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The Importance of the Canonical Wnt Signaling Pathway
in the Porcine Endometrial Stromal Stem/Progenitor Cells:

Implications for Regeneration

Joanna Bukowska,1 Adam Janusz Ziecik,2 Joanna Laguna,1 Barbara Gawronska-Kozak,3 and Gabriel Bodek1

The regenerative ability of the endometrium is strongly associated with the presence of adult stem/progenitor
cells. Purposes of the present study were (1) to establish the presence of stem/progenitor cells in porcine endo-
metrial stroma using a clonogenic assay and (2) to investigate whether the canonical Wnt pathway affects the
potential of stem/progenitor cells to undergo self-renewal or differentiation. The utility of endometrial stromal
clones as a model for stem/progenitor studies was evaluated based on these cells’ increased expression of
mesenchymal stem cell (MSC) marker genes, including CD29, CD73, CD90, and CD105, compared with primary
cultured cells. Small molecules were introduced to activate (BIO) or inhibit (XAV939) the canonical Wnt pathway
during stromal clone formation. Cloning efficiency assays revealed that activation of the Wnt/b-catenin pathway
promoted formation of more differentiated small clones. Moreover, activation of the Wnt/b-catenin path-
way decreased, whereas inhibition of the pathway increased MSC marker expression. Additionally, we confirmed
the importance of canonical Wnt pathway stimulation in endometrial stromal cells through observing the ap-
propriate changes in b-catenin cellular localization. These data indicate that modulation of the canonical Wnt
pathway effects the process of regeneration in the porcine endometrium during the course of the estrous cycle.

Introduction

Adult stem cells can replace cells within tissues that
have either a high turnover rate, such as blood, vascular

endothelium, skin epithelium, intestinal epithelium, and re-
spiratory tract, or those that have a high regenerative poten-
tial upon injury or disease, such as skeletal muscle, liver,
pancreas, and bone [1].

The endometrium is the mucosal lining of the uterus, and
a highly regenerative tissue that undergoes cycles of growth,
proliferation, differentiation, and regression. Endometrial
renewal is crucial for preparation of the uterus for embryo
implantation and pregnancy maintenance in humans and
animals. It has been hypothesized that the regenerative
ability of the endometrium is strongly associated with the
presence of adult stem/progenitor cells. To date, several
studies have provided evidence for the existence of putative
epithelial and stromal stem cells in human [2–4], mouse
[5,6], cow [7], and porcine endometrium [8,9]. In pigs, the
endometrial stroma contains a small population of stem cells
referred to as side population (SP) cells, which were iden-
tified based on their ability to efflux toxic substances [8].

Moreover, SP cells have several stem-like properties: (1)
clonogenicity; (2) multipotency due to their ability to dif-
ferentiate into adipocytes, chondrocytes, and osteocytes in
vitro; and (3) expression of mesenchymal stem cell (MSC)
marker genes, including CD29, CD73, CD90, and CD105,
and pluripotency markers, such as NANOG, SOX2, and
POU5F1 [8,9].

MSCs are postulated to be required for remodeling of the
endometrial stromal compartment, and they are mainly de-
fined by their functional properties, such as their extensive
capacity for self-renewal and ability to undergo multilineage
differentiation. Adult stem cells, such as MSCs, have been
identified and characterized based on their unique expres-
sion of marker genes and combinations of specific proteins.
Among the numerous approaches designed to study MSC
properties, in vitro clonogenic assays, which measure the
ability of single cells to produce clones when seeded at low
densities, are used extensively [2,8,10].

Multiple signaling pathways have been shown to participate
in tissue regeneration and development. In the endometrium,
cyclical regeneration is regulated by the steroid hormones
estradiol (E2) and progesterone (P4). In the proliferative phase
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of the estrous cycle, E2 promotes expansion of the endo-
metrial layer by activating cell proliferation, whereas during
the secretory phase, P4 induces differentiation of endome-
trial cells [11]. It has been postulated that steroid hormones
act through the canonical Wnt signaling pathway, which is
referred to as the Wnt/b-catenin pathway, in human endo-
metrium. Increased E2 levels activate the Wnt/b-catenin
pathway, whereas elevated P4 levels inhibit the Wnt/b-
catenin pathway, thereby counterbalancing the E2-enhanced
proliferation [12].

The Wnt pathway is critical for uterine development and
plays an important role during implantation and decid-
ualization in mice [13], but its function in regeneration of
the endometrium is still unclear. The canonical Wnt sig-
naling pathway plays a vital role in the maintenance of self-
renewal and regulation of differentiation in various stem cell
types. Many studies have shown that Wnt/b-catenin sig-
naling is required for stemness and pluripotency of embry-
onic stem (ES) cells, and it also has a supportive role in
maintaining ES cell characteristics in vitro [14]. In hema-
topoietic stem cells (HSCs), various Wnt ligands support
self-renewal and proliferation [15]. Furthermore, Wnt sig-
naling is important for regulating proper stem cell mainte-
nance and differentiation in the intestine [16,17].

