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Abstract There have been some proposals that stem
cells exist in the ovarian surface epithelium (OSE) of the
adult human ovary; however, no direct evidence of such
cells has been given until now. The aim of this study was
to isolate the putative ovarian stem cells (OSCs) from
the OSE layer in women with no naturally present
oocytes and follicles—20 postmenopausal women and
five women with premature ovarian failure. Small
round cells with a bubble-like structure and diameters
from 2 to 4 mm were isolated from the material obtained
by OSE scraping. They expressed early embryonic de-
velopmental markers such as stage-specific embryonic
antigen-4 and Oct-4, Nanog, Sox-2, and c-kit tran-
scription markers, and they displayed prominent c-kit

immunohistochemical staining. These cells were sepa-
rated by density gradient centrifugation and grown
in vitro, where they proliferated. Some of them grew
intensively and reached a diameter of approximately
20 mm after 5–7 days. In the OSE cell culture, oocyte-
like cells developed, which reached a diameter of up to
95 mm and expressed Oct-4A, Oct-4B, c-kit, VASA, and
ZP2 transcription markers, corresponding to early
oocytes. They did not express SCP3 meiotic marker.
In conclusion, the discovered cells are proposed to rep-
resent the adult OSCs with the expression of embryonic
stem cell markers. The expression of germ lineage
marker c-kit points toward their primordial germ cell
ancestry. A new term ‘‘embryonic-like stem cells of the
adult’’ is proposed for embryonic-like stem cells that
might persist in various tissues and organs of adults.
These findings could be used for further studies aimed
at the autologous treatment of ovarian infertility and
degenerative diseases.

Key words cell culture � ovarian stem cell (OSC) �
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Introduction

During the past, for at least 50 years many studies have
shown that removing the ovarian surface epithelium
(OSE) in immature mammals does not later interfere
with the follicle/oocyte numbers of the ovary, and that
primordial germ cells (PGCs) arise in the early human
embryo outside the gonadal ridges (Simkins, 1928,
1932; Byskov, 1986). The PGCs are first identifiable in
the human embryo at about 3 weeks in the epithelium1Equal experimental contribution.
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of the yolk sac, which are then observed, expanded by
mitosis, migrating to the connective tissue of the hind
gut, and from there into the gut mesentery. Thirty days
or so after fertilization, the majority of PGCs pass into
the region of the developing kidneys, and into the ad-
jacent gonadal primordia (Johnson and Everitt, 2003).
A crucial event for gonadal function is the enclosure of
PGCs and somatic cells in specific germ cell compart-
ments (Byskov, 1986). However, several authors have
proposed the OSE as a source of oocytes producing
stem cells in the fetal and adult mammalian ovary. Be-
cause of that, the OSE cell layer was usually named the
‘‘germinal’’ epithelium (Waldeyer, 1870; Kingery, 1917;
Allen, 1923; Evans and Swezy, 1931). OSE is a normal,
naturally present source of germ cells in the fetal period
of life (Simkins, 1928, 1932). Scanning and transmission
electron microscopy have revealed numerous germ cells
(10 mm in diameter) within the ovarian OSE of human
fetuses from 7 to 24 weeks of intrauterine life (Motta
and Makabe, 1986).

There was some experimental evidence showing that
the stem cells might also be present in the adult human
OSE layer. Wright et al. (1996) have detected telom-
erase activity in the human fetal, newborn, and adult
OSE. Telomerase is a ribonucleoprotein that synthesizes
telomere repeats onto chromosome ends and is involved
in maintaining telomere length in germline tissues and
in stem and cancer cells. Kinugawa et al. (2000) ana-
lyzed the telomerase activity in normal human ovaries
and in five patients with premature ovarian failure
(POF). Telomerase activity was present in the normal
ovaries, however, it decreased with age. Two of the POF
patients showed high telomerase activity and three
showed low telomerase activity. Most epithelia of the
female reproductive tract maintain telomerase activity
during the reproductive age (Yokoyama et al., 1998).
Parrott et al. (2000) have found that normal human
OSE express high levels of c-kit receptor and kit-ligand/
stem cell factor (SCF) proteins in situ, and that SCF
gene expression in cultured OSE increases considerably.
Similarly, Silva et al. (2006) confirmed immunohisto-
logically, that cells in the OSE layer express c-kit in situ
in goat ovaries.

Bukovsky et al. (2004, 2005, 2006a, 2006b) proposed
OSE scraping in order to set-up the cell culture and to
differentiate stem cells into different cell types in vitro.
In the co-culture system, they observed the differenti-
ation of OSE cells into the oocyte-like cells and other
cell types, as confirmed by different markers, which
provided indirect confirmation of stem cells in the OSE
layer in postmenopausal women.

Johnson et al. (2004) have destroyed all primordial
follicles in pre-pubertal mice with the alkylating agent
busulfan, and confirmed the presence of meiotic active
oocytes in ovaries of the same animals in the adult pe-
riod of life. This could not be possible without stem cells
present and capable of differentiating into oocytes. The

same group also reported on putative germ cells, capa-
ble of generating oocytes in the bone marrow (BM) of
mice (Johnson et al., 2005). BM transplantation re-
stored the oocyte production in wild-type sterilized mice
by chemotherapy, as well as in ataxia teleangiectasia-
mutated gene-deficient mice, which are otherwise inca-
pable of making oocytes. The appearance of donor-
derived oocytes was also observed in female mice
following peripheral blood transplantation. Their re-
sults identify BM as a potential source of germ cells that
could sustain oocyte production in adulthood. Similarly,
Ratajczak’s group demonstrated that human bone mar-
row and umbilical cord blood, similar to the pancreas,
epidermis, myocardium, and testes in humans and an-
imals contain a population of stem cells, which express
early developmental markers, such as stage-specific em-
bryonic antigen-4 (SSEA-4) and transcription factors
such as Oct-4 and Nanog (Ratajczak et al., 2007). They
hypothesize that these cells are pluripotent stem cells,
which are deposited in the organs during embryogenesis,
probably during early gastrulation, and that they are
direct descendants of the primordial germ lineage. The
germ lineage creates soma to pass genes to the next
generations and therefore becomes a ‘‘mother lineage’’
for all somatic cell lineages in the adult human body.

It is recently accepted that aggressive ovarian tumors
originate from ovarian stem cells (OSCs), which start to
proliferate intensively without control (Jiang et al.,
2003; Piek et al., 2004; Bapat et al., 2005; Rosen et al.,
2005). More than 80% of ovarian tumors originate
from OSE. However, there has still not been any direct
proof of the existing OSCs in the human OSE. Szotek
et al. (2006) have identified breast cancer-resistance
protein 1-expressing verapamil-sensitive side popula-
tions in human ovarian cancer cell lines. They proposed
that in the future, individualized therapy must incor-
porate analysis of the stem cell-like subpopulation of
ovarian cancer cells when designing therapeutic strate-
gies for ovarian cancer patients.

In spite of all extensive experimental work, the pres-
ence of stem cells in the OSE of adult human ovaries
has not yet been proven. The aim of our work was
therefore to isolate and characterize the hypothetical
human OSCs with an embryonic character from the
adult OSE layer. For this experiment, women without
oocyte and follicle formation, i.e. postmenopausal
women and young infertile women with POF were cho-
sen in order to see whether OSCs can be isolated from
their OSE and grown in vitro.

