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ABSTRACT
Chemotherapy with platinum and taxanes is the first line of treatment for all epithelial ovarian cancer (EOC) patients after debulking surgery.

Even though the treatment is initially effective in 80% of patients, recurrent cancer is inevitable in the vast majority of cases. Emerging

evidence suggests that some tumor cells can survive chemotherapy by activating the self-renewal pathways resulting in tumor progression

and clinical recurrence. These defined population of cells commonly termed as ‘‘cancer stem cells’’ (CSC) may generate the bulk of the tumor

by using differentiating pathways. These cells have been shown to be resistant to chemotherapy and, to have enhanced tumor initiating

abilities, suggesting CSCs as potential targets for treatment. Recent studies have introduced a new paradigm in ovarian carcinogenesis which

proposes in situ carcinoma at the fimbrial end of the fallopian tube to generate high-grade serous ovarian carcinomas, in contrast to ovarian

cortical inclusion cysts (CIC) which produce borderline and low grade serous, mucinous, endometrioid, and clear cell carcinomas. This review

summarizes recent advances in our understanding of the cellular origin of EOC and the molecular mechanisms defining the basis of CSC in

EOC progression and chemoresistance. Using a model ovarian cancer cell line, we highlight the role of CSC in response to chemotherapy, and

relate how CSCs may impact on chemoresistance and ultimately recurrence. We also propose the molecular targeting of CSCs and suggest

ways that may improve the efficacy of current chemotherapeutic regimens needed for the management of this disease. J. Cell. Biochem. 114:

21–34, 2013. � 2012 Wiley Periodicals, Inc.
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E pithelial ovarian cancer (EOC) is the sixth major cause

of cancer mortality in women [Jemal et al., 2009]. Nearly

200,000 new cases of ovarian cancer are reported worldwide each

year [Ozols et al., 2004], and more than 60% die within 5 years

[Society, 2007]. The high mortality rate in ovarian cancer patients

results from the diagnosis at a late-stage when the cancer has spread

into the peritoneal cavity and metastasized to vital organs [Lengyel,

2010]. One of the great challenges in detecting and treating ovarian

cancer is its heterogeneous nature. The term ‘‘ovarian cancer’’ refers

to a diverse group of cancers that affect the ovaries [Karst and

Drapkin, 2010]. Ovarian malignancy may develop from one of the

three types of cells: epithelial cells, sex cord-stromal cells (including

granulose, theca, and hilus cells), or germ cells (oocytes) [Auersperg

et al., 2001]. However, 90% of all ovarianmalignancies are epithelial

and include a heterogeneous group of neoplasms with diverse tumor

morphologies and varying genetic alterations and clinical mani-

festations [Auersperg et al., 2001].

Current classification for ovarian cancers are however more

simple and divide malignancies into type 1 tumors which are low-

grade, slow growing, generally confined to the ovary at diagnosis,

and develop from well established precursor lesions that are termed

‘‘borderline tumors’’ [Kurman and Shih Ie, 2008; Levanon et al.,

2008; Karst and Drapkin, 2010] and type 2 tumors, which, are high-

grade and rapidly progressing for which well-defined precursor

lesions have not been described [Kurman and Shih Ie, 2008]. Gene

expression studies have shown high-grade tumors to cluster

separately from low-grade and borderline tumors, suggesting that

the two groups of tumors have a different genetic makeup [Saad
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et al., 2010]. Moreover, low-grade ovarian neoplasms have been

shown to be associated with mutations in KRAS, BRAF, PTEN, and

CTNNB1/b-catenin, in contrast to type 2 tumors in which these

mutations are rarely seen [Kurman and Shih Ie, 2008; Karst and

Drapkin, 2010]. Tumors that remain confined to the ovaries belong

to type 1 group and account for 25% of all ovarian cancers [Kurman

and Shih Ie, 2008]. The vast majority of ovarian cancer are type 2

which spread to extra-ovarian sites, specifically, the peritoneum

and the fallopian tube early in their development, and involve

the ovary at a later stage [Kurman and Shih Ie, 2008; Karst and

Drapkin, 2010].

Type 1 tumors include the major histotypes endometrioid (cells

resembling the endometrium), mucinous (cells resembling endo-

cervical glands) and low-grade serous (cells resembling glandular

epithelium of fallopian tube), while type 2 tumors are all high-grade

serous carcinomas, undifferentiated carcinomas or carcinosarcomas

[Kurman and Shih Ie, 2008]. These tumors are composed of large

masses of cells with large multinucleated nuclei [Kurman and Shih

Ie, 2008]. They have high mitotic activity and the majority have

active DNA damage repair mechanism (DDR) and mutated or

ineffective p53 function commonly known as a ‘‘p53 signature’’

[Kurman and Shih Ie, 2008; Levanon et al., 2008]. These tumors may

also exhibit gene amplification and over expression of the HER2/neu

(10–20%) and AKT2 (10–20%) oncogenes [Kurman and Shih Ie,

2008].

TWO MODELS OF OVARIAN CANCER EVOLUTION

Until recently, the vast majority of EOCwas thought to arise from the

malignant transformation of the ovarian surface epithelium (OSE)

[Auersperg et al., 2001; Saad et al., 2010]. OSE is a flat-to cuboidal

uncommitted mesothelial layer of cells which covers the exterior

surface of the ovaries. During ovulation which involves follicular

rupture and oocyte release, physical trauma is induced, creating a

wound in the OSE which must be repaired for subsequent ovulatory

cycles [Murdoch and Martinchick, 2004; Ahmed et al., 2006]. Over

the course of a woman’s reproductive life this process of wounding

and repair confers plasticity in OSE, which facilitates the expression

of both epithelial and mesenchymal genes needed for tissue

remodelling [Auersperg et al., 1994; Ahmed et al., 2006]. In addition

to this physical trauma, OSE is also subjected to the exposure of

ovulation induced inflammatory cytokines and reactive oxygen

species that results in DNA damage [Murdoch and Martinchick,

2004]. Accrual of these DNA damaging events over time may result

in the neoplastic transformation of OSE. In addition, impairment in

the repair of OSE may result in the invaginations of OSE which may

trap the wounded released OSE into the ovarian corticol stroma,

forming circular OSE-lined structures termed ‘‘cortical inclusion

cysts (CICs)’’ [Auersperg et al., 2001]. Inside the ovary, CICs are

exposed to several hormones that have growth-promoting and

differentiation properties resulting in a state of metaplasia [Folkins

et al., 2009]. If the cells within the CICs harbor DNA damage induced

by the trauma or the inflammatory microenvironment, they may be

the prime targets for neoplastic transformation, eventually giving

rise to ovarian carcinomas [Karst and Drapkin, 2010]. This OSE–CIC

model can account for many important features of ovarian cancer

such as the cystic nature of benign tumors and the presence of

borderline tumors within the cortical stroma of the ovary [Karst and

Drapkin, 2010]. This model is also consistent with epidemiological

data suggesting a correlation between the decrease in ovulatory

cycles (due to preganacy, lactation and contraceptive pills) and the

decreased risk of ovarian cancer [Permuth-Wey and Sellers, 2009].

