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Abstract
The field of reproductive biology has undergone signi­
ficant developments in the last decade. The notion that 
there is a fixed reserve pool of oocytes before birth was 
established by Zuckerman in 1951. However, in 2004, 
an article published in nature challenged this central 
dogma of mammalian reproductive biology. Tilly’s group 
reported the existence of ovarian germline stem cells 
(GSCs) in postnatal ovaries of mice and suggested that 
the bone marrow could be an extragonadal source of 
ovarian GSCs. These findings were strongly criticized; 
however, several independent groups have since 

successfully isolated and characterized ovarian GSCs 
in postnatal mice. The ovarian GSCs are located in the 
ovarian surface epithelium and express markers of 
undifferentiated GSCs. When transplanted into mouse 
ovaries, mouse ovarian GSCs could differentiate and 
produce embryos and offspring. Similarly, in a recent 
study, ovarian GSCs were found to be present in the 
ovaries of women of reproductive age. Conversely, 
there is increasing evidence that stem cells responsible 
for maintaining a healthy state in normal tissue may 
be a source of some cancers, including ovarian cancer. 
Cancer stem cells (CSCs) have been found in many 
tissues, including ovaries. Some researchers have 
suggested that ovarian cancer may be a result of the 
transformation and dysfunction of ovarian GSCs with 
self-renewal properties. Drug resistant and metastasis-
generating CSCs are responsible for many important 
problems affecting ovarian cancer patients. Therefore, 
the identification of CSCs will provide opportunities 
for the development of new therapeutic strategies for 
treatments for infertility and ovarian cancer. In this 
article, we summarize the current understanding of 
ovarian GSCs in adult mammals, and we also discuss 
whether there is a relationship between GSCs and CSCs.
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Core tip: This review provides an overview on postnatal 
ovarian germinal stem cells (GSC) of mammals. The 
characteristics of these cells and the last developments 
in the field of oogenesis have been presented. We also 
discuss the relationship between ovarian GSCs and ovarian 
cancer stem cells. The identification and characterization 
of these two types of cells are essential for a better 
understanding of tumor initiation, progression and 
treatment. 
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INTRODUCTION
The field of the reproductive biology was revolutionized 
ten years ago when Johnson et al[1] published a 
study in Nature that challenged the long-held dogma 
established by Zuckerman[2] in 1951. Since that 
time, it has been generally believed that the ovaries 
of mammals do not possess renewable stem cells 
but instead contain a finite reserve of oocytes that 
diminishes through postnatal life. Although the exis
tence of ovarian germline stem cells (GSCs) has 
been obviously demonstrated and fully accepted for 
adult females of non-mammalian species[3-5] and for 
adult males of a majority of species[6], the existence 
of ovarian GSCs in adult female mammals is still a 
subject of intense debate. In 2004, Johnson et al[1] 
demonstrated the existence of proliferative GSCs in 
the ovaries of adult mice, and recently, ovarian GSCs 
have been isolated and characterized in the ovaries of 
postnatal mice and reproductive-age women[7]. 

Amid the controversy created by Johnson et al[1], 
the presence of cancer stem cells (CSC) in ovarian 
cancer was established by Bapat et al[8], and accu
mulating data have provided substantial evidence 
for the involvement of CSCs in ovarian cancer[9-13]. 
Ovarian cancer (OC) is associated with enhanced 
tumor aggressiveness and metastasis, as well as drug 
resistance. The heterogeneous populations of cancer 
cells within an ovarian tumor tend to be more resistant 
to chemotherapeutic agents. In this context, the 
identification and characterization of CSCs in ovarian 
cancer is essential for a better understanding of the 
signaling pathways involved in tumor development and 
progression. In this review, we will focus on the latest 
developments in the field of oogenesis in the postnatal 
mammalian ovary. We will also discuss whether there 
is a link between ovarian GSCs and CSCs.

OVARIAN GSCS IN ADULT MAMMALS 
Existence of ovarian GSCs 
In 2004, Johnson et al[1] published a study that 
challenged the dogma established by Zuckerman[2] in 
1951. The authors demonstrated that ovarian GSCs 
are present in the adult mouse ovary, contrary to the 
principle established more than 60 years ago (Table 
1). In a first series of studies, Johnson et al[1] counted 
the numbers of healthy (non-atretic) and degenerating 
(atretic) follicles in ovaries of mice to study germ 
cell dynamics in female mammals. The numbers of 
non-atretic quiescent (primordial) and early growing 
(primary, preantal) follicles in ovary was higher than 
expected and their rate of clearance in the immature 
ovary (day 1-day 4) was less than expected. According 

to their experiments on the clearance of degenerative 
oocytes contained within immature follicles, from 
1% to 33% of the immature follicle pool was atretic 
at any given time. The authors considered that the 
degeneration of this cell would deplete the primordial 
follicle reserve by young adulthood and that ovarian 
GSCs represent the source of oocytes produced de 
novo[1]. 

By using unbiased assumption-free stereologi
cal methods to count follicles in the mouse ovary, 
Kerr et al[14] demonstrated the presence of actively 
dividing surface epithelial cells in prepubertal mouse 
ovaries and supported the concept of follicle renewal 
in postnatal and adult ovaries in mice. This study, 
published in 2006, confirmed the data from Johnson et 
al[1] (Table 1). 