Materials and methods

In this study, 20 postmenopausal women with a mean age of 59
years (50–75 years) and five infertile women with POF and a mean
age of 34 years (28–40 years) were included at the University Med-
ical Centre Ljubljana. None of them presented with ovarian cancer
and they received no hormonal induction of their ovaries. In the
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postmenopausal women, ovaries were surgically removed due to
different gynecological reasons (i.e., ovarian cysts, prevention of
breast cancer). Patients donated a part of the ovarian tissue (biopsy
material) for this research by informed consent. In infertile women
with POF, a standard diagnostic laparoscopic biopsy was per-
formed for stem cell retrieval. Likewise, stem cell retrieval was
performed after their informed consent.
In each biopsy material, OSE scraping was performed. Ovarian

biopsy specimens were gently washed in a saline solution more
times so not to impair the OSE layer too much. We tried to remove
blood-borne cells as much as possible. Retrieved cell suspension
was observed for the presence of potential stem cells and cultured
in vitro for 20 days. All histological analyses and ovarian cell cul-
tures were performed at the University Medical Centre Ljubljana.
This study was approved by the Slovenian Medical Ethical

Committee (Ministry of Health, Republic of Slovenia) and Slov-
enian Assisted Reproduction Authority.

Microscopy of cell suspensions and isolation of putative stem cells

Several drops of each cell suspension were observed immediately
after OSE scraping and then daily during the culture under the
heat-staged inverted microscope (Eclipse TE2000-S, Nikon, Tokyo,
Japan) at magnification� 200 or� 400, and under the heat-staged
light microscope at magnification� 1,000 (Zeiss Imager Z1,
equipped with Axiocam HRm camera, Oberkochen, Germany).
The types of cells present in a cell suspension were observed visu-
ally. We focused on small round cells and their intense prolifera-
tion. We tried to isolate putative stem cells from the scraped cell
suspension by centrifugation at 2,500 rpm for 10min, resuspension
of the pellet in a fresh pre-incubated medium, and then PureSperm
(NidaCon, Mölendal, Sweden) density gradient centrifugation
(100%/40%, 1,200 rpm for 30min). After density gradient centrif-
ugation there was a layer of cells between both fractions. This layer
of cells was removed by a 1ml syringe and checked under an in-
verted microscope for the presence of putative stem cells.

Histological analysis of ovarian tissue

A routine histology of ovarian tissue was performed on a part of
the cortex of each ovarian biopsy material to evaluate the presence
of follicles and oocytes in the ovarian cortex after hematoxylin–
eosin staining (HE). Another part of the tissue was used to set-up a
cell culture just after ovarian scraping and independently of histo-
pathological evaluation. For the evaluation of OSE, the ovarian
tissue was formalin-fixed, embedded in paraffin, and 10 mm sections
were collected on microscope slides. These sections were de-par-
affinized and rehydrated by immersion of slides in a 0.01M citrate
buffer, pH 6.0, at 981C for 40min. The slides were then cooled to
room temperature, incubated for 20min with a mouse monoclonal
antibody against high molecular weight cytokeratin, clone 34bE12
(Dako, Glostrup, Denmark) diluted 1:200 in phosphate-buffered
saline (PBS), washed, incubated with peroxidase-coupled rabbit
anti-mouse immunoglobulins (Dako), and peroxidase visualized by
diaminobenzidine solution as recommended by the vendor (Dako).
Finally, the slides were dehydrated and mounted in Canada balsam.
The sections were evaluated under the light microscope at magni-
fication� 400 for the presence of OSE cells exhibiting brown stain-
ing for cytokeratin and for the presence of putative stem cells.

OSE scraping and culture of cells in vitro

For the OSE cell cultures, we used Dulbecco’s modified Eagle’s
medium (DMEM) nutrient mixture/F12 ham medium (1:1) with
L-glutamine, 15mM HEPES, and phenol red (Sigma, St. Louis,
MO, USA). The medium was supplemented with sodium bicar-
bonate—3.7 g/l, antibiotics—50 mg/ml gentamycin, 100U/ml peni-
cillin, and 100 mg/ml streptomycin (DMEM/F12), with 20% (v/v)

fetal calf serum (FCS). The medium had a pH 7.4. Each biopsy
material was washed gently with a saline solution to prevent blood
contamination, and then placed in a small sterile Petri dish with 3ml
of pre-incubated culture medium. A sterile surgical blade (Feather,
Osaka, Japan) was used to scrape the cells from the ovarian surface
only, whereas the cortex was deliberately avoided. Five droplets of
the obtained cell suspension were put into a pre-incubated culture
medium in sterile Nunclon Surface plastic four-well plates (Nunc,
Roskilde, Denmark). In each well there was 350ml of culture me-
dium. The cells were cultured for 20 days in a CO2 incubator (Hera-
Cell Heraeus, Hanau, Germany) at 371C and at 5% CO2

concentration in air. The culture medium was not changed during
the whole period. The volume of the medium was kept constant by
the addition of some drops of medium each other day.
The settled cell cultures were evaluated daily under the inverted

microscope (Eclipse TE2000-S, Nikon) with a heat-staged plate at
� 200 or� 400 magnification to follow cell attachment and differ-
entiation. The development of oocyte-like cells was followed by the
standard morphological criteria (round shape, the presence of zona
pellucida and a polar body) and by the size (diameter of around
90mm), in order to confirm in vitro oogenesis.

Release of cells from the cell culture for analysis

For oocyte-like cell analysis, a part of the attached cell culture
including oocyte-like cells in plates was washed with PBS and then
detached enzymatically by 50% trypsin-EDTA (Sigma) solution in
a normal sterile saline for 4min at 371C. After cell detachment,
some drops of fetal calf serum were added into each well to stop the
activity of trypsin. Cell suspension was then centrifuged at 800 rpm
and at 371C for 10min and the pellet was resuspended in a fresh,
pre-incubated medium. Cell suspension was used for analyses.

Immunohistochemistry of c-kit marker

For immunohistochemical analyses of marker expression, putative
stem cells just after scraping and putative stem cells after 20 days of
culture were fixed in a 4% paraformaldehyde solution in PBS for
30min, permeabilized with 0.1% Triton-X, washed and blocked in
PBS containing 10% normal donkey serum (sc-2044, Santa Cruz
Biotechnology Inc., Santa Cruz, CA). The c-kit primary antibodies
used in this study were purchased from Santa Cruz Biotechnology
Inc. and used at 1:100 dilutions in PBS containing 1% normal
donkey serum overnight at 41C. Thereafter, the cells were washed
and incubated for 40min with a FITC-conjugated secondary an-
tibody (sc-2024, Santa Cruz Biotechnology Inc.) for the marker
c-kit. Cell nuclei were counterstained with 4,6-diamidino-
2 phenylindole (DAPI; blue). For negative control, the primary
antibody was excluded in the first incubation step. Immunohisto-
chemistry for c-kit marker was performed at the Reproductive
Genetics Institute Chicago.

