uterine tissues using the
Qiagen RNeasy total RNA isolation kit (Valencia, CA).
Quantitative real-time RT-PCR analysis was conducted on
isolated RNA. Expression levels of Ltf, Clca3, and C3 were
measured by real-time RT-PCR TaqMan analysis (Applied
Biosystems, Foster City, CA). cDNA was made from 1 μg
of total RNA using random hexamers and M-MLV Reverse
Transcriptase (Invitrogen Corp., Carlsbad, CA). RT-PCR
was performed using RT-PCR Universal Master Mix reagent
(Applied Biosystems, Foster City, CA). All real-time RT-PCR
results were normalized against 18S RNA using ABI rRNA
control reagents. Statistical analyses were performed using
one-way ANOVA followed by Tukey’s post hoc multiple
range test with the Instat package from GraphPad (San
Diego, CA, USA).
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3. Results

3.1. Generation of Pten Ablation and Oncogenic K-Ras Muta-
tion in the Murine Uterus. Homozygous Pten−/− mouse
embryos die around E8.5 and heterozygous Pten+/− mice
develop numerous pathologies and have decreased longevity
[21, 26] making our ability to investigate the role of Pten
in the mouse uterus severely limited. Likewise, constitutive
activation of a K-ras mutation results in embryonic lethality
[27]. In order to achieve ablation of Pten and activation of
K-ras in the uterus, mice with floxed Pten (Pten f / f ) [24]
and mice with loxP-Stop-loxP-KrasG12D/+ (LSL-K-rasG12D/+)
[25] were bred to the PRCre mouse [23]. Using this mouse
with Cre recombinase inserted into the progesterone receptor
(PR) locus, floxed genes are edited in PR expressing cells
including all compartments of the mouse uterus. This model
was previously used to ablate Pten in the uterus resulting
in endometrial adenocarcinoma [20]. Therefore, in order
to effectively investigate the effects of the Pten and K-ras
signaling pathways in endometrial cancer, mice with uterine
Pten ablation (PRcre/+Pten f / f ; Pten d/d) and oncogenic K-ras
mutation (K-rasG12D) were generated and mated to generate
double mutant mice (PRcre/+Pten f / f K-rasG12D; Ptend/dK-
rasG12D) [23–25]. Ablation of Pten in the Ptend/d mice was
assayed by Western blot and immunohistochemical analysis
(Figures 1(a) and 1(b)). PTEN protein was expressed in the
endometrium of Pten f / f mice. However, the level of PTEN
protein was significantly decreased in the uteri of Ptend/d

mice demonstrating efficient ablation of Pten. To confirm the
oncogenic K-ras mutation in the uterus, the PCR products
encompassing the K-ras mutation were digested with HindIII
(see Section 2). The mutant K-ras G12D allele contains a
HindIII restriction site engineered in exon 1, which is absent
in the wild-type allele. Therefore, digestion of the 488-bp
products generates 300-bp and 148-bp restriction fragments
in the mutant but not in the wild-type PCR product. Analysis
of the HindIII digestion revealed the presence of the 300-
bp and 148-bp fragments in the K-rasG12D but not in the
wild type uteri (Figure 1(c)). These results suggest that PR-
cre efficiently generated uterine Pten ablation and oncogenic
K-ras mutation.

3.2. Development of Vaginal Papillomas in Mice with the
Oncogenic K-ras Mutation in PR-Expressing Cells. Introduc-
tion of the oncogenic K-ras mutation in all PR-positive cells
resulted in the development of vaginal papillomas. Lesions
were present at the vaginal opening of K-rasG12D mice as
early as 2 months of age but were never observed in control
mice (Figure 2(a)). Examination of the histology of these
lesions revealed an abnormal vaginal architecture in the K-
rasG12D mice compared to controls (Figure 2(b)). The vaginal
epithelium exhibited increased keratinization accompanied
by disorganization of the vaginal lumen. In addition, there
was a decrease in the vaginal stroma. Interestingly, these
lesions remained benign, never developing into a cancerous
lesion. K-rasG12D mice did not show any pathological pheno-
type in the uterus. Proliferation was not affected in the K-ras
mutant mice; however, there was increased apoptosis in the
K-rasG12D uteri compared to controls (Figure 2(c)).

Pten f / f Ptend/d

PTEN

Actin

Pten f / f

Ptend/d

488 bp
300 bp

148 bp

WT K-rasG12D

(a)

(b)(c)

Figure 1: Analysis of conditionally ablated Pten and oncogenic
K-ras mutation in the murine uterus. (a) Western blot analysis
of PTEN in whole uterine extracts from Pten f / f and Ptend/d

mice. (b) Immunohistochemical analysis for PTEN in Pten f / f and
Ptend/dmice uteri. Four-week-old Pten f / f and Ptend/d mice were
used for Western blot analysis and immunohistochemical analysis.
These experiments demonstrate that Pten is conditionally ablated
in the uteri of these mice. Scale bar: 50 μm. (c) PR-cre mediated
recombination of K-rasG12D in uterus. The mutant K-ras G12D allele
contains a HindIII restriction site engineered in exon 1, which is
absent in the wild-type allele. Therefore, digestion of the 488-bp
products generates 300-bp and 148-bp restriction fragments in the
mutant but not in the wild-type PCR product.