Recent evidence indicates that the canonical Wnt pathway is
also functional in MSCs. Human MSCs express a number of
Wnt ligands, receptors, coreceptors, and inhibitors [18]. Exo-
genous application of the Wnt ligand Wnt3a to cell culture has
a proliferative effect on the MSC population and results in
enhanced self-renewal and inhibition of apoptosis [19].

Intense research efforts have focused on the application of
small molecules that modulate the Wnt/b-catenin signaling
pathway to determine its function in different cell types.
Using this strategy, the Wnt pathway has been shown to be
inappropriately activated in many types of cancer [20,21]. In
SW480 cells, treatment with the Wnt/b-catenin inhibitor
XAV939 blocks Wnt signaling and promotes b-catenin de-
struction [21]. Therefore, it has been proposed that inhibition
of Wnt signaling could be an attractive strategy for cancer
therapeutics. Conversely, activation of Wnt signaling using
inhibitors of glycogen synthase kinase 3 (GSK-3), such as
BIO or lithium chloride, prevents degradation of b-catenin
[22]. Administration of GSK-3 inhibitors improves the self-
renewal ability of HSCs in nonobese, diabetic severe combined
immunodeficiency mice, suggesting that GSK-3 inhibitors
enhance stem cell self-renewal [23]. Conversely, in human
ES cells (hESCs), activation of Wnt/b-catenin signaling by
application of exogenous Wnt3a or BIO promotes loss of
self-renewal and drives transcriptional changes typical of
differentiation into mesoderm lineages [24].

A pattern of Wnt-related gene expression is similar to that
of the basalis epithelium of menstrual endometrium [25],
suggesting that the canonical Wnt signaling pathway has an
important role in the regulation of a putative endometrial stem
cell population. However, relatively little is known about the
role of the canonical Wnt signaling pathway in endometrial
stem cells in the pig. Kiewisz et al. showed that Wnt pathway
members, including Wnt4, Wnt5A, b-catenin, and E-cadherin,
are expressed in the luminal and glandular epithelium of
porcine endometrium during the peri-implantation period of
pregnancy and at the luteal phase of the estrous cycle [26].
Furthermore, WNT5A and WNT7A have different expression

patterns during the estrous cycle compared to pregnancy,
suggesting that these Wnt family members are hormonally
regulated. There are no data concerning the role of the ca-
nonical Wnt pathway in regulating self-renewal and differ-
entiation of endometrial stem cells. Thus, in the present study
we used a small molecule inhibitor (XAV939) and activator
(BIO) of the Wnt/b-catenin pathway to investigate the role of
Wnt signaling in self-renewal and differentiation of stem/
progenitor cells in the porcine endometrium.

Materials and Methods

Uteri (n = 9) were collected postmortem from cyclic,
crossbred pigs (Sus scrofa domesticus) at a local abattoir.
Immediately after slaughter, uteri were collected and trans-
ported on ice to the laboratory. To examine the effect of
endocrine status on stromal cells, endometrial samples were
obtained at days 2–4 (early diestrus, n = 5–7) of the estrous
cycle, when corpora lutea begin to produce progesterone and
its concentration is present in the blood plasma. During this
phase, endometrial stromal cells gradually differentiate to
achieve uterine receptivity for embryo implantation. The
second group of cells was collected at days 19–20 (proestrus,
n = 4) of the estrous cycle, when 17b-estradiol is high [27]
and during which extensive cellular proliferation occurs.

The phases of the estrous cycle were verified based on
macroscopic observation of the ovaries. Early diestrus is
characterized by the presence of corpora hemorrhagica,
whereas proestrus, which occurs just before ovulation, is
characterized by the presence of numerous ovulatory fol-
licles (7–10 mm in diameter) that were rich in ovarian fluid
[28]. All studies were approved by the Animal Ethics Com-
mittee at the University of Warmia and Mazury in Olsztyn,
Poland (Agreement No. 39/2012).

Isolation and culture of primary endometrial
stromal cells

Uterine horns were cut longitudinally and endometrial
tissues were subjected to enzymatic digestion, according to a
procedure described previously by Bodek et al. [8]. Briefly,
to separate stromal tissue from epithelial cells, endometrial
tissues were digested with 1 IU/mL dispase (Sigma-Aldrich)
for 75 min at 37�C in Hanks’ balanced salt solution (HBSS)
at pH 7.4 (Sigma-Aldrich), and then filtered through nylon
mesh. The epithelial cells were discarded, and the remaining
endometrial tissue was digested for 80 min in 0.06% colla-
genase I (Biochrom) in HBSS supplemented with 1% bovine
serum albumin (BSA; Sigma-Aldrich). The endometrial
stromal cell suspension was filtered and collected by a series
of three centrifugations (218g, 10 min).