Johnson et al[1] reported the presence of large 
ovoid cells in the surface epithelium of juvenile and 
young adult mouse ovaries by histological analysis. 
These cells seemed similar to the germline cells of 
fetal mouse ovaries. Immunohistochemical staining for 
Mouse Vasa Homologue (MVH, also called Deadbox 4 
or Ddx4), a gene expressed exclusively in the germ 
cells in both vertebrate and invertebrate species[15], 
demonstrated that these large cells were of a germline 
lineage. Incorporation of 5-bromodeoxyuridine (BrdU) 
into the DNA of the MVH-positive cells demonstrated 
the proliferative capacity of these double-positive cells, 
which were localized to the ovarian surface epithelium. 
Moreover, postnatal ovarian expression of genes 
involved in the initiation of meiosis was determined by 
RT-PCR. Protein synaptonemal complex protein SCP3, 
the endonuclease Spo11, and the recombinase Dmc1 
(required for the initiation of meiosis in mammals) 
were all detected at the mRNA level[1]. These results 
confirmed the presence of proliferative germ cells in 
postnatal mouse ovaries. Supplemental evidence of 
continuous folliculogenesis during post natal life was 
provided by grafting experiments. Ovarian fragments 
from wild-type mice were grafted onto hemi-ovaries 
of transgenic mice with ubiquitous expression of 
green fluorescent protein (GFP). After 3-4 wk, follicles 
containing GFP-positive oocytes were detected in 
the wild-type ovarian fragments surrounded by 
unlabeled granulosa cells. These results suggested that 
transgenic germ cells had migrated into the grafted 
ovarian fragment and formed new follicles in adult 
mice. Collectively, these findings demonstrated that 
proliferative GSCs exist in the postnatal mammalian 
ovary. The GSCs support oocyte and follicle production 
in the postnatal mammalian ovary. This new concept 
challenged the dogma of a fixed reserve of oocytes. 

Following the publication of this landmark article, 
Johnson et al[1] were confronted by criticism and skep
ticism[16-20]. The main criticisms were related to the 
subjectivity of the scoring, the tissue fixation protocol, 
the mathematical model used to calculate the follicular 
dynamics, the toxicity of busulfan to follicles, the 
capacity of BrdU-MVH-double-positive cells for oocyte 
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renewal, and the migration of GSCs to form new 
follicles in wild-type ovaries in the grafting studies. 

Several groups criticized the methods used by Johnson 
et al[1]. Moreover, some of them proposed alternative 
explanations for Johnson’s findings. First, the numbers 
of preantral and antral immature follicles reported 
as atretic by Johnson et al[1] were very high and in 
contrast to previous studies[16]. Scoring atretic follicles 
represents a subjective and not reliable method for 
estimating the rates of follicular atresia[16,17]. Moreover, 
the morphological appearance of the follicles can be 
modified by the use of a harsh fixative[16,17]. Conse
quently, healthy and atretic immature follicles may 
have been misclassified in Johnson et al’s study, 
leading to an overestimation of the number of atretic 
immature follicles[17]. The mathematical model of the 
dynamics of follicle progression was also questioned 
by several authors. Johnson et al[1] were criticized for 
applying the rate of follicle disappearance from the 
CBA/Ca mouse strain, reported as a fast-depleting 
strain, in comparison to the C57Bl/6 strain[16]. To 
verify Johnson et al[1]’s results, Bristol-Gould et al[18] 
proposed examining whether the initial population of 
follicles was sufficient to support fertility in adulthood 
by using a mathematical model of the dynamics of 
follicle progression. These authors counted the follicles 
in each stage from postnatal day 6 through to 12 
mo in mice. The dynamics of the follicle population 
were simulated according to two distinct models: a 
fixed pool model and a stem cell model in the mouse 
ovary. The fixed pool model accurately reflected the 
experimental decrease in follicle numbers and allowed 
the authors to refute the concept of GSC replenishment in 
the adult ovary[18]. Johnson’s assumption that busulfan 
was only toxic to GSCs and does not kill primordial 
follicles was questioned by two groups[16,17]. The loss 
of primordial follicles after busulfan treatment was 
considered to be a consequence of busulfan toxicity 
to primordial follicles and not due to the depletion of 
GSCs[17]. The evidence that BrdU and MVH double-

positive cells in the epithelial layer of juvenile and 
young adult mouse ovaries represented functional 
GSCs was also challenged[16-20]. The critics of John
son et al[1]’s findings suggested some alternative 
explanations for the detection of these cells in the 
ovarian surface epithelium. They asserted that these 
putative GSCs could be germ cells migrating out of 
the ovary, as had been reported for these cells in the 
past[16,21]. Alternatively, these double-labeled cells could 
be oocytes from primordial follicles, released by the 
ovary[16,20]. The grafting experiments were also subject 
to reinterpretation by opponents[16,20] of the findings 
from Johnson et al[1]. The plasticity of the mouse ovary 
has recently been demonstrated in experiments with 
chimeric ovaries[22]. In addition, the mouse ovarian 
tissue has been shown to reaggregate after injury[23]. 
The chimerism observed in the wild-type transplanted 
ovaries could result from the subsequent ovarian repair 
after the tissue trauma due to the transplantation 
rather than the generation of follicles de novo[16,20]. 

In response to the critics, in a new study, Tilly 
and his group  counted the numbers of atretic and 
non-atretic follicles in wild-type (WT) female mice and 
caspase-6 knockout female mice[24]. They observed that 
the number of primordial follicles in caspase-6 deficient 
young adult females was nearly double the number of 
primordial follicles in WT females. As no decrease in the 
number of atretic follicles was detected, the authors 
interpreted the increase in the primordial follicle pool 
between birth and adulthood in caspase-6 mutant 
females as a consequence of neo-folliculogenesis. 

Following this study, Skaznik-Wikiel et al[24] reinfor
ced the validity of their findings and the concept of 
postnatal oocyte and follicle production in mammals. 

Bone marrow as a source of GSCs  
In 2005, Johnson et al[25] proposed a new concept 
that further challenged the dogma of a fixed reserve 
of oocytes in the ovaries of postnatal females. They 
suggested that the bone marrow (BM) could be a 
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  Ref. Main findings