3.3. Development of Endometrial Cancer in Mice with Pten
Ablation and the Oncogenic K-ras Mutation in PR-Expressing
Cells. To investigate the impact of Pten and K-ras signal-
ing on endometrial cancer development and progression,
control, Ptend/d, K-rasG12D, and Ptend/dK-rasG12D mice were
sacrificed, excised uteri were weighed, and morphology
was examined at gross and histological levels. Ptend/dK-
rasG12Dmice showed a significant increase in uterine weight
at 2 weeks of age compared to control, Ptend/d, and K-rasG12D

mice (Figures 3(a) and 3(b)). Ptend/d and Ptend/dK-rasG12D

mice showed a significant increase in uterine wet weight
compared to control mice at 4 weeks of age. The uterine
weight of Ptend/d K-rasG12D mice was significantly increased
compared to other mice including Ptend/d mice at 4 weeks
of age (Figures 3(a) and 3(b)). The uterine weight of K-
rasG12Dmice did not change compared to control mice at
either timepoint.

Histological analysis of the uteri showed an increase in
the number of endometrial glands and in the gland/stroma
ratio in the uteri of 2-week-old Ptend/d and Ptend/dK-
rasG12D mice (Figure 4); however, the myometrium was
not enlarged. These histological changes demonstrate that
the uteri of 2 week old Ptend/d and Ptend/dK-rasG12Dmice
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Figure 2: Development of vaginal papiloma and increased apoptosis in K-rasG12D mice. (a) The development of vaginal papiloma. Control
and K-rasG12D mice at 2 months of age. (b) H&E staining of vagina of control and K-rasG12D mice. The histology of these lesions revealed an
abnormal vaginal architecture in the K-rasG12D mice compared to controls. (c) TUNEL assay in the uterus of control and K-rasG12D mice at
2 months of age. The number of apoptotic cells was significantly increased in epithelial cells of K-rasG12D uteri compared to controls. Scale
bar: 100 μm.

display endometrial hyperplasia, a predisposing factor to
endometrial adenocarcinoma in humans. Thus, even though
the uterine weight of the Ptend/dK-rasG12D mice was increased
compared to the Ptend/d mice, the uteri of Ptend/d and
Ptend/dK-rasG12D mice exhibit a similar hyperplastic pheno-
type at 2 weeks of age.

Interestingly, all of the Ptend/dK-rasG12D mice developed
invasive endometrioid-type endometrial adenocarcinoma by
4 weeks of age. The neoplastic endometrial glands in the
Ptend/dK-rasG12Dmice invaded through the uterine muscle
wall and invaded adjacent structures such as the colon,
pancreas, and skeletal muscle (Figure 3(a)). The Ptend/d

mice displayed endometrial hyperplasia at 4 weeks of age
(Figure 4). Although the Ptend/d mice have been previously
shown to develop endometrial hyperplasia and endometrial
cancer [20], they did not develop invasive endometrial cancer
within 4 weeks of age. Thus, histological analysis showed
that Pten ablation in conjunction with the oncogenic K-
ras mutation dramatically accelerated the development of
endometrial cancer compared to single ablation of either
gene (Figure 4). These results suggest that Pten ablation in
addition to the oncogenic K-ras mutation dramatically accel-
erated the development of endometrial cancer compared to
single mutation of either gene.

3.4. Down-regulation of P4 Signaling in Mice with Pten
Ablation and the Oncogenic K-ras Mutation. Ablation of
Pten resulted in increased activation of AKT as expected
(Figure 5(a)). To determine if the hyperplastic phenotype
observed was due to altered ovarian steroid hormone
signaling, we examined the expression of ERα and PR in

control, K-rasG12D, Ptend/d, and Ptend/dK-rasG12D uteri at 2
weeks of age using Western blot analysis. The expression
of ERα was decreased in Ptend/d and Ptend/dK-rasG12D uteri
compared to control and K-rasG12D uteri (Figure 5(a)).
Interestingly, the level of PR, both the PR-A and PR-B
isoforms, was decreased only in the Ptend/d K-rasG12D uteri
compared to control, K-rasG12D, and Ptend/d uteri at 2 weeks
of age (Figure 5(a)).

To analyze the spatial expression of ERα and PR, we
performed immunohistochemical analysis in control, K-
rasG12D, Ptend/d, and Ptend/dK-rasG12D uteri at 2 weeks of age.
The expression of ERα was decreased in the endometrial
stroma of Ptend/d K-rasG12D compared to Ptend/d mice.
However, the level of ERα was increased in the epithe-
lium of Ptend/dK-rasG12D compared to Ptend/d mice. These
immunohistochemical results suggest that the decreased level
of ERαin the whole uterus was due primarily to decreased
ERα expression in the endometrial stroma (Figure 5(b)).
The spatial expression of PR was altered in the Ptend/d

uteri compared to control and K-rasG12D mice. Instead of
uniform expression throughout the endometrial epithelium,
PR was localized to the distal regions of the epithelium
in the Ptend/d uteri (Figure 5(c)). However, this strong
PR expression was almost lost in the Ptend/dK-rasG12D

mice.
We next investigated the molecular impact of Pten

ablation and the oncogenic K-ras mutation on the expression
of ER target genes (Ltf, Clca3, and C3) in control, K-rasG12D,
Ptend/d, and Ptend/dK-rasG12D uteri at 2 weeks of age. Ltf
and C3 were increased in the Ptend/d mice as compared to
control and K-rasG12D mice (Figure 6). Ltf, Clca3, and C3



