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Abstract

Purpose The purpose of this study was to show that healthy
adult human ovaries can be a source of cells showing typical
MSCs characteristics under in vitro conditions.

Methods and results The cells, which were isolated from
ovarian cortex tissue and named putative ovarian mesenchy-
mal stem cells (PO-MSCs), were compared to bone marrow-
derived MSCs (BM-MSCs) and to adult human dermal fibro-
blasts (HDFs). The results of a gene expression analysis using
the Human Mesenchymal Stem Cell RT? Profiler™ PCR
Array revealed that PO-MSCs were different than fibroblasts.
They expressed most of the analyzed genes as BM-MSCs,
although some genes were differentially expressed. However,
the heterogeneity of PO-MSCs samples was revealed. The
PO-MSCs expressed the characteristic genes related to
MSCs, such as CDI105, CD44, CD90, M-CAM, CD73 and
VCAMI. In addition, the expression of markers CD44, CD90,
M-CAM and STRO-1 was confirmed in PO-MSCs using

Capsule We propose putative ovarian mesenchymal stem cells (PO-MSCs)
as a novel type of MSCs which share some similarities with bone marrow-
derived MSCs but nevertheless show distinct and specific characteristics.
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immunocytochemistry. The PO-MSCs showed multipotent
character, since they were able to differentiate into the cells
of adipogenic, osteogenic, neural and pancreatic lineage.
Conclusions Healthy adult human ovaries can harbour an
interesting population of cells showing typical MSCs charac-
teristics under in vitro conditions and for this reason we named
these cells putative MSCs. These cells express genes encoding
main MSCs markers and have an interesting differential po-
tential. Based on these results, we propose PO-MSCs as a
novel type of MSCs which share some similarities with BM-
MSCs. Nevertheless they show distinct and specific charac-
teristics and are not fibroblasts.

Keywords Ovary - Mesenchymal stem cells - Bone marrow -
Gene expression - Multipotency

Introduction

Mesenchymal stem cells (MSCs) are one of the most common
types of cells that arise in the field of stem cell research and
also in the field of regenerative medicine and cellular therapy.
The term MSCs is widely used and can describe cells isolated
from different tissues. From developmental perspective it is
believed, that MSCs originate from mesodermal germ layer.
They have been isolated from many tissues, such as adipose
tissue [1], bone marrow [2], skeletal muscle [3], deciduous
dental pulp [4], synovium [5], Wharton’s jelly [6], umbilical
cord [7] and umbilical cord blood [8]. Regardless of the
source, these cells should meet the requirements recommend-
ed by the International Society for Cellular Therapy [9]. They
proposed that the cells must be able to adhere to a plastic well
surface, to differentiate into osteoblasts, chondrocytes and
adipocytes. Additionally, the cells should express CD105,
CD73, CD90/THY-1 and should not express CD45, CD34,
CD14, CD19 and HLA-DR markers. Recent findings have
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shown that these recommendations are not sufficient anymore,
because some differences exist among MSCs derived from
different sources with regard to the type of tissue and species
[10]. Some of the proposed markers can also be expressed in
non-MSCs; for instance, the CD90 marker can be expressed
by tumor initiating-cells [11] or male germ-line stem cells
[12]. In addition, MSCs can also express some markers of
pluripotency [13—16] and differentiate not only into cells of
mesodermal lineage, but also into cells of ectodermal [17] or
endodermal lineage [18]. For these reasons Keating [19] put
forth ten proposals to reduce confusion in the field. These
proposals include a revision of MSCs terminology, surface
marker profile and in vitro differentiation potential, specifica-
tion of the source (tissue and species) and re-evaluation of
transcriptome, proteome and secretome. Regardless of the
lack of clarity, the research of MSCs is rapidly continuing
and the cells are being translated step-by-step into the clinics.
Despite the fact that MSCs have been isolated from a large
number of tissues, they have not been isolated from healthy
human adult ovaries until now. So far they have only been
studied in relation to human ovarian cancer; McLean et al.
[20] discovered the presence of ovarian cancer-associated
MSCs, which promoted tumor growth and increased the num-
ber of cancer stem cells. For this reason, and based on our
previous study [21] confirming that a small proportion of cells
were positive for a set of MSCs markers in ovarian cell
cultures, we decided to explore MSCs from healthy human
adult ovaries (indicated as PO-MSCs) and characterize them
according to today’s interpretation of MSCs, as well as com-
pare them with other types of cells of mesodermal origin: bone
marrow-derived MSCs and human adult dermal fibroblasts.

Methods

Adult ovarian cortex biopsies were retrieved from seven patients
(mean age of 51.6 years, range: 4175 years) surgically treated at
the University Medical Centre Ljubljana, due to different gyne-
cological reasons (non-ovarian cancer, ovariectomy in breast
cancer prevention) and with the written consent of patients.
This study was approved by the Slovenian Medical Ethical
Committee (no. 135/09/09). From each patient one ovarian cell
culture was established. Of these cultures, four different cultures
were analyzed for the expression of MSC-sprecific and MSC-
related genes, three different cultures were analyzed using im-
munocytochemistry and one using flow-cytometry, and addi-
tional four different cultures were exposed to differentiation
media to evaluate the differentiation potential of isolated cells.

Isolation of cells from ovarian cortex biopsies

The ovarian cells were isolated as described previously [21],
except for the two changes: gelatin was left out as a supportive
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layer for cells to attach the plastic dish bottom when setting up
the culture, and the concentration of fetal bovine serum (FBS)
in the culture medium was lowered from 20 to 10 %. Briefly,
ovarian cortex biopsies were cut into small pieces using a sterile
scalpel and then incubated in 0.6 mg/ml collagenase type XI
(Sigma-Aldrich) for 10 min. After centrifugation at 1,700 rpm
for 8 min, they were again incubated in a mixture of prepared
hyaluronidase (SynVitro Hydase, Origio) and 0.6 mg/ml colla-
genase type XI. After 10 min, the enzymes were inactivated
using a 10 % fetal bovine serum (FBS, Gibco) and cells were
washed via centrifugation in a basic medium consisting of
DMEM/F12, supplemented with 3.7 g/l NaHCO;, 1 %
penicillin/streptomycin (all reagents from Sigma-Aldrich) and
with the pH adjusted to 7.4 by 1 M NaOH. The washed cells
were resuspended in a basic medium with 10 % FBS, passed
through a 70-um cell strainer (BD Falcon) and poured into 12-
well culture plates (TPP). The cells were cultured in a CO,-
incubator (37 C, 6 % CO, in air) and passage every 14—18 days
using 0.15 % trypsin (Sigma-Aldrich).

