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Abstract Pluripotent stem cells are still generally accepted
not to exist in adult human ovaries, although increasing
studies confirm the presence of pluripotent/multipotent stem
cells in adult mammalian ovaries, including those of humans.

The aim of this study is to isolate, characterize and differentiate
in vitro stem cells that originate from the adult human ovarian
cortex and that express markers of pluripotency/multipotency.
After enzymatic degradation of small ovarian cortex biopsies
retrieved from 18 women, ovarian cell cultures were success-
fully established from 17 and the formation of cell colonies
was observed. The presence of cells/colonies expressing some
markers of pluripotency (alkaline phosphatase, surface antigen
SSEA-4, OCT4, SOX-2, NANOG, LIN28, STELLA), germi-
nal lineage (DDX4/VASA) and multipotency (M-
CAM/CD146, Thy-1/CD90, STRO-1) was confirmed by var-
ious methods. Stem cells from the cultures, including small
round SSEA-4-positive cells with diameters of up to 4 μm,
showed a relatively high degree of plasticity. We were able to
differentiate them in vitro into various types of somatic cells of
all three germ layers. However, these cells did not form tera-
toma when injected into immunodeficient mice. Our results
thus show that ovarian tissue is a potential source of stem cells
with a pluripotent/multipotent character for safe application in
regenerative medicine.

Keywords Adult ovarian stem cells . Tissue-specific stem
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Introduction

The existence of stem/progenitor cells in adult mammalian
ovaries has recently been confirmed, although significant con-
fusion remains about the types of stem/progenitor cells present
and their properties. The latest studies have shown that stem
cells occur in most of the compartments of adult ovaries, from
the ovarian surface epithelium (OSE; Bukovsky et al. 2005;
Szotek et al. 2008; Virant-Klun et al. 2008, 2009, 2011, 2013)
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and cortex (Zou et al. 2009; Pacchiarotti et al. 2010; Gong et al.
2010; White et al. 2012) to the follicles (Honda et al. 2007;
Kossowska-Tomaszczuk et al. 2009).

The OSE has been studied by using various approaches.
Gene expression profiling of OSE that was not cultured but
only removed from the surface of healthy andmalignant human
ovaries and analysed has shown a high expression of genes
related to adult stem cell maintenance and multipotency (Bow-
en et al. 2009). Similarly, Szotek et al. (2008) have identified a
population of label-retaining cells exhibiting stem/progenitor
cell characteristics in the OSE layer. In cell cultures from OSE
scrapings, the presence of putative pluripotent stem cells has
been confirmed by using more detailed gene expression anal-
ysis. These putative stem cells are able to develop into oocyte-
like, embryoid body-like and parthenogenetic embryo-like
structures and express some markers of pluripotency, such as
SOX-2, OCT-4 and NANOG (Virant-Klun et al. 2008, 2009,
2011). These findings have also been extended to other mam-
malian species: rabbit, sheep and monkey (Parte et al. 2011).
All these studies have demonstrated that probably two distinct
populations of stem/progenitor cells exist in the OSE: a popu-
lation of small cells resembling very small embryonic-like stem
cells (VSELs) and a population of larger putative stem cells.
The potential presence of VSELs in adult human ovaries is in
accordance with the findings of Ratajczak and his co-workers
who first discovered VSELs in human bone marrow (Kucia
et al. 2006) and some other adult tissues and organs (Ratajczak
et al. 2008; Paczkowska et al. 2009).

Although the existence of stem/progenitor cells located in the
OSE is no longer questionable, the existence of stem/progenitors
cells in adult ovarian cortical tissue has not been confirmed until
now. Approximately 40 years ago, specific cells from the ovar-
ian stromawere demonstrated to be involved in the development
of follicles but they were not identified in detail (Peters and
Pedersen 1967; Byskov and Lintern-Moore 1973). From today’s
perspective, they can be named “stem” or “progenitor” cells.
The recent report by White et al. (2012) is in accordance with
some previous studies in the mouse model. Zou et al. (2009)
used a similar isolation protocol to that ofWhite et al. (2012) and
successfully established the long-term culture of Mvh (human
VASA)-positive cells from adult and neonatal mouse ovaries.
Pacchiarotti et al. (2010) established a multipotent germ stem
cell line by using the transgenic Oct4-GFP mouse model. Gong
et al. (2010) described the isolation of colony-forming cells,
which expressed some markers specific for embryonic stem
cells, formed embryoid bodies and teratomas but did not express
germline markers MVH and Fragilis. All these studies support
the existence of stem/progenitor cells in the adult ovarian cortex
but these cells might be of different types. White et al. (2012)
claimed to have isolated mitotically active germ cells (germline
stem cells) from adult human ovarian cortical tissue by using
fluorescence-activated cell sorting (FACS) of cells expressing
DDX4/VASA. Although this work is important, some doubts

remain about the effectiveness of the isolation protocol. Zhang
et al. (2012) used the Rosa26rbw/+;Ddx4-Cre germline reporter
mouse model but did not find any mitotically active Ddx4-
expressing cells in postnatal mouse ovaries. Whereas the pres-
ence of two different types of pluripotent stem/progenitor cells is
indicated in the cortical tissue of adult mouse ovaries, only
germline stem cells have been reported to be present in the adult
ovarian cortex in humans. Therefore, the aims of this study
were (1) to create ovarian stem cell lines from adult human
ovarian cortex biopsies (after enzymatic degradation of tissue
to retain most cell types of the ovarian niche), (2) to confirm
and characterize stem cells expressing some markers of
pluripotency/multipotency, (3) to isolate a relatively homoge-
neous population of stem cells from the cell cultures and (4) to
differentiate stem cells in vitro into the somatic cells of all
three germ layers.

Materials and methods

Ovarian cortex biopsies were collected from 18 patients who
had a mean age of 50 years (range: 35–73 years) and who
were surgically treated at the University Medical Centre Lju-
bljana for various gynaecological reasons (non-ovarian can-
cer, removal of ovaries to prevent breast cancer, removal of
myoma). This study was approved by the Slovenian National
Medical Ethics Committee (no. 135/09/09). Each patient was
included in the study only after written consent was obtained
confirming their voluntary participation.