Journal of Oncology 5

Control

Control

K-rasG12D

K-rasG12D

Ptend/d

Ptend/d

Ptend/dK-rasG12D

Ptend/dK-rasG12D

2 weeks

4 weeks

(a)

5

15

25

100

125

150
×103

U
te

ru
s/

bo
dy

w
ei

gh
t

Control K-rasG12D Ptend/d Ptend/dK-rasG12D

2 weeks
4 weeks

∗∗∗

∗∗∗

∗

(b)

Figure 3: Development of endometrial cancer in mice with Pten ablation and oncogenic K-ras mutation. (a) Gross anatomy of control,
K-rasG12D, Ptend/d , and Ptend/dK-rasG12D uteri at 2 and 4 weeks of age. Scale bar: 1 cm (b) The ratio of uterine weight to body weight in
control, K-rasG12D, Ptend/d , and Ptend/dK-rasG12D mice at 2 and 4 weeks of age. Uterine weight was determined for females 2 and 4 weeks old.
Increased uterine weight was observed for Ptend/dK-rasG12D mice after 2 weeks of age. ∗, P < .05; ∗∗∗, P < .001, one-way ANOVA followed
by Tukey’s post hoc multiple range test.

were significantly increased in the Ptend/dK-rasG12D mice as
compared to Ptend/d mice. Since P4 attenuates E2 regulation
of proliferation and gene expression by regulating the
expression of a yet to be identified paracrine signal from
the stromal cells to the epithelial cells, the regulation of
the expression of ERα and PR in the endometrial stroma
and epithelium by Pten ablation and the oncogenic K-ras

mutation is critical for the expression of ER target genes and
the tumorigenesis of endometrial cancer.

4. Discussion

Endometrial cancer is the most common gynecological
cancer and has been shown to be associated with mutations
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Figure 4: Histology of uteri from mice with Pten ablation and oncogenic K-ras mutation. H&E staining of control, K-rasG12D, Ptend/d , and
Ptend/dK-rasG12D mice at 2 and 4 weeks of age. Endometrial cancer was induced in the uteri of Ptend/dK-rasG12D mice, but not in other mice
at 4 weeks of ages. Scale bar: 200 μm.

in the tumor suppressor Pten and the oncogene K-ras among
others [4]. Previous mouse model studies in the skin, ovary,
and lung suggest that these mutations exert cooperative or
antagonistic effects on tumorigenesis depending upon their
interactions with tissue-specific factors [28–30]. Dinulescu
et al. generated Pten loss and oncogenic K-ras muta-
tions in ovarian surface epithelium using adenoviral vector
delivery of Cre recombinase [28]. These mice developed
endometriosis and endometrioid ovarian adenocarcinoma.
K-ras mutations occur in a very small percentage of human
cases of ovarian cancer but the mutation is important for the
development of ovarian cancer [31]. However, whether Pten
loss and oncogenic K-ras mutations interact to promote or
inhibit the development of endometrial cancer has not yet
been defined. In order to study the role of Pten and K-ras in
the development of endometrial cancer, we generated mice
in which Pten was ablated and K-ras was activated in the
reproductive tract using the PRCre mouse model [23–25].

PTEN is completely lost or mutated in >50% of primary
endometrioid endometrial cancer [15] and in at least 20%
of endometrial hyperplasias, the precancerous lesions of
the endometrium [15, 16]. Thus, loss of PTEN is a very
early event in the multistep process leading to endometrioid
endometrial cancer. Pten+/− and mice with Pten condition-
ally ablated in the uterus (Ptend/d) develop endometrioid
endometrial adenocarcinoma [20, 32]. This mutation and
subsequent Akt activation results in the activation of ERα-
dependent pathways that play an important role in the
tumorigenesis of endometrial cancer [21]. Introduction of
the oncogenic K-ras mutation into the Ptend/d mice acceler-
ated the tumorigenesis of endometrial cancer as compared
to Pten ablation. The neoplastic endometrial glands in the
double mutant mice invaded through the uterine muscle wall

and invaded adjacent structures such as the colon, pancreas,
and skeletal muscle.

The K-ras mutation alone was not sufficient enough to
exert a pathological phenotype in the uterus even though
mutations in K-ras have been consistently identified in
10%–30% of endometrial cancers [4]. Interestingly, K-
rasG12D mice exhibited abnormal vaginal architecture due to
increased keratinization in the vaginal epithelium resulting
in vaginal papilloma. The development of vaginal papillomas
confounds its impact on the tumorigenesis of endometrial
cancer. Thus, we have only examined these mice up to
3 months of age without evidence of any hyperplasia or
pathological phenotype in the uterus. To determine why
endometrial cancer failed to develop in the K-rasG12D uteri,
we examined proliferation and apoptosis in these mice.
Proliferation was normal; however, apoptosis was signifi-
cantly increased in the epithelial cells of K-rasG12D uteri
compared to control mice as shown by the TUNEL assay
(Figure 2(c)) and immunohistochemistry of cleaved caspase
3 (data not shown). These results suggest that activation in
K-ras is not sufficient for the development of hyperplasia
or endometrial cancer due to increased apoptosis of the
endometrial epithelial cells.