Analysis of transcription markers Oct-4, Oct-4A, Oct-4B, Sox-2,
Nanog, c-kit, VASA, ZP2, SCP3 expression by reverse
transcription-polymerase chain reaction (RT-PCR)

Cell suspensions obtained immediately after ovarian scraping, in-
cluding putative stem cells, proliferating putative stem cells, and
oocyte-like cells after 20 days of culture were analyzed for the
transcription markers at the Blood Transfusion Centre of Slovenia.
Putative stem cells were analyzed for Oct-4, Oct-4A (stem cell
function), Oct-4B, Sox-2, Nanog, and c-kit transcription markers.
Oocyte-like cells were analyzed for Oct 4-A and Oct 4-B, c-kit,
VASA, ZP2, and SCP3 transcription markers.
Total RNA was isolated from cells using RNAeasy Mini Kit

(Qiagen, Hilden, Germany). The quality of the total RNA was
evaluated by optic density (A 260/280 ration of 41.9). RT-PCR
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was performed using the SuperScriptt One-Step RT-PCR with
Platinums Taq (Invitrogen, Carlsbad, CA) according to the man-
ufacturer’s instructions. Primer sequences for analyzed genes are
presented in Table 1.
Two negative controls were used; the first negative control was

DNAse/RNAse-free water and the second negative control was
total RNA isolated from the long lasting cell culture of fully differ-
entiated human adult chondrocytes. As a positive control for em-
bryonic stem cell markers, total RNA from the peripheral blood
was used according to Zangrossi et al. (2007), who reported that
human peripheral blood mononuclear cells expressed transcription
markers, characteristic of embryonic stem cells. As a positive
control for germ cell transcription markers, total RNA, isolated
from the non-fertilized human metaphase II (mature) oocytes,
and the prepared semen from the in vitro fertilization program
was used.
For the RT-PCR analyses, the products were deduced as correct

based on the predicted size of the amplified cDNA (Table 1), be-
cause we obtained primers from other authors, who had previously
confirmed the correction of PCR product with different methods
and reported the real genes and not pseudogenes (Table 1). We also
searched the sequences of analyzed genes in the GenBank from
National Centre for Biotechnology Information. All primer se-
quences used in our study were in the range of normal genes and
were also used for analyses of embryonic stem cell lines analyzed by
The International Stem Cell Initiative (Adewumi et al., 2007).

Flow-cytometry analysis of SSEA-4

To analyze the SSEA-4 on the cell surface (Draper et al., 2002), the
cells collected immediately after OSE scraping and the stem cells
collected after 20 days of culture were used. The cells in cell sus-
pension were washed in PBS containing 2% fetal bovine serum by
centrifugation. The cell suspension was diluted and about
5� 105 cells/sample were stained in the same medium with mouse
monoclonal antibodies specific for SSEA-4 (Abcam plc, Cam-
bridge, UK) for 30min on ice in the dark. Subsequently, the cells
were washed and incubated with FITC-conjugated goat anti-mouse
IgG (H1L) antibodies (Abcam plc) for 30min in the dark. Control
samples were stained with isotype-matched control antibodies.
After washing, the cells were analyzed on a FACSCalibur flow
cytometer (BD Biosciences, San Jose, CA), using CellQuest (BD
Biosciences) analysis software.

Results

In all patients included in this study, there were no
naturally present oocytes and follicles in the ovarian
cortex after HE staining of ovarian biopsy materials
(Fig. 1A). In all postmenopausal women a clear OSE
layer was seen (Fig. 1B). Among women with POF, an
OSE layer was present in four out of five women. It was
impossible to find putative stem cells in ovarian sections
after HE staining. We found them in ovarian sections
after cytokeratin staining. The proportion of putative
stem cells was estimated up to 10%. Putative stem cells
were slightly green colored, with a typical bubble-like
structure, and with similar dimensions as the putative
stem cells in the OSE scrapings (Figs. 1C,1D). They
were not cytokeratin stained. It was difficult to find
them among the surface epithelial cells, because the
margins of almost all epithelial cells were heavily
stained a brown color and they were very tightly
packed. We found some OSE regions which were not
stained with cytokeratin. It was impossible to estimate
the proportion of unstained cells. We also found clearly
visible single putative stem cells above the OSE layer
(Fig. 1C) or below the OSE layer, and also among
epithelial cells in crypts (Fig. 1E). There was no accu-
mulation of putative stem cells around blood vessels,
but they were more often present among epithelial cells
in the epithelial crypts, which extended into the ovarian
cortex.

Cells after OSE scraping

Immediately after OSE scraping in all 20 postmeno-
pausal women and in four women with POF with the
confirmed OSE layer, small round cells were found

Table 1 Primer sequences used for the RT-PCR

Gene Primers Size (bp) References

Oct-4 Oct-4F gaaggtattcagccaaacgac Oct-4R
gttacagaaccacactcgga

315 Klimanskaya et al. (2006)

Sox-2 Sox-2F atgcaccgctacgacgtga Sox-2R
cttttgcacccctcccattt

437 Bhattacharya et al. (2005)

Nanog NanogF tgcaaatgtcttctgctgagat NanogR
gttcaggatgttggagagttc

285 Klimanskaya et al. (2006)

Oct-4AB Common downstream antisense primer
ccacatcggcctgtgtatat Oct-4A
ctcctggagggccaggaatc Oct-4B
atgcatgagtcagtgaacag

381 for Oct-4A and
303 for Oct-4B

Takeda et al. (1992)

VASA VASA-F gactgcggcttttctcctacc VASA-R
tttggcgctgttcctttgat

416 Liu et al. (2007)

SCP3 SCP3-F gggaagccgtctgtgga SCP3-R
tgttttcaatctctggctctg

486 Liu et al. (2007)

c-kit c-kitF aaggacttgaggtttattcct c-kitR
ctgacgttcataattgaagtc

345 Tanikawa et al. (1998)

ZP ZP2-F gcctcccaggacccattctc ZP2-R
caggtagcagatggagccta

254 Lefievre et al. (2004)

F, forward; R, reverse; RT-PCR, reverse transcription-polymerase chain reaction.
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among collected epithelial cells (Figs. 1F,2). Their
diameter was from 2 to 4 mm and they had a small
bubble-like structure inside and slightly yellow appear-
ance (Figs. 2B,2C). We called them putative stem
cells. These putative stem cells were floating or were
captured in clusters of epithelial cells scraped from the
ovarian surface. Concerning the size of putative stem
cells, the epithelial cells were mostly of equal size, and
sometimes even smaller. Some blood cells were left in
the ovarian scrapings, but OSE cells strongly predom-
inated (Fig. 2A). After centrifugation, putative stem
cells were isolated successfully from the initial cell sus-
pension obtained by ovarian scraping and a relatively

homogenous cell population was obtained. A layer of
cells between both PureSperm fractions consisted of
a relatively homogenous population of putative stem
cells, which proliferated during the cell culture (Fig. 2D).
Their number per observation field under an inverted
microscope (magnifications �200 and �400) increased
considerably.

During the first 3 days of culture, all putative stem
cells grew only slightly (from 4 to 6–8 mm) (Fig. 3). At
the same time, some of them started to grow intensively
and they reached the diameter of approximately 20 mm
around day 5–7 of culture (Fig. 3C). After reaching this
size, they lost their ‘‘bubble-like’’ structure.

Fig. 1 Ovarian surface epithelium (OSE) and putative stem cells.
(A) OSE layer with no follicles and oocytes in the cortex after HE
staining of the ovarian section (light microscope, magnification
� 200). (B) OSE layer revealed by a brown color after cytokeratin
staining of the ovarian section (light microscope, magnification
� 400). (C) A small round cell with a bubble-like structure—pu-
tative stem cell (arrow) with a diameter of 4 mm above the OSE
layer after cytokeratin staining of the ovarian section (light micro-

scope, magnification� 400). (D) Putative stem cell (arrow) below
the tunica albuginea after cytokeratin staining of the ovarian sec-
tion (light microscope, magnification � 400). (E) Putative stem cell
(arrow) in the epithelial crypt after cytokeratin staining (light mi-
croscope,� 400). (F) Putative stem cell (arrow) in the cluster of
epithelial cells just after OSE scrapping (light microscope, � 1,000).
COR, ovarian cortex; HE, hematoxylin–eosin; OSE, ovarian sur-
face epithelium.
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Differentiation of cells in OSE cell culture

An OSE cell culture was successfully set-up in all post-
menopausal women and in four out of five patients with
POF, in whom the OSE layer was confirmed. The pa-
tient with no cell culture development had no confirmed
OSE layer.

In each cell culture, cells started to attach to the
bottom of the culture plate by day 1 and 2 with an
initiation of differentiation. Elongated cells—fibroblasts
were the first differentiated cells which developed in the
cell culture, and they grew during the culture. Putative
stem cells proliferated, and in many occasions they
were attached to fibroblasts, as seen by light microsco-
py. After day 10 of culture some somatic cell types
appeared differentiated in a cell culture: myoblast-like
cells, neuron-like cells, and a layer of epithelial cells.