Enzymatic degradation of ovarian tissue

Collected ovarian biopsies were first cut into small pieces by
using a scalpel and then incubated for 10 min in 0.6 mg/ml
collagenase type XI (Sigma-Aldrich) in basal medium
consisting of DMEM/F-12 culture medium (Sigma-Aldrich)
with 3.7 g/l NaHCO3, 1 % penicillin/streptomycin (Sigma-Al-
drich), pH adjusted to 7.4 with 1 M NaOH. Following centrifu-
gation at 1400 rpm for 8 min, the supernatant was discarded and
the pellet was re-suspended in an enzymemixture of collagenase
type XI (0.6 mg/ml) and commercially prepared hyaluronidase
(SynVitro Hydase, Origio). After 10 min, the enzymes were
inactivated by using 10 % FBS (fetal bovine serum; Gibco) and
the suspension of cells was centrifuged again. The supernatant
was discarded and the pellet was re-suspended in basal medium.
The suspension of cells was passed through a 70-μm cell
strainer (BD Falcon), divided into three centrifuge tubes and
then centrifuged again.

Culture of ovarian cells

After centrifugation, the pellets were re-suspended in 4 ml of
the following culture media: (1) basal medium with 20 %
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(v/v) FBS, (2) basal medium with 20 % follicular fluid (FF)
from the in vitro fertilization program (prepared as blood serum)
or (3) a medium usually used to culture human embryonic stem
cells (hESCs) and composed of basal medium, 20 % KnockOut
Serum Replacement (Gibco), 1 mM L-glutamine (PAA), 1 %
non-essential amino acids (PAA), 0.1 mM 2-mercaptoethanol
(Invitrogen), 13 mM HEPES, 8 ng/ml human basic fibroblast
growth factor (bFGF; Sigma-Aldrich). The suspensions of cells
were then transferred into 0.2 % gelatine-coated 12-well culture
plates (TPP) in a volume of 1 ml/well. Cells were passaged
approximately every 12–18 days by using 0.15 % trypsin-
EDTA (Sigma-Aldrich). In the optimal cell cultures, approxi-
mately 20 passages were performed during the 8-month cell
culturing period. Cells were monitored daily under a heat-staged
inverted microscope (Nikon ECLIPSE TE-2000S).

Analyses of cells/colonies for pluripotency or multipotency

Alkaline phosphatase staining

An Alkaline Phosphatase Detection Kit (Millipore) was used
to detect alkaline phosphatase (AP) activity. Cells were fixed
in 4 % paraformaldehyde (PFA) for 1 min and incubated in a
working solution of reagents that consisted of Fast Red
Violet, Naphtol AS-BI phosphate solution and water in a
2:1:1 ratio. After 15 min, the cells were rinsed with
phosphate-buffered saline (PBS) and observed under an
inverted microscope (Hoffman illumination). The cells or
cell colonies expressing AP activity were stained pink to red.

Immunocytochemistry

Pluripotent and mesenchymal stem cells markers were used
to analyse cultured cells and to determine their stemness.
Immunocytochemical staining was performed by using two
different indirect methods: in the first, the secondary anti-
bodies were conjugated with biotin and, in the second, they
were conjugated with fluorophores.

When using biotin-conjugated secondary antibodies, the
staining was performed as follows. The cells were fixed in
4 % PFA, permeabilized with 0.2 % Triton (when intracel-
lular protein was analysed), incubated with 3 % H2O2 to
block the endogenous peroxidase activity and with 10 %
FBS to block the non-specific binding sites and then incu-
bated with primary antibodies for 1 h at room temperature.
The following primary antibodies were used to determine the
presence of pluripotent stem cell markers: a mouse anti-
stage-specific embryonic antigen-4 (SSEA-4) monoclonal
antibody (clone MC-813-70, diluted 1:100, Millipore) and
a mouse anti-SOX2 monoclonal antibody (diluted 1:100,
Abcam). To determine the presence of mesenchymal stem
cell markers, the primary antibodies included in the Human
Mesenchymal Stem Cell Characterization Kit (Millipore)

were used, namely a mouse anti-CD14 monoclonal antibody
(clone 2D-15C, diluted 1:500), a mouse anti-CD19monoclonal
antibody (clone FMC63, diluted 1:500), a mouse anti-STRO-1
monoclonal antibody (clone STRO-1, diluted 1:500), a mouse
anti-Thy-1 monoclonal antibody (clone F15-42-1, diluted
1:500) and a mouse anti-M-CAM monoclonal antibody (clone
P1H12, diluted 1:500). After incubation with the primary anti-
bodies, the cells were incubated for 30 min with biotinylated
polyclonal rabbit anti-mouse immunoglobulins (diluted 1:400,
DakoCytomation) and then with ABC reagent (Vectastain Elite
ABC Kit, Vector Laboratories). Following thorough washes,
the cells were incubated in diaminobenzidine substrate (Sigma-
Aldrich) until brown staining appeared (but no longer than
5 min) and observed under an inverted microscope (Hoffman
illumination). As a negative control, the primary antibodies
were omitted from the procedure and replaced with 1 % FBS.
Positive cells or cell colonies were stained brown.

When using fluorophore-conjugated secondary antibod-
ies, immunostaining was performed as follows. The cells
were fixed in 4 % PFA, permeabilized with 0.2 % Triton
(when intracellular protein was analysed), incubated for
20 min with 10 % FBS and then incubated with primary
antibodies for 1 h at room temperature. The following pri-
mary antibodies were used: mouse anti-stage-specific em-
bryonic antigen-4 (SSEA-4) monoclonal antibody (clone
MC-813-70, diluted 1:100, Millipore), mouse anti-SOX2
monoclonal antibody (diluted 1:100, Millipore), mouse
anti-OCT4 monoclonal antibody (clone 7 F9.2, diluted
1:100, Millipore), rabbit anti-OCT4 monoclonal antibody
(diluted 1:200, Stemgent), mouse anti-NANOG monoclonal
antibody (diluted 1:100, Abgent), rabbit anti-LIN28 anti-
body (diluted 1:100, Millipore) and mouse anti-STELLA
monoclonal antibody (1:200, Millipore). To determine the
presence of germ cells, rabbit anti-VASA/DDX4 polyclonal
antibodies (1:400, Millipore) were used. After incubation
with primary antibodies, the cells were visualized with goat
anti-mouse immunoglobulins conjugated to Alexa Fluor 488
(1:200, Molecular Probes) or with goat anti-rabbit immuno-
globulins conjugated to Cy3 (1:200, Molecular Probes).
Following a 30-min incubation, the cells were washed and
counterstained with 4,6-diamidino-2-phenylindole (DAPI).
As a negative control, the primary antibodies were omitted
from the procedure and replaced with 1 % FBS.