Mutations in the β-catenin gene have been found in
approximately 15%–20% of endometrioid carcinomas, with
nuclear accumulation of the protein found in 38% of cases
[33]. Subsets of endometrial carcinomas, especially those
with nuclear translocation of β-catenin [34], are associ-
ated with squamous morule differentiation. Some of the
tumors in Ptend/d mice exhibited squamous differentiation,
which can also be observed in human endometrial cancers
while we did not observed squamous differentiation in
the tumors from Ptend/dK-rasG12D mice (data not shown).
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Figure 5: The decrease of PR in the 2-week-old Ptend/dK-rasG12D mice. (a) Western blot analysis of PTEN, AKT, phosphor-AKT, ERα, and PR
in 2 week old control, K-rasG12D, Ptend/d , and Ptend/dK-rasG12D mice. (b)-(c) Immunohistochemical analysis of ERα (b) and PR (c) in uteri of
control, K-rasG12D, Ptend/d , and Ptend/dK-rasG12D mice. Immunohistochemical analysis of PR shows that it is decreased in the Ptend/dK-rasG12D

uteri compared to other mice. Scale bar: 100 μm.
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Figure 6: The increase of ERα signaling in the 2-week-old Ptend/dK-rasG12D mice. Real-time RT-PCR analysis of Ltf, Clca3, and C3 was
performed in uteri of control, K-rasG12D, Ptend/d , and Ptend/dK-rasG12D mice at 2 weeks of age. The results represent the mean ± SEM of three
independent RNA sets. ∗∗∗, P < .001, one-way ANOVA followed by Tukey’s post hoc multiple range test.
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Nuclear translocation of β-catenin was not observed in the
Ptend/d mice and Ptend/dK-rasG12D mice (data not shown). It
indicates that the histopathology of the endometrial cancer
lesions in the mice is very similar to human endometrial
cancer but does not totally resemble human endometrial
cancer which is mainly composed of glandular components
with squamous differentiation.

ER and PR are usually found in high concentration
in endometrial hyperplasia and endometrioid carcinomas
of low grade and stage. However, the level of ER and PR
diminishes with increases in stage and grade [35, 36]. The
level of total ERα was decreased in Ptend/d and Ptend/dK-
rasG12D uteri compared to control and K-rasG12D uteri using
Western analysis (Figure 5(a)). The amount of epithelial
cells in Ptend/d and Ptend/dK-rasG12D uteri is much higher
than control and K-rasG12D mice because of the hyperplasia
phenotype. The amount of epithelial cells was different in
the 4 different groups of the Western analysis because we
have not purified epithelial cells and normalized to epithelial
marker proteins. Therefore, we performed immunohisto-
chemical analysis to determine these possible compartmental
differences. The results demonstrated that the expression
of ERα was decreased in the endometrial stroma but
was increased in the endometrial epithelium of Ptend/dK-
rasG12D compared to Ptend/d mice. These results support
that epithelial ERα is important for the tumorigenesis of
endometrial cancer [4].

E2 induces cell proliferation in the luminal and glandular
epithelium. In the uterine luminal epithelium, E2 inhibits
GSK3β action by the stimulation of a protein kinase B-
(AKT)-mediated inhibitory phosphorylation of Ser9. AKT
is in turn regulated through activation of phosphoinositide
3-kinase [37]. P4 inhibits this pathway by blocking AKT
phosphorylation and, thus, the inactivation of GSK3β with
the resultant loss of nuclear cyclin D1 [37]. PR status is
considered an independent prognostic factor for endometrial
cancer patients [38, 39]. PR exists as two isoforms, PR-A
and PR-B, and reduced expression of either one or both of
the PR isoforms has been observed in a great majority of
endometrial cancers, compared with hyperplastic or normal
endometrium [40]. Loss of PR in human endometrioid
endometrial carcinoma results in more aggressive biological
characteristics which play important roles in the prognosis
and recurrence of the disease [40–42]. We observed reduced
expression of both PR isoforms in Ptend/dK-rasG12D uteri, but
not in Ptend/d or other control uteri. Thus, this loss of PR in
the double mutant mice may be the reason for the accelerated
tumorigenesis of the Ptend/dK-rasG12D mice as compared to
other mice including the Ptend/d mice.