Culture of BM-MSCs and HDFs

PO-MSCs were compared to BM-MSCs to explore their
stemness and the potential character of mesenchymal stem
cells and to HDFs to exclude that they are fibroblasts because
of'a comparable morphology. For comparison a commercially
available cell lines of BM-MSCs and HDFs were used. BM-
MSCs were provided by Chemicon (Millipore, cat. no.
SCCO034). They were cultured in a Mesenchymal stem cell
expansion medium provided by the same producer (cat. no.
SCMO015). HDFs were provided by Cascade Biologics
(Invitrogen, cat. no. C-013-5C). In the first five passages,
HDFs were cultured in Medium 106 supplemented with low
serum growth supplement (both Invitrogen) and in subsequent
passages in a basic medium with 10 % FBS.

Immunocytochemistry

Using immunocytochemistry we analyzed the expression of
some MSCs cell surface markers recommended by the guide-
lines of the International Society for Cell Therapy [9]. A set of
primary antibodies included in the Human Mesenchymal
Stem Cell Characterization Kit (Millipore, cat. no. SCR067)
was used for this purpose; a mouse anti-M-CAM monoclonal
antibody (clone P1H12, diluted 1:500), a mouse anti-THY-1
(CD90) monoclonal antibody (clone F15-42-1, diluted 1:500),
a mouse anti-CD14 monoclonal antibody (clone 2D-15C,
diluted 1:500), a mouse anti-CD19 monoclonal antibody
(clone FMC63, diluted 1:500), a mouse anti-STRO-1 mono-
clonal antibody (clone STRO-1, diluted 1:500) and a mouse
anti-H-CAM/CD44 monoclonal antibody (clone F10-44-2).
Firstly, the cells were fixed using 4 % paraformaldehyde
(PFA) for 10 min, then incubated for 20 min in 10 % FBS
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and for 1 hour in primary antibodies (except STRO-1). Aftera
thorough washing, the cells were incubated for 30 min in goat
anti-mouse secondary antibodies conjugated to Alexa Fluor
488 (1:200, Molecular Probes). After another thorough wash-
ing, the cells were counterstained with DAPI. As a negative
control, the primary antibodies were omitted from the proce-
dure and replaced with 1 % FBS. To estimate the proportion of
stained cells two different independant persons counted 200
cells per slide with immunostained cells and calculated the
percentage of positive cells.

For the confirmation of STRO-1 (these primary antibodies
are IgM), B-tubulin III, S100, NeuN, glucagon and insulin
expression, an ABC method was performed using diamino-
benzidine as a substrate. Cells were fixed in a 4 % PFA,
permeabilized with 0.2 % Triton X-100 when intracellular
protein was analyzed, and to block endogenous peroxidases
the cells were incubated in 3 % H,0O,. After an incubation
with 10 % FBS, the cells were incubated for 1 hour in primary
antibodies (a mouse anti-STRO-1 monoclonal antibody, clone
STRO-1, diluted 1:500), a mouse anti-B-tubulin III monoclonal
antibody (clone TUJ1, diluted 1:1,000, Covance), a rabbit anti-
S100 polyclonal antibody (diluted 1:500, DakoCytomation), a
mouse anti-NeuN monoclonal antibody (clone A60, diluted
1:100, Millipore), a rabbit anti-insulin (H-86) polyclonal anti-
body (diluted 1:200, SantaCruz) and a rabbit anti-glucagon
polyclonal antibody (diluted 1:1,000, DakoCytomation) and
then for 30 min in biotin-conjugated secondary antibodies
(polyclonal rabbit anti-mouse immunoglobulins (1:400,
DakoCytomation) or polyclonal goat anti-rabbit immunoglob-
ulins (1:600, DakoCytomation)). After thoroughly washing the
cells, they were incubated in an ABC reagent (Vectastain Elite
ABC Kit, Vector Laboratories) for 20 min and then in diami-
nobenzidine substrate until the cells were stained brown (but for
no more than 5 min). As a negative control the primary
antibodies were omitted from the procedure and replaced with
1 % FBS.

Flow-cytometry on the expression of marker CD105

The PO-MSCs culture was analyzed by using FITC (fluores-
cein isothiocyanate)-conjugated antibodies against CD105
(EuroClone). Mouse IgG1 conjugated with FITC antibodies
(BD Pharmingen™) was used as an isotype control. To obtain
the single cell suspension, the trypsin was used to harvest cells
from the cell culture. The sample was analyzed by using
FACSCalibur (BD) and the data by using BD CellQuest Pro
Software.

Alkaline phosphatase staining
To detect alkaline phosphatase (AP) activity the commercially

available Alkaline Phosphatase Detection Kit (Millipore) was
used according to the manufacturer’s instructions. Briefly, the

cells from seven different ovarian cell cultures were fixed for
1 min using 4 % paraformaldehyde, washed with PBS and
then incubated for 15 min in a mixture of Fast Red Violet,
Naphthol AS-BI phosphate solution and water (2:1:1 ratio).
After washing with PBS, the cells were observed under an
inverted microscope (Hoffman illumination). The cells ex-
pressing AP activity were stained pink to red.

