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Abstract: Ovarian cancer causes the most deaths among gynecological cancers. One of the major reasons for its lethality despite
improved surgical techniques and improved chemotherapeutic agents in recent years is the recurrence due to chemoresistance.
There have been several proposed mechanisms for chemoresistance of which the existence of cancer stem cells has recently
been brought to attention. Cancer stem cells represent a small proportion of cells within a tumor with the ability to proliferate in
order to increase the number of cancer stem cells, as well as the ability to differentiate into heterogeneous-nontumorigenic cancer
cell types. Also in ovarian cancer as in other types of cancer, different populations of cancer stem cells were isolated from tumors.
In literature the cancer stem cells are represented by different cell populations expressing different phenotypes and characteristics. The most commonly used markers for their isolation are CD44, CD133, CD24, CD117 and ALDH, which are often used in
combinations. In vitro and in vivo studies conﬁrmed that these isolated cells behave as cancer stem cells and use different
mechanisms to minimize the effect of chemotherapeutic agents. Also proteins, which are generally known as pluripotent stem cell
markers of normal stem cells, such as NANOG, OCT-4A, SOX-2 and c-MYC, have an important role in ovarian cancer
development and chemoresistance. Additionally, it was demonstrated that the expression of the mentioned markers in ovarian
tumors can be used as a prognostic tool, where usually the over-expression of a speciﬁc marker correlates with a poor prognosis.
However, the conclusions of the prognostic value of cancer stem cell markers are still under debate. The reason for vague
conclusions may lay in the fact that stem cells expressing the same markers can be also found in "healthy" ovaries, which could
represent a bias in cancer studies. Even more, since stem cells located in "healthy" ovaries, including small stem cells resembling
very small embryonic-like stem cells, represent the most of the cells that divide and proliferate, they seem to be the best candidate
to undergo malignant transformation and could serve as tumor initiating cells. Therefore, the knowledge on stem cells, expressing
the pluripotency-related markers in "healthy" ovaries is a prerequisite to better understand the ovarian cancer.
Keywords: Ovary, stem cells, cancer stem cells, chemoresistance.

INTRODUCTION
It is estimated that 239,000 women of all ages were
diagnosed with ovarian cancer all over the world in
2012, which represents approximately 3.6% of all diagnosed cancers (except non-melanoma skin cancer) in
women. This put ovarian cancer in 7th place of incidence
among all cancers [1]. It was also estimated that 152,000
women died in 2012 due to ovarian cancer, and this
represents approximately 4.3% of deaths caused by all
cancers (except non-melanoma skin cancer) in women [1].
Ovarian cancer is the most lethal gynecological cancer,
because it is often diagnosed at advanced stages when the
treatment is not effective anymore. The diagnosis is
delayed due to the diversity of symptoms [2], although
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there are symptoms such as unusual bloating, fullness and
pressure, abdominal or back pain, and fatigue, which could
indicate there is a possibility for the development of
ovarian cancer [3]. But even if diagnosis is not delayed,
the treatment is complicated. Usually it is successful in the
short term, but in the long term it is often unsuccessful due
to recurrence. The main problem for recurrence of ovarian
cancer probably lies in cancer stem cells, which are
resistant to chemotherapy [4].
TYPES OF OVARIAN CANCER
Ovarian cancer is a very complex disease. It can originate
from different sources, and therefore the ovarian tumors
are diverse and can be distinguished in several ways. They
can be divided based on the site of their occurrence/
location and are usually represented as epithelial ovarian
tumors, germ cell tumors, and sex-cord stromal tumors.
Most of these tumors are represented by epithelial ovarian
tumors, which are also the most lethal [5]. They can be
divided into five main types: high-grade serous (70%),
endometrioid (10%), clear cell (10%), mucinous (3%), and
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low-grade serous carcinomas (<5%) [6], while by the
WHO guidelines these tumors are divided into eight
histological types (serous, endometrioid, mucinous, clear
cell, transitional cell, squamous cell, mixed epithelial, and
undifferentiated) [7]. It was also proposed to divide epithelial ovarian tumors into type I and type II tumors
regarding their way of formation [8]. Shih and Kurman
[8] explain that type I tumors are low-grade neoplasms,
such as low-grade serous carcinoma, mucinous carcinomas, endometrioid carcinomas, malignant Brenner
tumors, and clear cell carcinomas; and type II tumors are
high grade neoplasms, such as high-grade serous carcinoma, malignant mixed mesodermal tumors (carcinosarcoma), and undifferentiated carcinoma. Despite that better
survival for type I tumors was observed [9, 10], some data
indicates that type I tumors are more chemoresistant [11].
This could be explained with the quiescence of initiating
tumor cells or with genotypic differences (mutations of
certain genes) between type I and type II tumors. Despierre
et al. [12] showed that type I tumors are often subjected to
somatic sequence mutations, since 49% of them were
KRAS or PIK3CA mutated. It is worth to mention that
the frequency of KRAS or PIK3CA somatic sequence
mutations is distinct also between subtypes of type I
tumors. This study also showed these mutations are rare
for type II tumors (less than 3% for KRAS or PIK3CA) [12].
On the other hand it was shown that type II tumors are
chromosomally unstable, and TP53 mutated in more than
95% of cases [13], but type I tumors are chromosomally
stable and rarely TP53 mutated [14]. The mutations of
these genes are not specific for ovarian germ cell tumors
and sex-cord stromal tumors, since they were reported
just in some individual cases [15–18]. Ovarian germ cell
tumors develop more often in girls and young women.
They represent approx. 25% of all ovarian tumors but
only a few percent of all ovarian malignancies [19].
Histologically they can be divided in dysgerminomas,
yolk sac tumors, embryonal carcinomas, polyembryomas, teratomas, choriocharcinomas, and mixed forms
[19]. These tumors can be distinguished morphologically by experienced histopathologists, although distinguishing between subtypes may represent a hurdle.