  Johnson et al[1] Ovarian GSCs are observed within the ovarian surface epithelium and provide the adult mouse ovary with oocytes
  Johnson et al[25] GSCs are detected in mouse bone marrow and provide the postnatal mouse ovary with oocytes
  Kerr et al[14] The follicle numbers remain constant in ovaries of juvenile and early adult mice. Follicle renewal in postnatal and adult 

mouse ovaries is suggested
  Zou et al[29] Mouse ovarian GCS are isolated by immunoselection and characterized. Ovarian GCSs transplanted into ovaries of 

infertile mice undergo oogenesis and produce offspring
  Pacchiarotti et al[30] The adult mouse ovarian GSCs are isolated by FACS. Long-term expanded mouse ovarian GSCs maintain their 

characteristics, telomerase activity and express germ cell and stem cell markers
  White et al[7] The ovarian GSCs are isolated by FACS. Xenotransplantation of human GCSs into NOD-SCID mice leads to the formation 

of follicles containing oocytes
  Zhang et al[32] No mitotically active female GSCs exist in postnatal mouse ovaries
  Lei et al[33] The adult female mouse ovary does not contain active ovarian GSCs. The number of follicles produced during fetal 

development is sufficient to provide ovaries with oocytes in adult life
  Park et al[39] Existence of mitotically active germ cells in the postnatal mouse ovary demonstrated by a genetic approach coupled with a 

GSCs selection strategy

Table 1  Articles in the field of ovarian germline stem cells and oogenesis

GSCs: Germline stem cells; FACS: Fluorescence-activated cell sorting.
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chemotherapy followed by BM or PB transplantation. 
They also suggested that the BM-derived stem cells 
involved in blood cell regeneration might be diffe
rent from those that are able to promote de novo 
oogenesis, noting that the protocols are designed for 
the recovery of hematopoiesis and not oogenesis.

After the Johnson et al[25]’s publication, Eggan et 
al[27] performed parabiosis experiments with adult 
female mice to test the physiological relevance of 
BM-derived germ cells to contribute to oogenesis. To 
evaluate the capacity of circulating BM-derived GSCs 
to colonize ovaries, they examined ovulated oocytes 
from wild-type and ubiquitously-expressing GFP female 
mice that were surgically joined in parabiotic pairs at 
the age of 4-8 wk. The parabiotic pairs showed a high 
level peripheral blood chimerism after 6-8 mo (65% 
GFP-positive blood leukocytes in both mice). 

After superovulation, no chimerism of the oocytes 
was observed in the parabiotic mice. Moreover, occa
sional GFP-positive cells associated with wild-type 
oocytes in the cumulus masses were positive for CD45, 
a pan-hematopoietic marker, demonstrating that 
these cells were circulating blood cells. The authors 
concluded that although these circulating cells could 
associate with ovulated oocytes in the ovary, they were 
not involved in the production of oocytes; the authors 
suggested that these hematopoietic cells may play an 
immune role in ovaries.  

In subsequent studies, the investigators treated 
wild-type mice with cyclophosphamide and busulfan 
1 d before joining them to GFP-expressing partners 
for a duration of 2 wk or 2 mo. In the treated and 
untreated control parabionts, PB and BM exhibited 
extensive leukocyte chimerism whereas no chimerism 
was observed in the oocytes. As indicated above, it 
was also shown that all GFP-positive cells associated 
with the ovulated cells were CD45 positive in both 
the treated and treated wild-type parabiotic mice. In 
addition, 2 mo after the chemoablative treatment, 
the ovaries still contained oocytes, revealing that the 
chemotherapy did not induce a complete depletion of 
oocytes in the treated parabionts. 

The authors then suggested that a direct intra
venous transplantation of bone marrow cells might 
introduce cells into the circulation that might be able to 
contribute to oogenesis. To investigate this possibility, 
wild-type mice were treated by chemotherapy (cyclo
phosphamide and busulfan) or sterilized by low-
dose total body irradiation. The mice were injected or 
transplanted with GFP-transgenic BM cells and were 
superovulated after 2 mo. Chimerism was observed in 
hematopoietic stem cells in both chemotherapy-treated 
and irradiated recipient mice. However, no GFP-positive 
oocytes were detected. Furthermore, a small number 
of oocytes was ovulated in chemotherapy-treated 
mice. No oocytes were detected in irradiated mice.

In conclusion, these findings demonstrated that 
PB and BM cells did not directly contribute to the 
formation of ovulated oocytes or their recovery after 

source of germ cells for the postnatal mouse ovary. The 
authors demonstrated that BM cells isolated from adult 
female mice expressed octamer-binding transcription 
factor-4 (Oct-4), MVH, deleted in azoospermia-like, a 
germ cell-specific RNA-binding protein (Dazl), Stella 
(a maternal factor) and Fragilis (Ifitm3, interferon-
induced transmembrane protein 3), which are specific 
germline markers in mice. Transplantation of BM 
from adult wild-type female mice was performed with 
adult female mice treated with cyclophosphamide and 
busulfan to destroy the existing germ cell pools, and 
also into ataxia telangiectasia-mutated (Atm)-deficient 
female mice, which are unable to produce mature cells. 
After transplantation, oocyte-containing follicles at all 
stages of maturational development were detected in 
the ovaries of the chemotherapy-sterilized wild-type 
and Atm-mutant recipient mice. Moreover, oocytes 
and follicles were detected in the ovaries more than 11 
mo after the initial BM transplantation. Johnson et al[25]  
concluded that the putative BM-derived germline cells 
were able to support long-term oocyte production. 

Consequently, they hypothesized that the BM-
derived germ cells could be transported by the periph
eral blood (PB) to replenish the ovaries. Transplantation 
of PB mononuclear cells from transgenic female mice 
with GFP expression driven by an Oct-4 promoter was 
performed with chemotherapy-sterilized wild-type and 
atm-mutant female mice. GFP-positive oocytes were 
observed in the ovaries of the chemoablated adult 
wild-type and atm-mutant female mice. Therefore, 
PB was capable of generating oocytes. GSCs derived 
from the BM could circulate in the PB to colonize the 
ovaries. Johnson et al[25] concluded that the BM could 
be considered as a potential source of germ cells that 
could support oocyte production in adulthood. 

The criticism of this new concept developed by 
Johnson et al[25] was again severe[26,27]. A group of 16 
authors published a short correspondence in which 
they questioned Johnson et al[25]’s findings. Their main 
criticisms concerned the expression of germ cells 
markers on BM and PB cells, the lack of a reciprocal 
experiment showing that mononuclear PB cells from 
wild-type mice could produce oocytes in Atm-Oct4/
GFP mutant mouse ovaries, the capacity of generated 
oocytes to sustain fertilization and subsequent embryo 
development, and the recurrent question of ovarian 
failure in women treated by chemotherapy and subse
quent BM or PB transplantation. 