However, this model does not explain the origin of the two diverse

types of ovarian cancer (types 1 and 2), the clear genetic differences

that exist between them, and the presence of extraovarian peritoneal

carcinomas which are identical to serous ovarian carcinomas but do

not involve the ovaries.

These questions were recently addressed in a series of studies

which investigated sections of fallopian tubes in women with

germline BRCA1,2 inherited gene mutations with familial ovarian

and breast cancer syndromes which accounts for �11–15% of

ovarian carcinomas [Wooster and Weber, 2003; Risch et al., 2006].

Many women with BRCA1, 2 mutations opt to undergo risk-

reducing bilateral salpingo-oophorectomy (ovary and fallopian tube

removal), after which their ovaries are examined for evidence of

occult cancer [Karst and Drapkin, 2010]. Until recently, the fallopian

tubes were not examined following such surgery and early stage

tubal cancer was rarely reported. In 2001–2003, attention was

drawn to the histology of fallopian tubes from BRCA1, 2 mutation

patients, and a high incidence of fallopian tube dysplasia was

reported [Piek et al., 2001, 2003; Agoff et al., 2002]. The fallopian

tube epithelium (FTE) is a columnar layer of cells composed of

secretory and ciliated cell types. Histological examination of the

dysplastic region of FTE from BRCA1,2 patients revealed a complete

loss of ciliated cells with a shift towards a secretory population of

cells with acquisition of high proliferative index (Ki67 staining)

[Piek et al., 2001]. Later studies, which involved histological

examination of fimbria uncovered a high incidence of serous tubal

intraepithelial carcinomas (STIC) in the fallopian tube and serous

ovarian carcinomas in the fimbriated end of the fallopian tube,

suggesting that fimbria is the preferred site of serous ovarian

carcinoma origin in BRCA1,2 mutation women [Medeiros et al.,

2006; Kindelberger et al., 2007]. The fimbriae lies in close proximity

to OSE, are a continuous part of the peritoneum and are exposed to

the same inflammatory environment during ovulation. It is possible

that the transformed FTE during early stages of transformation

migrates to the ovarian surface or to the peritoneum with minimum

ovarian involvement [Karst and Drapkin, 2010]. During the course

of these studies, it was observed that ‘‘p53 signatures’’ occur more

frequent where STICs were present, and were common in secretory

cells and were characterized with the DNA damage marker g-H2AX

[Lee et al., 2007], a phosphorylated form of histone protein activated

by DNA damage sensing kinases ATM and ATR at sites of DNA

damaged double strand break [Rogakou et al., 1999]. These

observations suggested a common origin of STICs and serous

ovarian carcinomas. Evidence that supports these findings were

further supported by clinical studies which have shown that 38% of

BRCA1,2 mutation women undergoing salpingo-oophorectomy

have an early lesion (STIC) in the fallopian tube but not in the

ovaries, and 80% of these carcinomas appeared exclusively in the

fimbriated end of the fallopian tube, indicating that the fimbria is

22 STEM CELL-LIKE PHENOTYPES FACILITATE CHEMORESISTANCE IN OVARIAN CANCER JOURNAL OF CELLULAR BIOCHEMISTRY



the preferred site of serous carcinogenesis in women harboring

BRCA1,2 mutations [Medeiros et al., 2006; Karst and Drapkin, 2010].

These observations suggest that carcinomas of the ovaries, FT and

peritoneum share a common origin.

In light of these observations, a model of ovarian cancer

development was developed [Karst and Drapkin, 2010]. This model

suggests that that there are two distinct pathways leading to ovarian

tumorigenesis. The first is the traditional OSE-CIC pathway in which

OSE is entrapped in CICs and induced to undergo Mullerian

metaplasia (differentiation) giving rise to mostly endometrioid,

mucinous and serous borderline and low grade tumors. This

pathway leads to the formation of type 1 tumors. The second

pathway combines fallopian tube fimbria, where a combination of

‘‘p53 signature’’ and genotoxic stress in the form of DNA damage

response leads to the clonal expansion of fallopian tube secretory

epithelial cells forming a neoplastic precursor lesion which with

additional mutational hits (due to environmental cues such as

inflammatory cytokines, reactive oxygen species, etc) gives rise to

type 2 tumors. This new model of ovarian carcinogenesis accounts

for 70% of high grade serous carcinomas and has recently been

evaluated in vitro [Levanon et al., 2010; Jazaeri et al., 2011] and

in vivo mouse models [Jazaeri et al., 2011; Karst et al., 2011]. The

schematic image of these two models of ovarian cancer progression

is depicted in Figure 1.