Differentiation of cells into cells of adipogenic, osteogenic,
neural and pancreatic lineage

Four differentiation protocols were used to differentiate PO-
MSCs. To induce adipogenic differentiation an induction me-
dium was used as previously described [22]. The cells were
cultured in a medium consisting of hESC medium
(DMEM/F12, 20 % KnockOut Serum Replacement (Gibco),
I 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) and 1 % penicillin/streptomycin) and
20 % follicular fluid serum retrieved from the in vitro fertili-
zation program. The differentiation medium was changed in
3—4 days. After 2 weeks (for PO-MSCs) and after 3 weeks (for
BM-MSCs and HDFs) the cells were fixed in a 4 % PFA for
20 min and incubated for 10 min in an Oil Red O working
solution. After thorough washes, the cells were observed
under an inverted microscope (Hoffman illumination) on lipid
droplets, which were stained red.

Osteogenic differentiation was induced using the well
known osteogenic differentiation medium [1]. It consisted of
DMEM low glucose, L-glutamin, FBS, dexamethasone
(Sigma), L-ascorbic acid 2-phosphate (Sigma), (3-
Glycerophosphate (Sigma) and penicillin/streptomycin. To
confirm successful differentiation the cell culture was stained
using the von Kossa protocol after 16—19 days of differentia-
tion. The cells were fixed in a 4 % PFA, incubated in 2 % silver
nitrate in the dark for 10 min, washed with distilled water and
exposed to UV-light for 25 min. After washing, the cells were
observed under an inverted microscope (Hoffman illumina-
tion) to detect the calcium deposits, which were stained black.

To induce neural differentiation, the cells were cultured in
DMEM/F12, supplemented with 80 ng/ml human basic FGF,
30 uM forskolin, 2 % FBS, 1 % non-essential amino acids and
1 % ITS (Insulin-Transferrin-Selenium) [21]. After 3—4 weeks
the cells were analyzed using immunocytochemistry for the
expression of markers 3-tubulin III, S100 and NeuN.

To induce pancreatic differentiation the cells were cultured
according to the Chandra et al. protocol [23], which was
slightly modified. Briefly, the cells were cultured for 2 days
in an SFM medium (serum free medium; DMEM/F12, 1 %
ITS, 1 % BSA) supplemented with 4 nM activin A, 50 uM 2-
mercaptoethanol and 2 ng/ml bFGF. On the third day the
medium was changed to SFM supplemented with 0.3 mM
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taurine and on the fifth day to SFM supplemented with 3 mM
taurine, 1 mM nicotinamide and 1 % non-essential amino
acids. After 10-14 days the cells were analyzed by using
dithizon and immunocytochemistry to check the expression
of insulin and glucagon.

Gene expression analysis

Human Mesenchymal Stem Cell RT? Profiler™ PCR Array
(PAHS-082, SABiosciences, Qiagen) was used to evaluate the
expression of 84 specific genes. Four different samples of PO-
MSCs cultures (samples 1-4), a sample of BM-MSCs and a
sample of HDFs were analyzed. The total RNA was isolated
from 10° to 10° cells using the miRNeasy Mini kit (Qiagen)
according to the manufacturer’s instructions. cDNA was syn-
thesized from 500 ng of the total RNA using the RT? First
Strand Kit (Qiagen), which includes the additional removal of
genomic DNA from the RNA sample and a specific control of
reverse transcription. The quality of isolated RNA was also
evaluated using RT? RNA QC PCR Arrays (Qiagen) accord-
ing to the manufacturer’s instructions. This test includes var-
ious measures allowing to control the presence of reverse
transcription and PCR inhibitors, contamination with genomic
DNA and contamination with DNA during the procedure.
After all the control tests, the samples were analyzed using
the RT? Profiler™ PCR Array. Altogether 84 different genes
were simultaneously amplified in each sample. Five house-
keeping (reference) genes (B2M, HPRTI1, RPL134, GAPDH,
ACTB), genomic DNA contamination control, reverse tran-
scription control and positive PCR control were included in
each PCR array. A melting curve analysis was performed to
verify that the product consisted of a single amplicon. PCR
arrays were performed in 384-well plates on a LightCycler
480 instrument (Roche Applied Science). Briefly, the reaction
mix was prepared from 2x SABiosciences RT*> gPCR Master
Mix and 102 pl of sample cDNA. 10 pl of this mixture was
added into each well of the PCR Array. The data were ana-
lyzed via Roche LightCycler 480 software and the C; values
were extracted for each gene. The thresholds and baselines
were set according to the manufacturer’s instructions
(SABioscinces, Qiagen). The data were analyzed using soft-
ware supplied by Qiagen (http://www.sabiosciences.com/pcr/
arrayanalysis.php) and statistical comparisons of gene
expression differences were performed using a linear model
approach implemented in a limma package [24] for the
Bioconductor 2.13 environment [25]. Initially, estimates of
relative gene expression (compared to BM-MSCs and
HDFs) were calculated using the AC, method with reference
genes as endogenous controls. Afterwards, the values were
log-transformed and the values fit to the linear model, com-
paring pairwise differences between classes of cells analyzed
in the study. The fold changes were estimated by subtracting
the log2 AC, expression values between the two compared
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classes, in accordance with the AAC, approach [26].
Significance values were estimated and followed. In addition,
they were adjusted for multiple testing according to the
Benjamini-Hoechberg false-discovery rate (FDR) [27].
Ultimately, p-values under 0.05 and FDR values falling below
0.2 were used as criteria to determine differentially expressed
genes between each pair of classes tested.

Results

In this report we describe the similarities and differences
between in vitro cultured cells from ovarian cortex showing
characteristics of MSCs (indicated as PO-MSCs), BM-MSCs
and HDFs. Ovarian cells were derived from 7 different pa-
tients. Most of the derived cells present in the ovarian cell
cultures had morphology similar to fibroblasts and BM-MSCs
(Fig. 1). Although there were also some other cell types
present in the ovarian cell cultures of the initial passages
(probably epithelial cells from ovarian surface epithelium,
blood cells and others), they usually disappeared after the first
or the second passage. Like in our previous study [21], typical
cell colonies were observed but their number was significantly
lower in this study (never more than five on the whole cell
culture plate and sometimes even none) probably due to
modifications of the culture system described in the materials
and methods.