Subsequently, Johnson et al[28] published docu
mented responses to the critics to clarify the misinter
pretations of their studies. Among the different points 
discussed by Telfer et al[26], they defended the germline 
specificity of the markers used in their studies. They 
also clearly explained that GFP could not have been 
absorbed by oocytes from the blood because blood 
cells from GFP-transgenic males did not induce the 
generation of GFP-expressing oocytes in wild-type 
female recipients. The authors reported some cases of 
fertility restoration in women treated with high-dose 
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chemotherapy. Additionally, the BM-derived cells 
combined with oocytes belonged to the hematopoietic 
lineage, and oocytes in the adult mammalian ovaries 
could not be regenerated by circulating germ cell 
progenitors.

Isolation and characterization of GSCs from mouse and 
human ovarian tissues
Despite the controversies, the existence of GSCs 
was finally reported in 2009 by Zou et al[29]. They 
developed a strategy to isolate GSCs from neonatal 
and young adult mouse ovaries by immunoselection 
with the antigen MVH (Figure 1). The isolated MVH-
positive cells were morphologically similar to type A 
spermatogonial cells (SSCs). They possessed large 
cell bodies with little cytoplasm and large nuclei. 
These MVH-positive cells were present in the ovarian 
surface epithelium. The isolated MVH-positive cells 
were cultured on mitotically inactivated mouse emb
ryonic fibroblast (MEF) cell feeders. The MVH-positive 
cells incorporated BrdU in culture, and the BrdU-
MVH double-positive cells were thus considered to 
be ovarian GSCs. After several passages, the MVH-
positive cells formed compact clusters with blurred 
cell boundaries that did not resemble embryonic stem 
(ES) cell colonies. The nGSCs from neonatal mice 
could be maintained in culture for more than 15 mo 

(68 passages) and maintained a morphology similar 
to that of freshly isolated nGSCs. GSC from adult 
(aGSCs) mice had been passaged in culture for more 
than 6 mo (more than 25 times). The cultured nGSCs 
and aGSCs expressed Oct-4, MVH, Dazl, Blimp-1 (a 
transcriptional repressor), Fragilis, Stella, and Rex-1 
(zfp-42, zinc-finger protein 42), which are markers 
of undifferentiated GSCs (Figure 1). The cells did 
not express c-Kit (stem cell factor receptor), Figla (a 
meiosis-specific marker), Sox-2 (a key transcription 
factor that regulates stemness), Nanog (a pluripotency 
sustaining factor), synaptonemal complex protein 1,2,3 
(Scp1-3), or zona pellucida protein 3 (ZP3), which 
are established markers of differentiated oocytes. 
This expression profile revealed that the cultured cells 
possessed undifferentiated GSC phenotypes. Moreover, 
the cultured cells showed high telomerase activity. 
After the transplantation of GFP-expressing GSCs into 
the ovaries of chemotherapy-ablated wild-type mice, 
the ovaries contained many GFP-positive oocytes at 
all stages of development. Moreover, the transplanted 
mice produced offspring after mating with a wild-type 
male. Eighty-two percent of nGSCs and 80% of aGSCs 
produced F1 offspring. The offspring were fertile and 
could also generate F2 GFP-transgenic progeny (Figure 
1).

Furthermore, Pacchiarotti et al[30] used fluorescence-
activated cell sorting (FACS) to isolate GSCs from the 
ovaries of a transgenic mouse model. In this model, 
GFP was expressed under the control of the Oct-4 
promoter. The GFP-Oct-4-positive isolated cells were 
expanded on mouse MEFs for more than 1 year. 
GFP-Oct-4-positive cells formed round, flat colonies. 
These colonies maintained their telomerase activity 
and normal karyotype after 20 passages. The cells 
expressed germ cell and stem cell markers, such as 
germ cell nuclear antigen, c-kit, Oct-4, Nanog and 
GFR-α1 (the receptor for GDNF), and they possessed 
a normal karyotype. In the presence of growth factors, 
these GSC cells formed embryoid bodies (EB) and 
expressed specific markers for the three germ layers. 
In the absence of growth factors, EBs produced 
oocyte-like cells. The authors’ results thereby indicated 
the existence of GSCs in the postnatal mouse ovary. 

In a recent study published in Nature Medicine, 
White et al[7] reported the isolation and characterization 
of ovarian germ stem cells from mouse and human 
ovarian tissue. GSCs were isolated and purified by 
FACS using the Ddx4 protein. Isolated mouse and 
human OSCs express high levels of Prdm1 (PR domain 
containing 1 with ZNF domain, referred to as Blimp1), 
Dppa3 (developmental pluripotency-associated 3, 
referred to as Stella), and Ifitm3, which identify 
primitive germ cell lines in mammals. Moreover, mouse 
and human OSCs express high levels of the catalytic 
subunit of telomerase (Tert), a feature of pluripotent 
stem cells and germ cells. The Ddx4-positive mouse 
and human ovarian GSCs were maintained on MEF-
free cultures. After 10-12 and 4-8 wk of culture 
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Ovarian surface 
epithelium

Isolation of DDX4+ cells
(Immunoselection or FACS)

Fragilis
Stella
Rex-1

Oct-4
Dazl

Blimp 1
Telomerase 

activity Ovarian germ line stem cell

Culture in serum/ serum free media on 
feeder layers (MEF) for months

C-kit
Figla
Sox2

SCP 1-3
ZP3OOCYTE

Figure 1  Schematic diagram of isolation and differentiation of ovarian germ 
stem cells. DDX4: DEAD box polypeptide 4; FACS: Fluorescence activated cell 
sorting; MEF: Mouse embryonic fibroblast; SCP 1-3: Synaptonemal complex 
protein 1,2,3; ZP3: Zona pellucida protein 3. 
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respectively, the mouse and human ovarian GSCs 
formed actively dividing germ cell colonies. Gene 
expression analysis of cultured cells confirmed the 
maintenance of early germ line markers. Moreover, 
mouse and human ovarian GSC cells cultured in vitro 
spontaneously underwent oogenesis 24-48 and 72 h 
after each passage, respectively. Ploidy analysis of the 
cultured mouse and human GSCs detected 4n, 2n, and 
1n populations of cells. These 1n cells were purported 
to be haploid germ cells. 