Development of oocyte-like cells

On day 5 of the cell culture, oocyte-like cells with a
diameter of approximately 20mm developed among pro-
liferating small cells—putative stem cells in all postmeno-
pausal women and in four out of five women with POF.
Some oocyte-like cells were developed from putative stem

cells and they retained small bubble-like structures, which
disappeared with further growth (Fig. 4A). Oocyte-like
cells mostly grew attached to the fibroblasts, and it ap-
peared that putative stem cells helped them to grow (Fig.
4B). The majority of oocyte-like cells developed attached
to the plate bottom. Attached oocyte-like cells grew and
reached a diameter of 80–95mm by day 20 of culture (Fig.
5A). Some cells developed a zona pellucida-like structure
around them (Fig. 5B).

Immunohistochemistry for c-kit marker

Putative stem cells were positive for c-kit just after scrap-
ing. After 20 days of cell culture, prominent c-kit staining
was present in cells. It was present in the small cells—
putative stem cells, and also in bigger cells that have de-
veloped from the putative stem cells (Fig. 6A). The nuclei
were spread over almost the whole amount of putative
stem cells as revealed by DAPI staining (Fig. 6B).

Analysis of transcription markers Oct-4, Oct-4A, Oct-4B,
Sox-2, Nanog, c-kit, VASA, ZP2, and SCP3 by RT-PCR

After total RNA isolation from the cells that included a
mass of putative stem cells immediately after ovary

Fig. 2 Ovarian stem cells (OSCs). Small round cells with a bubble-
like structure—putative stem cells. (A) Cluster of epithelial cells in a
cell suspension immediately after OSE scraping without blood con-
tamination (inverted microscope, magnification � 400). (B) Some
epithelial cells and putative stem cells immediately after OSE
scraping (inverted microscope, magnification � 400). (C) Epithelial

cells and a putative stem cell immediately after OSE scraping (in-
verted microscope, magnification � 400). (D) Isolated and prolif-
erating culture of putative stem cells after 20 days of culture
(inverted microscope, magnification � 100). EC, epithelial cell;
OSE, ovarian surface epithelium; PSC, putative stem cell.
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scraping there was a strong expression of Oct-4, Oct-
4A, Oct-4B, Sox-2, Nanog, and c-kit transcription
markers (Figs. 7–9). Similarly, a positive control—total
RNA isolated from the peripheral blood expressed Oct-

4A, Oct-4B, Sox-2, and Nanog transcription markers.
After 20 days of the culture of the isolated and prolif-
erated population of putative OSCs, there was a strong
Oct-4 gene and Oct-4B gene expression, whereas the
expression of Sox-2 and Nanog genes decreased con-
siderably (Figs. 7–9).

After 20 days of culture, total RNA isolated from the
oocyte-like cells expressed Oct-4A and Oct-4B (Fig. 10),
c-kit (Fig. 11), VASA (Fig. 12), and ZP2 (Fig. 13) tran-
scription markers, whereas it did not express SCP3
transcription marker (Fig. 14).

Flow-cytometry analysis of antigen SSEA-4

Immediately after OSE scraping as well as after 20 days
of culture of the isolated cell population, the putative

Fig. 3 A small round cell with a clearly visible bubble-like structure
(arrow)—putative stem cell growing in the cell culture (A) with a
diameter of 6 mm; (B) with a diameter of 8mm on day 5 of culture;
(C) with a diameter of 20mm on day 7 of culture (all: light micro-
scope, magnification � 1,000).

Fig. 4 Oocyte-like cells developing among putative stem cells in the
cell culture. (A) Cells of different types, including oocyte-like cell,
which attached to the culture plate bottom and started to differ-
entiate among putative stem cells (inverted microscope, � 200). (B)
Oocyte-like cell developing in close contact with fibroblasts and
putative stem cells on day 5 of culture (inverted microscope,
� 400). F, fibroblast; O, oocyte-like cell; PSC, putative stem cells.
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stem cells expressed the SSEA-4 (Fig. 15). The propor-
tion of SSEA-4-positive cells varied from 10% to 32%.
After OSE scraping, the mean proportion of SSEA-
4-positive cells was 10%. The proportion of SSEA-4
positive cells after 20 days of culture was increased and
was 32% (Fig. 15).

Discussion

To our knowledge, this is the first report on the expres-
sion of embryonic stem cell markers in the OSCs ob-
tained from the OSE of postmenopausal and POF
women.

The women included in this study were carefully
clinically examined and they did not have follicles/
oocytes in the ovarian cortex. They received no hor-
monal induction of their ovaries. We also avoided

women with ovarian cancer in order to understand bet-
ter the normal ovary. Populations of women included in
this study are in the center of clinical interest, because
the female age and POF are the main factors which limit
the success of the current infertility treatment.

In our study, small round cells with a bubble-like
structure, with diameters from 2 to 4mm were found in a
cell suspension after OSE scraping. These cells had large
nuclei, which spread throughout the whole cell volume
with a very small proportion of cytoplasm around them.
They had also a slightly yellow appearance. We termed

Fig. 5 Oocyte-like cells after trypsin-EDTA detachment on day
20 of culture. (A) With a diameter of 95mm (inverted microscope,
� 400). (B) With a zona pellucida-like structure (inverted micro-
scope, � 200).

Fig. 6 OSCs stained immunohistochemically for c-kit after 20 days
of culture: a small putative stem cell with a diameter of 3 mm, and
a bigger cell with diameter of 20mm. (A) After FITC staining.
(B) After DAPI staining. The nucleus is spread over the whole
volume of the small OSC, whereas it covers one-fifth of the bigger
oocyte-like cell (both: fluorescent microscope, magnification � 400).
OSC, ovarian stem cells.
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them putative stem cells. These cells were isolated by
PureSperm density gradient centrifugation immediately
after scraping and they proliferated intensively during
the 20 days in culture. We observed that these cells grew
a little during the first 3 days of culture in vitro. Some of

them reached a diameter of 20 mm and acquired an
‘‘oogonium’’ like appearance around day 5–7 of culture.
The putative stem cells expressed early developmental
markers such as a SSEA-4 and transcription factors
Oct-4 (new name POU5F1)—Oct-4A and Oct-4B,
Sox-2, and Nanog immediately after scraping, there-
fore they could be considered as OSCs with embryonic
markers expression. Our finding is in accordance with
the results of the International Stem Cell Initiative that
characterized 59 human embryonic stem cell lines from
17 laboratories worldwide (Adewumi et al., 2007), and

Fig. 7 Transcription marker analysis by RT-PCR. (A) For Nanog.
(B) For Sox-2. (C) For Oct-4 transcript marker. Lane 1, molecular
marker 100 bp; lane 2, H2O (negative control); lane 3, proliferated
putative stem cells after 20 days of culture; lane 4, putative stem cell
just after OSE scraping; lane 5, oocyte-like cells; lane 6, cell culture of
fully differentiated human adult chondrocytes (negative control);
lane 7, peripheral blood (positive control). OSE, ovarian surface ep-
ithelium; RT-PCR, reverse transcription-polymerase chain reaction.

Fig. 8 Transcription marker analysis by RT-PCR. (A) For Nanog.
(B) For Sox-2. (C) For Oct-4 transcript marker. Lane 1, molecular
marker 100 bp; lane 2, proliferated putative stem cells after 20 days
of culture; lane 3, H2O (negative control); lane 4, peripheral blood
(positive control); lane 5, putative stem cells just after OSE scrap-
ing; lane 6, oocyte-like cells; lane 7, cell culture of fully differen-
tiated human adult chondrocytes (negative control); lane 8,
molecular marker 100 bp. OSE, ovarian surface epithelium; RT-
PCR, reverse transcription-polymerase chain reaction.