Expression of cell surface markers of mesenchymal stem cells
analyzed by using immunocytochemistry

In all three different PO-MSCs cultures that we tested, the
markers of mesenchymal stem cells M-CAM, CD44, THY-1/

Fig. 1 The morphology of cells derived from different sources. (a, b)
PO-MSCs, (¢) BM-MSCs, (d) HDFs. Scale bar: 100 pm
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CD90 and STRO-1 were expressed, as revealed by immuno-
cytochemistry. The proportion of positive cells varied between
different PO-MSCs cultures, except for the marker CD44,
where in all the tested cell cultures the majority of cells
representing 96.7+2.9 % of all cells on average were CD44
positive. By our estimation, compared to marker CD44, lower
proportions of other analyzed markers were determined: 56.7
+15.3 % of cells were THY-1/CD90-positive, 31.7+23.6 % of
cells were M-CAM-positive, and 10.0+£8.7 % of cells were
STRO-1-positive (Fig. 2, summarized in Supplemental Table
1). Additionally, the PO-MSCs cultures were negative for
CD14 and CD19 markers (Fig. 2). Female age did not seem
to affect the expression of MSCs markers in ovarian cultures,
as can be seen in Supplemental Table 1. Conversely, the
ovarian cell culture in a woman diagnosed with endometrioma
on both ovaries was characterized by a low proportion of M-
CAM-positive cells in comparison with ovarian cell cultures
in other women. According to the results obtained by flow-
cytometry, PO-MSCs cultures also contained approximately
6 % of CD105-positive cells (Fig. 3). Additionally, all seven
analyzed PO-MSCs cultures revealed the presence of cells
positive for alkaline phosphatase staining (Fig. 2).

Furthermore, we have analyzed BM-MSCs and HDFs for
the expression of MSCs cell surface markers (M-CAM,
CD44, THY-1/CD90 and STRO-1) using immunocytochem-
istry. In comparison with PO-MSCs cultures, there was a
lower proportion (5-10 %) of M-CAM and THY-1/CD90
positive cells determined in the BM-MSCs culture (Fig. 4).
Similarly to PO-MSCs cultures most of BM-MSCs were
positive for marker CD44/H-CAM and negative for CD14
and CD19. The HDFs showed a different pattern of
immunostaing, where most of the cells were positive for
CD44 and around half for the THY-1/CD90 marker (Fig. 5).
The HDFs were negative for CD14, CD19 and M-CAM
markers.

Differentiation potential of putative ovarian mesenchymal
stem cells (PO-MSCs) in comparison with BM-MSCs
and HDFs

PO-MSCs were differentiated into cells of four different cell
lineages — adipogenic, osteogenic, neural and pancreatic -
representing all three germ layers (mesoderm, ectoderm and
endoderm) (results are summarized in Supplemental Table 1).
Adipogenic differentiation was confirmed by positive Oil Red
O staining. In all three differentiated PO-MSCs cultures and in
BM-MSCs, red-stained lipid droplets were observed
(Figs. 6a, b and 7a, b). The proportion of differentiated cells
varied between cultures, but in some PO-MSCs cultures we
observed up to half of cells containing lipid droplets. In BM-
MSCs no more than a third of cells in a culture contained lipid
droplets. Osteogenic differentiation was confirmed in all test-
ed PO-MSCs and BM-MSCs cell cultures via positive von

Kossa staining (Figs. 6c, d and 7c, d). The proportion of
differentiated cells varied between different PO-MSCs cul-
tures, in some of the PO-MSCs cultures up to half of cells
showed osteogenic differentiation in the culture, while in BM-
MSCs cultures; it was around 20 % of differentiated cells.
Interestingly, in the ovarian cell culture of the oldest, 75 years
old patient, a high proportion of cells was differentiated into
adipogenic and osteogenic cells (50 % and 50 %); the differ-
entiation potential of these ovarian cells seems to be higher
than in younger women. Neural differentiation (ectoderm)
was confirmed using immunocytochemistry, where differen-
tiated PO-MSCs were positively stained for the markers 8-
tubulin III, S100 and NeuN (Fig. 6e-h), and differentiated
BM-MSCs were positively stained for B-tubulin III and S100
(Fig. 7e—g). The proportion of cells that were differentiated in
neural lineage was low in both types of cells: only around 1—
2 % of cells were determined as differentiated in the tested
cultures. Pancreatic differentiation (endoderm) was confirmed
using dithizone staining and immunocytochemistry.
Differentiated PO-MSCs, which formed islet-like structures
(5-10 islet-like structures per well (the diameter of the
well is 1 cm) positively stained on dithizon (Fig. 61).
With the immunocytochemistry, the very same cell cul-
tures were also shown as positive for insulin and glucagon, as
can be seen in Fig. 6j-1. On the other hand, the HDFs did not
differentiate by the used protocols and were all negative for
applied tests.

Gene expression profiling by the human mesenchymal
stem cell RT? profiler™ PCR array

PO-MSCs, BM-MSCs and HDFs were analyzed using the
Human Mesenchymal Stem Cell RT? Profiler™ PCR Array
for the expression of 84 specific genes. The results are pre-
sented as the fold-change with calculated #-test values, p-
values and FDR-values for gene expressions of PO-MSCs in
comparison with the BM-MSCs and HDFs, as described in the
section on materials and methods. To gain a better overview
the results were grouped together based on gene function
according to the manufacturer’s recommendations. Because
the expression of a few genes may be important in various
processes, they were classified into several groups at the same
time. The analyzed genes were grouped as MSC-specific
genes and genes associated with stemness (pluripotency)
(Table 1), other genes associated with MSCs (Table 2) and
MSCs differentiation markers specific for osteogenesis, adi-
pogenesis, chondrogenesis, myogenesis and tenogenesis
(Table 3).