The pelleted cells were suspended in Dulbecco’s modified
Eagle’s medium (DMEM/F-12; Life Technologies) con-
taining 10% fetal bovine serum (FBS), 100 IU/mL penicil-
lin, 100 mg/mL streptomycin, and amphotericin B, and
seeded on 100-mm, tissue culture-treated Petri dishes at
37�C in a 5% CO2 and 95% air atmosphere (P = 0). The
same volume of endometrial tissue was always processed,
although cells were not counted before initial seeding. After
18 h the nonadherent and dead cells were removed and fresh
medium was added. The primary cultured endometrial stro-
mal cells (P = 0) were used for further experiments.
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Isolation and culture of bone marrow stromal cells

Bone marrow aspirates were taken from the femoral bone
and iliac crest (n = 4). The aspirates were suspended in DMEM/
F-12 medium (Life Technologies) containing 10% FBS, 100
IU/mL penicillin, 100mg/mL streptomycin, amphotericin B,
and 2 mM ethylenediaminetetraacetate (EDTA) (Sigma-
Aldrich). The aspirate suspension was filtered and collected
by centrifugation (218g, 10 min), and the pelleted cells were
resuspended in complete culture medium and plated on 60-mm,
tissue culture-treated Petri dishes. After 24 h, the nonadherent
cells were removed. The adherent cells were cultured for 14–21
days. The primary cultured bone marrow stromal cells (P = 0)
and cells at passage 1 (P = 1) were used for the experiments.

Clonogenicity assay

To obtain endometrial stromal clones, cells (P = 1) were
detached with 0.025% trypsin with EDTA (Life Technologies)
and seeded at a clonal density of 300 cells/cm2 on 60-mm,
tissue culture-treated Petri dishes. Clonal density of 300 cells/
cm2 provides optimal conditions for development of stromal
clones preventing their overlap during long-term in vitro cul-
ture. The cells were cultured for 14 days in phenol red-free
DMEM/F12 medium supplemented with 10% FBS, 100 IU/
mL penicillin, 100mg/mL streptomycin, and amphotericin B.
The cultures were monitored three times per week to ensure
that the clones grew from single cells. The clones at passage 2
(P = 2), which were distinguished as large or small, and the
primary cultured stromal cells (P = 0) were collected in Fe-
nozol (A&A Biotechnology) at the end of each culture period
and stored frozen until RNA isolation.

Flow cytometry analysis of MSC markers

The endometrial stromal cells were phenotypically ana-
lyzed by flow cytometry, according to a modified procedure
described previously by Gawronska-Kozak et al. [29]. In brief,
stromal cells at days 2–4 (n = 3) and days 19–20 (n = 3) of the
estrous cycle were cryopreserved in 50% FBS, 10% dimethyl
sulfoxide (DMSO), and 40% DMEM/F-12 medium. One day
before flow cytometry analysis, individual vials of cells were
thawed, centrifuged, and plated in 100-mm, tissue culture-
treated Petri dishes. On the day of analysis, the nonadherent
cells were washed out with PBS, and the adherent cells were
detached with Accutase (Life Technologies).

Then, the cells were suspended in 0.1% BSA in HBSS at
a concentration of 1 · 106 per tube and incubated for 45 min
with the following antibodies (BD Pharmingen): CD29 (1:5,
clone MAR4), CD73 (1:20, clone AD2), CD90 (1:20, clone
5E19), CD105 (1:20, clone 266), hematopoietic cells marker
CD45 (1:10; AbD Serotec). Isotype-matched immunoglob-
ulins, used in the same concentrations as that of the primary
antibody, served as controls for nonspecific immunofluo-
rescence. The labeled cells were analyzed using a BD
FACSAriaII Cell Sorter (Becton Dickinson) and BD
FACSDiva v6.1.3 Software (Becton Dickinson). Histograms
were overlapped using Flowing Software Version 2.5.0
(Cell Imaging Core, Turku BioImaging; Turku Centre for
Biotechnology, University of Turku, �Abo Akademi Uni-
versity). The total number of cells analyzed for each sample
was 10,000. The positive cells were identified by compari-
son with mouse IgG1 as isotype control.

Long-term effects of XAV939 and BIO
on clonogenicity and MSC marker gene expression
in endometrial stromal cells

During the entire 2 week culture period, developing clones
(P = 1) initiated by the single cells seeded at clonal density of
300 cells/cm2, were separately treated with different doses of
the small molecules BIO (6-bromoindirubin-3¢-oxime; Sigma-
Aldrich), a Wnt/b-catenin pathway activator, and XAV939
(3,5,7,8-Tetrahydro-2-[4-(trifluoromethyl)phenyl]-4H-
thiopyrano[4,3-d]pyrimidin-4-one; Sigma-Aldrich), a selec-
tive inhibitor of b-catenin transcription. The stimulator doses
used were 1 or 2mM for BIO and 2.5, 5, or 10mM for XAV939.
These treatment doses were chosen based on previously de-
scribed in vitro data using XAV939 in human cancer cells [30]
and BIO in hESCs [24] to modulate Wnt/b-catenin signaling.
For controls, unstimulated cultures were incubated in medium
supplemented with 0.05% DMSO.

Media supplemented with freshly added stimulators were
changed twice a week. At the end of the culture period,
stromal clones that contained between 50 and 100 cells were
classified as small, and those that consisted of more than 100
cells were classified as large [8]. Both types of clones were
separately counted. The cloning efficiency (CE) was cal-
culated using the following formula: CE (%) = (number of
colonies/number of cells seeded) ·100%. After counting,
the clones were washed with PBS and collected in Fenozol
for RNA extraction.