CANCER STEM CELLS OF THE OVARIES

The cancer stem cell (CSC) hypothesis postulates that the

tumorigenic potential of CSCs is confined to a very small subset

of tumor cells and is defined by their ability to self-renew and

differentiate leading to the formation of a tumor mass [Mimeault

and Batra, 2008]. The observation that cancers can arise long after

initial exposure to carcinogens [Sell, 2004], implies that the

carcinogenic event may have occurred in the long-lived slowly

proliferating stem cell population which in many cases may have

been triggered by unknown mechanism(s) (e.g., DNA damage,

exposure to inflammatory cytokines and reactive oxygen species,

etc) after being dormant for an indefinite length of time ranging

from months to years. These early cancer cells or CSCs would then

give rise to generations of cells resulting in tumor masses. CSCs

are not necessarily transformed adult stem cells but they may be

progenitor cells or differentiated cells that have acquired stem cell

like characteristics [Barker and Clevers, 2007]. Although there is

evidence in some tumor types (such asmelanoma) normal adult stem

cells are the initial precursor cells to neoplastic transformation

[Staud and Pavek, 2005; Schatton et al., 2008], definite evidence of

these adult stem cells as the originator of ovarian cancer has been

lacking. The term ‘‘cancer stem cells’’ usually refers to a defined

population of tumor cells that express a distinct set of cell surface or

intracellular markers which are universally expressed in many

tissues. The term ‘‘cancer initiating cells’’ or ‘‘tumor initiating cells’’

have been used with CSCs but neither of these terms define the cells

that initiate the tumor. CSCs are usually characterized by their

ability to renew and give rise to a progeny of cells that have high

proliferative and invasive capacity. This phenomenon often

described in the literature as ‘‘asymmetric division’’ defines a

process whereby one daughter cell on division retains the

characteristics of the parent cell while the other may not necessarily

have the parental traits [Guddati, 2012]. Hence, tumors that arise

from CSCs consist of CSCs and a mixed population of cells which

creates the full heterogeneous phenotype of the tumor. Within the

tumor CSCs possess several key properties which includes, (i)

unlimited proliferative potential; (ii) ability to renew indefinitely

in an undifferentiated state; (iii) resistance to therapies; (iv) high

DNA repair capacity; and (v) the ability to drive the expansion

of tumor by cells that are deregulated at various stages of

differentiation [Al-Hajj et al., 2003]. These properties of CSCs

represent a critical target for new cancer therapy. Nonetheless

creating and designing therapies against ovarian CSCs has proven

complex because, (i) there are no CSCmarker for ovarian cancer that

can be specifically targeted and (ii) ovarian CSCs are protected

by resistance mechanisms that make them less susceptible to

conventional therapies.

The first description of stem cells in ovarian cancer was reported

in the ascites of an ovarian cancer patient, derived from a single cell

which could sequentially propagate tumors over several generations

[Bapat et al., 2005]. CSCs have been isolated from ovarian tumors

and cell lines based on their abilities to differentially efflux the DNA

binding dyes [Szotek et al., 2006]. This population of cells normally

Fig. 1. A model of CSC-mediated ovarian cancer evolution and progression

[adapted from Ahmed et al., 2007]. EOC originates from CSCs derived from

either OSE or FTE which forms niches for ovarian CSCs. During the course of

tumor progression there is a shedding of tumor cells into the peritoneum where

they survive as cellular aggregates or spheroids. These spheroids undergo

microenvironment-induced changes in the ascites until they find a secondary

attachment sites on the peritoneum. Both the ascites and the metastatic

peritoneum sites serve as niches for CSCs. During chemotherapy treatment the

bulk of the tumor cells are eradicated leaving behind CSC enriched cells that

facilitate recurrence by facilitating the growth of residual tumor.
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termed as ‘‘side population’’ (SP) stem cells displayed the classical

stem cell property in tumorigenicity assays and have been shown

to be resistant to chemotherapy [Vathipadiekal et al., 2012].

However, side populations have been shown to have heterogeneity

with some cells retaining more for stem cell markers such as Oct4,

CD117, and CD44 more than other cells in the same population.

The ATP-binding cassette (ABC) transporter family of protein has

also been shown to be over expressed in side populations

[Zhou et al., 2001]. A correlation was observed with the expression

of ABCB1 and chemoresistance to cisplatin and paclitaxel in

ovarian cancer [Hu et al., 2010; Hosonuma et al., 2011]. In the

same context, side population cells extracted from the ascites

of ovarian cancer patients were found to be enriched for ABCB1

and histone methyltransferase, EZH2 after chemotherapy

[Rizzo et al., 2011]. Gene expression analysis showed that the

side population cell signature was enriched in patients with early

recurrence (1–12 months) compared to those with a later (13–24

months) recurrence [Hosonuma et al., 2011]. The presence of side

population cells in ovarian cancer patients also correlated with

worse prognosis [Hosonuma et al., 2011]. Hence, utilizing

side population cells may be helpful in prospectively isolating

ovarian CSCs.

In recent studies several cell surface and non-surface markers

have been ‘‘borrowed’’ from solid malignancies to isolate ovarian

CSCs. CSCs in these studies have been isolated depending on the

distinct pattern of surface markers (i.e., CD44, EpCAM, CD133,

CD117, Thy1, CD24) [Ferrandina et al., 2008; Zhang et al., 2008;

Alvero et al., 2009; Gao et al., 2010] and non-surface markers

(aldehyde dehydrogenase) [Landen et al., 2010]. Even though CSCs

sorted on the basis of these markers have shown the potential to

have ‘‘CSC characteristics’’ (ability to self renew, resistance to

therapy, develop tumors in very small numbers �100 cells, etc),

none of them have shown any significance in a clinical setting.

Most of the studies used to demonstrate the tumorigenicity of the

isolated CSC enriched tumor cells have used the subcutaneous

mouse xenograft model in immunocompromised mice which does

not truly represent human ovarian carcinomas [Zhang et al., 2008].

These models lack the true metastatic feature of ovarian cancer

in vivo which is uniquely localized in the peritoneum and occurs

directly from the ovaries to adjacent organs (extraovarian pelvic

organs, colon, bladder, liver for example), or by the attachment

of exfoliated cancer cells which survive as spheroids and are

carried by the peritoneal tumor fluid (ascites) to surrounding

organs in the peritoneal cavity [Ahmed et al., 2007; Lengyel, 2010]

(Fig. 1). Hence, the use of mouse xenograft models used for

tumorigenicity assays for marker-defined CSC population has raised

several questions [Hill, 2006; Kelly et al., 2007]. Moreover, a very

high frequency of the tumor cells without CSC characteristics can

also develop tumor in immunocompromised mouse models,

suggesting that the tumor-initiating and sustaining abilities are

not only confined to the so called ‘‘CSC population’’ and the

xenotransplantation model currently used for CSC studies may

select for population of cells suited for the foreign (mouse)

microenvironment. Some of the short comings of these animal

models for CSC studies have been evaluated in a recent paper [Curley

et al., 2011].