MSC-specific genes and genes associated with stemness

Out of 19 genes classified as MSC-specific, 13 of them were
expressed in PO-MSCs (Table 1), including the most
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<« Fig. 2 Positive staining of PO-MSCs for the expression of markers
M-CAM, CD44/H-CAM and CD90 and negative staining for markers
CD14 and CD19 as revealed by immuno-fluorescence, positive staining
of STRO-1 as revealed by immunocytochemistry, and positive staining
on alkaline phosphatase activity. Scale bar: 100 pm

important markers CD44, CD105, CD73, CD90 and M-CAM.
Three of these genes were differentially expressed when com-
pared to BM-MSCs and HDFs: ANPEP (p=0.024, FDR=
0.200 and 0.016, 0.097) was down-regulated in both compar-
isons, and ALCAM (p=0.018, FDR=0.102) and ITGAV (p=
0.029, FDR=0.120) were up-regulated when PO-MSCs were
compared to HDFs. A set of six genes (BMP2, FUT4, FZD?9,
KDR, NGFR, PROMI) was not expressed in any of the
analyzed sample. Additionally, M-CAM and VCAMI were
not expressed in HDFs. Out of eight genes that were classified
as stemness genes, only the expression of three genes was
detected: FGF2, LIF and POUSFI (Table 1). Of these,
POUSFI (p=0.007, FDR=0.169) was up-regulated in PO-
MSCs when compared to BM-MSCs. The expression of other
genes such as SOX-2, TERT, ZFP42 and WNT3A that are

usually associated with pluripotency, was not detected in any
of the analyzed samples (PO-MSCs, BM-MSCs and HDFs).

MSCs-associated genes

This group of genes is the largest, containing 32 genes, and at
the same times the most diverse. Twenty-three of these genes
were expressed in PO-MSCs samples (Table 2), of which ten
were differentially expressed when compared to BM-MSCs and
HDFs: IGF-1 (p=0.032, FDR=0.200), /TGB! (p=0.002,
FDR=0.072), TGFB3 (p=0.034, FDR=0.200) and VEGFA
(p=0.029, FDR=0.200) were up-regulated in PO-MSCs when
compared to BM-MSCs, and BDNF(p=0.0003, FDR=0.008),
COLIAI (p=0.003, FDR=0.051), GTF34 (p=0.014, FDR=
0.093), HGF (p=0.007, 0.072), IL6 (p=0.003, FDR=0.051),
ITGBI (p=0.007, FDR=0.072), TGFB3 (p=0.026, FDR=
0.120) and VEGFA (p=0.0002, FDR=0.008) when compared
to HDFs. In PO-MSCs we see that IL6 (p=0.042, 0.219) was
down-regulated when compared to BM-MSCs, and MMP?2 (p=
0.036, FDR=0.141) when compared to HDFs. There were also
nine genes that were not expressed in PO-MSCs, BM-MSCs or

Fig. 3 Flow cytometry analysis w
of ovarian cortex cell culture. (a) -
A subpopulation of cells
expressing a mesenchymal stem
cell marker -CD105. (b) Isotype
control

10

Counts

Counts
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CD105FITC
b
10! 102 10° 109
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<« Fig. 4 Positive staining of BM-MSCs for the expression of markers

M-CAM, CD44/H-CAM and CD90 and negative staining for markers
CD14 and CD19 as revealed by immuno-fluorescence. Scale bar: 100 um

in HDFs: BMP7, CSF2, CSF3, FUTI, IFNG, IL10, PTPRC,
TNF and VWF. Additionally, there were two genes which were
not expressed in HDFs only: EGE NES.

MSCs differentiation markers

The expression of genes for several lineage-specific markers
for osteogenesis, adipogenesis, chondrogenesis, myogenesis
and tenogenesis was tracked (Table 3). Ten of 13 genes
associated with chondrogenesis were expressed in PO-
MSCs, of which four were differentially expressed: GDF5

negative control

(p=0.033, FDR=0.200) and KAT2B (p=0.011, FDR=0.198)
were up-regulated and /7GB1 (p=0.002, FDR=0.072) down-
regulated in PO-MSCs when compared to BM-MSCs and
ITGBI1 (p=0.007, FDR=0.072) and TGFBI (p=0.042,
FDR=0.145) were up-regulated when compared to HDFs.
The genes BMP2, GDF7 and ITGAX were not expressed in
any of the analyzed samples. All three genes associated with
tenogenesis were expressed in PO-MSCs, BM-MSCs and in
HDFs, of which SMAD4 (p=0.025, FDR=0.200) was up-
regulated in PO-MSCs when compared to BM-MSCs, and
GDF15 (p=0.029, FDR=0.120) and TGFBI (p=0.042,
FDR=0.145) were up-regulated when compared to HDFs.
The expression of genes associated with osteogenesis showed
that 6 of 11 genes were expressed in PO-MSCs, BM-MSCs
and HDFs, but none of them were differentially expressed.

merged

o

Fig. 5 Positive staining of HDFs for the expression of markers CD44/H-CAM and CD90 and negative staining for M-CAM, as revealed by immuno-

fluorescence. Scale bar: 100 pm
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Fig. 6 In vitro differentiated PO-MSCs into (a) adipogenic cells (Oil Red
O staining), (b) negative control (Oil Red O staining of PO-MSCs
cultured in a basic medium with FBS, into (¢) osteogenic cells (von
Kossa staining), (d) negative control (von Kossa staining of PO-MSCs
cultured in DMEM low glucose, L-glutamin and FBS). Differentiation
into neuronal-like cells confirmed by immunocytochemistry on the