Fig. 9 Transcription marker analysis of putative stem cells by
RT-PCR for Oct-4A and Oct-4B transcript markers. Lane 1, pro-
liferated putative stem cells after 20 days of culture; lane 2, H2O
(negative control); lane 3, putative stem cells just after OSE scrap-
ing; lane 4, prepared sperm; lane 5, cell culture of fully differen-
tiated human adult chondrocytes (negative control); lane 6,
peripheral blood (positive control); lane 7, mature oocytes from
the in vitro fertilization program; lane 8, molecular marker (381 bp
for Oct-4A and 303 bp for Oct-4B). RT-PCR, reverse transcription-
polymerase chain reaction.

Fig. 10 Transcription marker analysis of oocyte-like cells by RT-
PCR for Oct-4A and Oct-4B transcript markers. Lanes 1–4, Oct-4A
analysis; lanes 5–7, Oct-4B analysis; lane 1, oocyte-like cells; lane 2,
H2O (negative control); lane 3, prepared semen (positive control);
lane 4, molecular marker; lane 5, oocyte-like cells; lane 6, H2O
(negative control); lane 7, prepared semen (positive control). RT-
PCR, reverse transcription-polymerase chain reaction.
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who found that despite diverse genotypes and different
techniques used for derivation and maintenance, all
lines exhibited similar expression patterns for several
markers of human embryonic stem cells, including the
glycolipid antigen SSEA-4 and strongly developmental-
ly regulated genes Oct-4 and Nanog. After 20 days of
in vitro culture, putative stem cells strongly expressed
Oct-4, whereas they only slightly expressed the Sox-2
and Nanog transcription markers. This could be ex-
plained by a decrease in their pluripotency during
culture. In the future, we will need to evaluate the dy-
namics of their embryonic markers expression during
cell culture. Our results are in discordance with the
recent study of Liu et al. (2007) who did not find pos-
itivity for any stem cell and germ cell markers in the
healthy adult human ovaries covering an age range
from 28 to 53 years, contrary to the testes and fetal
ovaries which served as positive controls. However,
they have focused on the ovarian cortex, whereas we
have focused on the OSE.

Putative stem cells expressed c-kit transcription
markers just after the OSE scraping. The cultured pu-
tative stem cells were also prominently stained for c-kit
markers as revealed by immunohistochemistry on day
20 of culture. It has been reported that different human
stem cell populations expressed tyrosine kinase receptor
c-kit, for example, the endogenous cardiac stem cells
(Barile et al., 2007). Hoyer et al. (2005) evaluated the
distribution of the c-kit and its ligand SCF by immuno-
histochemistry in PGCs and human embryonic gonads
during weeks 5–8 of prenatal life, and in fetal ovaries
during weeks 9–36 of prenatal life. Distinct c-kit and
SCF stainings were present in PGCs. C-kit receptor and
SCF as its ligand play important roles during the ascent
of primordial germ cells toward the gonadal ridge, and
during oogenesis and folliculogenesis in the human
fetal ovary. C-kit protein is also very important in the
adult ovary (Driancourt et al., 2000). During early

Fig. 11 Transcription marker analysis of putative stem cells and
oocyte-like cells by RT-PCR for c-kit transcript marker. Lane 1,
prepared semen (positive control); lane 2, oocyte-like cells; lane 3,
molecular marker 345 bp; lane 4, H2O (negative control); lane 5, cell
culture of fully differentiated human adult chondrocytes (negative
control); lane 6, putative stem cells just after OSE scraping; lane 7,
mature oocytes from the in vitro fertilization program (positive
control). OSE, ovarian surface epithelium; RT-PCR, reverse tran-
scription-polymerase chain reaction.

Fig. 12 Transcription marker analysis of oocyte-like cells by RT-
PCR for VASA transcript marker. Lane 1, putative stem cells just
after OSE scraping; lane 2, H2O (negative control); lane 3, prepared
semen (positive control); lane 4, peripheral blood; lanes 5 and 6,
mature oocytes from the in vitro fertilization program (positive
control); lane 7, oocyte-like cells; lane 8, molecular marker 416 bp).
OSE, ovarian surface epithelium; RT-PCR, reverse transcription-
polymerase chain reaction.

Fig. 13 Transcription marker analysis of oocyte-like cells by RT-
PCR for ZP2 transcript marker. Lane 1, molecular marker 254 bp;
lane 2, mature oocytes from the in vitro fertilization program; lane
3, H2O (negative control); lane 4, oocyte-like cells. RT-PCR, re-
verse transcription-polymerase chain reaction.

Fig. 14 Transcription marker analysis of oocyte-like cells by RT-
PCR for SCP3 transcript marker. Lane 1, H2O (negative control);
lanes 2 and 3, mature oocytes from the in vitro fertilization program
(positive control); lane 4, oocyte-like cells; lane 5, molecular marker
486 bp. RT-PCR, reverse transcription-polymerase chain reaction.
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folliculogenesis, the c-kit together with SCF controls
oocyte growth and theca cell differentiation, and pro-
tects preantral follicles from apoptosis. Formation of an
antral cavity requires a functional c-kit/SCF system. In
large antral follicles, the c-kit/SCF ligand interaction
modulates the ability of the oocyte to undergo cyto-
plasmic maturation and helps to maximize thecal an-
drogen output. Hence, many steps of oogenesis and
folliculogenesis appear to be, at least in part, controlled
by paracrine interactions between these two proteins.
The recent study of Hoei-Hansen et al. (2007) provides
new data supporting the idea that ovarian germ cell
tumors develop because of spontaneous c-kit muta-
tion(s) leading to increased survival and proliferation of
undifferentiated ongoing.

PGCs can give rise to pluripotent stem cells such as
embryonal carcinoma cells and embryonic germ cells
(EGCs). Kerr et al. (2008) examined the expression
patterns of multiple pluripotent markers in the human
fetal ovary, 5.5–15 weeks postfertilization and related
this expression with the ability to derive pluripotent
EGCs in vitro. They identified the specific subpopula-
tions which included OCT4(1)/Nanog(1)/cKIT(1)/
VASA(1) PGCs and oogonia. These cells also ex-
pressed SSEA4 expression that occurred throughout the

entire gonad. Isolation of these cells from the gonad
resulted in EGC colony formation. The number of
OCT4(1) or Nanog(1) expressing cells peaked by week
8 and then diminished after week 9 postfertilization, as
oogonia entered meiosis. They concluded that PGCs, a
unipotent cell, express most of the markers associated
with pluripotent cells in the human fetal ovary (Kerr
et al., 2008). The cell population, they have analyzed,
expressed the same markers, as putative OSCs in this
study.