Transplantation of GFP-expressing mouse ovarian 
GSCs into ovaries of non-chemotherapy-conditioned 
wild-type mice resulted in the formation of developing 
follicles containing GFP-positive oocytes. In vitro 
fertilization of the GFP-expressing oocytes led to 
the formation of embryos expressing GFP. In co-
cultures of human GFP-transduced ovarian GSCs with 
adult ovarian cortical tissue, GFP-positive oocytes 
were found to be enclosed by GFP-negative somatic 
granulosa cells; these were present in tightly compact 
structures that resembled follicles within 24 h after 
seeding. GFP-expressing human GSCs injected into 
fragments of human adult ovarian cortical tissues were 
also transplanted into NOD-SCID female mice. Human 
ovarian grafts contained primordial and primary folli
cles with GFP-negative oocytes and also immature 
follicles containing GFP-positive oocytes. 

After the publication of this new study, Oatley and 
Hunt published a brief commentary to raise some 
questions regarding these latest findings[31]. They 
questioned whether the purported GSCs represented 
true stem cells. Oatley and Hunt also questioned 
the increase in haploid cells, indicating that oocytes 
completed both meiotic divisions in vitro and proposed 
that the oocytes underwent an abnormal maturation 
that does not occur in vivo. They also criticized the lack 
of studies on the normalcy of embryos derived from 
GFP-positive GSCs, arguing that the developmental 
potential and the genetic quality of the embryos 
needed to be tested.

Latest developments in the area of GSCs 
After the publication of the above-mentioned stu
dies, two different groups presented contradictory 
results[32,33]. These investigators refuted the existence 
of GSCs in the adult ovary and provided evidence 
supporting the dogma of a fixed pool of oocytes after 
birth. 

In 2012, Zhang et al[32] claimed that no mitotically 
active female germline progenitors existed in postnatal 
mouse ovaries. In their study, they challenged the 
existence of ovarian GSCs using a genetic approach. 
They developed a multiple fluorescent Rosa26rbw/
+;Ddx4-Cre germline reporter mouse model to 
trace the development of Ddx4-expressing ovarian 
cells in vitro and in vivo. This model expresses GFP 
ubiquitously. The Ddx4-expressing germline cells 
and the non-expressing Ddx4 somatic cells can be 

recognized by a difference in color. The authors tested 
the ability of adult mouse ovaries to support the 
formation of new follicles when provided with female 
primordial germ cells. Transplantation of enhanced GFP 
(EGFP)-expressing fetal ovarian cells into adult wild-
type female mice led to the formation of fluorescent 
follicles at different stages of development in the 
cortex and the medulla of the recipient ovaries. Conse
quently, the adult mouse ovaries supported de novo 
follicular formation if progenitor cells that were able to 
differentiate into oocytes were provided. In addition, 
the adult mouse ovary cells did not transform into 
oocytes or granulosa cells, and no chimeric follicles 
were observed. Moreover, when the EGFP-expressing 
fetal ovarian cells were transplanted into the ovaries 
of chemotherapy-sterilized WT adult female mice, only 
newly formed EGFP-positive follicles were detected 
in the ovaries, which suggests that postnatal mouse 
ovaries are able to sustain de novo follicle formation 
when provided with exogenous germline progenitors. 

The ovaries of Rosa26rbw/+;Ddx4 Cre postnatal 
mice were dissociated, and single cells were cultured 
to determine the proliferation capacity of Dxd4-
expressing cells (Red FP positive cells, RFP). 

None of the RFP-positive ovarian cells underwent 
any cell divisions, and they rapidly died off. In long-
term cultures on feeders, RFP-positive ovarian cells did 
not form any colonies. Some Dxd-4-negative ovarian 
cells formed colonies of cells that were passaged 
stably, but the cells did not express germ cell markers. 
These cells did not participate in follicle formation after 
injection into adult wild-type ovaries. The authors 
concluded that these clonal cells presented a stem cell-
like morphology, but they were not functional female 
germline progenitors. 

Recently, another group published a study suppor
ting the dogma of a fixed pool of oocytes after birth[33]. 
By using a sensitive lineage-labeling system created 
in transgenic mice (Rosa26-YFP mice), Lei and Spradl
ing affirmed that the primordial follicles generated 
during fetal life in mice are sufficient to support adult 
oogenesis. Moreover, female mouse ovaries do not 
contain active GSCs, and they do not produce new 
oocytes in vivo[33]. 

In 2013, Woods et al[34], published a review on 
ovarian GSCs that took into consideration two com
mentaries[31,35] released after the publication of the 
studies by White et al[7] and by Zhang et al[32]. Woods 
et al[34] responded to the comments, analyzed the 
findings of the Zhang et al[32] study, and, more 
importantly, defended their point of view on the 
existence of ovarian GSCs and oogenesis in postnatal 
life in mammals. 

Woods et al[34] considered their strategy for the 
purification of mammalian GSCs from the postnatal 
ovary to be a validated and reliable method. The 
protocol using an antibody against the extracellular 
epitope of the Ddx4 protein exposed on the surface 
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of the plasma membrane of GSCs was also confirmed 
to isolate these cells from oocytes, which possess 
only cytoplasmic Ddx4. To respond to Oatley et al[31] 
about their doubts about the validity of the stem 
cell properties of the ovarian GSCs, Woods et al[34] 
explained that the GSCs expressed the same markers 
as primitive germ cells before and after culture, as 
described in their publication[7]. In cultures lacking 
somatic granulosa cells, GSCs-derived oocytes can exit 
meiotic arrest and complete both meiotic divisions; 
thereafter, they exhibit a haploid status, similar to 
spontaneous oocyte activation in vivo when the 
regulation by somatic granulosa cells is disrupted by 
ovulation[36]. With the support of data obtained from 
several groups[29,30] Woods et al[34] claimed that GSCs 
have the capacity to differentiate into fully mature eggs 
that can be fertilized to generate normal and viable 
embryos and offspring in response to the criticisms 
expressed by Oatley and Hunt.