Detection of b-catenin localization
by immunofluorescence

The localization of b-catenin in endometrial stromal cells
was detected by immunofluorescence staining. Cells (6 · 104)
isolated from pigs at days 2–4 of the estrous cycle were seeded
on 13 mm glass slides (Nalgene Nunc International) and incu-
bated for 18 h with BIO (2mM), XAV939 (10mM), or control
medium. The treatment doses were chosen based on results
from the clonogenic assay and expression of MSC markers
(compare Figs. 3 and 5). After 24 h, the cells were washed with
warm PBS, fixed with 4% paraformaldehyde, permeabilized for
20 min with Tris-buffered saline (TBS) at pH 7.4 containing
0.2% Triton X-100 (TBS-T), and blocked for 1 h in 2.5% nor-
mal donkey serum (Jackson ImmunoResearch) in polymyxin-
anisomycin-vancomycin solution (0.1 M PBS, 0.1% BSA,
0.05% thiomersal).

Subsequently, the cells were incubated with an anti-b-catenin
antibody (1:100; BD Transduction Laboratories) and negative
control mouse IgG1 antibody (1:100; Dako Cytomation) over-
night at 4�C. The next day, the cells were washed with
TBS, incubated with CY3-conjugated donkey anti-mouse IgG
(1:2,000; Jackson ImmunoResearch) for 1 h at room temper-
ature, and then mounted using VECTASHIELD mounting
medium (Vector Laboratories). Images were acquired using a
Nikon Eclipse Ti-E confocal microscope.

Effect of small molecules on multilineage
differentiation potential of endometrial stromal cells

Endometrial stromal cells were seeded at the concentra-
tion of 2.5 · 105 into 24-well plates (P = 1). After reaching
subconfluency, adipogenic, osteogenic, and chondrogenic
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differentiation was induced, according to the procedure
described previously by Bodek et al. [8] and Gawronska-
Kozak [31]. Adipogenic medium I consisted of DMEM/F12
supplemented with 5% FBS, 1.7 mM insulin (Sigma-
Aldrich), 1 mM dexamethasone (Sigma-Aldrich), 0.5 mM
isobutyl-methylxanthine (IBMX; Sigma-Aldrich). Adipo-
genic medium II consisted of DMEM/F12 supplemented
with 5% FBS, 17 nM insulin, 2mM troglitazone (Sigma-
Aldrich). Stromal cells were exposed for 48 h to adipogenic
medium I. For the next 18 days, cells were exposed to
adipogenic medium II. For chondrogenic and osteogenic
induction StemPro1 Chondrogenesis Differentiation Kit
(Life Technologies) and Stem-Pro1 Osteogenesis Differ-
entiation Kit (Life Technologies) were used, respectively.

To investigate the effect of the canonical Wnt pathway
activation on cell differentiation potency, culture media
were supplemented with 1 and 2 mM of BIO. To adapt the
cells to differentiation conditions, cultures were incubated
for 6 h without BIO supplementation and then BIO was
added. For controls, cultures were incubated only in medium
DMEM/F12 supplemented with 1 and 2 mM of BIO and in
medium DMEM/F12 with no treatments. The culture media
with freshly added stimulators were replaced every 3 or 4
days. Cells were cultured for 20, 12, 7 days in adipogenic-,
osteogenic-, and chondrogenic-induced media, respectively.
Differentiated phenotype was observed by light microscopy
and confirmed by the expression of marker genes by real-
time polymerase chain reaction (PCR).

The ability to spontaneous multilineage differentiation was
verified in the endometrial stromal clones. In clones cultured
for 14 days in DMEM/F12 supplemented with 10% FBS, 100
IU/mL penicillin, 100mg/mL streptomycin, amphotericin B,
and treated with BIO (1 and 2mM) and XAV 939 (2.5, 5 and
10mM) the presence of specific marker genes was performed
by real-time PCR. Adipogenic, osteogenic, and chondrogenic
differentiation was detected with Oil Red Oil, Alizarin Red
Solution, and Alcian blue staining, respectively.

RNA isolation

Total RNA was isolated using the Total RNA Mini Kit
(A&A Biotechnology), according to the manufacturer’s
protocol. The RNA concentration and quality were deter-
mined spectrophotometrically using an ND-1000 spectro-
photometer (NanoDrop Technologies). Isolated total RNA
samples were stored at -80�C.

Reverse transcription

Genomic DNA was removed from RNA samples using
DNase I, Amplification Grade (Invitrogen). cDNA was
synthesized from 1 mg total RNA using the High-Capacity
cDNA Reverse Transcription Kit (Applied Biosystems),
according to the manufacturer’s protocol. The cDNA was
stored at -20�C before real-time PCR analysis.