This can be resolved with the analysis of serum tumor
markers such as b-hCG, a-fetoprotein, lactic dehydrogenase, and CA-125. Despite the fact that these tumor
markers are not specific, they can offer some additional
prognostic information, since some combinations of
these elevated markers may indicate a malignant ovarian
germ cell tumor or can help to monitor the success of
treatment or possible recurrence [20]. Same as in ovarian germ cell tumors, the sex-cord stromal tumors are
rarely malignant [21]. They represent approximately 7%
of all ovarian tumors and are usually nonaggressive [21],
although they can cause endocrinologic instabilities.
The hormonal balance is altered, because the tumors
may consist of cells, which are able to produce horJ Cancer Stem Cell Res  http://cancerstemcellsresearch.com
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mones. The origin and location of these cells (theca,
granulosa, Leydig, and Sertoli cells) is also the basis for
the WHO classification of sex-cord stromal tumors in
relation to pure stromal tumors, pure sex cord tumors,
and mixed sex cord-stromal tumors [22].
OVARIAN CANCER TREATMENT
There are different approaches to treating ovarian cancer.
The selection of treatment mainly depends on the type and
stage of the diagnosed ovarian cancer. When a presumably
nonaggressive type is diagnosed, such as borderline or
early-stage ovarian cancer, surgical removal of the affected tissue is recommended and can be efficient [23]. When a
more developed cancer or a more aggressive type is
suspected, a combination of surgery and chemotherapy
is preferred. Most often this is the choice, especially in
epithelial ovarian cancers. The standard chemotherapy
(which usually follows surgery) is based on platinumand taxane - agents, which can be used in different
combinations and are also typically used for chemotherapy in other cancers [24]. Widely used platinum agents are
carboplatin and cisplatin. Cisplatin acts cytotoxically to
cancer cells by its interaction with their DNA to form DNA
adducts (intrastrand crosslink adducts), and this activates
several signal transduction pathways, including p53
(activation of p53 normally leads to apoptosis) [25].
Unfortunately, cisplatin is not ideal therapy, since it is
neurotoxic, nephrotoxic, and ototoxic. This could lead to
complications in treatment [26]. Based on data, also
carboplatin treatment is not without side effects (higher
hematologic toxicity), although it is still less toxic in other
aspects than cisplatin treatment, and it provides a better
quality of life [27, 28]. Structurally, it is a derivative of
cisplatin and also has a similar mechanism of action [29].
It was shown that chemotherapy with platinum-based
agents is more effective when in combination with taxane
agents [30]. Taxanes are diterpenes, and two widely used
taxane agents are paclitaxel and its analogue, docetaxel.
Their mechanism of action is based on their ability to bind
to microtubulin subunits, which changes the balance in the
microtubule assembly and blocks mitosis, consequently
causing apoptosis [31]. Despite the similarities in structure
and mechanism of action between paclitaxel and docetaxel, there are differences in their molecular pharmacology, pharmacokinetics, and pharmacodynamic profiles
[32]. For instance, docetaxel has a wider cell cycle activity, a more direct antitumoral effect, and a longer retention
time in the tumor [32]. All these drugs are effective, but it
can also happen that chemotherapy fails and cancer recurs.
There are different mechanisms for chemotherapy resistance, but they can be organized into four groups: pretarget resistance, on-target resistance, post-target resistance, and off-target resistance [33]. For cisplatin they
were thoroughly reviewed by Galluzi et al. [33] and
explained as mechanisms that influence the processes
before cisplatin binds to DNA (pre-target resistance); that
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directly influence DNA–cisplatin adducts (on-target resistance); that influence signal transduction pathways, which
lead to apoptosis (post-target resistance); and that influence the processes that are not in relation to cisplatin
treatment (off-target resistance). On the contrary, some
mechanisms of resistance in ovarian cancer in taxane
treatments were proposed but are less defined. It was
shown for paclitaxel resistance, that its cellular accumulation could be decreased with P-glycoprotein export [34],
or the mechanism of resistance could be a consequence of
microtubule changes (due to mutations, post-translational
modifications or changes in the level of regulatory proteins) [35]. Also some biomarkers to predict taxane resistance were determined. It was shown that overexpression
of class III b-tubulin, Sox2, and nuclear survivin [36], as
well as the lower expression levels of the mitochondrial
mimitin and 14-3-3 z/d proteins, were predictive of taxane
resistance [37]. Besides these mechanisms there are
numerous factors, for example DNA methylation, histone
modification, and microRNAs, which are associated with
chemotherapy resistance [38], however recently more and
more evidence shows that the main reason for aggressiveness, resistance, and recurrence of ovarian cancer are
cancer stem cells (CSCs) [39, 40].
CANCER STEM CELLS
General overview
In recent years there has been a tremendous improvement
in cancer studies, and especially the role of cancer stem
cells has been more and more emphasized. A lot of effort is
being invested to determine the cells, or population of
cells, that initiate the development of tumors/cancer and
that are responsible also for the self-renewal of tumors
(cancer recurrence). These cells can be named cancer stem
cells, cancer initiating stem cells, tumor initiation stem
cells, or therapy resistant cells [41, 42]. Clarke et al. [41]
defined them as a small subset of cancer cells, which
constitute a reservoir of self-sustaining cells with the
exclusive ability to self-renew and maintain the tumor.
They also explain these cancer stem cells are able both – to
proliferate to increase the cancer stem cell pool and to
differentiate into the heterogeneous nontumorigenic cancer cell types, which represent the majority of cells in the
tumor. It is not clear if CSCs develop from normal tissue
stem cells, which have undergone malignant transformation, or from somatic differentiated cells, which "dedifferentiate" and undergo malignant transformation [43].