In the second part of their article, Woods et al[34]  
also questioned the results reported by Zhang et al[32]. 
They affirmed that the transgenic mouse model used 
by Zhang et al[32] possessed a permanent genetic 
alteration in cells that have activated the Ddx4 gene 
promotor region. They stated that the fluorescent 
recombinant reporter gene would be expressed even 
if the endogenous Ddx4 gene is not active anymore. 
Zhang et al[32] did not isolate GSCs from the ovaries of 
their recombinant mice using the methods reported by 
other groups because they refuted the existence of a 
Ddx4 protein exposed on the extracellular surface of 
the plasma membrane. In experiments involving the 
transplantation of dissociated fetal ovarian cells into 
wild-type adult mice, Zhang et al[32] did not separate 
the fractions of purified germ line progenitors (primordial 
germ cells) and fetal follicular somatic cell progenitors 
to observe neofolliculogenesis in the adult ovary. A 
fetal somatic cell population or a fetal germ population 
transplanted separately could stimulate the adult ovary 
to recruit its own germ cell or somatic cell progenitors 
to sustain new follicle formation. Morphologic and 
genetic profiles of the RFP-positive postnatal ovarian 
observed in cultures were also questioned. The size of 
the Ddx4-expressing cells was significantly larger than 
that of the GSCs (5-8 mm in diameter). The method 
of selecting recombinant cells from mouse ovaries 
was discussed because Zhang et al[32] recovered the 
cells by the filtration of crude extracts of mice ovary 
with a size cutoff of 40 µm. Small immature oocytes 
present in postnatal mouse ovaries would not have 
been retained in the filter. The Ddx4-expressing cells 
observed in this study should have been considered 
as oocytes rather than putative GSCs, explaining their 
incapacity to proliferate in cultures. Identification of 
the Ddx4-expressing cells needed to be addressed by 
polymerase chain reaction (PCR)-based analysis of the 
gene expression patterns of GSCs and oocytes, which 
would have certainly given positive results for oocyte-
specific genes. 

Finally, in the discussion of their article, Woods et 
al[34] compared their findings on ovarian stem cells 
with the observations established for the germinal 
stem cells in females of non-mammalian species, such 
as Drosophila and in males of mammalian species, 
such as mice. Although the reproductive period in 
women has a limited duration of 3 decades, Woods et 
al[34] argued that the presence of germinal stem cells in 
the ovaries should be accepted as it is in Drosophila, in 
which the GSCs persist after the failure of reproductive 
life[37], or in male mice, in which the presence of 
germinal spermatogonial stem cells has been detected 
after spermatogenic failure[38]. The authors defended 
the idea that mammalian females should not be 
excluded from that standard. 

Following the puzzling questions about the Zhang 
et al[32] study, Park et al[39] decided to carry on 
experiments using transgenic Ddx4-Cre mice crossed 
with mice carrying a Rosa26tdTm/tdTm fluorescent gene 
reporter to identify GSCs in adult mouse ovaries[39]. In 
experiments performed according to the protocol used 
in the study by Zhang et al[32], Park et al[39] confirmed 
that cells collected from crudely dispersed ovaries from 
recombined mice at postnatal day 8 and selected by 
filtration were immature oocytes based on PCR analysis 
of oocyte-specific markers. Moreover, the tdTM/Ddx4 
double-positive cell population purified by FACS from 
dissociated Ddx4-Cre;Rosa26tdTm/+ ovaries expressed 
the primitive germ cell markers Prdm1, Dppa3, Ifitm3, 
Tert, and Dazl but did not express the oocyte-specific 
markers newborn ovary homeobox (Nobox ), ZP3, 
and growth differentiation factor 9 (Gdf9). In addition, 
Ddx4 mRNA was detected in freshly purified tdTM/
Ddx4 double-positive cells, although it was present at a 
low level. Cultures of the double-positive cells resulted 
fluorescent germ cell colonies that were mitotically 
active. In this study, Park et al[39] demonstrated that a 
genetic approach associated with a FACS cell selection 
based on extracellular Ddx4 was a reliable and 
pertinent strategy for the isolation of GSCs from the 
adult mouse ovary. 

From the studies described above, we can infer 
that the presence of GSCs in the adult ovary remains 
a subject of intense debate and controversy, and the 
field of ovarian biology is undergoing profound changes. 
Progress in ovarian biology has also been made since the 
discovery of ovarian CSC in 2005[8]. The characterization 
of specific ovarian CSCs based on markers of stemness 
has also generated intense research and discussion. In 
the following section, we will focus on the characteristics 
of ovarian CSCs and their relationship with GSCs.

OVARIAN CANCER STEM CELLS: IS 
THERE ANY RELATIONSHIP BETWEEN 
GSCS AND CANCER STEM CELLS?
To date, the question concerning the cellular origin of 
cancer is still debated. Two major hypotheses have 
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been proposed regarding the formation of cancer: (1) 
Clonal evolution, or a stochastic model; and (2) a CSC 
model[40]. In the first model, every cell within a tumor 
mass has the equivalent self-renewal capacity and 
multilineage potency to drive tumor development. In 
the CSC model, cancer originates from a small rare 
population of undifferentiated stem cells with self-
renewal capacity. Given this theory, it is not surprising 
that the CSC hypothesis has gained considerable 
attention in recent years. 

As it is known, CSCs share similar biological pro
perties with normal somatic stem cells, including 
an extensive self-renewal capacity, expression of 
specific stem cell surface markers and genes and 
common signaling pathways. However, CSCs differ 
significantly from normal stem cells in their drug resis
tance and metastatic activities. Therefore, recent 
developments in the field of stem cell biology have led 
to the reconsideration of the definition of cancer. Many 
researchers suggest that cancer is a stem cell disease 
and focus on the CSCs theory to understand which 
cancer cells are responsible for the development of 
tumors, chemoresistance and high rates of recurrence.