The putative OSCs could be compared to the stem
cells found in different human and animal adult tissues
and organs (BM, bronchial epithelium, epidermis, myo-
cardium, pancreas, and testes) as reported by Ratajczak
et al. (2007), who also reported a novel population of
very small stem cells purified from the human bone
marrow (Kucia et al., 2006) and cord blood (Kucia
et al., 2007), with a diameter from 3 to 5 mm, which is
very comparable to the diameter of putative stem
cells—OSCs. They called these cells very small embry-
onic-like stem cells (VSEL). Similar to the putative stem
cells—OSCs, their VSEL stem cells were SSEA-4 and
Oct-4 positive. They hypothesized that the VSEL stem
cells could be descendants of epiblast cells and some
rare migrating PGCs (‘‘germ lineage’’) and that they are

Fig. 15 Populations of putative
stem cells (OSCs) immediately af-
ter OSE scraping (day 0) and on
day 20 of the culture. Both are
positive for SSEA-4 antigen as re-
vealed by flow-cytometry analysis.
OSC, ovarian stem cells; OSE, ovar-
ian surface epithelium; SSEA-4,
stage-specific embryonic antigen-4.
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deposited in the bone marrow early during embryogen-
esis and could be mobilized to the peripheral blood after
tissue or organ injury in an attempt to regenerate dam-
aged organs. These findings could be confirmed by the
findings of some other researchers, who published the
presence of stem cells with an embryonic character in
some adult tissues and organs: Guan et al. (2006), who
evidenced a population of stem cells with an embryonic
character in adult mouse testes, Beltrami et al. (2007) in
different adult human organs and tissues—liver, heart,
bone marrow, and McGuckin and Forraz (2008) in hu-
man umbilical cord blood. Moreover, the findings of
Drusenheimer et al. (2007) provided direct evidence that
human bone marrow cells with an embryonic-like char-
acter can in vitro differentiate into putative male germ
cells and identify bone marrow as a potential source of
male germ cells that could sustain sperm production.

Repeated rinsing of the tissue obtained by the ovar-
ian biopsy with a saline solution did not ensure that the
total clearing of microvascular beds of blood cells in
fact occurred. Also the peripheral blood used as a pos-
itive control for transcription marker analyses, was
positive for the expression of Oct-4, Oct-4A, and Oct-
4B, Sox-2, and Nanog genes, characteristic for embry-
onic stem cells. An important question arose, whether
the putative OSCs were derived from the ovary tissue or
simply ended up from the blood circulation. We cannot
exclude that OSCs came from the blood stream. In the
early human embryo, PGSs originate outside the go-
nadal ridges. They might be formed from the totipotent
embryonic stem cells (Bukovsky and Virant-Klun,
2007), thus expressing embryonic stem cell transcrip-
tion markers (Kerr at al., 2008). But, when we observed
many sections of ovarian tissue after cytokeratin stain-
ing in patients included in this study, there was no ac-
cumulation of putative stem cells around the blood
vessels. We found more putative stem cells among
epithelial cells in the epithelial crypts present in the
ovarian cortex, and in the region of the OSE layer or
below it. The epithelial–mesenchymal transition of
adult human OSE stem cells might be explained by
the fact that the putative stem cells and epithelial cells in
OSE scrapings were of the same dimensions. The diffi-
cult question of the real origin of putative ovarian stem
cells could be partially answered by the comparison of
the population of stem cells isolated from the adult hu-
man ovary with the stem cells with an embryonic char-
acter isolated from the human bone marrow and adult
organs.

In the OSE cell culture system, oocyte-like cells de-
veloped. They reached a diameter of up to 95 mm, which
is comparable to human oocytes in the in vitro fertil-
ization program. No other cells in the body, other than
neurons, have the capacity to grow this large. Some
oocyte-like cells developed zona pellucida-like struc-
tures. Oocyte-like cells expressed c-kit, Oct-4A, Oct-4B,
VASA, and ZP transcription markers. but were not

positive for early meiotic markers such as SCP3 protein,
as revealed by RT-PCR; they resembled early, imma-
ture oocytes. Oocyte-like cells were developing in close
contact with fibroblasts and putative stem cells, as seen
in the figures. It is known that the fibroblasts express
aromatase, which further catalyzes the turnover of
C(19) steroids into estrogens (Nelson and Bulun, 2001),
supporting the development of oocyte-like cells. Fibro-
blasts also release a fibroblast growth factor FGF (La-
vranos et al., 1994). In addition, the oocyte-like cells in
our study developed with the support of accompanying
putative stem cells, which possibly acted as granulosa
cells and supplied oocytes with additional required sub-
stances and organelles. It has already been proposed in
the past that OSE stem cells also differentiate into
primitive granulosa cells (Bukovsky et al., 2004).

In vitro oogenesis found in this study reflects the
processes in the human fetal ovaries. An important
question arose, whether a similar process might occur
also in the adult human ovary in vivo. Bukovsky et al.
(1995, 2001) postulated that a similar process is re-
sponsible for the de novo formation of follicles and
oocytes in the adult human ovary. They reported the
occurence of putative germ cells within the OSE of adult
human ovaries by using differential interference con-
trast and immunohistochemistry and concluded the
existing possibility that the adult OSE stem cells differ-
entiate from mesenchymal progenitors in ovarian tunica
albuginea and that the germ cells originated from OSE
stem cells by asymmetric division. In culture, OSE cells
undergo an epithelio-mesenchymal transition. The re-
sulting mesenchymal type cells can be stimulated to
differentiate back into the epithelial phenotype (Dyck
et al., 1996; Auersperg et al., 1999). On the other hand,
there were more experimentally and theoretically based
studies, which confirmed the opposite, that the end
number of follicles and oocytes is set up at the time of
birth, and that there is no de novo follicle/oocyte for-
mation in the adult human ovary (Zuckerman, 1951;
Block, 1952). During adult life, the supply of follicles is
said to decline until an advancing age, when the pri-
mordial pool is exhausted (Richardson et al., 1987).
This difficult and controversial question, which has al-
ready provoked many researchers (Albertini, 2004; Go-
sden, 2004; Telfer, 2004; Byskov et al., 2005), might also
be resolved in the future by means of the in vitro model.

In conclusion, this study empirically confirms the
presence of OSCs in the OSE layer of postmenopausal
women and in women with POF. Their embryonic
character was proven by the phenotyping and by tran-
scription marker analysis. The expression of germ lin-
eage marker c-kit on the OSCs probably indicates their
PGC ancestry. The existence of adult OSCs with em-
bryonic stem cell character in the ovaries adds new
perspectives to stem cell biology, namely it becomes
evident that in the adult, a larger family of similar em-
bryonic-like stem cells might persist in various tissues
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and organs. If future studies confirm this hypothesis, we
propose a new term for this group of stem cells, i.e.,
‘‘embryonic-like stem cells of the adult.’’ Besides using
these findings for further studies aimed at the auto-
logous treatment of ovarian infertility, they could also
be used for the development of stem cell therapy models
for degenerative diseases.
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Unit, the Department of Obstetrics and Gynaecology, the Univer-
sity Medical Centre Ljubljana, and to all other people supporting
this work. This research was financially supported by the Slovenian
Research Agency: research grant J3-6437 (Dr. Irma Virant-Klun)
and research grant J3-9612 (Dr. Primo& Ro&man).

References

Adewumi, O., Aflatoonian, B., Ahrlund-Richter, L., Amit, M.,
Andrews, P.W., Beighton, G., Bello, P.A., Benvenisty, N., Berry,
L.S., Bevan, S., Blum, B., Brooking, J., Chen, K.G., Choo, A.B.,
Churchill, G.A., Corbel, M., Damjanov, I., Draper, J.S., Dvo-
rak, P., Emanuelsson, K., Fleck, R.A., Ford, A., Gertow, K.,
Gertsenstein, M., Gokhale, P.J., Hamilton, R.S., Hampl, A.,
Healy, L.E., Hovatta, O., Hyllner, J., Imreh, M.P., Itskovitz-
Eldor, J., Jackson, J., Johnson, J.L., Jones, M., Kee, K., King,
B.L., Knowles, B.B., Lako, M., Lebrin, F., Mallon, B.S., Man-
ning, D., Mayshar, Y., McKay, R.D., Michalska, A.E., Mikkola,
M., Mileikovsky, M., Minger, S.L., Moore, H.D., Mummery,
C.L., Nagy, A., Nakatsuji, N., O’brien, C.M., Oh, S.K., Olsson,
C., Otonkoski, T., Park, K.Y., Passier, R., Patel, H., Patel, M.,
Pedersen, R., Pera, M.F., Piekarczyk, M.S., Pera, R.A., Reubin-
off, B.E., Robins, A.J., Rossant, J., Rugg-Gunn, P., Schulz, T.C.,
Semb, H., Sherrer, E.S., Siemen, H., Stacey, G.N., Stojkovic, M.,
Suemori, H., Szatkiewicz, J., Turetsky, T., Tuuri, T., van den
Brink, S., Vintersten, K., Vuoristo, S., Ward, D., Weaver, T.A.,
Young, L.A. and Zhang, W. (2007) The International Stem Cell
Initiative characterization of human embryonic stem cell lines
by the International Stem Cell Initiative. Nat Biotechnol 25:
803–816.