Real-time PCR

Real-time PCR was performed on the ABI ViiA� 7 se-
quence detection system (Life Technologies Holding Pte
Ltd) using the following conditions: 95�C for 3 min (initial
denaturation), followed by 40 repetitive cycles of 95�C for
10 s (denaturation) and 59�C for 20 s (annealing). Primers

for PPIB, CD29, CD73, CD90, CD105, LPL, ACAN, and
BGLAP were designed based on sequences obtained from
the National Center for Biotechnology Information and were
described previously [8,32]. The final volume of the reaction
mixture was 10 mL, and consisted of 1 mL cDNA (50 ng),
0.4 mL (200 nM) each of the forward and reverse primers,
3 mL nuclease-free water, 5 mL KAPA SYBR� Fast quanti-
tative polymerase chain reaction master mix, and 0.2 mL
ROX Low reference dye (KAPA Biosystems). As a negative
control, samples were prepared using nuclease-free water
instead of cDNA. Proper amplification of genes was verified
by melting curve analysis. The real-time data were nor-
malized on the basis of PPIB content and analyzed using the
Zhao and Fernald method [33].

Statistical analyses

Statistical analyses were performed using the GraphPad
PRISM v6.02 software (GraphPad Software). Two-way anal-
ysis of variance (ANOVA) followed by Bonferroni’s post hoc
test was used to compare the expression of MSC markers
(CD29, CD73, CD90, CD105) in primary cultured stromal
cells and clones at days 2–4 and 19–20 of the estrous cycle.
One-way ANOVA analysis followed by the Bonferroni’s post
hoc test was performed to test for significant differences in CEs
and the expression levels of CD29, CD73, CD90, CD105,
following treatment with different doses of BIO and XAV939.
Data are expressed as mean + standard error of the mean. A
value of P < 0.05 was considered statistically significant.

Results

Phenotype of endometrial stromal cells

The expression of MSC markers, including CD29, CD73,
CD90, and CD105, on porcine endometrial stromal cells iso-
lated from pigs in diestrus and proestrus was analyzed using
flow cytometry. All of the endometrial stromal cells showed
high levels of CD29 (Fig. 1A) and CD90 (Fig. 1B), but were
negative for CD73 (Fig. 1C) and CD105 (Fig. 1D), regardless
of the stage of the estrous cycle. Overall, 97.5% – 0.9% and
96.5% – 1.49% of endometrial stromal cells isolated from uteri
in diestrus and proestrus, respectively, were positive for CD90.
Stromal cells positive for CD29 represented 83.6% – 4.9% in
diestrus and 83.9% – 6.9% in proestrus (Table 1). Endometrial
cells (>98%) were negative for the specific hematopoietic
marker CD45 (Fig. 1E and Table 1). These data indicate that
the studied population of endometrial stromal cells is of
mesenchymal origin.

Establishment of cell clones
from endometrial stroma

The endometrial stromal cells seeded at clonal density
(300 cells/cm2) generated single cell-derived clones (Fig. 2).
The individual cells started to proliferate 2–3 days after
plating, creating small clusters of cells (Fig. 2A). The
stromal clones developed gradually (Fig. 2B), but continued
to expand over the next several days of culture. Two types
of stromal clones were distinguished at the end of the 2
week culture period: large, densely packed clones with a
high proliferation capacity (Fig. 2C) and small, loosely ar-
ranged clones with a low number of cells (Fig. 2D).
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Expression of MSC marker mRNA in endometrial
stromal clones and primary cell culture

To determine whether porcine endometrial stromal clones
exhibit MSC characteristics, we analyzed the expression of
MSC markers, including CD29, CD73, CD90, and CD105,
by real-time PCR. The MSC marker expression levels in the
endometrial stromal clones were compared to those mea-
sured in primary cultured endometrial stromal cells and
bone marrow-derived cells. The stromal clones derived from
pigs at days 2–4 of the estrous cycle showed higher ex-
pression levels of CD29 and CD90 than primary cultured
stromal cells (P < 0.001; Fig. 3A, C, bright bars). Similarly,

the stromal clones derived from pigs at days 19–20 of the
estrous cycle showed significantly elevated levels of CD29,
CD73, and CD90 compared with the primary cultured
stromal cells (P < 0.01 for CD29 and for CD90, P < 0.05 for
CD73; Fig. 3A, C, B, dark bars). There were no differences
between CD105 levels expressed in stromal clones and
primary cultured stromal cells (Fig. 3D). Generally, the
endometrial clones showed higher levels of MSC marker
gene expression than primary cells, regardless of the stage
of the estrous cycle. The levels of MSC gene expression in
stromal clones were similar to those observed in bone
marrow cells. These results indicate that the endometrial
stromal clones represent the MSC population in porcine
endometrial stroma.