Our results demonstrate that the synergistic effect of con-
ditional Pten loss and oncogenic K-ras mutation on endome-
trial cancer development occurs via decreased expression
of PR. This study has established an endometrial cancer
mouse model which replicates common characteristics of
the human disease. Using this mouse model, further studies
can be undertaken to investigate the genetic and molecular
events involved in the transition from normal to hyper-
plastic/neoplastic endometrium. In summary, these results
greatly contribute to the understanding of the molecular

mechanism of tumorigenesis and to the development of
therapeutic approaches for endometrial cancer.
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Gestational trophoblastic neoplasms (GTNs) are a rare group of neoplastic diseases composed of choriocarcinomas, placental site
trophoblastic tumors (PSTTs) and epithelioid trophoblastic tumors (ETTs). Since these tumors are derivatives of fetal trophoblastic
tissue, approximately 50% of GTN cases are expected to originate from a male conceptus and carry a Y-chromosomal complement
according to a balanced sex ratio. To investigate this hypothesis, we carried out a comprehensive analysis by genotyping a relatively
large sample size of 51 GTN cases using three independent sex chromosome genetic markers; Amelogenin, Protein Kinase and
Zinc Finger have X and Y homologues that are distinguishable by their PCR product size. We found that all cases contained
the X-chromosomal complement while only five (10%) of 51 tumors harbored the Y-chromosomal complement. Specifically, Y-
chromosomal signals were detected in one (5%) of 19 choriocarcinomas, one (7%) of 15 PSTTs and three (18%) of 17 ETTs. The
histopathological features of those with a Y-chromosome were similar to those without. Our results demonstrate the presence of
a Y-chromosomal complement in GTNs, albeit a low 10% of cases. This shortfall of Y-chromosomal complements in GTNs may
reinforce the notion that the majority of GTNs are derived from previous molar gestations.

1. Introduction

Gestational trophoblastic neoplasms (GTNs) represent a
unique group of human tumors that develop as a semial-
lograft from fetus-derived tissues [1]. GTNs were originally
considered a homogeneous group of diseases arising from the
neoplastic transformation of trophoblastic cells. However,
recent clinicopathological studies have provided evidence
that there are at least three distinctive types of GTNs
including the most common type, choriocarcinomas, and
the less common placental site trophoblastic tumors (PSTTs)
and epithelioid trophoblastic tumors (ETTs). GTNs have
been proposed to develop from trophoblastic stem cells, pre-
sumably the cytotrophoblastic cells, and the patterns of dif-
ferentiation in GTNs recapitulate the early stages of placental
development [1]. According to this view, choriocarcinomas
are composed of variable amounts of neoplastic cytotro-

phoblasts, syncytiotrophoblasts, and extravillous (interme-
diate) trophoblasts, resembling the previllous blastocyst
which is composed of a similar mixture of trophoblastic
subpopulations. In contrast, the neoplastic cytotrophoblasts
in PSTTs differentiate mainly into extravillous (intermediate)
trophoblastic cells; whereas the neoplastic cytotrophoblasts
in ETTs differentiates into chorionic-type extravillous (inter-
mediate) trophoblastic cells. According to this model, chori-
ocarcinomas are the most primitive trophoblastic tumors,
whereas PSTTs and ETTs are relatively more differentiated.

Clinically, choriocarcinoma is a highly malignant epithe-
lial tumor arising from the trophoblasts of any type of
gestational event, most often a complete hydatidiform mole
[2]. Patients are in their reproductive age and present
with abnormal vaginal bleeding and occasionally signs of
distant metastasis. Microscopically, it predominantly consists
of a biphasic proliferation of mononucleate trophoblasts
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and syncytiotrophoblasts, accompanied by prominent hem-
orrhage and necrosis [3]. With the advent of modern
chemotherapy, the overall survival for patients with chori-
ocarcinomas currently approaches 100% [4] although some
patients develop nonoperable and chemoresistant recurrent
disease. As compared to choriocarcinomas, PSTTs and ETTs
are rare [5–7]. Like choriocarcinomas, PSTTs and ETTs
occur in women of reproductive age and present with
either amenorrhea or abnormal bleeding [5, 7, 8]. Despite
deep myometrial invasion, most cases of PSTTs and ETTs
are successfully treated [2] but approximately 10–15% are
clinically malignant and have a fatal outcome. Histologically,
PSTTs are characterized by masses or sheets of intermediate
trophoblastic cells resembling implantation site intermediate
trophoblasts, while ETTs are characterized by chorionic-
type intermediate trophoblasts of the normal implantation
site and placenta. In addition to distinct morphological
features, both PSTTs and ETTs are characterized by unique
gene expression patterns, suggesting that the molecular
pathogeneses of PSTTs and ETTs are dissimilar [9].

Hydatidiform moles [10, 11] are precursor lesions of
numerous cases of GTNs. Previous clinicopathological and
molecular studies have provided fundamental insight into
the pathogenesis of hydatidiform moles but the molecular
and cellular basis for the development of GTNs remain
poorly understood. A similar number of GTN cases with and
without a Y-chromosome are expected if sex chromosomes
play no role in the development of GTNs. On the contrary,
more than 85% of patients with PSTTs were found by history
records or genetic analysis to have had a female antecedent
gestation. Moreover, a recent study using the Amelogenin
assay demonstrated the presence of a X-chromosome and
absence of a Y in a small series of PSTTs [12], raising
the possibility that a Y-chromosomal complement may be
preferentially deleted in PSTTs. In this paper we describe our
findings in a larger number of PSTTs, as well as other types
of GTNs including choriocarcinomas and ETTs. In addition,
unlike previous studies using a single marker, we examined
a total of three genetic markers including the commonly
used amelogenin. These genes have X and Y homologues
that can be distinguished by their polymerase chain reaction
(PCR) product sizes using specific primer pairs, to detect the
presence of a Y allele.