The data show that cancers of distinct subtypes within an
organ may derive from cells of different origin [44].
Although the normal stem cells and progenitors represent
most of the cells that divide and proliferate in tissues and
organs, they are theoretically the most suitable source of
transformation [45]. While the data on the existence and
the properties of cancer stem cells grow, a new model of
tumor development was introduced, so called hierarchical
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model [43]. It explained that tumors could develop just
from CSCs, and CSCs only could form metastasis. On the
contrary, the stohastic (clonal) model of tumor development suggests that all cells can form tumors and metastasis [46]. In this model malignant cells are a homogenous
population at the beginning. Later, due to the influence of
endogenous and exogenous factors, they develop into a
heterogeneous population (for example, due to mutations,
changes in gene expression, cytokines, interactions
between cells, influence of niche) [46]. In contrast, the
hierarchical model suggests that malignancy is organized
similarly as in normal tissues, where normal stem cells
are capable of self-renewal to form two daughter cells [45].
One daughter cell is identical to a mother cell, and the
other is a so-called progenitor cell, which is more limited
in her developmental potential. Despite the fact these
models differ, some data indicates the heterogeneity of
cells in a tumor is the result of cancer development by
both models at the same time [47–49]. It is possible to
determine the proportion of CSCs within tumors, but
reported numbers are quite different between studies.
This is probably due to comparing the tumors derived
from different sources/tissues and using different assays.
For example, in human melanoma the estimations for
proportion of CSCs ranges from 1 per thousand [50] to
41% [51] and in mouse leukemia around 10% [52]. A
common problem in determining CSCs is also confusion
in the selection of a proper marker of CSCs (as discussed in
the next chapter in detail for ovarian CSCs). While in
leukemia the selection of surface antigens of hematopoietic stem cells, CD34 and CD38, is a reliable decision
[53, 54], these markers are more diverse and less reliable in
solid tumors. For instance, the surface antigen CD133 was
used as a marker of CSCs derived from different tissues,
such as from a brain tumor [55, 56], from ovaries [57, 58]
and from colon cancer [59, 60], even though Shmelkov et
al. [61] showed that also normal colonic epithelium cells
express CD133. Additionally, it was identified that
CD133C tumor cells probably gave rise to a more aggressive CD133( )subset, which were (same as CD133C
cells) capable of tumor initiation in NOD/SCID mice.
Similarly, contradictory results were described also in
melanoma studies for using CD271 as a CSCs marker
[51, 62].
One of the CSCs special features is dormancy. It is a
state where CSCs are in a lengthy hibernation without
growth, proliferation, or formation of tumors for years or
even decades [63, 64]. The exact mechanisms for dormancy are not clear, but it seems it is a result of a balanced
combination of extracellular and stromal microenvironment, autophagy, and epigenetics [64]. Due to this feature,
these cells are more resistant to anti-proliferative chemotherapy, and additionally metastasis-initiated tumors can
grow long after radical surgery or chemotherapy. Some of
the other mechanisms that enable the resistance of CSCs
are high expression of anti-apoptotic proteins, resistance
J Cancer Stem Cell Res  http://cancerstemcellsresearch.com
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to DNA damage, and usage of ABC efflux pumps [65].
Based on this knowledge, it would be ideal to develop a
treatment, which would act directly on CSCs and neutralize them. One strategy is to induce CSCs to exit the
dormant state and then to treat them with chemotherapy.
This approach was used by Saito et al. [66]. They used
NOD/SCID/IL2rgamma(null) mouse model of human
acute myeloid leukemia (AML) and showed AML stem
cells were dormant (cell cycle was arrested). To "wake up"
these dormant cells they used granulocyte colony-stimulating factor followed by cell cycle-dependent chemotherapy, which resulted in a higher rate of apoptosis. After
such treatment more secondary recipients survived after
transplantation of leukemia cells compared to chemotherapy alone. A second strategy to neutralize CSCs would be
to target their self-renewal mechanisms. Whereas these
mechanisms are similar to CSCs and normal stem cells,
this treatment needs to be carefully targeted and is not
widely used for now [67]. Another strategy would be to
regulate the functioning of ABC efflux pumps. This could
be done in various approaches, such as with chemotherapy
through competitive and allosteric modulators; with chemotherapy mediated by nanoparticle targeting; with targeting transcriptional regulation of ABC transporters;
with microRNA therapeutics; with targeting signaling
pathways involved in the regulation of ABC transporters;
and with combinational targeting with CSCs targeting
agents and transporter modulating drugs or dual targeting
with a single agent [68].
OVARIAN CANCER STEM CELLS
More and more data supports the theory that ovarian
cancer is a (cancer) stem cells related disease. This theory
is based primarily on the fact that, despite ovarian tumor
response to chemotherapy and its reduction, tumors most
often grow back. Like other cancers, for ovarian cancer
there are still no generally accepted populations of stem
cells referred to ovarian cancer, although there are some
important markers, which are presumed to be expressed in
ovarian cancer.
Pluripotency-related markers
Various stem cell markers, otherwise typical for normal
stem cells, were identified to be expressed in ovarian cancer
and in OCSCs (ovarian cancer stem cells). Special interest
is lately dedicated to the expression of pluripotent stem
cell (PSC) markers, such as NANOG, SOX-2, OCT-4A,
c-MYC, which expression is increasingly used as diagnostic and prognostic factor. Most of these markers have been
confirmed in the ovarian tissue using immunohistochemistry or molecular genetic analyses. More and more data
indicates that especially NANOG has a key role in the
development of cancers in various tissues/organs. The
expression of NANOG, which is also one of the key
transcription factors for maintaining self-renewal of pluripotent stem cells, was strongly correlated with the clinical
J Cancer Stem Cell Res  http://cancerstemcellsresearch.com
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stage and grade of ovarian serous cystadenocarcinoma,
namely the proportion of NANOG positive samples
increased with raising the grade and the clinical stage of
this carcinoma (100% of the samples were positive for
stage IV, and 96.67% for grade III) [69]. Additionally, the
expression of NANOG in ovarian serous carcinoma was
correlated with shorter overall survival of patients [70].