Flow cytometry

The cells were analysed by using anti-SSEA-4-phycoery-
thrin (PE) antibodies (BD Pharmingen). Mouse IgG3-PE
were used as an isotype control. Cells were harvested from
cultures by using trypsin to achieve single cell suspension,
except for one sample analysed immediately after thawing.
The samples were analysed with a FACSCalibur (BD). Data
were analysed with BD CellQuest Pro Software.
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FACS of SSEA-positive cells

SSEA-4-positive cells were isolated from the cell suspensions
of four samples by using FACS (FACSAria, BD Biosciences,
San Jose, Calif., USA). Briefly, 106 cells were resuspended in
PBS with 1 % penicillin/streptomycin (Sigma) and stained
with anti-SSEA-4-PE antibodies (BD Pharmingen, clone
MC813-70). Mouse IgG3 κ-PE (BD Pharmingen) was used
as isotype control. Suspension of cells with added antibodies
were incubated for 30 min in the dark, then washed and re-
suspended for sorting in PBS with penicillin/streptomycin at a
concentration of 2×106 cells/ml. Sorted cells were collected in
prepared basal mediumwith 20% FBS and observed under an
inverted microscope.

Gene expression analyses of single cell colonies

Gene expression analyses of putative stem cells (single cell
colonies) cultured in various media were performed by using
the Biomark real-time quantitative polymerase chain reaction
(qPCR) system (Fluidigm). In all samples, the expressions of
18 genes, namely LIN28, SOX-2, OCT4A, TDGF1, UTF1,
NANOS, NANOG, STELLA, MYC, TERT, KLF4, LIN28B,
CD9, STAT3, DNMT1, REX01 and DNMT3B, mostly related
to pluripotency and of the housekeeping gene for glyceralde-
hyde 3-phoshate dehydrogenase (GAPDH), which was used
for normalization, were analysed in comparisons with hESCs
(positive control) and fibroblasts (negative control). The sam-
ple handling and data analysis were performed as described
previously (Stimpfel et al. 2012).

Telomerase assay

Three samples of ovarian stem cell culture and positive controls
(hESCs and human breast adenocarcinoma cells MCF7) were
analysed. Total RNA was isolated from 105 or 106 cells by
using a RNAqueous-4PCR Kit (Ambion) according to the
manufacturer’s instructions. RNAwas quantified by using the
NanoDrop 1000 spectrophotometer (Thermo Scientific) and
cDNA was synthesized from 500 ng total RNA by using a
High-Capacity cDNA Reverse Transcription Kit with an RN-
ase Inhibitor (Applied Biosystems) according to the manufac-
turer’s protocol. The expression of human telomerase reverse
transcriptase (hTERT) in tested samples was performed by
using the TaqMan Gene Expression Assay Hs00972646_m1
(Applied Biosystems) according to the manufacturer’s instruc-
tions. The housekeeping gene GAPDH was used as an endog-
enous control. Briefly, qPCR was performed by using an ABI
7900 instrument (Applied Biosystems). Individual qPCRswere
carried out in 10 μl reaction mix with 2× TaqMan Universal
PCR Master Mix (Applied Biosystems), 1× TaqMan Gene
Expression Assay (Applied Biosystems) and 200 ng cDNA.
Each sample was analysed in triplicate. RNA isolated from

MCF7 cells was used as a positive control for hTERT expres-
sion. The data were analysed by SDS2.4 software andCt values
were extracted. Fold-differences in hTERT expression were
calculated by using the comparative Ct method as described
previously (Livak and Schmittgen 2001).

TaqMan protein expression assay

The reagents of the TaqMan Protein Assay enable the detection
and relative quantitation of proteins in cultured cells and tissue
lysates. The reagents use an adapted form of proximity ligation
assay technology (Fredriksson et al. 2002; Gullberg et al. 2004)
in combination with real-time qPCR. We used this technology
to analyse the cells from ovarian stem cell cultures. hESCs
were used as a positive control, with human adult dermal
fibroblasts as a negative control; a non-protein control (NPC)
was also employed (double-distilled H2O added instead of the
sample to the reagent mixture). The sample cells were collected
and counted by using a Neubauer counting chamber. The
sample lysis solutions were prepared with Cell Lysis Reagent
(part of the Protein Expression Sample Prep Kit; Life Technol-
ogies), Calbiochem Protease Inhibitor Cocktail Set I and
Calbiochem Phosphatase Inhibitor Cocktail Set II (EMD
Chemicals) as specified by the manufacturer. The cell lysate
dilutions representing 250, 125 and 62 cells per reaction were
then prepared. A TaqMan Protein Assay Kit (hOct3/4; Life
Technologies), in combination with a TaqMan Protein Assays
Core Reagents Base Kit and 2× TaqMan Protein Assays Fast
Master Mix, was used following the manufacturer’s recom-
mendations. All qPCRs were carried out on an ABI PRISM
7500 Fast instrument (Life Technologies). The fluorescence in
the amplification reactions was analysed by using Sequence
Detection Software, v2.1 (Life Technologies). Final analysis
was performed by ProteinAssist Software (Life Technologies).
In data analysis, the cycle thresholds (Ct) for each dilution from
the amplification plot by using a threshold of 2 were obtained.
Protein expression fold changes between NPC and tested sam-
ples were determined by first calculating ΔCt values (Ct for
cell input minus Ct for NPC) for each lysate dilution point and
for each protein target. Then, ΔCt values were plotted against
cell input per assay reaction. The slopes from the resulting plots
were used to determine linear dynamic range and fold changes.
All relative fold changes (up and down) were calculated against
the positive or negative controls.