CANCER STEM CELLS AND PROGRESSION OF
OVARIAN CANCER

Current literature strongly suggests that the microenvironment

provided by the CSC niche is critical for carcinoma progression

[Borovski et al., 2011]. As such, one would assume that the niche of

ovarian CSC will reside at the origin of carcinoma initiation and

would gradually change as the tumor moves to distant sites. Under

these circumstances, the parenchyma and stroma of the tumor

containing distinct cell types such as cancer associated fibroblasts,

endothelial cells, inflammatory cells will determine the behavior of

cancer by establishing a bidirectional link in support and

preservation of CSC niche [Schauer et al., 2011]. Hence, it can be

hypothesized that the ‘‘stemness’’ genes in primary tumors may not

be the same or expressed at the same level as in distant metastases.

This is consistent with studies reporting a differential expression of

genes in primary ovarian tumors compared to metastatic lesions on

the omentum [Bignotti et al., 2007; Dressman et al., 2007]. It is

possible that a set of differentially expressed genes in metastases are

induced as a result of tumor-stromal or tumor-microenvironment

interaction in the new tumor niches. Hence, one would assume that

CSCs derived from the primary ovarian tumors would display a

different expression profile than those of intermediate and distant

metastases, even though both populations are supposedly derived

from the same lineage. Moreover, tumor spread has been shown to

be facilitated by epithelial–mesenchymal transition (EMT), where

the disseminated cancer cells acquire self-renewal properties,

similar to those exhibited by stem-cells [Huber et al., 2005]. These

studies have been supported by the observation of frequent

expression of stem cells and EMT markers in circulating tumor

cells of breast cancer patients [Aktas et al., 2009], and the

observation of a mesenchymal phenotype in residual breast cancer

cells after conventional chemotherapy [Creighton et al., 2009],

suggesting that cellular plasticity (EMT) and CSCs are not only

involved with cancer progression but also with recurrence. As

ovarian cancer cells can be induced to undergo EMT [Huber et al.,

2005; Ahmed et al., 2010] and generate CSCs in response to drug

treatment [Latifi et al., 2011], one can speculate that there is a close

association between cellular plasticity and CSC in ovarian cancer

progression and recurrence. Recent literature suggests that after

metastatic spread, disseminated cells interact with the associated

parenchyma and undergo a secondary transformation termed as

mesenchymal epithelial reverting transition (MErT) which is

responsible for the growth and sustenance of secondary disease

[Chao et al., 2010].

Chemotherapy resistance in ovarian cancer cells is usually

manifested in multicellular aggregates present as epithelial cell

adhesion molecule (EpCAM) rich spheroids in circulating ascites

(tumor fluid) of patients presented with recurrent advanced-stage

disease. In this scenario, the metastatic cancer cells surviving the

insult of chemotherapy may represent an ectopic tumor mass with a

certain degree of EMT and some representation of the parent tumor

(Fig. 1). One can speculate on the process of recurrence as a

colonization process which may be driven by a ‘‘hybrid’’ of CSCs

with traits of EMT and/or MErT phenotype [Haviv and Thompson,

2012]. Molecular targeting of these distinct CSC sub-populations
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and the associated cellular plasticity signaling may improve the

current efficacy of standard chemotherapy protocols, much needed

for recurrent ovarian cancer. Given the present uncertainty of the

true phenotype of CSCs it is critical to understand the differences/

similarities between stem cells in primary and in metastatic tumors.

The recent discovery of FTE as the origin of most high grade

serous carcinomas, and OSE as the originator of borderline and low

grade mucinous, endometrioid, and serous carcinomas, suggests

that FTE and OSE may be the site where ovarian CSC may originally

reside and should be investigated. Somatic stem cell and stem/

progenitor cell characteristics have been identified in OSE [Szotek

et al., 2008; Virant-Klun et al., 2008]. The genes and pathways

previously shown to be associated with adult stem cell maintenance

have been shown to be highly expressed in OSE [Bowen et al., 2009],

suggesting that OSE can serve as an originator of ovarian cancer. A

recent study has reported the isolation of multipotent mesenchymal

stem cells from the fallopian tubes [Jazedje et al., 2009]. In addition,

ex vivo cultures of primary FTE with characteristics of ovarian

cancer cells have been reported [Levanon et al., 2010]. These studies

suggest that both FTE and OSE may be the potential origin of

ovarian CSCs. In this context, it has also been shown that

endometrial implants on the ovaries can produce endometriosis

which on malignant transformation can produce endometrioid and

clear cell ovarian cancer [Kuhn et al., 2012], suggesting that

endometrium can be a potential CSC source for endometrioid and

clear cell ovarian cancer. Hence, we can speculate that types 1 and 2

ovarian tumors may have distinct sub-set of CSCs or there may be

overlapping CSCs shared between the two groups. Detailed studies

on control populations (BRCA mutation negative) are needed to

explore this concept further with regard to ovarian CSC

characterization. It is possible that the current set of ‘‘borrowed

CSC markers’’ routinely used for ovarian cancer (CD44, CD117,

CD133, etc) may only be involved as ‘‘oncogenic markers’’ without

having a distinct role as CSC markers, and as such there is an urgent

need to identify bona fide ovarian CSCs.