Albertini, D.F. (2004) Micromanagement of the ovarin reserve—do
stem cells play into the ledger? Reproduction 127:513–514.

Allen, A. (1923) Ovogenesis during sexual maturity. Am J Anat
31:439–481.

Auersperg, N., Pan, J., Grove, B.D., Peterson, T., Fisher, J.,
Maines-Bandiera, S., Somasiri, A. and Roskelley, C.D. (1999) E-
cadherin induces mesenchymal-to-epithelial transition in human
ovarian surface epithelium. Proc Natl Acad Sci USA 96:6249–
6254.

Bapat, S.A., Mali, A.M., Koppikar, C.B. and Kurrey, N.K. (2005)
Stem and progenitor-like cells contribute to the aggressive be-
havior of human epithelial ovarian cancer. Cancer Res 65:3025–
3029.

Barile, L., Messina, E., Giacomello, A. and Marban, E. (2007)
Endogenous cardiac stem cells. Prog Cardiovasc Dis 50:31–48.

Beltrami, A.P., Cesselli, D., Bergamin, N., Marcon, P., Rigo, S.,
Puppato, E., D’Aurizio, F., Verardo, R., Piazza, S., Pignatelli,

A., Poz, A., Baccarani, U., Famiani, D., Fanin, R., Mariuzzi, L.,
Finato, N., Masolini, P., Burelli, S., Belluzzi, O., Schneider, C.
and Beltrami, C.A. (2007) Multipotent cells can be generated
from several adult human organs. Blood 110:3438–3445.

Bhattacharya, B., Cai, J., Luo, Y., Miura, T., Mejido, J., Brimble,
S.N., Zeng, X., Schulz, T.C., Rao, M.S., Rao, M.S. and Puri,
R.K. (2005) Comparison of the gene expression profile of un-
differentiated human embryonic stem cell lines and differentiat-
ing embryoid bodies. BMC Dev Biol 5:5–22.

Block, E. (1952) Quantitative morphological investigations of the
follicular system in women. Variations at different ages. Acta
Anat (Basel) 14:108–123.

Bukovsky, A., Caudle, M.R., Keenan, J.A., Updahyaya, N.B., Van
Meter, S.E., Wimalasena, J. and Elder, R.F. (2001) Association
of mesenchymal cells and immunoglobulins with differentiating
epithelial cells. BMC Dev Biol 1:11, http://www.biomedcentral.
com/1471-213X/1/11

Bukovsky, A., Caudle, M.R., Svetlikova, M. and Upadhyaya, N.B.
(2004) Origin of germ cells and formation of new primary fol-
licles in adult human ovaries. Reprod Biol Endocrinol 2:20,
http://www.rbej.com/content/2/1/20

Bukovsky, A., Copas, P. and Virant-Klun, I. (2006b) Potential new
strategies for the treatment of ovarian infertility and degenerative
diseases with autologous ovarian stem cells. Expert Opin Biol
Ther 6:341–365.

Bukovsky, A., Keenan, J.A., Caudle, M.R., Wimalasena, J., Up-
adhyaya, N.B. and Van Meter, S.E. (1995) Immunohistochem-
ical studies of the adult human ovary: possible contribution of
immune and epithelial factors to folliculogenesis. Am J Reprod
Immunol 33:323–340.

Bukovsky, A., Svetlikova, M. and Caudle, M.R. (2005) Oogenesis
in cultures derived from adult human ovaries. Reprod Biol End-
ocrinol 3:17, http://www.rbej.com/content/3/1/17

Bukovsky, A. and Virant-Klun, I. (2007) Adult stem cells in the
human ovary. In: Simon, C. and Pellicer, A. ed. Stem cells in
human reproduction. Informa Healthcare, London, pp. 53–69.

Bukovsky, A., Virant-Klun, I., Svetlikova, M. and Willson, I.
(2006a) Ovarian germ cells. Methods Enzymol 419:208–258.

Byskov, A.G. (1986) Differentiation of mammalian embryonic go-
nad. Physiol Rev 66:71–117.

Byskov, A.G., Faddy, M.J., Lemmen, J.G. and Andersen, C.J.
(2005) Eggs forever? Differentiation 73:438–446.

Draper, J.S., Pigott, C., Thomson, J.A. and Andrews, P.W. (2002)
Surface antigens of human embryonic stem cells: changes upon
differentiation in culture. J Anat 200:249–258.

Driancourt, M.A., Reynaud, K., Cortvrindt, R. and Smitz, J.
(2000) Roles of KIT and KIT LIGAND in ovarian function. Rev
Reprod 5:143–152.

Drusenheimer, N., Wulf, G., Nolte, J., Lee, J.H., Dev, A., Dressel,
R., Gromoll, J., Schmidtke, J., Engel, W. and Nayernia, K.
(2007) Putative human male germ cells from bone marrow stem
cells. Soc Reprod Fertil 63(Suppl.): 69–76.

Dyck, H.G., Hamilton, T.C., Godwin, A.K., Lynch, H.T., Maines-
Bandiera, S. and Auersperg, N. (1996) Autonomy of the
epithelial phenotype in human ovarian surface epithelium:
changes with neoplastic progression and with a family history
of ovarian cancer. Int J Cancer 69:429–436.

Evans, H.M. and Swezy, O. (1931) Ovogenesis and the normal
follicular cycle in adult mammalia. Mem Univ Calif 9:119–224.

Gosden, R.G. (2004) Germline stem cells in the postnatal ovary:
is the ovary more like a testis? Hum Reprod Update 10:
193–195.

Guan, K., Nayernia, K., Maier, L.S., Wagner, S., Dressel, R., Lee,
J.H., Nolte, J., Wolf, F., Li, M., Engel, W. and Hassenfus, G.
(2006) Pluripotency of spermatogonial stem cells from adult
mouse testis. Nature 440:1199–1203.

Hoei-Hansen, C.E., Kraggerud, S.M., Abeler, V.M., Kaern, J.,
Rajpert-De Meyts, E. and Lothe, R.A. (2007) Ovarian dysger-
minomas are characterised by frequent KIT mutations and
abundant expression of pluripotency markers. Mol Cancer 6:12.

855

http://www.biomedcentral.com/1471-213X/1/11.3d
http://www.biomedcentral.com/1471-213X/1/11.3d
http://www.rbej.com/content/2/1/20.3d
http://www.rbej.com/content/3/1/17.3d


Hoyer, P.E., Byskov, A.G. and Mollgard, K. (2005) Stem cell fac-
tor and c-Kit in human primordial germ cells and fetal ovaries.
Mol Cell Endocrinol 234:1–10.

Jiang, F., Saunders, B.O., Haller, E., Livingston, S., Nicosia, S.V.
and Bai, W. (2003) Conditionally immortal ovarian cell lines for
investigating the influence of ovarian stroma on the estrogen
sensitivity and tumorigenicity of ovarian surface epithelial cells.
In Vitro Cell Dev Biol Anim 39:304–312.