Long-term effect of XAV939 and BIO on the
clonogenicity of endometrial stromal cells

To determine whether the canonical Wnt pathway regulates
the clonogenicity of adult endometrial stromal stem/progenitor
cells, the clonogenic assay was employed. Endometrial stromal
clones were cultured in media supplemented with different
doses of the Wnt pathway inhibitor XAV939 or the Wnt path-
way activator BIO, and the number of developing clones was
calculated (Fig. 4). CE analysis revealed that BIO strongly af-
fected large and small clone development of endometrial stro-
mal cells isolated at days 2–4 of the estrous cycle (Fig. 4A, B).
At a concentration of 1mM, BIO treatment reduced the number
of large clones (P < 0.05; Fig. 4A), and at 2mM, BIO treatment
completely blocked large clone formation (Fig. 4A). The op-
posite effect was detected for small clones, which showed the

FIG. 1. Immunophenotype of endometrial stromal cells for MSC markers (A) CD29, (B) CD90, (C) CD73, (D) CD105,
and (E) hematopoietic stem cell marker CD45. The histograms are representative for all three samples (n = 3; biological
repeats) collected on days 2–4 (n = 3) and on days 19–20 (n = 3) of the estrous cycle (black lines). Gray lines indicate
background fluorescence obtained with isotype control IgG. MSC, mesenchymal stem cell.

Table 1. Immunophenotypic Characteristics of the

Endometrial Stromal Cells Isolated on Days 2–4
(n = 3) and on Days 19–20 (n = 3) of the Estrous Cycle

Markers FACS analysis

Positive cells (%)

Days of estrous cycle

2–4 19–20

CD29 Positive 83.6 – 4.9 83.9 – 6.9
CD90 Positive 97.5 – 0.9 96.5 – 1.49
CD73 Negative 0.0 0.0
CD105 Negative 0.0 0.0
CD45 Negative 0.8 – 0.25 1.8 – 0.5

All values reflect the mean of percent – standard error of the mean
of three replicates (individuals) in each group.

FACS, fluorescence-activated cell sorting.
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significantly elevated number with BIO administration (1mM)
compared with the control group (P < 0.001; Fig. 4B).

Similar effects were observed for clones established from
endometrial stromal cells isolated at days 19–20 of the es-
trous cycle (Fig. 4C, D). The presence of BIO at 1 or 2 mM
in the culture medium reduced the number of large clones
(P < 0.01; P < 0.0001, respectively; Fig. 4C). On the con-
trary, the CE of small clones significantly increased with 1
and 2 mM BIO administration compared with the control
group (P < 0.01; P < 0.001, respectively; Fig. 4D). In con-
trast to BIO, XAV939 did not affect the number or type of
clones in culture, regardless of the stage of the estrous cycle
(Fig. 4A–D).

To establish the mechanism of Wnt pathway modulation
in porcine endometrial stromal cells, we examined changes
in b-catenin localization following stimulator treatment

(Fig. 5). Activation of the Wnt/b-catenin pathway by BIO
(2 mM) resulted in an accumulation of b-catenin in the nu-
cleus (Fig. 5A). In contrast, XAV939 (10 mM) did not show
significant effect on staining of cytoplasmic b-catenin (Fig.
5B). These data indicate that the endometrial stromal cells
respond appropriately to Wnt pathway activation.

Long-term effect of XAV939 and BIO on MSC
marker expression in endometrial stromal clones

To verify whether the Wnt/b-catenin pathway affects
endometrial stromal stem/progenitor cells development, we
evaluated the effect of XAV939 and BIO on MSC marker
expression (Fig. 6). In clones (P = 1) derived from stromal
cells isolated at days 2–4 of the estrous cycle, BIO treatment
downregulated the expression of CD73 (P < 0.05 for 1mM

FIG. 2. Representative photos of endo-
metrial stromal clones at different stages of
in vitro development. (A) An image shows a
single-cell division at days 2–3 of culture.
(B) A subset of cells after 7 days of culture
is shown. (C) A large, densely arranged
clone at day 14 of culture is shown. (D) A
small clone with loosely packed cells at day
14 of culture is shown. Scale bars: 100mm
(A, B), 500mm (C, D).

FIG. 3. Expression of MSC markers (A)
CD29, (B) CD73, (C) CD90, and (D) CD105
in primary cultured stromal cells and stromal
clones collected from pigs at days 2–4 (bright
bars; n = 4–7) and days 19–20 of the estrous
cycle (dark bars; n = 4–5) compared with the
bone marrow MSC (white bars; n = 4). Bars
with various letters are different among
groups of endometrial cells isolated on days
2–4 and 19–20 of the estrous cycle (small
letters for endometrial stromal cells isolated
on days 2–4 of the estrous cycle; capital
letters for cells collected on days 19–20 of
the estrous cycle). The results are shown as
the mean + SEM of four to seven biological
replicates. BM, bone marrow; SEM, standard
error of the mean.
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BIO; P < 0.01 for 2 mM BIO), CD90 (P < 0.05 for 2 mM
BIO), and CD105 (P < 0.05 for 2 mM BIO) (Fig. 6A). In
contrast, XAV939 treatment increased the level of CD73 in
a dose-dependent manner (P < 0.05 for 2.5 mM XAV939;
P < 0.01 for 5 and 10 mM XAV939), whereas no effects were
observed on CD29, CD90, or CD105 levels (Fig. 6B).