The mechanisms for such significant impact on the clinical
outcome seem to be multilayered. Using ovarian cancer
cell lines, it was shown that the knockdown of NANOG
increases the expression of E-cadherin, caveolin-1,
FOXO1, FOXO3a, FOXJ1 and FOXB1, resulting in
reduced proliferation, migration, and invasion of ovarian
cancer cells [71]. Similarly, Liu et al. [72] showed that low
expression of NANOG accompanied with increased
expression of E-cadherin and decreased expression of
vimentin, b-catenin, and Snail, hinders cell migration and
invasion capacity of ovarian cancer cells. Additionally,
besides the expression of b-catenin and Snail, which are
involved in epithelial-mesenchymal transition (EMT), they
showed that EMT and drug resistance in epithelial ovarian
cancer can be regulated when Stat3 pathway is activated
with NANOG. The expression of NANOG coincides also
with the expression of other PSC markers. Virant-Klun et
al. [73] demonstrated NANOG, SOX-2, and SSEA-4 positive small cells are located among epithelial cells in the
ovarian surface epithelium and as a single cell or groups of
cells/clusters in ovarian sections of borderline ovarian
cancer and serous ovarian carcinoma patients. He et al.
[74] showed spheres derived from primary high-grade
serous ovarian carcinoma overexpressed OCT-4, NANOG
and SOX-2. If only 10,000 of these cells were injected into
NOD/SCID mice, new tumors would form. Additionally,
these sphere-forming cells exhibit high chemoresistance to
cisplatin and paclitaxel. Di et al. [75] detected a small
proportion of ovarian tumor cells and ascites cells that
expressed, not only NANOG and OCT4A, but also c-MYC.
It was interesting that confocal laser scanning microscopy
revealed that the c-MYC, which is normally localized in the
nucleus, was found also in cytoplasm. A similar phenomenon was already observed in NANOG, which was found to
be localized in cytoplasm of tumor cells from various
tissues/organs – for instance, in lung cancer cells [76], in
nasopharyngeal carcinoma cells [77], in colorectal tumor
cells [78], and in mesenchymal stem cells located in
cervical cancer stroma [79].
While described PSC markers are a useful tool for the
diagnosis of ovarian cancer and as a prognostic tool, they
are a less useful tool for the isolation of OCSCs from
ovarian tumors. Therefore, the expression of these markers
in ovarian cancer has not been related to any special
population of stem cells in cancerous ovaries until now.
As discussed already, there is confusion in the field of
cancer stem research as to how to select the most appropriate marker for isolation from tumors. Also in this
aspect, OCSCs are no exception.

1003; 28/4/2016;

12:20:41

The Role of Stem Cells in Ovarian Cancer: A Review

Established markers of ovarian cancer stem cells
Researchers use a variety of markers (often in combinations), which are widely recognized as general surface
stem cell markers, to isolate OCSCs from ovarian tumors,
but there is still no solid conclusion as to which marker is
most appropriate. For this reason we will hereinafter
describe and discuss the most frequently used markers,
and we will try to elucidate which marker, or combination
of markers, are most promising for the isolation of OCSCs
from ovarian tumors.
CD44
Probably the marker used most often in OCSCs research is
CD44 (also known as HCAM). It is a surface adhesion
molecule, and it is expressed in most human tissues where
it connects cells with other cells or with extracellular
matrix [80]. Its main ligand is hyaluronic acid, but it can
bind also osteopontin, serglycin, collagens, fibronectin,
and laminin [80]. It had been correlated to ovarian cancer
already before the theory of cancer stem cells emerged. In
1993 the researchers showed that when CD44 expression
is down-regulated, the epithelial ovarian cancer cells can
be released from tumors into peritoneal space in ascites.
When they bind to mesothelium, the level of CD44
expression is normal again [81, 82]. Further studies confirmed that the expression of CD44 is important for
binding ovarian cancer cells to mesothelium [83],
although it is not clear as to which splice variant is
responsible for this action [84]. It was shown that the
expression of CD44s, CD44-v4, -v5, -v6, -v9, and -v10
splice variants could be considered as predictors for
survival in epithelial ovarian carcinoma [85]. For instance,
the expression of CD44-v6 is up-regulated in recurrent
ovarian serous cancer and in metastasis sites [86]. Additionally, expression of CD44-v10 in the primary tumor
was correlated with improved survival, but on the other
hand, if this splice variant was expressed in metastases, it
predicted decreased survival. Also, other studies indicated
that CD44 was up-regulated during the development of
ovarian tumors, but when the tumors progressed it was
down-regulated and indicated a poor prognosis [87, 88].
While these initial studies were focused more on exploring
if there is any importance of CD44 expression in
ovarian tumors, further studies focused more on isolating
CD44(C) cells from ovarian tumors and exploring
their properties. Zhang et al. [89] used FACS to isolate
CD44(C)CD117(C) cells from a primary human ovarian
tumor. They estimated that only 0.2% of ovarian tumor
cells are CD44(C)CD117(C) and demonstrated that only
100 of these cells are enough to propagate the original
tumor. The analysis also showed that 100 000 of CD44( )
CD117( ) cells were not able to propagate tumors. If
ovarian tumors were propagated as spheroids, after 2
months between 79% and 82% of spheroid cells were
CD44(C)CD117(C). It seems these cells have a high
tumorigenic potential, but according to Cheng et al.