The genes BMP2, FGF10, HNF1A4, KDR and TBX5 were not
expressed in any sample. Similarly, none of the genes associ-
ated with adipogenesis were differentially expressed, although

expression of (e) 3-tubulin III, (f) S-100, (g) NeuN and (h) negative
control. Differentiation into pancreatic-like cells confirmed by (i) dithizon
staining and immunocytochemistry on the expression of (j) insulin, (k)
glucagon and (1) negative control. Scale bar: (a, ¢, e, f, g, h, k) 50 um and
for (b, d, e, i, j) 100 pm

all three tested genes were expressed (PPARG, RHOA,
RUNX2). In the end, one myogenesis-associated gene
(JAGI) was also expressed in all samples but with no

Fig. 7 In vitro differentiated BM-MSCs into (a) adipogenic cells (Oil Red
O staining), (b) negative control (Oil Red O staining of BM-MSCs cultured
in Mesenchymal stem cell medium), into (¢) osteogenic cells (von Kossa
staining), (d) negative control (von Kossa staining of BM-MSCs cultured

@ Springer

in DMEM low glucose, L-glutamin and FBS). Differentiation into neuro-
nal-like cells confirmed by immunocytochemistry on the expression of (e)
{3-tubulin [T and (f) S-100. (g) negative control for immunocytochemistry.
Scale bar: (a, e, f) 50 um and for (b—d, g) 100 um
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Table 1 Expression of MSCs specific genes and genes associated with stemness in PO-MSCs compared to BM-MSCs and HDFs

PO-MSCs vs. BM-MSCs

PO-MSCs vs. HDFs

Fold change t-test value p value FDR value Fold change t-test value p value FDR value
MSCs-specific genes
ALCAM 1.25 0.37 0.732 0.854 10.25 3.75 0.018* 0.102
ANPEP 0.09 —345 0.024* 0.200 0.06 -3.91 0.016* 0.097
CASP3 0.88 -0.23 0.828 0.926 1.47 0.68 0.531 0.673
CD44 0.90 -0.13 0.900 0.941 0.69 —0.48 0.658 0.759
ENG (CD105) 0.81 -0.49 0.651 0.791 247 2.08 0.102 0.275
ERBB2 1.28 0.64 0.553 0.745 2.44 2.33 0.077 0.217
ITGA6 3.61 1.72 0.157 0.366 4.12 1.90 0.127 0.315
ITGAV 1.29 0.99 0.376 0.598 2.31 3.25 0.029* 0.120
M-CAM 3.26 1.08 0.336 0.574 N/A N/A N/A N/A
NTSE (CD73) 1.01 0.01 0.991 1.000 1.20 0.24 0.818 0.860
PDGFRB 1.31 0.49 0.650 0.791 0.66 -0.73 0.501 0.673
THY1 (CD90) 6.73 2.11 0.099 0.288 0.40 -1.03 0.359 0.571
VCAM1 3.11 0.66 0.542 0.744 N/A N/A N/A N/A
Genes associated with stemness
FGF2 0.71 -0.99 0.375 0.598 1.20 0.52 0.630 0.751
LIF 1.80 0.81 0.459 0.669 N/A N/A N/A N/A
POUSF1 4.40 4.85 0.007* 0.169 225 2.65 0.054 0.167

Differentially expressed genes marked with asterisk (*) have p-values under 0.05. (N/A-not expressed)

statistical significance, and the other gene (NOTCH1) was not
expressed in any sample.

Discussion

The results of this study for the first time indicate the presence
of putative mesenchymal stem cells in healthy adult ovaries in
humans. Our previous study [21] revealed that some of the
in vitro cultured cells from ovarian cortex express a specific
pattern of pluripotency and pluripotent stem cell markers; a
proportion of ovarian cell colonies expressed both the markers
of pluripotent and multipotent/mesenchymal stem cells. These
observations encouraged us to focus on other cells present in
the ovarian cortex cell culture, which by morphology resem-
ble fibroblasts. The results of this study show that cells present
in ovarian cortex cell cultures express a wide range of MSCs
and MSCs-associated markers and have an interesting differ-
entiation potential. We named these cells putative ovarian
mesenchymal stem cells (PO-MSCs) and compared them
with a commercially available BM-MSCs line and
HDFs cell line. BM-MSCs were used for comparison
since they are currently the most researched and widely
used MSCs and HDFs were used to show that our
populations of isolated cells from ovaries are not usual fibro-
blasts, even though we are aware of HDFs controversy in
MSCs studies [28, 29].

Our results indicate that healthy adult human ovaries con-
tain specific cells showing MSCs characteristics. As previous-
ly mentioned, MSCs have been isolated from a wide range of
tissues [1-8], but caution is necessary because some differ-
ences exist between them. Diverse studies have shown distinct
gene expression profiles for MSCs depending on their tissue
source [30] and also different differentiation potential for these
MSCs [31, 32]. Similarly, in our study the results showed
differences in the gene expression characteristics of PO-MSCs
and BM-MSCs. However, when the most important MSCs
markers were examined, such as CDI105, CD73, M-CAM,
CD90, CD44 or VCAM], all were expressed in PO-MSCs.
Additionally, using immunocytochemistry, we confirmed the
expression of selected MSCs markers in PO-MSCs. Due to
the small number of patients included in this study and be-
cause each experiment was not performed on all seven pa-
tients, which represents a limitation, it is also reasonable to
mention the observed heterogeneity of PO-MSCs samples
obtained from different patients, thus the heterogeneity of
MSCs could also be expected. This is in accordance with the
BM-MSCs study which included 61 patients and showed the
high inter-donor variability, which was high even in the BM-
MSCs obtained from same-age donors [33]. It could be
expected that aging negatively affects the characteristics of
MSCs and has an impact on gene expression, although we did
not observe this. Some studies have shown that aging in-
creased senescence and reduced cell viability, proliferation
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Table 2 Expression of MSCs-associated genes in PO-MSCs compared to BM-MSCs and HDFs

PO-MSCs vs. BM-MSCs

PO-MSCs vs. HDFs

Fold change t-test value p value FDR value Fold change t-test value p value FDR value
MSCs-associated genes