Johnson, J., Bagley, J., Skaznik-Wikiel, M., Lee, H.J., Adams, G.B.,
Niikura, Y., Tschudy, K.S., Till, J.C., Cortes, M.L., Forkert, R.,
Spitzer, T., Iacomini, J., Scadden, D.T. and Tilly, J.L. (2005)
Oocyte generation in adult mammalian ovaries by putative germ
cells in bone marrow and peripheral blood. Cell 122:303–315.

Johnson, J., Canning, J., Kaneko, T., Pru, J.K. and Tilly, J.L.
(2004) Germline stem cells and follicular renewal in the postnatal
mammalian ovary. Nature 428:145–150.

Johnson, M.H. and Everitt, B.J. (2003) Essential reproduction.
Blackwell Science, London.

Kerr, C.L., Hill, C.M., Blumenthal, P.D. and Gearhart, J.D. (2008)
Expression of pluripotent stem cell markers in the human fetal
ovary. Hum Reprod 23:589–599.

Kingery, H.M. (1917) Oogenesis in the white mouse. J Morphol
30:261–315.

Kinugawa, C., Murakami, T., Okamura, K. and Yajima, A. (2000)
Telomerase activity in normal ovaries and premature ovarian
failure. Tohoku J Exp Med 190:321–328.

Klimanskaya, I., Chung, Y., Becker, S., Lu, S.J. and Lanza, R.
(2006) Human embryonic stem cell lines derived from single
blastomere. Nature 444:481–485.

Kucia, M., Halasa, M., Wysoczynski, M., Baskiewicz-Masiuk, M.,
Moldenhawer, S., Zuba-Surma, E., Czajka, R., Wojakowski, W.,
Machalinski, B. and Ratajczak, M.Z. (2007) Morphological and
molecular characterization of novel population of CXCR41
SSEA-41 Oct-41 very small embryonic-like cells purified from
human cord blood: preliminary report. Leukemia 21:297–303.

Kucia, M., Zuba-Surma, E., Wysoczynski, M., Dobrowolska, H.,
Reca, R., Ratajczak, J. and Ratajczak, M.Z. (2006) Physiological
and pathological consequences of identification of very small
embryonic like (VSEL) stem cells in adult bone marrow. J
Physiol Pharmacol 57:5–18.

Lavranos, T.C., Rodgers, H.F., Bertoncello, I. and Rodgers, R.J.
(1994) Anchorage-independent culture of bovine granulosa cells:
the effects of basic fibroblast growth factor and dibutyryl cAMP
on cell division and differentiation. Exp Cell Res 211:245–251.

Lefievre, L., Conner, S.J., Salpekar, A., Olufowobi, O., Ashton, P.,
Pavlovic, B., Lenton, W., Afnan, M., Brewis, I.A, Monk, M.,
Hughes, D.C. and Barratt, C.L.R. (2004) Four zona pellucida
glycoproteins are expressed in the human. Hum Reprod 19:1580–
1586.

Liu, Y., Wu, C., Lyu, Q., Yang, D., Albertini, D.F., Keefe, D.L.
and Liu, L. (2007) Germline stem cells and neo-oogenesis in the
adult human ovary. Dev Biol 306:112–120.

McGuckin, C.P. and Forraz, N. (2008) Potential for access to em-
bryonic-like cells from human umbilical cord blood. Cell Prolif
41(Suppl. 1): 31–40.

Motta, P.M. and Makabe, S. (1986) Germ cells in the ovarian sur-
face during fetal development in humans. A three-dimensional
microanatomical study by scanning and transmission electron
microscopy. J Submicrosc Cytol 18:271–290.

Nelson, L.R. and Bulun, S.E. (2001) Estrogen production and ac-
tion. J Am Acad Dermatol 45:S116–S124.

Parrott, J.A., Kima, G. and Skinner, M.K. (2000) Expression and
action of kit ligand/stem cell factor in normal human and bovine
ovarian surface epithelium and ovarian cancer. Biol Reprod
62:1600–1609.

Piek, J.M., Dorsman, J.C., Shvarts, A., Ansink, A.C., Massuger,
L.F., Scholten, P., van Diest, P.J., Dijkstra, J.C., Weegenaar, J.,
Kenemans, P. and Verheijen, R.H. (2004) Cultures of ovarian
surface epithelium from women with and without a hereditary
predisposition to develop female adnexal carcinoma. Gynecol
Oncol 92:819–826.

Ratajczak, M.Z., Machalinski, B., Wojakowski, W., Ratajczak, J.
and Kucia, M. (2007) A hypothesis for an embryonic origin of
pluripotent Oct-4(1) stem cells in adult bone marrow and other
tissues. Leukemia 21:860–867.

Richardson, S.J., Senikas, V. and Nelson, J.F. (1987) Follicular
depletion during the menopausal transition: evidence for accel-
erated loss and ultimate exhaustion. J Clin Endocrin Met
65:1231–1237.

Rosen, D.G., Yang, G., Bast, R.C. Jr. and Liu, J. (2005) Use of ras-
transformed human ovarian surface epithelial cells as a model for
studying ovarian cancer. Methods Enzymol 407:660–676.

Silva, J.R., van den Hurk, R., van Tol, H.T., Roelen, B.A. and
Figueiredo, J.R. (2006) The kit ligand/c-kit receptor system in
goat ovaries: gene expression and protein localization. Zygote
14:317–328.

Simkins, C.S. (1928) Origin of the sex cells in man. Am J Anat
41:249–253.

Simkins, C.S. (1932) Development of the human ovary from birth
to sexual maturity. J Anat 51:465–505.

Szotek, P.P., Pieretti-Vanmarcke, R., Masiakos, P.T., Dinulescu,
D.M., Connolly, D., Foster, R., Dombkowski, D., Preffer, F.,
Maclaughlin, D.T. and Donahoe, P.K. (2006) Ovarian cancer
side population defines cells with stem cell-like characteristics
and Mullerian inhibiting substance responsiveness. Proc Natl
Acad Sci USA 103:11154–11159.

Takeda, J., Seino, S. and Bell, G.I. (1992) Human Oct3 gene family:
cDNA sequences, alternative splicing, gene organization,
chromosomal location, and expression at low levels in adult tis-
sues. Nucleic Acids Res 20:4613–4620.

Tanikawa, M., Harad, T., Mitsunari, M., Onohara, Y., Iwabe, T.
and Terakawa, N. (1998) Expression of c-kit messenger ribonu-
cleic acid in human oocyte and presence of soluble c-kit in fol-
licular fluid. J Clin Endocrin Met 83:1239–1242.

Telfer, E.E. (2004) Germline stem cells in the postnatal mammalian
ovary: a phenomenon of prosimian primates and mice? Reprod
Biol Endocrinol 2:24–25.

Waldeyer, W. (1870) Eirstock und Ei. Engelmann, Leipzig, Ger-
many.

Wright, W.E., Piatyszek, M.A., Rainey, W.E., Byrd, W. and Shay,
J.W. (1996) Telomerase activity in human germline and embry-
onic tissues and cells. Dev Genet 18:173–179.

Yokoyama, Y., Takahashi, Y., Shinohara, A., Lian, Z. and Tama-
ya, T. (1998) Telomerase activity in the female reproductive tract
and neoplasms. Gynecol Oncol 68:145–149.

Zangrossi, S., Marabese, M., Broggini, M., Giordano, R., D’Er-
asmo, M., Montelatici, E., Intini, D., Neri, A., Pesce, M., Re-
bulla, P. and Lazzari, L. (2007) Oct-4 expression in adult human
differentiated cells challenges its role as a pore stem cell marker.
Stem Cells 25:1675–1680.

Zuckerman, S. (1951) The number of oocytes in the mature ovary.
Recent Prog Horm Res 6:63–109.

856