In clones derived from stromal cells isolated at days 19–
20 of the estrous cycle, 2mM BIO treatment decreased the
levels of CD73 (P < 0.05), CD90 (P < 0.05), and CD105
(P < 0.01) compared with control, unstimulated cultures

(Fig. 6C). In contrast, XAV939 treatment increased the
expression of CD73 (P < 0.01 for 2.5 mM XAV939; P < 0.01
for 5mM XAV939; P < 0.001 for 10 mM XAV939) and
CD105 (P < 0.05; P < 0.01; P < 0.001 for 2.5, 5, and 10 mM
XAV939, respectively) (Fig. 6D). There was also an in-
crease in CD90 levels with XAV939 treatment compared
with the control group, but the differences did not reach
statistical significance (Fig. 6D). Therefore, activation of the
canonical Wnt pathway decreased, whereas inhibition of the
Wnt pathway increased the expression of MSC markers in

FIG. 4. Effect of XAV939 and BIO on
the clonogenicity of endometrial stromal
cells in vitro. The CEs (%) were calculated
for days 2–4 (A, B) and days 19–20 (C, D)
of the estrous cycle. The results are shown as
the mean + SEM of four to five biological
replicates. Six repeats of each sample were
performed per treatment. The asterisks indicate
significant differences in cloning efficiencies
between groups treated with different stimu-
lator doses relative to the control (*P < 0.05;
**P < 0.01; ***P < 0.001; ****P < 0.0001).
CE, cloning efficiency; N/D, nondetectable.

FIG. 5. Representative images of b-catenin
immunofluorescent staining in endometrial
stromal cells collected on days 2–4 of the
estrous cycle. Images depict (A) the nuclear
localization of b-catenin after 2 mM BIO
treatment and (B) the cytosolic localization
of b-catenin after 10 mM XAV939 treatment.
(C) An image of the biological control sam-
ple is shown. (D) Primary antibody control.
The cell nuclei were stained with DAPI (blue)
and colocalized with b-catenin (red). Scale
bars: 30 mm (A), 20 mm (B, C), 50 mm (D).
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endometrial stromal clones regardless of the estrous cycle
stage from which cells were collected.

Effect of small molecules on multilineage
differentiation potential of endometrial stromal cells

To investigate the effect of the Wnt/b-catenin pathway
in the mesenchymal lineages differentiation, endometrial
stromal cells were cultured in specific induction media
supplemented with BIO (Fig. 7). Morphological features
such as lipid droplets (Fig. 7A–C), typical for adipocytes,
were observed in cells cultured with differentiation me-
dium alone (Fig. 7A) and in cultures treated with BIO at a
concentration of 1 mM (Fig. 7B) and 2 mM (Fig. 7C). Slight
reduction of lipid vacuoles was observed in cultures treated

with BIO 2 mM (Fig. 7C) when compared to the cells
treated with BIO at a concentration 1 mM (Fig. 7B) and
unstimulated cells that were cultured with adipogenic
medium alone (Fig. 7A). In chondrogenic differentiation,
stromal cells showed strong Alcian blue staining of pro-
teoglycans in both medium without BIO (Fig. 7D) and
in media supplemented with BIO (Fig. 7E, F for BIO 1
and 2 mM, respectively).

No staining was observed in nondifferentiation media (control
media) without BIO (Supplementary Fig. S1D; Supplementary
Data are available online at www.liebertpub.com/scd) and
with BIO (Supplementary Fig. S1E, F). Calcium deposits
indicating induction of the osteoblasts were observed in cells
cultured in osteogenic medium without BIO (Fig. 7G) and with
BIO (Fig. 7H, I). Control cultures failed to produce calcium

FIG. 6. Effect of XAV939 and BIO on
MSC marker expression in endometrial stro-
mal clones. Clones derived from endometrial
stromal cells that were isolated on days 2–4
(A, B) and days 19–20 (C, D) of the estrous
cycle. The results are shown as the mean +
SEM of four to five biological replicates. Each
experiment consisted of a pool of clones col-
lected from six replicate wells per treatment.
The asterisks indicate significant differences
compared with the control group (*P < 0.05;
**P < 0.01; ***P < 0.001).
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deposits (Supplementary Fig. S1G, H). For chondrogenesis and
osteogenesis no visible effect of BIO was observed.

No effect on the expression of lineage specific marker
genes was observed during the Wnt/b-catenin pathway ac-
tivation (Fig. 8A–C). Although morphologically adipogen-
esis was reduced in cells cultured with adipogenic medium
supplemented with BIO 2 mM, no changes in LPL marker
gene were observed (Fig. 8A).

The second strategy was to verify whether endometrial
stromal clones undergo spontaneous multilineage differentia-
tion when cultured in a nondifferentiating medium (DMEM/12
with 10% FBS) supplemented with the Wnt/b-catenin pathway
activator and inhibitor (Fig. 8D, E). Stromal clones underwent
spontaneous adipogenic (Fig. 8D) and osteogenic transition
(Fig. 8E), but not chondrogenic transition with BIO adminis-
tration. BIO treatment decreased the level of adipocyte gene
LPL at both concentrations (P < 0.05 for 1 and 2mM BIO)
when compared to the control group (Fig. 8D). In contrast,
2mM BIO treatment increased the expression of osteocyte
gene BGLAP (P < 0.05) (Fig. 8E). The presence of XAV 939 at
a concentration of 10mM reduced levels of LPL expression
(Fig. 8D), whereas did not have effect on BGLAP levels (Fig.