2. Methods

2.1. Tissue Specimens. Paraffin tissues from a total of 51
GTNs were retrieved from the archival files in the Depart-
ment of Pathology at the Johns Hopkins Hospital, USA.
Most of the specimens were consultation cases sent to two
of the authors (R. J. Kurman and I. M. Shih). Hematoxylin
and eosin stained sections from tissue specimens were
reviewed and the diagnosis of specific types of GTNs were
confirmed by an expert gynecologic pathologist (I. M.
Shih). The specimens included 15 PSTTs, 17 ETTs, and
19 choriocarcinomas. All the specimens were anonymized
and thus clinical information was not obtained. Tissues
collection was conducted in compliance with institutional

Table 1: The primer sequences used to amplify the PRK and ZF
loci.

Primer
Name

Sequence

PRK-F 5′ FAM-TTTTGTTTCTTTCTGTCCATACTTAAAG 3′

PRK-R 5′ TCCCAAACCACTCAACTG 3′

ZF-F 5′ FAM-TGTGCATAACTTTGTTCCTGATG 3′

ZF-R 5′ AGCACTTGCTCAGGAATGATG 3′

review board regulations. The tumor areas on paraffin sec-
tions were carefully dissected from the surrounding normal
(maternal) tissues on hematoxylin-stained tissue sections.
Genomic DNA was prepared by using the Formapure kit
(Agencourt, Cambridge, MA). One representative tissue
block was selected for DNA extraction except for five cases in
which the DNA was purified from two separate tissue blocks.

2.2. Genotyping Using Sex Chromosome-Specific Genetic
Markers. The presence of either a X or a Y-chromosome in
GTNs was determined by the analysis of three genes that
have X and Y-chromosomal homologues distinguishable by
their PCR product size with specific primer sets; Amelogenin
X and Y (AMELX and AMELY), Protein Kinase X and
Y (PRKX and PRKY), and Zinc Finger X and Y (ZFX
and ZFY). The amelogenin gene has X and Y homologues
located on Xp22.1–22.3 (AMELX) and Yp11.2 (AMELY),
which are differentiated using a primer pair that amplifies
a region of intron 1 which spans a 6-base pair deletion in
AMELX as compared to AMELY. The Amelogenin analysis
was performed using the commercially available AmpFlSTR
Profiler kit (Applied Biosystems, Foster City, CA). Thermal
cycling conditions and capillary electrophoresis were carried
out according to the manufacturer’s instructions. Briefly, the
PCR conditions were 95◦C for 11 minutes followed by 28
cycles of 94◦C for 1 minute, 59◦C for 1 minute, and 72◦C
for 1 minute, followed by a final extension at 60◦C for 45
minutes. After amplification, capillary electrophoresis was
carried out using 1 μl of multiplex PCR product, mixed
with 9 μl of deionized formamide/GeneScan 500 (ROX)
size standard (Applied Biosystems). Samples were then
denatured at 95◦C for 2 minutes before analysis on the
ABI3100 Genetic Analyzer (Applied Biosystems).

Although the Amelogenin-based sex chromosome assay
has been frequently used in basic research and forensic
medicine, a false negative result for the detection of a Y-
chromosome has been documented when tumors of high
genomic instability are analyzed [13]. Therefore, we analyzed
two additional genes with X and Y homologues. The PRK
gene has its X and Y homologues located on Xp22.3
(PRKX) and Yp11.2 (PRKY) respectively. The PRKY gene
is located approximately 0.35 Mb centromeric to AMELY. To
differentiate PRKX and PRKY, we designed a PCR reaction to
amplify exon 8 of the PRKX and PRKY genes, using a primer
set that spans a three-base pair deletion (Table 1) [14]. The
PRKY amplification product is three bases shorter than the
PRKX product. The ZF gene has X and Y homologues
located at Xp22.1 (ZFX) and Yp11.2 (ZFY), respectively.
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Figure 1: Histological features of gestational trophoblastic neoplasms. Choriocarcinoma is characterized by biphasic growth pattern
composed of syncytiotrophoblast and mononucleate trophoblastic cells, forming vasculogenic mimicry. Placental site trophoblastic tumor
(PSTT) is composed of confluent masses of neoplastic intermediate (extravillous) trophoblastic cells, infiltrating within smooth muscle
cells. Epithelioid trophoblastic tumor (ETT) contains neoplastic chorionic-type intermediate (extravillous) trophoblastic cells surrounding
an artery.