Western blot assay for protein expression

Five different cultures of putative ovarian stem cells were
analysed byWestern blot assay for the expression of OCT4A
and LIN28 proteins in comparison with a positive control
(hESCs) and negative control (human adult fibroblasts). The
proteins were extracted by M-PER Mammalian Protein Ex-
traction reagent (Thermo Scientific), to which protease and
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phosphatase inhibitor cocktail sets were added (EMD
Chemicals). Cell lysates were centrifuged at 14,000 g for
15 min at 4 °C. Supernatants were solubilized in 2× Laemmli
buffer, boiled for 2 min and separated by 12 % SDS-
polyacrylamide gel electrophoresis on mini gels (1.5 mm
thick) in a Mini-Protean Tetra Cell (Bio-Rad); 20–40 μg of
hESC lysate and 100 μg ovarian and fibroblast cell lysate
were loaded per lane. The proteins were transferred to a
0.2 μm polyvinylidene difluoride membrane (Immobilon-
PSQ, Millipore) overnight at a constant voltage (20 V),
followed by a high-intensity transfer at a constant 1 A for
30–60 min, both under cooling in a Criterion Blotter (Bio-
Rad). Protein standards from 10 kDa to 250 kDa (Precision
Plus Protein Western C standards) were from Bio-Rad. Mem-
branes were blocked in 5 % non-fat dried milk (Bio-Rad) in
PBS-Tween for 1 h and then incubated with mouse monoclo-
nal antibodies against OCT-4 (clone 7 F9.2, diluted 1:1000,
Millipore) for 3 h at room temperature and rabbit polyclonal
antibodies against LIN28 (diluted 1:500, Millipore) overnight
at 4 °C. After being washed in PBS-Tween, the blots were
incubated with secondary antibodies: anti-mouse horseradish-
peroxidase-conjugated IgGs from sheep (diluted 1:10,000,
GE Healthcare, Amersham) for 2 h at room temperature or
goat anti-rabbit horseradish-peroxidase-conjugated IgGs
(H+L; diluted 1:5000, Thermo Scientific, Pierce Biotechnol-
ogy) for 1 h at room temperature. Immunoreactive proteins
were visualized by using chemiluminescent substrate ECL
Prime Western Blotting Detection Reagent (GE Healthcare).
Specificity of the immune-reaction was tested by probing the
membrane with the secondary antibody only. The used anti-
OCT-4 and anti-LIN28 antibodies detect intracelullar proteins
with molecular weights ∼39 kDa and ∼28 kDa according to
manufacturer’s declaration.

In vitro differentiation of ovarian stem cells

Adipogenic differentiation was induced by using adipogenic
induction medium. The medium consisted of DMEM/F-12
high glucose (Gibco), GlutaMax (Gibco), recombinant hu-
man insulin (Sigma), dexamethasone (Sigma), indomethacin
(Fluka), 3-isobutyl-1-methylxanthine (Sigma), human serum
and gentamycin (Gibco). After 3 weeks of culture in induc-
tion medium, the cells were fixed in 4 % PFA, incubated for
10 min in Oil Red O working solution, rinsed with PBS three
times and observed under an inverted microscope (Hoffman
illumination). Lipid droplets were stained red.

To induce osteogenic differentiation, the cells were cultured in
osteogenic inductionmedium consisting of DMEM low glucose,
L-glutamin, FBS, dexamethasone (Sigma-Aldrich), L-ascorbic
acid 2-phosphate (Sigma-Aldrich), β-glycerophosphate (Sigma-
Aldrich) and penicillin/streptomycin. After 4 weeks, the cells
were analysed by using von Kossa staining. The cells were fixed
in 4%PFA, incubated for 10min in the dark in 2% silver nitrate,

washed with distilled water and exposed to UV-light for 25 min.
After being washed, the cultures were observed by light micros-
copy to detect deposited silver as metallic silver.

Neural differentiation was initially performed as described
previously (Jang et al. 2010). Briefly, the cells were cultured
for 7 days in DMEM/F-12 supplemented with 1 % FBS and
80 ng/ml human bFGF and then for 7–10 days in DMEM/F-
12 supplemented with 10 μM forskolin. Then, the cells were
analysed by using immunocytochemistry. Following a few
attempts of successful differentiation, we modified the proto-
col to increase the number of differentiated cells. The cells
from various passages (from primary culture to the 10th
passage) were cultured in DMEM/F-12 supplemented with
80 ng/ml human bFGF, 30 μM forskolin, 2 % FBS, 1 % non-
essential amino acids, 0.1 mM 2-mercaptoethanol and 1 %
ITS (insulin-transferrin-selenium). Following 1 week of cul-
ture, the cells were analysed by using immunocytochemistry.

To initiate pancreatic differentiation, the cells were cul-
tured for 7 days on gelatine or on Matrigel in pancreatic
proliferation medium (DMEM/F-12 supplemented with
1 % N2, 2 % B27, 1 % penicillin/streptomycin and 25 ng/ml
bFGF) and then for 15 days in pancreatic differentiation
medium (DMEM/F-12 supplemented with 1 % N2, 2 %
B27, 1 % penicillin/streptomycin and 10 mM nicotinamide;
Lumelsky et al. 2001; Segev et al. 2004). The cells were then
analysed by using dithizon and immunocytochemistry.

Immunocytochemistry for expression of neuronal
and pancreatic markers

The cells were stained by using the protocol described in
Immunocytochemisty with biotin-conjugated secondary an-
tibodies. Biotinylated polyclonal rabbit anti-mouse immuno-
globulins (diluted 1:400, DakoCytomation) and biotinylated
polyclonal goat anti-rabbit immunoglobulins (diluted 1:600,
DakoCytomation) were employed. To determine the presence
of neuronal markers in neuronal-like cells, the following pri-
mary antibodies were used: a mouse anti-nestin monoclonal
antibody (clone 10C2, diluted 1:200, Millipore), a mouse
anti-β-tubulin III monoclonal antibody (clone SDL.3D10, di-
luted 1:500, Sigma-Aldrich) and a rabbit anti-S100 polyclonal
antibody (diluted 1:500, DakoCytomation). To determine the
presence of insulin and C-peptide in pancreatic-like cells, the
following primary antibodies were used: a rabbit anti-insulin
(H-86) polyclonal antibody (diluted 1:200, SantaCruz) and a
mouse anti-C-peptide monoclonal antibody (diluted 1:100,
Biovendor).

Teratoma formation test

Some of the cell cultures were examined for their ability to
form teratomas in vivo. In selected cell cultures, trypsin was
used to detach the cells from the surface. The cells were then
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centrifuged for 6 min at 1200 rpm. The supernatant was
discarded and the pellet was re-suspended in basal medium.
The suspension of cells was placed on ice and delivered to
the Department of Animal Science (Biotechnical Faculty,
University of Ljubljana, Slovenia) where approximately 1-
2×106 cells were mixed with Matrigel and injected subcuta-
neously into NOD-SCID (non-obese diabetic/severe com-
bined immunodeficiency) mice. hESCs, IGROV-1 cells and
melanoma cells were used as positive controls.

Results

Ovarian cortex biopsies were collected from 18 patients with
a mean age of 50 years (range: 35–73 years old). Five
women were in the reproductive period of life (age 35–45),
seven women in perimenopause (age 47–50) and six women
in menopause/postmenopause (age 52–73). We were able to
establish ovarian cell cultures with cells from 17 patients
(ovarian biopsies). We did not observe any differences in the
number or dimensions of cell colonies and the stem cell
characteristics according to the age of the patients. The only
exception was a 73-year-old patient for whom the ovarian
cell culture was established but no cell colonies formed.