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[90] it is possible to suppress tumorigenicity of CD44
(C) /CD117(C) stem cells isolated from a human primary
ovarian tumor using microRNA-199a (miR-199a). This
microRNA causes down-regulation of CD44 expression
and inhibits the expansion of OCSCs by affecting their cell
cycle regulation. Even more, miR-199a down-regulates
the expression of the ABCG2 gene, which is known to be
responsible for chemo-resistance and increases the sensitivity of OCSCs to cisplatin, paclitaxel, and adriamycin.
Similarly as Zhang et al. [89], Alvero et al. [91] observed
over 90% of CD44(C) cells in spheroids derived from
ascites of epithelial ovarian cancer patients. They also
estimated that a proportion of CD44(C) cells is 6% in the
primary ovarian tumor, 19% in metastatic tumor, and 18%
in ascites, respectively. Detailed gene transcription analysis showed that in CD44(C) cells, Toll Like Receptor 4
(TLR4) and Myeloid Differentiation Factor 88 (MyD88)
were up-regulated (compared to CD44( ) cells). When
the CD44(C) and CD44( ) cells were exposed to TRL4
ligand paclitaxel, apoptosis was triggered in CD44( )
cells. Alternatively, CD44(C) cells responded with
improved NF-kB activity leading to a higher cytokine
production and consequently to chemo-resistance. It was
also shown by others using in vitro model that paclitaxel
even helps to enrich CD44(C)MyD88(C) OCSCs population, and that surviving CD44(C)MyD88(C) OCSCs
obtain more aggressive phenotype with improved chemo-resistance and migratory potential [92]. Since there are
many shortcomings in monitoring the influence of chemotherapeutics on OCSCs in vitro, Chen et al. [93] used a
special 3D culture system to mimic in vivo conditions in
the best possible manner and demonstrated that CD44(C)
CD117(C) cells are more chemo-resistant in a 3D culture
system as in a 2D culture system. In their experiment a
human epithelial ovarian cancer SKOV-3 cell line was
used, and chemotherapeutics, such as ocetaxel, cisplatin,
and carboplatin, were tested.
CD133
Another established marker of OCSCs is CD133. It is also
known as AC133 and Prominin-1. It was first described as
a surface antigen specific for human hematopoietic stem
cells [94, 95]. Today it is used as a specific marker to
demonstrate the presence of normal stem cells [96–101]
and cancer stem cells [102–106] in various tissues. The
expression of CD133 was observed also in normal, small,
putative ovarian stem cells, which share some similarities
with very small embryonic-like stem cells [107]. It was
first described as OCSCs marker by Ferrandina et al. [57].
They used FACS to isolate CD133(C) cells from ovarian
carcinoma samples, which showed these cells had
increased proliferative potential and formed larger colonies than CD133( ) cells. Additionally, the percentages of
CD133(C) cells were lower in normal ovaries, benign
ovarian tumors, and omental metastases when compared
to ovarian carcinoma. Further studies showed that CD133
J Cancer Stem Cell Res  http://cancerstemcellsresearch.com
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expression is epigenetically regulated by histone modifications and promoter methylation [58]. Promoter methylation increased in CD133( ) daughter cells that were
derived from CD133(C) cells, while in CD133(C) daughter cells the promoter was mostly unmethylated. This
study also showed CD133(C) cells were more resistant
to cisplatin chemotherapy and formed more aggressive
tumors with a lower number of cells when injected subcutaneously in BALB/cAnNCr-nu/nu female mice. An
increased tumorigenic potential of CD133(C) cells
derived from primary ovarian tumors [108], platinum
resistance, and an increased risk of metastases [109] was
demonstrated also in other studies, although it was found
that both the CD133(C) and CD133( ) cells derived from
human serous ovarian cancer can form tumors in NOD/
SCID mice [110]. In some cases tumors were formed
exclusively from CD133( ) cells [110]. As a result
of this heterogeneity, it is unclear if the presence of
CD133(C) cells in ovarian tumors could offer any prognostic information. Although different staining patterns
were observed within this group, Ferrandina et al. [111]
observed CD133(C) cells only in 31% of ovarian tumors.
In 60% of CD133(C) tumors, a diffuse cytoplasmic pattern
was observed, and in the remaining 40% of cases, apical
cytoplasmic pattern was observed. Despite the trend
towards a worse prognosis for cases with diffuse cytoplasmic pattern, the difference was not statistically significant. Similarly, Ricci et al. [112] found no correlation
with response to therapy, progression free survival, and
overall survival for CD133. The latest meta-analysis of
CD133 expression in ovarian cancer offered some inconclusive results [113]. It was demonstrated that overexpression of CD133 correlates with the tumor stage and with a
reduced 2-year survival. On the contrary, there was no
correlation with patients’ age, tumor grade, histological
type, or response to treatment. The prognostic value of
CD133 expression in ovarian cancer was evaluated also in
combination with ALDH (aldehyde dehydrogenase) enzymatic activity, but no correlation was found [112].