CHEMOTHERAPY AND OVARIAN CANCER
STEM CELLS

Current treatment strategies for advanced stage ovarian cancer

patients consists of aggressive surgery (cytoreduction or tumor

‘‘debulking’’) followed by chemotherapy to eradicate any residual

disease [Bristow et al., 2002]. Postoperatively, all women, except

those diagnosed with stage 1 well differentiated tumors are given

platinum (cisplatin or carboplatin) and taxane based chemotherapy,

resulting in remission in up to 80% of patients. Unfortunately, the

majority of these patients relapse within 2 years, resulting in a 5-

year survival rate of only 10–30% [Ozols, 2006]. This low survival

rate is largely due to the ability of residual tumor cells to evade

chemotherapy associated cytotoxicity resulting in acquired che-

moresistance. Platinum based chemotherapy is extremely efficient

in removing the bulk of the tumor mass. However, as recently

shown, platinum treatment leaves behind a core of CSC-like cells

which are not only very invasive but are able to cause relapse of the

cancer [Oliver et al., 2010; Latifi et al., 2011]. Recurrent ovarian

tumors are enriched with CSCs and stem cell pathway mediators,

suggesting that CSCs may contribute to recurrent disease [Steg et al.,

2012a]. Current studies have also shown that residual cells after

chemotherapy treatment secrete soluble factors that provide a

favorable microenvironment to facilitate the growth of residual cells

[Bose et al., 2011]. This close relationship between chemotherapy

surviving CSC-like cells and their secretory microenvironment

represent a potential target for cancer therapy. Metastatic and drug

resistant recurrent ovarian tumors have been shown to have a

significantly higher IL6 expression compared to the matched

primary tumors [Guo et al., 2010]. Furthermore, a monoclonal anti-

IL6 antibody, siltuximab (CNTO 328) has been shown to suppress IL-

6 induced STAT3 phosphorylation and nuclear translocation, and

also decrease the expression of STAT3 downstream proteins and

sensitize paclitaxel resistant EOC cell lines to chemotherapy [Guo

et al., 2010]. These data form a novel therapeutic intervention

strategy for chemoresistance.

OVARIAN CSCs AS THERAPEUTIC TARGETS

CELL SURFACE MARKERS

Elimination of ovarian CSCs has been challenging. This has possibly

been due to the non-specific nature of CSC markers used to identify

ovarian CSCs, or to the presence of multiple subsets of CSCs present

in a single tumor which are not equally sensitive to a therapy

designed for one subset of CSC. The most common ovarian cancer

CSCs described in the current literature and their use as therapeutic

targets is discussed below:

CD44. CD44 is a cell surface transmembrane glycoprotein

involved in cell-cell, cell-matrix interactions that affect cellular

growth, differentiation and motility [Marhaba et al., 2008]. CD44

positive cells have been shown to be present in primary and

metastatic ovarian tumors [Alvero et al., 2009]. Its expression has

been associated with poor prognosis and resistance to chemotherapy

[Meng et al., 2012]. CD44 positive cells have been shown to express

high levels of other stem cell markers such as Oct4 and nestin, show

enhanced NFKb activity and an inflammatory cytokine expression

profile which includes high expression of IL1b, IL6, and IL8 [Alvero

et al., 2009]. These CD44-mediated characteristics might influence

the response of patients to chemotherapy resulting in negative

prognosis. Several antibodies have been designed against different

isoforms of CD44, and phase I clinical trials in head and neck

squamous cell carcinoma were initiated using CD44 antibodies

[Heider et al., 2004; Aguilar-Gallardo et al., 2012]. However, these

clinical trials did not provide positive outcomes. In an alternative

approach, a recent study has reported the development of a bio-

conjugate of hylauronic acid (an extracellular matrix that binds

CD44) and paclitaxel for future intraperitoneal treatment of ovarian

cancer [Orian-Rousseau, 2010]. This conjugate has been tried on

mouse xenograft models with promising results but its application

in humans is yet to be determined.

EpCAM. The epithelial cell adhesion molecule (EpCAM; CD326)

is a glycosylated membrane protein with oncogenic signaling

properties which results in cell proliferation and tumor formation

[van der Gun et al., 2010]. EpCAM is highly expressed in ovarian

carcinomas and has been shown to be an independent prognostic
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marker for reduced survival [Spizzo et al., 2006]. Metastatic and

recurrent tumors were found to express significantly higher levels of

EpCAM when compared with primary carcinomas [Bellone et al.,

2009]. EpCAM expressing cells have also been described to possess a

tumor-initiating role with stem/proginetor-like features [Yamashita

et al., 2009]. Anti-EpCAM antibodies (Adrecolomab, Adecatumu-

mab, andMT201) have been in phase III and phase I clinical trials for

the last 10 years but have shown inconsistent cytotoxic action

[Kurtz and Dufour, 2010]. Recently, the European Medicines Agency

has approved the use of catumaxomab a trifunctional monoclonal

antibody (anti-EpCAM� anti-CD3) to treat ovarian cancer patients

with ascites [Seimetz et al., 2010]. The use of catumaxomab in this

clinical scenario is encouraging but a smaller and more effective

EpCAM targeting molecule is needed for ovarian cancer therapy.

CD133. CD133 is a transmembrane glycoprotein which has been

shown to be overexpressed in ovarian carcinomas and associated

with poor prognosis of the disease [Ferrandina et al., 2008]. High

expression of CD133 has been correlated with resistance to

chemotherapy, shorter disease-free and overall survival [Ferrandina

et al., 2008]. CD133 expression in ovarian cancer is directly

regulated by epigenetic modification [Baba et al., 2009]. A

monoclonal murine anti-human CD133 antibody conjugated to

monomethyl auristatin F, a potential cytotoxic drug, has shown

promising growth inhibitory effects on gastric and hepato cellular

cancer cells in vitro [Smith et al., 2008].

CD117. CD117 is commonly known as c-kit, is a receptor tyrosine

kinase and is a good target for small molecule kinase inhibitors.

Expression of c-kit has been observed in 40% of ovarian carcinomas

and has been correlated with resistance to conventional chemother-

apy [Luo et al., 2011]. Ovarian cancer cells with positive CD117

expression have been shown to possess CSC-like properties

including self-renewal, differentiation, a high tumorigenic potential

and chemoresistance [Zhang et al., 2008; Luo et al., 2011], making

CD117 an attractive target for therapy. Several phase II clinical trials

have been tried with imatinib mesylate (Gleevec), a potent CD117

specific tyrosine kinase inhibitor, in persistent and recurrent ovarian

cancer [Schilder et al., 2008; Huh et al., 2010]. Some of these trials

were conducted in the presence of taxane-base chemotherapy

[Mundhenke et al., 2008]. Even though imatinib mesylate on its own

or in combination with taxane was well tolerated by the patients,

few patients showed sustained responses or stable disease [Matei

et al., 2008].