ANXAS5 1.46 0.66 0.542 0.744 0.78 -0.43 0.686 0.759
BDNF 2.49 2.66 0.053 0.219 47.34 11.26 0.0003* 0.008
BGLAP 0.61 —2.34 0.076 0.259 1.26 1.07 0.340 0.568
COL1ALl 1.51 0.89 0.419 0.638 15.83 5.99 0.003* 0.051
CTNNBI1 1.82 2.38 0.073 0.259 0.90 -0.44 0.680 0.759
EGF 0.93 —-0.15 0.890 0.941 N/A N/A N/A N/A

GTF3A 1.79 1.67 0.166 0.374 4.15 4.08 0.014* 0.093
HGF 2.09 1.00 0.371 0.598 39.26 497 0.007* 0.072
ICAM1 227 0.73 0.502 0.717 229 0.74 0.499 0.673
IGF1 116.16 12.09 0.032%* 0.200 N/A N/A N/A N/A

IL1B 0.55 -2.10 0.121 0.327 N/A N/A N/A N/A

IL6 0.33 —2.88 0.042* 0.219 10.48 6.07 0.003* 0.051
ITGB1 4.72 6.74 0.002* 0.072 3.10 491 0.007* 0.072
KITLG 1.17 0.22 0.836 0.926 0.34 -1.48 0.209 0.441
MITF 1.91 0.93 0.401 0.623 1.36 0.44 0.680 0.759
MMP2 0.39 -1.93 0.123 0.327 0.23 -3.02 0.036* 0.141
NES 225 0.44 0.680 0.807 N/A N/A N/A N/A

NUDT6 0.71 —0.49 0.647 0.791 1.22 0.28 0.793 0.860
PIGS 1.09 0.21 0.846 0.926 1.88 1.44 0.219 0.441
SLC17A5 0.85 -0.29 0.789 0.905 0.44 -1.44 0.220 0.441
TGFB3 424 3.08 0.034* 0.200 4.84 3.36 0.026* 0.120
VEGFA 191 327 0.029* 0.200 9.78 11.55 0.0002* 0.008
VIM 1.30 0.48 0.655 0.791 229 1.53 0.197 0.441

Differentially expressed genes marked with asterisk (*) have p-values under 0.05. (N/A-not expressed)

and differentiation potential [34—36]. Furthermore, when
performing in vitro studies, the long-term expansion of
MSCs had a significantly negative impact on the characteris-
tics of MSCs, regardless of donor age [35, 37]. Additionally,
it is postulated that MSCs consist of different cell sub-
populations and that the results (gene expression, immunocy-
tochemistry) may vary depending on the ratio between these
sub-populations [38]. This is probably also the reason for
significant differences between MSCs clones, as has been
reported several times before [39—43]. Interestingly, our study
shows that ovarian pathologies (e.g. ovarian endometrioma)
affecting the characteristics of PO-MSCs are not excluded.
Besides the genes related to MSCs, PO-MSCs also
expressed three genes related to pluripotent stem cells:
FGF?2, LIF and POUSFI. 1t is important that these data are
interpreted with caution. From existing literature it is known
that primers for POUSF1 can be unreliable [44]. Moreover,
the expression of F'GF2 could also be associated with MSCs
and not only with pluripotency [45]. On the other hand, PO-
MSCs did not express some other important pluripotency-
related genes, e.g. SOX-2 and TERT; therefore, we may
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conclude that PO-MSCs cannot be associated with
pluripotency at this point.

Furthermore, in PO-MSCs, several genes related to differ-
entiation processes were expressed, although only four genes
(GDF5, KAT2B, ITGB1, SMAD4) were differential in a com-
parison of PO-MSCs with BM-MSCs. This could be partly
explained by the fact that whole ovarian cell cultures were
harvested for gene expression profile analysis, and the pres-
ence of other cell types therefore cannot be excluded. The
analyzed cells might consist of a heterogeneous population of
cells: from non-differentiated to partially or fully differentiat-
ed cells, which could be a natural condition of the ovary or a
consequence of a suboptimal culture system. In order to
avoid such dilemmas, it is proposed that PO-MSCs
would be sorted from the tissue or cell cultures using MACS
or FACS based on the expression of relevant markers; our
results show that CD44 and CD73 are definitely ideal markers
to do that.

The results of this study indicate that PO-MSCs are
multipotent cells, since they are capable of differentiation into
cell lineages of mesodermal (adipogenic and osteogenic
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Table 3 Expression of genes involved in various differentiation processes (chondrogenesis, osteogenesis, adipogenesis, tenogenesis, myogenesis) in

PO-MSCs compared to BM-MSCs and HDFs

PO-MSCs vs. BM-MSCs

PO-MSCs vs. HDFs

Fold change t-test value p value FDR value Fold change t-test value p value FDR value
Genes associated with chondrogenesis
ABCB1 15.45 6.96 0.062 0.242 N/A N/A N/A N/A
BMP4 2.46 1.45 0.217 0.427 1.41 0.56 0.606 0.737
BMP6 0.38 -1.30 0.260 0.467 2.56 1.26 0.272 0.469
GDF5 6.63 3.13 0.033* 0.200 0.65 —0.72 0.508 0.673
GDF6 8.89 1.76 0.149 0.359 8.30 1.71 0.159 0.379
HAT1 1.60 1.54 0.195 0.401 1.51 1.36 0.242 0.451
KAT2B 3.04 429 0.011* 0.198 0.83 —0.71 0.516 0.673
SOX9 0.56 —0.48 0.655 0.791 11.61 2.04 0.108 0.278
ITGB1 4.72 6.74 0.002* 0.072 3.10 491 0.007* 0.072
TGFB1 1.77 1.44 0.220 0.427 3.15 2.88 0.042* 0.145
Genes associated with osteogenesis
BMP6 0.38 -1.30 0.260 0.467 2.56 1.26 0.272 0.469
HDACI 2.07 1.90 0.126 0.327 0.69 —0.98 0.381 0.590
PTK2 1.87 1.19 0.298 0.522 2.09 1.39 0.232 0.449
RUNX2 3.04 1.59 0.184 0.389 2.09 1.05 0.348 0.568
SMURF1 1.87 1.31 0.256 0.467 1.90 1.34 0.247 0.451
SMUREF2 0.99 -0.01 0.989 1.000 2.88 1.51 0.202 0.441
Genes associated with adipogenesis
PPARG 1.73 1.31 0.256 0.467 1.11 0.25 0.812 0.860
RHOA 0.67 -0.50 0.640 0.791 0.90 —0.14 0.894 0.924
RUNX2 3.04 1.59 0.184 0.389 2.09 1.05 0.348 0.568
Genes associated with tenogenesis
GDF15 0.36 —-1.60 0.180 0.389 8.13 3.26 0.029%* 0.120
SMAD4 345 3.42 0.025%* 0.200 0.97 —0.08 0.939 0.954
TGFB1 1.77 1.44 0.220 0.427 3.15 2.88 0.042* 0.145
Gene associated with myogenesis
JAGI 2.54 0.82 0.454 0.669 4.24 1.28 0.268 0.469