ALDH
Another important marker of OCSCs belongs to the
ALDH enzyme family, which consists of 19 enzymes and
can be found in all cellular compartments, where catalyze
NAD(P)C dependent oxidation of various aldehydes
[114]. While aldehydes are toxic, this mechanism guards
cells. Despite that there are 19 isoforms of ALDH and each
isoform has its own specifics, the isoform ALDH1A1 is
most often correlated with cancer stem cells found in
various tissues, likewise with OCSCs [115]. Kryczek
et al. [116] detected ALDH expression (besides other
OCSCs markers) in the majority of analyzed fresh ovarian
cancer specimens. Interestingly, the expression of these
markers was lost when primary tumor cells were cultured
in vitro, even though the expression of ALDH (and
CD133) was recovered by the in vitro serum-free and
J Cancer Stem Cell Res  http://cancerstemcellsresearch.com
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sphere cultures, as well as by the in vivo passage in the
immune-deficient xenografts. Additionally, these spheroids expressed the most important pluripotent stem cell
markers (SOX2, OCT3/4 and NANOG) and were able to
proliferate long-term in vitro. Another study showed that
ALDH positive cells isolated using ALDEFLUOR assay
showing a high tumor-initiating ability and a high expression of pluripotent stem cell marker SOX-2 [117]. But
when SOX-2 was knockdown, these cells were not able to
initiate tumors anymore. The role of ALDH in OCSCs is
not clear, but it was suggested that OCSCs expressing
ALDH1A maintain chemotherapeutic resistance by
changing the regulation of the cell cycle checkpoint and
the DNA repair network signaling [118]. Furthermore,
cells isolated from ovarian clear cell carcinoma and
showing high ALDH expression had an upregulated
expression of antioxidant enzymes, where the most important was the up-regulation of Nrf2 (a key transcriptional
factor in the antioxidant system) [119]. With this mechanism CSCs are able to lower the level of reactive oxygen
species and thus provide the defending system against
chemotherapeutics [119]. The tumor initiating potential of
ALDH and CD133 positive cells was demonstrated also by
Silva et al. [120]. They showed that 1000 ALDH positive
and CD133 negative cells isolated from human epithelial
ovarian cancer is able to grow tumors when transplanted in
an immunodeficient mouse. Moreover, only 11, of both
ALDH positive and CD133 positive cells, isolated from
the same ovarian tumors and transplanted in an immunodeficient mouse, are able to form tumors. Using Aldefluor
assay, Deng et al. [121] were able to show that high
ALDH1 expression is significantly associated with poor
clinical outcomes in serous ovarian cancer, and ALDH
positive tumor cells are resistant to chemotherapy. A poor
prognosis in patients with ovarian cancer and a high
ALDH expression was confirmed also in meta-analysis,
where more than 1000 patients were included [122].
CD24
Described markers of OCSCs (CD44, CD133, ALDH) are
most often used in combinations with markers CD24 and
CD117, as already presented in the text above. These two
markers are usually immunohistochemically studied.
They are rarely used alone for isolation of OCSCs from
ovarian tumors. CD24 is a glycosylphosphatidylinositollinked cell surface protein and is usually not expressed in
normal ovarian surface epithelium and adenomas, but it is
detected in invasive ovarian carcinomas, where two different staining patterns have been observed [123]. Membranous staining was observed in 84% of cases, and
cytoplasmic staining in 59% of cases [123]. Additionally,
cytoplasmic staining was correlated with higher invasiveness of tumor cells and with shortened patient survival
[123–125]. When 5000 CD24(C) cells were isolated from
ovarian serous or mucinous adenocarcinoma using FACS
and transplanted into nude mice, they formed tumor
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xenografts. However, the same number of CD24( ) did
not form any tumors [126]. This study also demonstrated
that these cells were otherwise in a quiescent state and
chemo-resistant. Further, they had an elevated expression
of some stemness genes (nestin, beta-catenin, Bmi-1,
Oct4, Oct3/4, Notch1 and Notch4).
CD117
CD117 (known also as c-kit) is a tyrosine kinase receptor
protein, which its expression was evaluated also as a
prognostic factor in ovarian cancer patients. It is not
expressed in normal ovarian surface epithelium [127], but
its expression was observed in early ovarian tumors. Even
if the expression decreased in advanced stages of tumors,
that was correlated with a shorter survival time [128, 129].
Additionally, the CD117 expression was correlated with
the progression of ovarian cancer despite chemotherapy
[130, 131].
STEM CELLS IN HEALTHY OVARIES
In recent years strong experimental evidence emerged
showing that normal stem cells can be isolated from healthy
mammalian ovaries, however there is a little confusion in
the field since several different populations of stem cells
were recognized. To avoid confusion and to discuss gathered data in a clear manner, stem cells derived from a
different ovarian compartment will be described separately.
Ovarian surface epithelium (OSE)
It is well known that OSE plays a crucial role in the
regeneration of ovaries after ovulation, and first studies of
OSE were focused mainly to understand this process,
though they were not designed to characterize OSE cells
from today’s perspective of stem cells [132, 133]. Closer
to today’s understanding of stem cells was a study by
Bowen et al. [134], which showed OSE possesses a multipotent character, but it did not show exactly which population of cells plays the main role. On the contrary,
studies by a group of Virant-Klun [107, 135–139] were
focused directly to find this population of cells. As shown
in several consecutive studies, these cells are probably
small stem cells (with a diameter from 2 to 4mm), which
resemble very small embryonic like-stem cells (VSELs)
from bone marrow. These cells were isolated from the
OSE of women without naturally present follicles and
oocytes (postmenopausal women and women with premature ovarian failure), and they expressed pluripotent
stem cell markers such as SSEA-4, OCT-4, NANOG, SOX2, and c-kit [107, 135–139]. More importantly, these cells
were able to develop into oocyte-like cells in vitro, which
express some markers characteristic of oocytes and pluripotent stem cells, such as Oct-4A, Oct-4B, c-kit, VASA,
ZP2, NANOS, STELLA, CD9, LIN28, KLF4, GDF3, and
MYC. Additionally, oocyte-like cells also expressed markers specific for meiosis, such as SCP1, SCP2, SCP3,
BUB1, and BUB3 [139]. As shown further these small,
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VSELs-like stem cells also expressed primordial germ cell
markers, such as PRDM1, PRDM14, and STELLA
[107, 138]. These small stem cells resembling VSELs
were confirmed to be present also in ovaries of several
animal models, such as mice, sheep, rabbits, and pigs
[140–142]. Since 70–80% of ovarian tumors originate
from OSE, these findings could reveal some reasons for
their development and resistance. Based on this data we
suggest that described small stem cells derived from OSE
can be stimulated to differentiate into oocyte-like cells
(into germinal lineage), in one direction or in to tumors, if
their endogenous control system gets disrupted (Figure 1).