The ovarian cell cultures consisted of various types of
cells, including fibroblasts forming a natural feeder layer and
cell colonies (Fig. 1a), which resembled early ESC colonies
(Fig. 1b). The best cell cultures providing the highest number
of cell colonies (approximately 10 colonies with diameters of
up to 200 μm per well in a 12-well plate) were cultured in
basal medium with FBS. After prolonged culture, embryoid-
body-like structures (Fig. 1c) resembling those of ESCs
(Fig. 1d) also formed. The cell cultures were successfully
established on autologous ovarian fibroblasts without the use
of mouse embryonic fibroblasts or any other animal cells as a
feeder layer. Only gelatine was used as a supportive layer to
improve the attachment of cells; it was also needed in cul-
tures after further passages, except when cells were cultured
in basal medium with FBS. We were able to maintain the cell
cultures as viable and in good condition for more than
6 months but, after 6 months, the natural feeder-layer
consisting of autologous ovarian fibroblasts underwent
senescence and, consequently, the cell colonies did not
develop or grow further.

Characterization of stem cells from the cortex of adult human
ovaries

The formed cell clusters were tested for the expression of
various markers of pluripotency: AP, SSEA-4, SOX-2, OCT-
4, NANOG, LIN28, STELLA. Stainings were performed at
various times in several ovarian stem cell cultures. Positive
staining of cells/colonies for AP was observed in various

culture media but AP was most expressed in hESC culture
medium and in basal mediumwith FBS (Fig. 1e, f). The initial
AP activity was found on the eighth day of cell culturing but
otherwise was found regardless of the time of culturing, even
after 5 months. Additionally, if the cell cultures were not
passaged on time, the cell colonies either no longer stained
for AP activity or stained weakly 14 days after passage.
Immunocytochemistry showed that cells/colonies from ovar-
ian stem cell cultures were also SSEA-4-positive (Fig. 1g) and
SOX-2-positive (Fig. 1h) when cultured in basal mediumwith
FBS. At the same time, markers of mesenchymal stem cells
were applied in the same ovarian cell cultures and the presence
of cells/colonies expressing these markers was also confirmed

Fig. 1 Colonies of various sizes and embryoid-body-like structures
formed in ovarian and human embryonic stem cell (hESC) cultures
and markers of pluripotency expressed in ovarian cell cultures. a Col-
ony in the ovarian cell culture. b hESC culture. c Embryoid-body-like
structures in ovarian cell cultures. d hESC-derived embryoid bodies. e, f
Alkaline-phosphatase-positive cluster in 1-month-old culture and in
5 month-old culture, respectively. g SSEA-4-positive colony. h SOX-
2-positive cell colony. Bars 100 μm
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(Electronic Supplementary Material, Fig. S1). For staining of
markers of pluripotency and multipotency, similar staining
patterns of cell colonies were observed: cell colonies were
not homogeneously stained and were only partially stained for
various markers (Fig. 1e-h, Electronic Supplementary Mate-
rial, Fig. S1), whereas negative controls were not stained.
Markers M-CAM (CD146) and THY-1 (CD90) were strongly
expressed, STRO-1 was weakly expressed and CD14 and
CD19 markers were not expressed (Electronic Supplementary
Material, Fig. S1).

Moreover, immunofluorescence revealed that a proportion
of cells or cell colonies was positively stained for the markers
of pluripotency: LIN28, NANOG, OCT-4, SOX-2 (Fig. 2),
SSEA-4 and STELLA (Fig. 3a-f). The cell colonies did not
stain on germinal-lineage-related marker DDX4/VASA but
we noticed some rare individual cells that had diameters of

15–20 μm and that were VASA-positive (Fig. 3g-i). A pro-
portion of single cells with mesenchymal-like morphology
were present that expressed markers of pluripotency, namely
OCT-4, SSEA-4, SOX-2 and NANOG (Electronic Supple-
mentary Material, Fig. S2); these cells expressed cytoplasmic
positivity for NANOG, as was recently published for mesen-
chymal stem cells by Gu et al. (2012).

Flow-cytometry

Cell samples from three different ovarian cell cultures in
DMEM/F-12 culture medium with FBS were analysed. In
all analysed cell samples, which contained the entire amount
of cells from the wells, the presence of cells expressing
marker SSEA-4 was confirmed. The highest proportion of
SSEA-4-positive cells in one cell culture was 3.4 %. In the

Fig. 2 Cells/cell colonies in ovarian cell cultures showing positive
immunofluorescence staining for markers of pluripotency, namely
OCT-4, LIN28, NANOG and SOX-2. All cells/cell colonies were from
the same 3-month-old cell culture and were cultured in basic medium
with 20 % FBS. a–d Cells/cell colonies were double-stained for (a)
OCT-4 and (b) NANOG. c Nuclei stained with DAPI. dMerged image

of a–c. e–h Cells/cell colonies were double-stained for (e) OCT-4 and
(f) SOX-2. g Nuclei stained with DAPI. h Merged image of e–g. i–l
Cells/cell colonies were double-stained for (i) OCT-4 and (j) LIN28. k
Nuclei stained with DAPI. l Merged image of i–k. m–p Cells/cell
colonies were double-stained for (m) NANOG and (n) LIN28. o Nuclei
stained with DAPI. p Merged image of m–o. Bars 100 μm
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two other cell cultures, the proportions of SSEA-4-positive
cells were lower: 3.1 % and 0.8 % of all cells.

SSEA-4-positive cells sorted by FACS

Four ovarian stem cell cultures were collected in order to sort
the SSEA-4-positive cells. All of them contained a similar
homogeneous population of SSEA-4-positive cells. These
cells represented up to 6 % of all cells in the cell culture
(Fig. 4c, d) and were small round yellow cells with diameters
of 2–4 μm (Fig. 4e). The expression of SSEA-4-surface anti-
gen made them putative stem cells, which appeared as single
cells or cells attached to larger round cells (epithelial cells,
possibly). These cells were in a “dormant” state after sorting.
They were alive but did not proliferate or grow.When exposed
to temperature stress (2 h in a refrigerator at 4 °C) and placed
back into the CO2-incubator (37 °C, 6 % CO2 in air), they
started to attach to the dish bottom and subsequently began to
grow or form small cell clusters, which were mostly SSEA-4-

positive, as revealed by the ABC method (Fig. 4f). Similar
small round yellow cells were observed during culture in all
ovarian stem cell cultures. In some cultures, they were abun-
dant (Fig. 4g) and were OCT-4-positive, as revealed by immu-
nofluorescence (Fig. 4h–j).