CD24. CD24 is a small heavily glycosylated glycosylphospha-

tidylinositol-linked cell surface protein, which is expressed in

hematological malignancies as well as in a large variety of solid

tumors. In univariate survival analysis of all invasive ovarian

carcinomas, a highly significant association of increased CD24

expression with shortened patient survival was demonstrated

[Kristiansen et al., 2002]. One recent study has demonstrated

CD24 as a new CSC phenotype by successfully isolating CD24þ cells

from ovarian tumor specimens [Gao et al., 2010]. In this study,

CD24þ cells were shown to proliferate slowly, were more resistant to

chemotherapy, and possessed enhanced tumorigenicity potential

compared to CD24� cells. In a follow-up, the same group

demonstrated that tumor clones generated from different regions

of the tumor (front or rear zone) showed phenotypically and

genetically distinct populations of cells [Choi et al., 2011]. Clones

from the tumor front zone were relatively rich in side population

cells with accumulated genetic, transcriptional and gene product

alterations, CD24þ and CD117þ expression and were resistant to

chemotherapy [Choi et al., 2011]. This suggests that the expression

of CSC-like molecules may regulate the intratumoral heterogeneity,

where tumor cells in the frontal region may respond to

environmental changes and adapt to these changes by facilitating

the expression of stem cell-like characteristics [Choi et al., 2011].

These observations have been supported by some studies that have

demonstrated a distinct population of migratory stem cells at the

invasive front of the cancer [Hermann et al., 2007].

Aldehyde dehydrogenase 1 (ALDH1). The role of ALDH1 as a

CSC marker has recently been reported in ovarian cancer [Landen

et al., 2010]. More than 50% of EOC patients were shown to have

higher ALDH1 expression and that correlated with poor overall

survival [Wang et al., 2012]. In another contradictory study,

however, ALDH1 on its own was associated with a better prognosis

in ovarian cancer [Chang et al., 2009]. Some recent studies have

shown that the expression of ALDH1 combined with CD44

(ALDH1þCD44þ) [Wang et al., 2012] or CD133 (ALDH1þCD133þ)
[Silva et al., 2011; Kryczek et al., 2012] in primary tumor specimens

correlated with reduced disease-free and overall survival in ovarian

cancer patients.

In addition to the above markers, embryonic stem cell markers

such as Oct4 and Lin28 were found to be expressed at high levels in

ovarian tumors [Peng et al., 2010]. Lin 28 has been shown to

positively regulate Oct4 and ALDH1 [Yang et al., 2010], suggesting

that CSCs may evolve through an embryonic program whereby the

expression of embryonic stem cells may balance the expression of

consecutive subtypes of CSCs.

Signaling pathways as potential targets for CSCs. Wnt, Sonic

Hedgehog (Shh), and Notch signaling have been implicated with the

self-renewal and tumorigenic aspect of CSCs [Garcı́a Campelo et al.,

2011]. Of these the Wnt and hedgehog signaling pathways are the

driving force behind several carcinomas including ovarian cancer

[Chen et al., 2007; Gatcliffe et al., 2008]. Wnt signaling plays a key

role in the embryonic development of the ovary, and is involved in

normal follicular development and ovarian function [Ricken et al.,

2002]. In ovarian cancer aberrant regulation of Wnt signaling is not

clearly defined but there is compelling evidence implicating this

pathway in cancer development [Rask et al., 2003]. Mutations in the

human CTNNB1 gene encoding b-catenin have been observed in

30% of endometrioid tumors [Palacios and Gamallo, 1998; Wright

et al., 1999; Lee et al., 2003], while a significant correlation between

nuclear b-catenin expression and high-grade serous carcinomas has

been implicated with decreased survival in some patients [Lee et al.,

2003]. One of the commonWnt and Hedgehog target genes, leucine-

rich G protein-coupled receptor 5 (Lgr5, also known as Gpr49), has

been shown to mark rapidly cycling stem cells in the small intestine

and hair follicles [Morris et al., 2004; Barker and Clevers, 2007]. Lgr5

is an orphan seven-transmembrane domain receptor with similarity

to thyroid-stimulating hormone, follicle-stimulating hormone and

luteinizing hormone receptors. Selective up regulation of Lgr5 has

been reported in ovarian, colon and heptocellular carcinomas

[McClanahan et al., 2006], and its role in tumorigenesis has been
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supported by the induction of transformation when expressed in

NIH3T3 cells [McClanahan et al., 2006] and tumor formation in nude

mice transplanted with Lgr5 expressing HaCaT cells [Tanese et al.,

2008]. Moreover, knock down of Lgr5 by siRNA has been shown to

induce apoptosis in colon cancer cells [McClanahan et al., 2006].

Even though the molecular function of Lgr5 is unknown, its close

association with ‘‘stemness’’ [Barker et al., 2007] is consistent with

its role in the control of ovarian CSCs behavior and therefore offers

potential as a therapeutic target.

In a recent clinical trial in breast cancer, targeting the CD44þ/
CD24�/low population on CSCs by the glycogen synthase kinase drug

Tykerb has resulted in a complete disappearance of the disease

[Bates, 2008]. Association between Nanog and CD44 has been shown

to activate signal transducer and activator of transcription protein 3

(STAT3) in ovarian cancer cells [Bourguignon et al., 2008]. This

results in multidrug resistant gene expression with concomitant

chemoresistance. We have recently shown activation of the STAT3

pathway in ovarian tumors [Colomiere et al., 2009]. Hence, targeting

STAT3 signaling pathways in CSCs of ovarian tumors may represent

a novel approach to overcome CSC-mediated chemo-resistance.

Moreover, researchers at the laboratory of Genomic Diversity, NCI-

Frederick are investigating how molecules such as cyclopamine

(a naturally occurring alkaloid found in corn lily) can control the

self-renewal of CSCs by inhibiting Hedgehog signaling [Bates,

2008]. Cyclopamine has recently been demonstrated to inhibit

Hedgehog-dependent Lgr5 expression as well as the growth of basal

cell carcinomas [Tanese et al., 2008]. Cyclopamine has also been

shown to reverse taxane resistance in ovarian cancer cell lines [Steg

et al., 2012b]. A recent study has shown that silencing of jagged 1, a

Notch ligand, to sensitize ovarian cancer cell lines to taxane through

cross talk with the Hedgehog pathway [Steg et al., 2011], suggesting

that the Hedgehog pathway represents an important target to

eradicate ovarian tumorigenesis. Studies concentrating on the in

situ elimination of CSCs have been initiated by OncoMed

Pharmaceuticals (antibody that target CSCs), Geron Corporation

(phase I/II clinical trial with GRN163L to inhibit TERT), and

GlaxoSmithKline (Tykerb in breast cancer) [Bates, 2008]. It is

believed that result from these studies may offer a strategy for the

eradication of cancer through the elimination of CSCs.