Yet mechanisms triggering such behavior are still not
completely clear. One explanation for their tumorigenic
behavior can be found in the disruption of the epigenetic
control. This mechanism was described in detail in VSELs
derived from bone marrow [143].
Small stem cells from adult ovaries resemble VSELs
from adult bone marrow discovered by the research group
of Ratajczak [144, 145]. In detail, VSELs were first
isolated from bone marrow [144], but they were later
confirmed and isolated also from other adult tissues
[145–147]. By definition they are only 2–4 m in size.
Rarely (approximately 0.02%) and due to their properties,
it is challenging to isolate them [144]. They are pluripotent, and one of their special features is quiescence, which
seems to be epigenetically regulated [143]. Like for small
stem cells derived from human adult OSE [107, 138], it
was shown also for VSELs derived from murine bone
marrow to express several epiblast/primordial germ cell
(PGC) markers [148]. For this reason it was proposed that
VSELs could originate from epiblast/migrating PGC-like
cells and possess an epigenetic signature of imprinted
genes that keep these cells quiescent in adult tissues, as
well as prevent them from teratoma formation. A high
similarity of small stem cells from adult human ovaries
and VSELs from bone marrow and their relation to
primordial germ cells indicates the persistence of small
stem cells in adult human tissues from the embryonic
period of life. As mentioned above concerning epigenetic
regulation of VSELs, Shin et al. [143] demonstrated this in
VSELs’ upregulation of H19 and p57KIP2 and repression of
Igf2 and Rasgrf1 (as a consequence of hypomethylation/
erasure of imprints in paternally methylated and hypermethylation of imprints in maternally methylated regions).
Even more, when they co-culture VSELs with myoblastic
C2C12 cells, VSELs exit quiescent state and proliferate,
forming spheres with the capacity to differentiate into all
three germ layers. This shows that if the microenvironment
functions properly, VSELs serve as a pool of cells intended
for regeneration of tissues. But what would happen if the
described epigenetic control of quiescence in VSELs
would malfunction, and the cells would proliferate without
control? Since small cells were isolated from the OSE,
similar to VSELs, the question arises as to if these cells
could lead to the development of epithelial ovarian cancer,
J Cancer Stem Cell Res  http://cancerstemcellsresearch.com
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Figure 1. A model representing two
different possible options of the development of small stem cells derived
from adult human OSE.

which can be very aggressive. Based on the presented data,
ovarian small stem cells, like VSELs from other tissues,
represent a very possible candidate to be involved in the
development of such aggressive ovarian cancer.
Ovarian cortex
Besides OSE, stem cells were isolated also from other
compartments of mammalian ovary. It was demonstrated
that in ovarian cell cultures derived from the ovarian
cortex, different populations of stem cells expressing
markers of pluripotency and multipotency can be found,
but as explained further in detail, probably different
populations of stem cells were described [149–152]. A
population of cells, which formed cell colonies, was
derived from the human ovarian cortex, and the cells were
positive for pluripotent stem cell markers (alkaline phosphatase, SSEA-4, OCT4, SOX-2, NANOG, LIN28,
STELLA). The second population of cells shared more
similarities with mesenchymal stem cells, since they
expressed CD105, CD44, CD90, M-CAM, CD73, and
VCAM1. The third population of cells consisted of small
cells, which were similar to the previously described
VSELs [149, 150]. These different populations of stem
cells were able to differentiate in vitro into various types of
somatic cells of all three germ layers, but they were not
capable to form teratoma when injected into immunodeficient mice. Although it was observed that some cells in
these cell cultures were VASA-positive, the germinal
origin of these cells can probably be excluded, since these
J Cancer Stem Cell Res  http://cancerstemcellsresearch.com

cells were very rare and not part of the typical cell colonies
[149]. Gong et al. [151] demonstrated that ovarian cell
cultures derived from ovarian stroma of mice can form
teratomas and colonies, resembling typical embryonic
stem cell colonies. They are also able to express markers
of pluripotency (Oct-4, Nanog, Rex- 1, Cripto, Dnmt3b,
Tert, Lif RC, Stat3, Bmp4, Fgf4, Foxd3, Sox2, CD9, Gdf3)
but do not express germ cell markers, Fragilis and MVH
(mouse Vasa-homologue), or tissue specific stem cell
markers – Sca-1, CD44, CD34, and CD45. By using a
transgenic mouse model (GFP expressed under OCT-4
promoter), Pacchiarotti et al. [152] were able to generate
multipotent germ line stem cells from neonatal and adult
mouse ovaries. FACS isolated GFP-Oct-4 positive cells
were positive for germ cell markers, VASA and c-Kit,
positive for pluripotent stem cell markers, Nanog and
GFR-a1, but were negative for CD133, although a distinct
population of CD133 positive (but not of Oct-4) cells were
observed. In contrast to Gong et al. [151], these cells did
not form teratomas when transplanted subcutaneously,
intramuscularly, or in ovaries of SCID mice.
Ovarian follicles and follicular fluid
In follicles the oocyte development is supported by granulosa and theca cells. In recent years it was demonstrated
that a subpopulation of these cells can exhibit stem cell
properties. Kossowska-Tomaszczuk et al. [153] isolated a
subpopulation of luteinizing granulosa cells from aspirated ovarian follicular fluid (derived from infertile patients).
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The subpopulation of luteinizing granulosa cells were able
to survive long term in vitro. These cells expressed some
specific mesenchymal stem cell markers, such as CD90,
CD105, CD44, CD29, CD117, and even the pluripotent
stem cell marker POU5F1, but they did not express Nanog,
Stellar, or Vasa. Even more, these cells were able to
differentiate into neurons, chondrocytes, and osteoblasts.