Expression of genes related to pluripotency

Gene expression analysis of four single ovarian stem cell
colonies (OSC1, OSC4, OSC5, OSC6) was performed by
using the Biomark real-time qPCR system, Fluidigm. The
samples were taken from three different cultures (samples
OSC4 and OSC5 were from the same culture). Samples
OSC4 and OSC5 were sampled after 5 months of culture in
basic medium with 20 % FBS, OSC6 was cultured in hESC
medium and sampled in the first week of establishing the
culture (the first colony that appeared in the culture) and
OSC1 was cultured in basic medium with 20 % follicular
fluid and sampled after the first week of culture. In all

Fig. 3 Cells/cell colonies in
ovarian cell cultures showing
positive immunofluorescence
staining for markers SSEA-4,
STELLA and VASA. Cells/cell
colonies were from three
different cell cultures and
cultured in basic medium with
20 % FBS. Cells/colonies in a–c
were from a single 8.5-month-
old cell culture. a SSEA-4-
positive cells (arrows). b Nuclei
stained with DAPI. c Merged
image of a, b. Cells/cell
colonies in d–f were from a 1-
month-old cell culture. d
STELLA-positive cells. e
Nuclei stained with DAPI. f
Merged image of d, e. g–i Cells/
cell colonies were from a
different 1-month-old cell
culture from that with the
STELLA-positive cells. g Some
rare individual cells were
VASA-positive (arrow). h
Nuclei stained with DAPI. i
Merged image of g, h. j–l
Negative control (primary
antibodies were omitted). j
Non-stained cells. k Nuclei
stained with DAPI. l Merged
image of j, k. Bars 100 μm
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samples, the expressions of 17 genes LIN28, SOX-2, OCT4A,
TDGF1, UTF1, NANOS, NANOG, STELLA, MYC, TERT,
KLF4, LIN28B, CD9, STAT3, DNMT1, REX01 and DNMT3B,
mostly related to pluripotency and of the housekeeping gene
GAPDH, which was used for normalization, were analysed in
comparison with hESCs (positive control) and human fibro-
blasts (F161 line; negative control). As can be seen in Fig. 5a,
ovarian stem cells expressed most of the analysed genes and
clustered together with hESCs (150 or 200 cells); human
fibroblasts (150 or 200 cells) represented a completely different
group of cells (Fig. 5). Fibroblasts did not express genes of
pluripotency or expressed them to a low extent. Three ovarian
stem cell cultures were separately analysed for telomerase
activity by qPCR, with two of them expressing activity weakly
when compared with hESCs and the MCF-7 cell line (breast

cancer cells) as positive controls (Electronic Supplementary
Material, Fig. S3). One of the positive ovarian stem cell cul-
tures had been cultured for 7 months at the time of analysis.

Expression of proteins related to pluripotency by TaqMan
and Western blot protein assays

Five ovarian stem cell cultures were analysed for the expres-
sion of OCT3/4 protein by TaqMan protein assay. Two of the
ovarian stem cell cultures significantly expressed the protein,
when compared with hESCs as the positive control and adult
human dermal fibroblasts as the negative control (Fig. 6a). In
both ovarian stem cell cultures, the expression level was
significantly lower than that in hESCs. Similarly, the Western
blot analysis confirmed a strong double-band expression of

Fig. 4 Ovarian cell cultures
analysed by flow-cytometry and
fluorescence-activated cell
sorting (FACS) for the
expression of SSEA-4. a
Subpopulation of SSEA-4-
positive cells. b Isotype control.
c Subpopulation of SSEA-4-
positive cells sorted with FACS
by using SSEA-4-phycoerythrin
(PE) antibodies. d Isotype
control. e Sorted SSEA-4-
positive cells: small round
yellow cells with diameters of
up to 4 μm. f Sorted SSEA-4-
positive cells additionally
confirmed by
immunocytochemistry (brown).
g Similar population of small
round yellow cells among
ovarian cell culture. h Positive
immunoflouorescence staining
for the expression of marker
OCT-4 reveals small putative
stem cells with diameters of up
to 4 μm. i DAPI staining. j
Merged image of h, i. Bars
10 μm (e–g), 100 μm (h–j)
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protein in hESCs (positive control), corresponding to the
OCT-4A isomere with a molecular weight of ∼39 kDa

(manufacturer’s declaration); in one ovarian cell culture
(K27), a weak double-band appeared corresponding to OCT-

Fig. 5 Analyses of single ovarian stem cell colonies for the expression
of genes related to pluripotency by the Fluidigm system. a Heat map
comparing the expression of the genes in ovarian stem cell colonies,
hESCs and fibroblasts. The scale on the left represents the level of

expression (red high gene expression, green low or no gene expres-
sion). b Dendrogram from hierarchical clustering comparing ovarian
stem cell colonies, hESCs and fibroblasts. c Principal component anal-
ysis (green hESCs, red ovarian stem cells, blue fibroblasts)
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4A, whereas in two other ovarian cell cultures (K14 and K19)
and adult fibroblasts (negative control), it did not (Fig. 6b, c).
The LIN28 protein with an appropriate molecular weight of
∼28 kDa was weakly expressed in both analysed samples of
ovarian cell cultures (K28 and K39) but it was not expressed
in fibroblasts (Fig. 6d). In ovarian cell cultures, the protein
LIN28 was also expressed to a lower extent than in the
positive control (hESCs).

Transmission electron microscopy

Three ovarian stem cell colonies resembling embryoid-body-
like structures that formed in 3- and 6-week cell cultures and
that were grown in hESC medium or in basal medium with
FF were sectioned and analysed by transmission electron
microscopy. In the centre of the cell colonies, we found a
population of relatively small round cells with diameters of
approximately 5 μm; these were non-differentiated and had
nuclei filling almost the entire cell volume, each nucleus
being only surrounded by a thin layer of cytoplasm (Fig. 7a,
b). From the centre to the margins of colonies, the cells were
differentiating into various types of somatic cells (Fig. 7c, d).
Lipid droplets were spread among the outer layers of cells,
thus confirming the possible presence of adipocytes.

In vitro differentiation of ovarian stem cells

Ovarian stem cells were successfully differentiated into cells
of the three primary germ layers.