Epithelial ovarian cancer (EOC) is the most lethal 
of all gynecological malignancies worldwide and the 
seventh leading cause of cancer-related death[41]. It is 
generally often diagnosed at late stages of the disease. 
Greater than 90% of EOCs arise from the ovarian 
surface epithelium (OSC). The molecular and cellular 
mechanisms underlying EOC remain poorly understood 
because of the complexity and heterogeneity of the 
tumor development process[42]. 

Accumulating experimental data have demonstrated 
that EOC is a stem cell-driven disease[43,44]. Over the last 
few years, several studies have focused on the isolation, 
identification, and characterization of stem cells from 
ovarian cancer cell lines, primary tumor tissues and 
ascites from cancer patients. Although no universal 
single marker has been found to isolate ovarian CSCs, 
several putative markers have been identified by 
several groups (Table 2). However, the isolation and 
characterization of CSCs have been the subject of 
extensive studies and the experimental strategies are 
still a matter of debate. 

The first evidence for the existence of a CSC popu
lation in EOC patients was reported by Bapat et al[8] The 
authors isolated a single tumorigenic clone from the 

ascites fluid of an ovarian cancer patient and defined 
the characteristics of this cell clone, which was identified 
as a stem/progenitor cell. They suggested that ovarian 
cancer may be the result of transformation and 
dysfunction of stem cells in the ovary. 

Subsequently, Szotek et al[9] identified stem cell-
like cells, or side population (SP) cells, in the murine 
transgenic epithelial ovarian cancer cell line MOVCAR-7, 
the human ovarian cancer cell lines OVCAR 3, SKOV-3 
and IGROV-1 and ascites from a small group of ovarian 
cancer patients using the dye efflux marker SP. Then, 
they went on to characterize the cell surface markers 
of these cells by flow cytometry. The authors found 
that c-kit/117 and CD44 were expressed in the mouse 
SP cells. However, human SP cells were not further 
functionally characterized in this study. 

In 2008, Zhang et al[10] isolated and identified a 
self-renewing subpopulation of cancer-initiating cells  
from human ovarian primary tumor tissues for the 
first time. They showed that these cells expressed 
various stem cell markers, including stem cell factor, 
Nanog, ATP Binding Cassette G-member protein 
(ABCG2), and Oct-4. These cells also demonstrated 
chemoresistance to cancer therapeutics and were able 
to initiate tumors in mice, as determined by evaluating 
the CD44+/CD117+ phenotype. Subsequent studies 
have demonstrated that CD133(+) cells have higher 
clonogenic and proliferative potential than CD133(-) 
cells in primary ovarian tumors[45,46]. This result is not 
consistent with a recently published study indicating 
the CD133 expression in tumorigenic ovarian cancer 
cells is heterogeneous[47]. Similarly, contradictory 
results have been obtained using CD24 for the chara
cterization of ovarian CSCs[13,48].

Although the origin of CSCs has been debated for 
a long time, a common consensus on this issue has 
not been reached. While some authors support the 
hypothesis that CSCs originate from normal stem cells 
undergoing malignant transformation[49,50], in vitro 
cancer models have shown that CSCs do not arise from 
normal stem cells[51]. Although several putative ovarian 
CSC markers have been identified, these markers can 
also be found on normal stem cells[52]. To understand 
the relationship between CSCs and normal stem 
cells, the gene expression profiles in human ovarian 
stem cells and ovarian cancer was analyzed, and the 
results showed that the expression of some genes is 
significantly reduced in malignant ovarian tumors but 
relatively unchanged in benign tumors compared to 
normal ovary[53]. Surprisingly, in a more recent study, 
a link between normal stem cells and CSCs in ovarian 
cancer was established[54]. The authors analyzed the 
expression patterns of the ovarian GSC marker DDX4 
and the ovarian CSC marker CD133 in ovarian cancers 
using tissue microarrays. They found that the levels of 
both DDX4 and CD133 were significantly increased in 
ovarian cancer, and the expression pattern of DDX4 was 
similar to that of CD133. Even more interesting, they 
showed that almost all CD133-positive cancer cells also 
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  Marker Ref.

  Side population Szotek et al[9]

  CD44/CD117 Zhang et al[10]

  Natriureticpeptide receptor A Kong et al[11]

  CD133 Ferradina et al[45]

  CD24 Gao et al[13]

  DEAD box polypeptide 4 Hashimoto et al[12] 

Table 2  Markers of ovarian cancer stem cells
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expressed DDX4 whereas the CD133-negative cells did 
not. 

The genetic program regulating the self-renewal 
and differentiation of CSCs plays a key role in cancer 
initiation, invasion and migration. A great body of 
evidence suggests that epigenetic changes and chrom
osomal alterations are responsible for tumor develo
pment including colorectal[55], breast[56], prostate[57], 
and hepatocellular carcinoma[58]. Epigenetic changes 
include altered DNA methylation, chromatin remodeling 
and non-coding small RNA (miRNA) expression. 
Recent developments in the understanding of the role 
of epigenetic mechanisms have shed new light on 
carcinogenesis. Taken together, similar to other cancers, 
determination of the epigenetic mechanisms involved 
in ovarian cancer opens promising new therapeutic 
avenues for treatment. 

It has been emphasized that DNA methylation might 
play a seminal role in tumor formation, development 
and metastasis. DNA methylation of the cytosine 
residues of CG (also designated as CpG) dinucleotides 
is the most well-known epigenetic mechanism. Long-
term silencing of genes in ES cells is under the control 
of the polycomb complex of proteins (PcG), and recent 
findings have shown that stem cell PcG targets are up 
to 20-fold more likely to have cancer-specific promoter 
methylation than nontargets, supporting a stem cell 
origin of cancer, including ovarian cancer[59,60]. Moreover, 
Baba et al[52] demonstrated that CD133 expression, 
which is a somatic stem cell marker, in ovarian cancer 
is directly controlled by both histone modifications and 
promoter methylation. Additionally, specific methylated 
DNA markers can be detected in the serum, plasma 
and peritoneal fluid of ovarian cancer patients[61]. 