ZFY is located approximately 3.9 Mb telomeric to AMELY.
To differentiate ZFX and ZFY, we designed a PCR reaction
to amplify exon 3 of the ZFX and ZFY genes, with the
primer set also spanning a 3-base pair deletion. In this
case, the ZFX product is 3 bases shorter than the ZFY
product. PCR amplifications were carried out and the primer
sequences were listed in Table 1. Reactions were thermal
cycled using the touchdown protocol: 1 cycle of 95◦C for 2
minutes, 3 cycles each of 94◦C for 30 seconds, 64◦C, 61◦C,
or 58◦C for 30 seconds, and 70◦C for 30 seconds. This was
followed by 35 cycles of 94◦C for 30 seconds, 57◦C for 30
seconds and 70◦C for 30 seconds, and 1 cycle of 70◦C for 5
minutes. Products were analyzed by capillary electrophoresis
as described above.

3. Results and Discussion

A total of 51 GTNs were histologically reviewed, including
19 choriocarcinomas, 17 ETTs, and 15 PSTTs (Table 2). Of
these samples, ETT17 contained a small area of choriocar-
cinoma and PSTT15 contained a focal ETT component.
Representative histologic features of the GTNs are illustrated
in Figure 1. All cases yielded informative results in at least
one of the gene markers utilized for the sex chromosome
genotyping. We found that all informative cases contained
a X-chromosomal complement while only five (10%, 95%
CI: 18.2%–1.8%) of 51 tumors harbored a Y chromosome
complement (Table 2). Specifically, Y-chromosomal signals
were detected in one (5%) of 19 choriocarcinomas, one
(7%) of 15 PSTTs, and three (18%) of 17 ETTs (Table 2).
Figure 2 illustrates the genotypes in representative speci-
mens. Of note, the genotypes were identical in genomic
DNA obtained from different tissue blocks of the same
case. For those specimens with a Y-chromosome, all three

gene markers revealed consistent outcomes, although the
relative abundance of a Y gene versus an X gene varied. For
example, PSTT5 showed a small Y peak in both amelogenin
and ZF loci that could make the Y assignment equivocal
(Figure 2). However, by analyzing PRKY, we clearly detected
a robust PRKY peak from the same specimen. Similarly,
ETT12 contained a relatively small amelogenin Y peak but
had significantly large peaks at both PRKY and ZFY. These
findings indicate the variable efficiency of primers that
amplify the different Y loci of the three genes on formalin-
fixed paraffin tissues and underscore the importance to
include additional markers to assess the presence of Y-
chromosomal elements. The histopathological features in
those tumors with a Y-chromosome were indistinguishable
from those without a Y-chromosome. The percentage of
cases showing Y peaks is listed in Table 3.

The lack of a Y-chromosomal complement in the
majority of GTNs is intriguing and several theories can
account for this phenomenon. The most likely cause of
the phenomenon is that Y-chromosomal deletions have
no functional effects on tumor progression [15]. In this
case, the absence of Y chromosome in GTNs may simply
reflect the fact that many GTNs develop from complete
hydatidiform moles of which approximately 90% contain a
karyotype of 46,XX due to fertilization of an “empty” ovum
(without nucleus) by a single haploid (23X) sperm followed
by haploid genome duplication [10, 11]. Thus, the GTNs
that develop from complete hydatidiform moles retain the
same sex chromosome assignment as their precursors and
do not harbor a Y-chromosome. While 90% of complete
hydatidiform moles arise from monospermy, approximately
10% are due to fertilization of an empty ovum with two
sperm. Half of these cases that arise from dispermy would
be expected to carry a Y-chromosome. Thus it could be
predicted that approximately 5% of complete hydatidiform
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Table 2: The sex chromosome assignment in all the GTN samples.