– Adipogenic differentiation of ovarian stem cells
(mesoderm): in three different cultures, spontaneous
differentiation of ovarian stem cells into adipocytes
was observed when these stem cells in primary culture
or 2-month-old culture were cultured in hESC culture
medium with or without FF and on matrigel (once also
on gelatine; Fig. 8a). The differentiation of the ovarian
stem cells into adipogenic tissue was also induced by
using adipose-differentiation medium on a 2.5-month-
old culture grown in DMEM/F-12 culture medium
(Fig. 8b). The accumulation of lipids in the cell cultures
was confirmed by Oil Red O staining (red).

– Osteogenic differentiation of ovarian stem cells
(mesoderm): in two cultures of ovarian stem cells,
grown in basal medium with FBS and on natural autol-
ogous ovarian fibroblasts, osteogenic differentiation
was induced with an osteogenic differentiation medium.
The released calcium phosphate and carbonate in the
cell cultures were confirmed by von Kossa staining
(Fig. 8c).

Fig. 6 TaqMan protein assay
and Western blot analyses of
ovarian stem cell samples for
the proteins related to
pluripotency in comparison
with hESCs and fibroblasts. a
Expression of protein OCT-4
shows the fold change chart for
OCT-4 protein (K14, K16, K19,
K20, K21 ovarian stem cells,
REF hESC as positive control).
b Western blot analysis of
protein OCT-4A in hESCs
(positive control) and in three
different ovarian cell cultures
(K14, K19, K27) revealed
strong expression of protein
OCT-4A (∼39 kDa) in hESCs
and weak expression of this
protein in the K27 ovarian cell
culture. c Western blot analysis
of protein OCT-4A in hESCs
(positive control) and adult
human fibroblasts (negative
control) revealed strong OCT-
4A expression in hESCs but no
expression in fibroblasts. d Two
ovarian cell samples (K28, K39)
showed weak expression of
LIN28 in comparison with
hESCs, whereas this protein
was not expressed in fibroblasts
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– Neural differentiation (ectoderm): stem cells in six
different ovarian cell cultures, i.e., one primary culture
just after the enzymatic degradation of the ovarian biop-
sy and five cultures aged from 1 month to 5 months,
were initially cultured in basal medium with FBS and
were differentiated into neuronal-like cells by being
cultured in neural differentiation medium. Neural differ-
entiation was optimal when cells were cultured on
Matrigel. Neuronal-like cells were characterized by sev-
eral protrusions in different directions and formed nets
of cells (Fig. 8d). In all cell cultures, the presence of
small round yellow cells (putative stem cells) was ob-
served around neuronal-like cells and were possibly
involved in the differentiation process. Neuronal-like
cells were positively stained for various markers: nestin
(Fig. 8e), β-tubulin III (Fig. 8f) and S-100 (Fig. 8g), as
revealed by immunocytochemistry.

Fig. 7 Sections of embryoid-body-like structures developed in ovarian
cell cultures and analysed by transmission electron microscopy. a, b
Small round non-differentiated cells with diameters of approximately
5 μm in the centre of the colony (arrows). c, dDifferentiated cells in the
margins (arrow in c lipid droplets acumulated in differentiated cells,
arrow in d margin of colony). Bars 5 μm (a, b, d), 2 μm (c)

Fig. 8 In vitro differentiation of ovarian stem cells into adipogenic,
osteogenic cells, neuronal-like cells and insulin-releasing pancreatic-
like cells by using differentiation media. a, b Adipocytes, which release
lipid droplets, stained with Oil Red O (red). a Spontaneous differenti-
ation. b Differentiation by using differentiation medium. c Osteogenic
tissue, confirmed by von Kossa staining (black) with metallic silver
deposits in the cell culture. d Nets of neuronal-like cells. Small round
yellow cells (arrows) were present around differentiating cells and
might be involved in the differentiation process (negative control after
immunocytochemistry staining). e Nestin-positive neuronal-like cells. f
β-Tubulin-III-positive neuronal-like cells. g S-100-positive neuronal-
like cells. h, i Pancreatic-like cells positively stained for the expression
of insulin and C-peptide, respectively. j Positive cells after dithizone
staining. Bars 50 μm (a, b, d–g, j), 100 μm (c, h, i)
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– Pancreatic differentiation of ovarian stem cells
(endoderm): in 1-month-old and 3-month-old ovarian
cell cultures in basal medium with FBS and on gelatine,
the differentiation of ovarian stem cells into pancreatic-
like cells was successfully induced by using pancreas
differentiation medium. After overnight exposure of
differentiated cells to an increased concentration of sug-
ar (glucose), insulin-positive (Fig. 8h) and C-peptide-
positive cells (Fig. 8i) were confirmed by immunocyto-
chemistry and dithizone staining (Fig. 8j).

Teratoma formation test

We established a system for the transplantation of ovarian
stem cells into NOD-SCID mice in order to test their
pluripotency in vivo. After transplantation of positive con-
trols (hESCs of the H1 line), IGROV-1 ovarian cancer cells
and melanoma cancer cells, a teratoma developed (Electron-
ic Supplementary Material, Fig. S5). Ovarian stem cells from
our cultures were transplanted six times into a total of 17
NOD-SCID recipients but no teratoma formed, despite the
expression of several markers of pluripotency, as confirmed
by various methods.

Discussion

This report confirms that the isolation and in vitro culture of
pluripotent/multipotent stem cells from small biopsies of
adult human ovarian cortex are possible. These putative
pluripotent/multipotent stem cells, which are probably not
of germline origin, have been successfully differentiated into
various types of somatic cells of all three germ layers: me-
soderm, ectoderm and endoderm.