CHEMOTHERAPY TREATMENT FACILITATES
GENERATION OF OVARIAN CSCs: A STUDY
ON OVARIAN HEY CELL LINE AS AN
EXPERIMENTAL MODEL

The human ovarian HEY cell line (originally derived from a

peritoneal deposit of a patient diagnosed with papillary cystade-

nocarcinoma of the ovary) [Buick et al., 1985] was treated with

cisplatin (1mg/ml) or paclitaxel (2 ng/ml) or cisplatin and paclitaxel

(1mg/ml and 1 ng/ml) (combination) for 3 days. Almost all residual

surviving cells displayed enhanced expression of ERCC1 (cisplatin

and combination treatment) or b-tubulin type 3 (TUBB3; paclitaxel

and combination treatment), suggesting a chemoresistant pheno-

type of residual cells to the respective drug treatment [Scheil-

Bertram et al., 2010; Gao et al., 2012] (Fig. 2). Treatment with

chemotherapy (cisplatin or paclitaxel or combination) resulted in

enhanced expression of CD44, CD24, CD133, CD117, and EpCAM in

residual cells compared to parental untreated cells (Fig. 3). A similar

result was observed in other ovarian cancer cell lines (OVCA 433,

SKOV3, and OVCAR5) in response to cisplatin or paclitaxel or

combination of both (Abubaker et al., unpublished data). In

Fig. 2. Expression and immunolocalization of ERCC1 and TUBB3 in response to cisplatin (1mg/ml), paclitaxel (2 ng/ml) and combination of both [cisplatin and paclitaxel

(1mg/ml and 1 ng/ml)] in HEY cells for 3 days. The images were evaluated by using rabbit polyclonal antibodies (red) or mouse monoclonal antibodies (green) as described

previously [Latifi et al., 2011]. Cellular and nuclear staining were visualized by using secondary Alexa 488 (green) or 590 (red) fluorescent labeled antibody and DAPI (blue).

Magnification 100�; scale bar¼ 50mm.
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addition, our recent published data also demonstrates co-ordinated

up regulation of CSC markers and activation of extracellular signal-

regulated kinase (ERK)1/2 and STAT3 in response to cisplatin

treatment in ovarian cancer cells, as well as tumor cells isolated from

primary ovarian tumors and ascites of advanced-stage ovarian

cancer patients [Ahmed et al., 2010; Latifi et al., 2011]. These data

suggest that chemotherapy treatment prompts a cascade of events

which not only enhances the expression of CSC markers but also

triggers the associated signaling pathways in ovarian tumors. These

events may be crucial for the survival of residual chemoresistant

tumor cells, suggesting that targeted inhibition of these pathways

during the course of chemotherapy may circumvent chemoresis-

tance. However, this enhancement in CSC-like characteristics can be

maintained in the cells only in the presence of chemotherapy and is

lost with continuous passage of cells (Abubaker et al., unpublished

data), suggesting that chemotherapy selects for a population of cells

with enhanced CSC-like characteristics and that property is lost with

propagation possibly due to asymmetric division of CSC-enriched

cells. Such a model provides an understanding about the survival

and dissemination of residual disease after chemotherapy treatment.

This reservoir of residual cells with induced stem cell-like functions

is the likely cause of recurrence and mortality in 70% of ovarian

cancer patients.

NEW THERAPEUTIC APPROACHES

DIFFERENTIATING PATHWAYS AS POTENTIAL TARGETS FOR CSCs

Anticancer approaches to eliminate CSC by various means so far

have not been successful. As described above, these approaches

usually selects for residual cancer cells that retain the CSC-like

characteristics and regenerate the tumors. One way to treat cancer

cells would be to induce differentiation which would result in the

loss of the CSCs self renewal property [Sell, 2004; Aguilar-Gallardo

et al., 2012]. Differentiation of one cell type into cells of other

lineages, commonly known as trans-differentiation, has recently

received attention. Trans-differentiation of fibroblast into func-

tional cardiomyocytes [Ieda et al., 2010] or neurons [Vierbuchen

et al., 2010] by enforced expression of a cocktail of relevant genes

are good examples. Another example is the use of all trans-retinoic

acid for terminal differentiation of acute promyelocytic leukemia

cells into mature granulocytes. This therapeutic approach has been

in use for leukemia for last one decade and has provided clinical

benefit [Soignet et al., 1998]. However, this treatment has not proven

useful for solid cancers. A recent study has demonstrated that

specific unsaturated fatty acids, such palmitoleic, oleic and linoleic

acid can trigger adipocyte differentiation in human cancer cell lines,

including ovarian cancer [Ruiz-Vela et al., 2011]. These cells

Fig. 3. Effect of cisplatin, paclitaxel and combination of both on the expression of CSC-like markers in HEY cells. The expression of CSC was assessed by Flow cytometry as

described previously [Latifi et al., 2011]. Untreated or chemotherapy treated cells were incubated with either control IgG or relevant primary antibodies against the respective

CSC-like markers followed by secondary goat anti-mouse IgG conjugated with phycoerythrin. The filled histogram in each figure is control IgG, black lines indicate protein

expression in control cells while broken lines demonstrate protein expression in chemotherapy treated cells. Results are representative of three independent samples.
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demonstrate massive production of lipid droplets and up regulation

of the adipogenic nuclear regulator PPARg, which belong to the

Peroxisome Proliferator-Activated Receptor (PPARs) superfamily

[Ruiz-Vela et al., 2011]. We have demonstrated over expression of

PPARg in ovarian carcinomas [Zhang et al., 2005], suggesting that

this adipogenic trans-differentiation may be feasible in a certain

sub-set of ovarian carcinomas. In addition, PPARg ligands, drug

such as pioglitazone, troglitazone and cigglitazone have been

shown to modulate PPARg activity by effecting the proliferation of

ovarian cancer cells [Vignati et al., 2006]. These drugs were

originally used as anti-diabetic drugs for their involvement in lipid

homeostasis and energy metabolism [Semple et al., 2006]. Another

classical anti-diabetic drug shown to have anti-proliferative and

anti-metastatic effects on ovarian cancer cells is metformin an m-

TOR inhibitor [Gotlieb et al., 2008]. This drug also inhibited ovarian

cancer dissemination by inhibiting angiogenesis [Liao et al., 2012].