A similar population of aspirated follicular cells was
compared to bone marrow-derived mesenchymal stem
cells [154]. Gene expression analysis of 84 genes, related
to mesenchymal stem cells, revealed a similar gene
expression pattern between analyzed populations of cells,
though some genes were differentially expressed. These
genes were specific mesenchymal stem cell markers and
connected to ovarian function. Additionally, these cells
were able to differentiate into osteogenic, adipogenic, and
pancreatic-like cells. These studies indicate that granulosa
cells, which represent the majority of cells derived from
aspirated ovarian follicular fluid, have interesting differentiation potential, yet it is unclear if their plasticity is
reflected through transdifferentiation or differentiation of
stem cells [155]. While the data about granulosa stem cells
are growing, still little is known about thecal stem cells.
There are in fact only two publications, which describe the
isolation of thecal stem cells from mammalian ovaries
[156, 157]. Honda et al. [156] were first able to isolate
putative thecal stem cells from mouse ovaries, which
exhibit typical characteristics of adult stem cells. Isolated
cells were able to self-renew and to differentiate in vivo
and in vitro. After exposure to multiple step differentiation protocol these cells differentiated in vitro in cells
expressing genes typical for thecal cells and secreted
androstenedione, which is androgen produced by mature
thecal cells. It is known that the presence of androgens in
ovaries is necessary for normal folliculogenesis [158–
161]. Additionally, the putative thecal stem cells isolated
by Honda et al. [156] localized in the ovarian interstitium
and thecal layer of follicles as differentiated theca cells
after transplantation into the mouse ovaries. The second
publication reporting isolation of thecal stem cells used
porcine model [157]. The authors named these cells
ovarian theca-derived multipotent stem cells. These cells
expressed tested mesenchymal stem cell surface markers
(CD29, CD44, and CD90) and pluripotent stem cell
marker SOX-2, but did not express pluripotent stem cell
markers OCT4 and NANOG. In vitro differentiation tests
revealed the differentiation into osteocytes and adipocytes and even more, the differentiation into oocyte-like
cells, which expressed some pluripotent stem cell markers (OCT4, NANOG and SOX2) and oocyte-specific
markers (GDF9B, C-MOS, DAZL, VASA, ZPC, SCP3
and STELLA). These two studies show interesting differentiation potential of thecal stem cells, but more
studies on these cells should be conducted to isolate them
also from human ovaries and to more precisely determine
their characteristics.
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Oogonial stem cells
Some other studies used a different approach in isolating
stem cells from ovaries, since the selection of cells based
on VASA (DDX-4) (human) or MVH (mouse) expression
was used [162, 163]. These studies focused on the isolation
of germinal stem cells, which were propagated in vitro and
served as precursor cells for derivation of oocytes. Some
uncertainty is related with this data, because Zhang et al.
[164, 165] could not find any evidence that Ddx4-expressing cells from postnatal mouse ovaries enter mitosis, nor
could he find any DDX4-expressing functional oogonial
stem cells in adult human and mouse ovaries.
Fallopian tube as a source of stem cells
To confirm the above hypothesis about the tumorigenic
potential of small stem cells resembling VSELs, it would
be necessary to explore if these cells are present also in
epithelium of fallopian tube, since there is evidence that
the epithelial ovarian cancer can originate also from there
[166–170], but to date such a study has not been performed
yet. Even so other populations of cells with stem cell
characteristics were isolated from fallopian tube. Toiurin
et al. [171] located CD44C/ Ki67C cells at distal fallopian
tube, and furthermore, the quiescence of these cells was
induced with tubal ligation. With the help of BrdU,
Snegovskikh et al. [172] located putative stem cells at
the base of the fallopian tube villi and estimated that 0.5%
of all nucleated cells showed these characteristics. Paik et
el. [173] isolated a subpopulation of cells, which were not
expressing markers of ciliated (b-tubulin) or secretory
(PAX8) differentiated cells. These cells expressed stem
cell-specific markers CD44, a epithelial cell adhesion
molecule, and integrin a6 along with an increased capability of clonal growth and self-renewal. Indumathi et al.
[174] performed a wide-range evaluation of an expression
profile of surface markers. Results showed the cells
derived from the fallopian tube contain cells positive
for cell adhesion molecules related to stem cells (CD29,
CD44, CD106, CD54, CD13); contain cells positive for
hematopoietic markers (CD34, CD45, CD133, CD117);
contain cells positive for markers of mesenchymal stem
cells (CD73, CD90, CD105, CD146, nestin); and even
contain cells positive for pluripotent stem cell markers
(SSEA-4, ABCG2, OCT3/4, SOX2).
To conclude, ovarian cancer is a complex and challenging disease. It is still not completely clear from which
cells the ovarian tumors originate and which mechanisms
are responsible to drive these cells to such behavior. Based
on the presented data, we are suggesting that the ovarian
small stem cells resembling VSELs are very likely to be
involved in the development of aggressive ovarian tumors
if their endogenous control system gets disrupted. Despite
poor prognosis, chemo-resistance and recurrence of such
tumors, the latest discoveries offer some hope that ovarian
cancer will be more curable someday. Additionally,
exploring different populations of cancer cells from
J Cancer Stem Cell Res  http://cancerstemcellsresearch.com

1003; 28/4/2016;

12:21:12

10

ovarian tumors, based on the expression of established
cancer stem cell markers, opened a wide range of new
possibilities as to how to study this complex disease – from
the aspect of mechanisms that help us to understand the
occurrence of ovarian cancer, to detailed studies of targetdirected treatments. The knowledge of stem cells in
healthy ovaries can definitely improve the understanding
of ovarian cancer stem cells and the manifestation of
ovarian cancer.
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