Case Diagnosis AME PRK ZF Y peak

CC1 CC XX XX XX no

CC2 CC XX NA XX no

CC3 CC XX XX XX no

CC4 CC XX XX XX no

CC5 CC XX NA XX no

CC6 CC NA NA XX no

CC7 CC XX NA NA no

CC8 CC XX NA XX no

CC9 CC XX XX XX no

CC10 CC XX XX XX no

CC11 CC XY NA NA yes

CC12 CC XX XX XX no

CC13 CC XX XX XX no

CC14 CC NA NA XX no

CC15 CC NA XX NA no

CC16 CC XX NA XX no

CC17 CC XX XX XX no

CC18 CC XX XX NA no

CC19 CC XX XX XX no

ETT1 ETT XX XX XX no

ETT2 ETT XX XX XX no

ETT3 ETT XX NA XX no

ETT4 ETT XX XX XX no

ETT5 ETT XX XX XX no

ETT6 ETT XX XX XX no

ETT7 ETT NA XX XX no

ETT8 ETT XX XX XX no

ETT9 ETT XX XX XX no

ETT10 ETT XX XX XX no

ETT11 ETT XX XX NA no

ETT12 ETT XY∗ XY XY yes

ETT13 ETT XX XX XX no

ETT14 ETT XY XY XY yes

ETT15 ETT XX NA XX no

ETT16 ETT XX XX XX no

ETT17 ETT + CC XY∗ XY∗ XY∗ yes

PSTT1 PSTT XX XX XX no

PSTT2 PSTT NA NA XX no

PSTT3 PSTT XX XX XX no

PSTT4 PSTT XX XX XX no

PSTT5 PSTT XY∗ XY XY∗ yes

PSTT6 PSTT NA NA XX no

PSTT7 PSTT NA XX XX no

PSTT8 PSTT XX NA XX no

PSTT9 PSTT XX NA XX no

PSTT10 PSTT NA XX XX no

PSTT11 PSTT NA NA XX no

PSTT12 PSTT XX XX XX no

PSTT13 PSTT XX XX NA no

PSTT14 PSTT XX XX XX no

PSTT15 PSTT + ETT XX XX XX no

CC: CHORIOCARCINOMA, ETT: EPITHELIOID TROPHOBLASTIC TUMOR, PSTT: PLACENTAL SITE TROPHOBLASTIC TUMOR.
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Figure 2: Genotypes in representative trophoblastic tumor specimens. The presence of either the X or Y-chromosome in GTNs was
determined by the analysis of three genes that have X and Y homologues distinguishable by their PCR product size; Amelogenin X and
Y (AMELX and AMELY), Protein Kinase X and Y (PRKX and PRKY), and Zinc Finger X and Y (ZFX and ZFY). Arrows denote the Y
chromosomal peaks.

Table 3: Summary of percentage of tumor cases positive for a Y
allele for at least one marker.

Choriocarcinoma ETT PSTT

Total case no. 19 17 15

With Y peaks 1 3 1

% with Y peaks 5.3% 17.6% 6.7%

CI (95%) 15.4%–0% 35.7%–0% 19.4%–0%

ETT: epithelioid trophoblastic tumor; PSTT: placental site trophoblastic
tumor; CI: confidence interval.

moles, and their resulting choriocarcinomas, would carry a
Y-chromosome, which is exactly the percentage we obtained
in this study.

Although the above represents our favorite view, other
interpretations should also be indicated. It is possible that
Y-chromosome deletions have a functional implication in
the development of GTNs. In addition to GTNs developing
from trophoblastic cells of a female conceptus, it can be
speculated that GTNs arising from trophoblastic cells of a
male conceptus will undergo clonal selection of trophoblastic
cells with a deleted Y-chromosome due to their underlying

genomic instability. In both scenarios, it is assumed that
the presence of a Y-chromosome is not compatible with
tumor initiation, possibly due to potential growth-inhibitory
effects conferred by the products of genes located in the Y-
chromosome. In support of this notion is the observation of
a small but unambiguous Y peak of AMELY, PRKY and ZFY
in the carefully dissected ETT17 (Figure 2). Also, previous
reports have demonstrated Y-chromosome loss in several
types of human cancer including prostate carcinoma, renal
cell carcinoma, acute promyelocytic leukemia, and head and
neck squamous carcinoma [15–18].

Lastly, the lack of Y-chromosome detection in other
studies may be the result of micro-deletions in the Y-
chromosomal regions analyzed, yielding a false negative
result. This technical pitfall has been well documented
in solid tumors when the amelogenin-based assay was
applied [13]. To overcome this problem, in this study we
have included two additional gene markers, PRK and ZF,
along with the standard amelogenin test. Similar to the
Amelogenin (AMEL) locus, the PRK, and ZF genes have X
and Y homologues located on Xp (PRKX and ZFX) and Yp
(ZFX and ZFY). The PRKY and ZFY are located 3.9 Mb
telomeric to AMELY and 0.35 Mb centromeric to AMELY,
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respectively. The failure to detect any of the three genes of
the Y chromosome derives a more definitive conclusion and
suggests that the absence of Y-chromosome is not likely due
to somatic micro-deletions or microsatellite instability of the
Y-chromosome-associated loci in GTNs.

Among 51 GTNs analyzed, we detected Y alleles in five
tumors based on the presence of Y peaks in at least one of
the AMELY, PRKY and ZFY loci. Among these five tumors
was a PSTT. This finding is in contrast to a previous report
demonstrating that none of 13 PSTTs harbored the AMELY
[12]. The discrepancy is likely explained by the larger sample
size and the additional Y markers employed in this study. The
conclusion from the current study is also different from our
previous report showing that approximately half of PSTTs
and ETTs contained the sex-determining region Y (SRY) on
Y chromosome [19]. In that study, a high cycle number of
PCR amplification was used in order to detect a limited
source of genomic DNA from paraffin tissues, raising the
possibility of nonspecific amplification from contaminants.
Thus, we believe that the results from the current study
are more definitive in determining the sex chromosome
assignment of GTNs.

In conclusion, this study provides a comprehensive
analysis of sex chromosome distributions in all types of
GTNs using three independent gene markers with differing
PCR product lengths in the X and Y-chromosomes when
specific primer pairs are used. Our results, based on a
relatively large number of cases, clearly demonstrate the
presence of a distinct but low Y-chromosomal complement
in choriocarcinomas, PSTTs, and ETTs, that contributes to
an overall figure of approximately 10%. It is most likely
that the shortfall of Y chromosomal complements in GTNs
may simply be due to the genetic basis of their precursor
lesions, complete hydatidiform moles in which the majority
of cases had the genotype of XX [20]. In conclusion, our
results suggest that the majority of GTNs are preceded by
antecedent complete molar pregnancy, many of which may
be under recognized as the early complete moles usually lack
the characteristic histopathological features.
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