MicroRNAs (miRNAs) are small noncoding RNAs 
that control gene expression post-transcriptionally and 
play pivotal roles in stem cell biology. Interestingly, 
emerging evidence suggests that some miRNAs are 
differentially expressed in CSCs and somatic cells and 
even in cancer cells, which indicates that these miRNAs 
may be involved in the regulation of cancer-related 
processes[62-65] Recently, the involvement of miRNAs 
in the tumorigenesis, metastasis and drug resistance 
of EOC has been increasingly reported; therefore, it 
has been proposed that miRNAs could present a novel 
therapeutic strategy for the management of ovarian 
cancer. 

Guo et al[65] showed that miR-9 was downregulated 
in human ovarian cancer compared to normal ovary, 
and overexpression of miR-9 repressed cell growth. 
Li et al[66] examined the role of miR-27a in the develo
pment of drug resistance in ovarian cancer cells, and 
they found that inhibition of miR-27a decreased the 
expression levels of the multi drug resistance 1 (MDR1) 
gene and increased paclitaxel-induced apoptosis. 
Another recent study reported aberrant miRNA 
expression in ovarian cancers compared to normal 
ovary. Iorio et al[67] reported the overexpression of miR-
200a, miR-141, miR-200c, and miR-200b, as well as the 

downregulation of miR-199a, miR-140, miR-145, and 
miR-125b1, in ovarian cancer cell lines. 

In light of these findings, it is clear that the CSCs 
play an important role in the development and 
maintenance of EOC, and epigenetic changes are 
responsible for the behavior of cancer progenitor cells 
and their progeny. 

CONCLUSION AND FUTURE 
PERSPECTIVE
The field of reproductive biology is still divided over 
the possibility of neo-oogenesis in the mammalian 
adult ovary between the supporters of this new 
theory[1,7,29,30] and the opponents who subscribe to 
the long-held dogma of a fixed number of follicles at 
birth[32,33,68]. In addition, a recurrent question concerns 
the physiological role of GSCs in the adult mammalian 
ovary. Nonetheless, the isolation and characterization 
of GSCs from human ovaries open new perspectives 
to design protocols for producing mature, competent 
oocytes in vitro for clinical application in assisted 
reproduction techniques (ART).

During the past years, attempts to generate 
competent oocytes from ES cells and induced pluri
potent stem cells have failed to meet expectations, 
and fertilization of ESC-derived oocytes remains to 
be demonstrated[69,70]. Recently, stem cells derived 
from newborn mouse skin have been shown to 
produce oocytes when cultured in an appropriate 
environment, but these oocytes were not able to 
undergo complete maturation[71]. Therefore, as a pure 
stem cell population that can be easily isolated, female 
GSCs provide a model to explore postnatal oogenesis 
in mammals. In addition, these cells may plausibly 
contribute to the preservation of sterility in women.

Many unanswered questions in the development of 
oocytes from GSCs remain to be addressed. Cultures 
of GSCs facilitate the characterization of factors that 
contribute to the development and regulation of 
oocytes[72]. Importantly, the epigenetic program and 
modifications involved in de novo oocyte formation 
in the adult ovary need to be further established[73].
A better understanding of these mechanisms of 
regulation may provide a means to stimulate the 
generation of oocytes in adult human ovaries in vivo. 

The question of menopause also remains to be 
addressed. If ovaries can generate new oocytes during 
adulthood, it can therefore be suggested that the 
process of menopause may be the consequence of 
GCS and ovarian somatic cell aging and not the result 
of depletion of the oocyte pool. Aging GSCs may arrest 
to differentiate into oocytes, and/or the environment 
of the GCS niche may fail to sustain oocyte generation. 
Therefore, the issue of menopause occurrence is 
not incompatible with the concept of postnatal neo-
oogenesis. 

Translational applications of germinal stem cell-
based strategies in the field of infertility treatment in 
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women may be achievable in the near future. Before 
the use of treatments that negatively impact fertility in 
women, samples taken from the ovaries could facilitate 
the isolation of GSCs for cryopreservation and/or for 
ex vivo expansion and subsequent differentiation 
into oocytes. Cultured GSCs could be transferred 
back into the ovaries after treatment to support neo-
folliculogenesis, or GSC-derived cultured oocytes could 
be fertilized in a program of in vitro fertilization[74].

Although these potential clinical applications give 
hope for the future, we are a considerable way from 
using female GSCs in ART to treat infertility in women.  

OC is the most lethal of all gynecological malig
nancies worldwide. To better understand cancers, 
researchers are now focusing on identifying the rela
tionship between CSCs and normal stem cells. While 
both stem cell types have the ability to self-renew, 
common signaling pathways and similar gene expre
ssion profiles, these important properties make it 
difficult to isolate and distinguish these cells from each 
other. Additionally, the field faces major challenges, 
including the absence of specific cell surface markers, 
inadequate isolation and differentiation protocols, 
the paucity of genome-wide studies, and also ethical 
restrictions. 

Taken together, it remains uncertain which ovarian 
cancer phenotype follows the stem cell model due 
to the complexity and heterogeneity of EOC. On the 
other hand, the initiation and progression of EOC 
is characterized by the activation of oncogenes and 
the switching of tumor suppressor gene expression 
by epigenetic mechanisms[75-77]. More importantly, 
there is evidence on the epigenetic regulation of 
pluripotency transcription factors, signaling mechanisms 
and self-renewal pathways that play a critical role 
in the transformation of GSCs into CSCs in EOC. 
This knowledge provides us with not only a better 
understanding of how cancer cells may arise from 
germinal stem cells, but it also contributes to the 
development of new technologies or strategies in the 
management of EOC.

Over the last several years, a great body of evidence 
supports the idea that ovarian CSCs are responsible 
for metastasis and drug resistance after chemotherapy 
in this life-threatening disease. The lack of markers 
for early detection is the main obstacle to effective 
treatment strategies. A better understanding of the 
molecular pathogenesis of EOC is needed to develop 
new drug therapies and/or diagnostic biomarkers.
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