The most important observation in our ovarian cell cul-
tures was the formation of cell colonies, which resembled
early hESC colonies and were comparable with colonies
developed from ovarian stem cells in a mouse model (Gong
et al. 2010). As in our experiment, the cells in these colonies
expressed markers of pluripotency. We also found rare indi-
vidual VASA-positive cells in ovarian cell cultures. These
individual VASA-positive cells were not oocytes, because
they were too small (diameters of 15–20 μm) and the much
larger oocytes (diameters of more than 100 μm) were re-
moved when the suspension of cells after the enzymatic
digestion of ovarian tissue was filtered through a cell strainer.
Therefore, the presence of stem cells related to the germinal
lineage is not excluded. In some other studies, the VASA-
positive cells were much more abundant and the isolation
protocols were designed to isolate cells expressing germ cell

markers such asVASA andOCT-4 (Zou et al. 2009; Pacchiarotti
et al. 2010; White et al. 2012) and to expand them in vitro. Zou
et al. (2009) found that juvenile and adult mouse ovaries pos-
sessedmitotically active germline stem cells. They isolated them
and cultured them in vitro for more than 6 months. Germline
stem cells were infected with the green-fluorescent-protein-la-
belled (GFP) virus and transplanted into the ovaries of infertile
mice in which they underwent oogenesis; the recipient mice
produced GFP-transgene offspring. Further, Pacchiarotti et al.
(2010) confirmed the existence of ovarian germline stem cells
and their ability to be cultured and expanded in vitro in mouse
postnatal ovaries. In spite of prolonged culture and many pas-
sages, ovarian germline stem cells maintained telomerase activ-
ity, expressed germ cell and stem cell markers and revealed a
normal karyotype.Moreover,White et al. (2012) have published
a similar observation in humans. They found that the ovaries of
women in the reproductive period of life possess a population of
rare mitotically active cells that have a gene expression profile
consistent with primitive germ cells, including pluripotency and
can be isolated from the ovarian cortical tissue by FACS,
propagated and developed in vitro into haploid primitive oocytes
with diameters of up to 50 μm. Although these findings con-
tribute to basic research and to an understanding of oogenesis
and ovarian stem cell self-renewal, the studies by Zou et al.
(2009) and White et al. (2012), in particular, have been called
into question, because an investigation by Zhang et al. (2012)
has shown opposing results (no mitotically active germline pro-
genitors in mouse ovaries) as mentioned above.

In our study, the expression of multipotent/mesenchymal
stem cells was also observed. The expression ofmarkers related
to both pluripotent and multipotent stem cells indicated that, in
the ovarian cortex tissue, a population of cells expressed both
types of markers or that different types of stem cells were
present in the tissue, including pluripotent and mesenchymal
stem cells. Other reports have shown that mesenchymal stem
cells from adult human tissues and organs, including testicles,
can also express some markers of pluripotency (Gonzalez et al.
2009; Riekstina et al. 2009; Kuroda et al. 2010; Trubiani et al.
2010). One of the possible mechanisms generating mesenchy-
mal stem cells in adult human ovaries might be epithelial-
mesenchymal transition (Ahmed et al. 2007; Okamoto et al.
2009; Zhu et al. 2010). The study by Kossowska-Tomaszczuk
et al. (2009) demonstrated the multipotency of luteinizing
granulosa cells (GCs) collected from mature human ovarian
follicles. Cells were isolated from the ovarian follicles of infer-
tile patients, were maintained in culture over prolonged periods
and were shown to express the typical stem cell marker OCT4
(POU5F1) and markers of the mesenchymal lineage (CD29,
CD44, CD90, CD105, CD117 and CD166) but no germ-line
cell markers. In contrast, stem cells in our study morphologi-
cally differ from Kossowska-Tomaszczuk’s cells; they express
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the markers of both pluripotency and multipotency. Therefore,
the co-existence or even some kind of symbiosis between the
different types of stem cells is not excluded. Some reports on
the successful isolation, characterization and in vitro and
in vivo differentiation of putative thecal stem cells from mouse
ovaries have been presented (Honda et al. 2007). All these data
confirm the potential stemness of follicular cells in the ovaries.

Our results also confirm the presence of VSEL-like cells,
which have been studied previously in adult human ovaries.
Former studies in humans and other mammalian species have
demonstrated the natural presence of similar populations of
small cells comparable with VSELs in the OSE in adult human
ovaries (Virant-Klun et al. 2008, 2009, 2011; Parte et al. 2011).
VSELs have also been confirmed to be present in other adult
human tissues and organs (Kucia et al. 2006; Ratajczak et al.
2008; Paczkowska et al. 2009). In this study, SSEA-4-positive
small round cells have been found in ovarian cell cultures just
after enzymatic tissue degradation and also after prolonged
culturing of ovarian cells up to 6 months or even more. The
small putative stem cells sorted from ovarian cell cultures of
ovarian cortex biopsies are comparable with those sorted from
human adult OSE scrapings (Virant-Klun et al. 2013). The
small puatative stem cells from the OSE have been shown to
express some primordial germ-cell-related genes, such as
PRDM1/BLIMP1, PRDM14 and STELLA. Further research
will show if these small round yellow cells are really VSELs
or something else.

Since the main observation of this work was the formation of
cell colonies expressing some markers of pluripotent/multipotent
stem cells, the cell cultures were exposed to differentiation
protocols and the results confirmed the robust plasticity of these
stem/progenitor cells. We were able to differentiate them into
somatic cells of all three germ layers, namely adipogenic and
osteogenic cells (mesoderm), neuronal-like cells (ectoderm) and
pancreatic-like cells (endoderm) but they did not form a teratoma
after transplantation into immunodeficient mice despite their
expression of markers of pluripotency. Several possible explana-
tions can be provided for this finding.Wemight not have reached
the critical number of stem cells to form a teratoma in vivo or
their proliferation was too slow. The different methods used in
this study revealed that the proportion of cells expressingmarkers
of pluripotency was relatively low because of the heterogeneity
of the ovarian cells present in the cell cultures. In addition, the
cells that expressed some markers of mesenchymal stem cells
in our investigation might have prevented teratoma formation.
According to some studies, multipotent mesenchymal stem
cells have the ability to restrain the growth of tumours (Sun
et al. 2011). Moreover, if small putative stem cells expressing
the SSEA-4 marker in this study were really VSELs, then this
phenomenon might also be related to their specific epigenetic
status. As has previously been demonstrated, VSELs are
epigenetically highly controlled to prevent the formation of
tumours in adult human tissues and organs (Shin et al. 2009,

2010, 2012). Even though the formation of a teratoma in vivo
is a prerequisite of pluripotency in stem cell research, the
inability of ovarian stem cells to form a teratoma is actually
an advantage for the potential application of ovarian stem cells
in regenerative medicine.

The ovary is a highly dynamic structure with intense cell
proliferation and growth. Any developing germ cell must lie
in an appropriate niche (e.g., granulosa cells) in order to fulfil
its function in terms of cell maintenance, renewal or differ-
entiation. The putative stem cells with either pluripotent or
multipotent characteristics described in this study might well
be involved in establishing such a dynamic niche.

We can conclude that the cortex of adult human ovaries is
an important source of stem cells that express various markers
of pluripotency/multipotency. These cells show a high degree
of plasticity and can be stored, for example, for patients with
ovariectomy to prevent breast cancer and safely used in re-
generative medicine because of their low potential for terato-
ma formation.
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