Differentially expressed genes marked with asterisk (*) have p-values under 0.05. (N/A-not expressed)

lineage), ectodermal (neural lineage) and endodermal (pan-
creatic lineage) origin. It is well known that one of the main
characteristics of MSCs is their differentiation into the cell
lineages of mesodermal origin [9], while the differentiation
into the cell lineages of endo- or ectodermal origin is still a
matter of debate and criticism [46—48]. Regardless of these
concerns, the MSCs can express some pluripotency-related
genes (markers). Gonzalez et al. [13] showed that MSCs can
express pluripotency-related genes, and even more interesting
these MSCs were isolated from adult human testes, which
could indicate that these cells and PO-MSCs originate from
the same cells in the developmental stage of indifferent go-
nads. Moreover, there are more and more studies confirming
the trans-differentiation potential of MSCs [49-55] which
makes them still more interesting to be applied in regenerative
medicine and cellular therapies in the future. In the case of

cells cultured in this study, we would particularly suggest
using them in the frame of restoring ovarian function in cases
of its impairment or of premature ovarian failure. It has
already been shown in animal models that MSCs from differ-
ent sources (e.g. adipose) can improve or even restore ovarian
function [56-59]. To determine the ideal age at which PO-
MSCs could be used to regenerate ovaries, the ovarian tissue
of more patients at different ages would need to be included.
This is difficult because it is not easy to get ovarian tissue,
especially in younger women. We can only speculate on
an ideal age based on the literature; this age could be
under 30 years-old [34]. Moreover, our data showed that
the female age did not affect the characteristics of PO-MSCs
and that even in the oldest patient, aged 75 years, PO-MSCs
expressed a high potential to differentiate into adipogenic in
osteogenic cells.
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The analysis of HDFs which were used in our study shows
that the isolated population of PO-MSCs was a distinct pop-
ulation of cells and additionally, HDFs did not show any
differentiation potential. In spite of non-differentiation poten-
tial, the HDFs shared the expression of a proportion of genes
with PO-MSCs and BM-MSCs, although 8 genes were not
expressed in HDFs but were expressed in PO-MSCs and BM-
MSCs (M-CAM, VCAMI, LIF, EGF, IGF1, ILIB, NES,
ABCBI). Moreover, more genes were differentially expressed
when PO-MSCs were compared to HDFs than when com-
pared to BM-MSCs. The functions of these differentially
expressed genes vary, but only three of them are MSCs-
specific genes (ANPEP, ALCAM and ITGAV). The gene
ANPEP (known also as CD13), which was down-regulated
in PO-MSCs in comparison with both BM-MSCs and HDFs,
influences the MSCs’ adhesion, migration and vascular net-
work formation, and its expression is important for the normal
behaviour of MSCs [60]. On the other hand, the expression of
ANPEP/CD13 could be related to pathogenesis, since its
expression is connected with the invasion of cancer cells,
including human ovarian cancers [61, 62]. Two other differ-
entially expressed genes (ALCAM, ITGAV) were up-regulated
in PO-MSCs when compared to HDFs. ALCAM (CD166) is a
common MSCs marker detected in MSCs isolated from var-
ious sources [63], including granulosa cells [64]. It works as a
cell adhesion molecule and is involved in immunological
processes as well as in tumor growth and metastasis [65,
66]. The gene ITGAV (also known as CD51) encodes the
molecule (integrin ov), which is involved in cell adhesion
and is important for controlling the stem cell niche [67]. Other
differentially expressed genes are mostly involved in the
differentiation processes, which indicate the presence of a
heterogeneous population of cells, as previously discussed.

An important question arises: why are cells showing MSCs
characteristics resident in adult human ovaries? They are
probably the residue from the period of fetal gonadal devel-
opment and therefore retain some stemness that allows them
to regulate the ovarian function, particularly (to some extent)
regeneration. This is important, since during ovulation the
oocytes are released monthly from the ovaries and the ovarian
surface is damaged. The MSCs could also have some influ-
ence on the follicular development with the production of
active molecules or in some other way, considering that they
are most likely located in the vicinity of follicles. Moreover, it
is not excluded that they could include a subpopulation of
granulosa cells showing the characteristics of MSCs [64].

In conclusion, the cortex of healthy adult human ovaries
can be a source of cells showing typical MSCs characteristics
in conditions in vitro and for this reason we named these cells
PO-MSCs. These cells express genes related to MSCs, such as
CD105, CD44, CD90, M-CAM, CD73, VCAM1, and have an
interesting differential potential. When exposed to differenti-
ation media PO-MSCs are able to differentiate into cells of

@ Springer

adipogenic, osteogenic, neural and pancreatic lineage. Based
on these results, we propose PO-MSCs as a novel type of
MSCs which share some similarities with BM-MSCs but
nevertheless show distinct and specific characteristics.
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