These differentiation strategies represent promising non-cytotoxic

methods of decreasing tumor burden but how such approaches will

impact on the CSC pool and activity yet remains to be determined.

Alternative approaches to target CSC. The most promising new

therapies in cancer therapeutics is the introduction of nanoparticles

whereby small molecules drugs, proteins, peptides either on its own

or in combination with a drug delivery polymers or lipids can be

introduced into targeted cells [Aguilar-Gallardo et al., 2012].

Aptamers. Aptamers are chemically synthesized, stable, non-

immunogeneic and non-cytoxic short single-stranded DNA or

RNA isolated by the SELEX (systematic evolution of ligands by

exponential enrichment) method without minimal batch variation

[Ellington and Szostak, 1990]. They fold into a 3D structure and are

capable of binding to target molecules with high specificity [Pu

et al., 2010]. The cost of manufacturing large quantities of aptamers

is relatively low, and as they are 10–20 times smaller than antibodies

and can penetrate tissues effectively, they are therefore advanta-

geous over antibodies in targeting cancer regulating molecules.

Several aptamers are currently in clinical trials [Das et al., 2009;

Missailidis and Hardy, 2009], and have been approved by US Food

and Drug administration [Lee et al., 2005]. Nuclease-resistant

aptamer has previously been shown to bind specifically to EpCAM in

breast and colon cancer cell lines [Shigdar et al., 2011]. Aptamer-

conjugated drugs are actively internalized in cancer cells which

enables the release of conjugated chemotherapy drugs to targeted

cells with minimal killing of normal cells [Shigdar et al., 2011].

Hence, use of these nuclease-resistant aptamers which specifically

bind to defined groups of CSCs (e.g., EpCAM, CD44, etc) should be

developed as prognostic tools to evaluate ovarian cancer disease

progression and treatment monitoring.

MicroRNA (miR). These are a class of naturally occurring small

non-coding RNA that regulate gene expression at the post-

transcriptional level. Since 2006, few studies have shown that the

miRNA profile is different in normal ovaries compared to primary

and recurrent ovarian tumors [van Jaarsveld et al., 2010]. It has also

been suggested that it may be possible to detect free circulating

miRNAs in the serum of cancer patients as an aid to detect early-

stage cancer [Taylor and Gercel-Taylor, 2008; Resnick et al., 2009].

miR-214, miR-30a, miR-27a, and miR-451 have been associated

with chemoresistance in ovarian cancer [van Jaarsveld et al., 2010].

Let 7a and miR-200 families have been shown to be deregulated in

ovarian pathogenesis [van Jaarsveld et al., 2010]. Additional studies

have associated the expression of miR-200 with chemotherapy

treatment response and survival outcome [Leskela et al., 2010; Hu

et al., 2009]. Ectopic expression of miR-200a in ovarian cancer cell

lines has been shown to inhibit EMT by targeting E-cadherin

repressor ZEB2 in CD133þ ovarian CSCs, suggesting that miR-200a

has the capacity to reverse the invasive functions of ovarian CSCs

[Wu et al., 2011]. In addition, a recent paper has demonstrated

the ability of let7a, miR-125, miR-9, and miR-30 to regulate the

expression of lin28, a pluripotent stem cell factor which has been

shown to act as an oncogene promoting factor in ovarian cancer

cells [Zhong et al., 2010]. In this context, miRNAs associated with

CSCs can be suggested as potential targets for therapy. Viral delivery

of let7 to suppress the tumor growth in a mouse model of lung

adenocarcinoma has recently been demonstrated [Kumar et al.,

2008]. This study is further supported by the commercial availability

of miRNA mimics (Sigma–Aldrich, Life Technology) which can

regulate the expression of specified miRNAs in vitro studies

[Thorsen et al., 2012; Xu et al., 2012ab]. These studies suggest that

targeting miRNAs in ovarian cancer is feasible and might lead to

new therapeutic strategies.

Personalized medicine and CSCs. In the last decade, there has

been an increasing interest in personalized medicine which relies on

the use of information from the genome of individuals as a guide

in medical decision making. The interrogation of DNA and RNA

sequence variation can identify individual risk for patients and

guide clinical decision making for patient management [Ginsburg

andWillard, 2009]. This may form a basis for informed and effective

treatment approaches. Recent studies have demonstrated that

therapy resistant and therapy responsive cancers to manifest

distinct patterns of genes associated with stemness/differentiation

pathways [Glinsky, 2007; Glinsky, 2008]. These differences have

recently been exploited to develop a stemness cancer therapy

outcome predictor, an algorithm that combines the scores of

stemness signatures that have been shown to provide a superior

prognostic accuracy in retrospective supervised analysis of large

cohorts of breast, prostate, lung and ovarian cancer patients

[Glinsky, 2008]. These analyses suggest that stemness genomics

may govern the clinical behavior of cancer relapse/recurrence.

Hence, future studies are needed to validate this concept in a clinical

setting.

CONCLUSION

The outlook for patients with ovarian cancer may be markedly

improved by identifying disease-specific CSCs which are relevant to

the development of each subtype of cancer. The involvement of

CSCs in chemoresistance and recurrence opens a new avenue to

develop new CSC-specific drug-delivery conjugates in the form

of aptamers, differentiating agents, miRNA mimics or targeting

peptides/nucleotides which could be given to patients intraperito-

neally to tackle specifically the chemoresistance-associated CSCs. In

addition, the application of personalized medicine in the form of a

genomic signature (DNA or RNA), even though not yet standardized
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and integrated into the health system for clinical consideration, may

facilitate individual-specific drug and dose selection resulting in

better ovarian cancer diagnosis and prognosis. These strategies may

result in the reduction and or/eradication of post-chemotherapy

residual cancer resulting in better patient outcomes.
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