8E). The expression of chondrocyte marker gene ACAN was
observed neither with BIO nor with XAV939 administration.
Although histological analysis of stromal clones treated with
both stimulators of Wnt/b-catenin pathway, revealed no signs
of adipogenic or osteogenic differentiation (Supplementary
Fig. S2). The results obtained by real-time PCR analysis sug-
gest that endometrial stromal clones have the potential to un-
dergo spontaneous differentiation into osteoblasts during 14
days of culture (Fig. 8E). The effect of Wnt/b-catenin pathway
activation in stromal clones suggests that the Wnt pathway
directs differentiation toward the osteogenic lineage at the
expense of the adipogenic lineage.

Discussion

Stem/progenitor cells have been identified in a wide
spectrum of adult tissues based on their unique functional
properties [2–8]. Gargett et al. were the first to use clono-
genicity assays to provide evidence that stem/progenitor
cells exist in human endometrium [10]. In this study, we
used a similar approach to demonstrate, for the first time that
chemical modulators of Wnt/b-catenin signaling influenced

FIG. 7. Representative images depicting effect of BIO on multilineage differentiation of endometrial stromal cells. (A, B, C)
Adipogenic differentiation indicated by Oil Red O staining of lipid droplets. (C) BIO 2mM inhibited adipogenic differentiation. (D,
E, F). Proteoglycans visualized by Alcian blue indicated chondrogenic differentiation. (G, H, I) Osteogenic differentiation dem-
onstrated by calcium deposits. No effect of BIO on chondrogenic and osteogenic induction was observed. Scale bars: 200mm (A–I).
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the clonogenicity and expression levels of MSC markers in
porcine endometrial stem cells.

Our data revealed that porcine endometrial stromal clones
possess higher levels of MSC marker expression than primary
cultures, regardless of the estrous cycle stage at tissue col-
lection, strongly suggesting that stem/progenitor cells are en-
riched in endometrial stromal clones. The clonogenicity assay
not only allowed to separate stem cells from the entire pool of
isolated and cultured cells, but it also enabled to identify
clones that have the greatest potential to expand in the culture.
This self-renewal ability is considered to be the fundamental
phenomenon driving endometrial tissue regeneration [10]. The
initial number of seeded cells affects the propagation of bone
marrow MSC in human [34] and endometrial stromal cells in
human [4] and pigs [8]. High-density plating contributes to the
slow growth of cells due to the cell-to-cell contact or factors
secreted into the culture medium [34].

Moreover, higher cloning density results in final lower
clonogenicity because of overlapping individual clones that
are counted as one when they are merged [4,8]. In the
present study, we applied the clonal density of 300 cells/
cm2. We observed well-separated clones at passage 1. Chan
et al. found clonal density of 300 cells/cm2 suitable for study
of clonogenicity of primary endometrial stromal cells, and
500 cells/cm2 for primary epithelial cells [2]. Contrary to
our data, other studies [2,10] are performed on primary cells
at passage 0 obtained by double selection using BerEP4 and
CD45-coated magnetic beads that might cause divergence in
the interpretation of the results. Thus, further investigations
are needed to explain the difference between the number of
passage and clonal potency.

Furthermore, our data are consistent with those obtained
in humans, where high levels of the MSC surface markers
CD29 and CD90 are expressed in clonally derived human
endometrial stromal cells at passage 4 [4]. Moreover, it was
previously shown that among the MSC markers not only

CD29 and CD90 are expressed in pig endometrial stromal
cells, but also CD44, CD73, and CD105, and the plur-
ipotency markers NANOG, POU5F1, and SOX2 [8,9]. Real-
time PCR data presented in this study and our previous work
[8] demonstrate that the porcine endometrial stromal cells
express CD73 and CD105 markers on mRNA level. Low
mRNA level of both MSC markers might relate to differ-
entiation of stromal cells toward development of uterine
receptivity for implantation and for further maintenance of
pregnancy in the uterus.

Flow cytometric analysis revealed that endometrial stromal
cells are negative for CD73 and CD105, suggesting that both
surface markers are either not expressed in porcine endome-
trial cells or commercially available antibodies against human
tissues did not cross react with the porcine epitopes. These
results are partially consistent with those obtained in ovine
endometrial cells, where selective MSC markers (SUSD2,
PDGFRB, CD146, CD73, CD90, and CD105) were not de-
tectable [35].

The major finding of the present study is that the Wnt/b-
catenin pathway controls the clonogenicity of endometrial
stromal cells in vitro. To investigate the mechanism of
stromal clone development, we employed the small mole-
cule inhibitor (XAV939) and activator (BIO), of the ca-
nonical Wnt pathway. The usefulness of these molecules to
study proliferation, migration, and colony growth of human
cancer cells, [30] and the differentiation potency of hESCs
[24], has been demonstrated previously. We applied this
method successfully to establish the importance of the Wnt
pathway in regulating endometrial stromal cell self-renewal
and differentiation. When culture media were supplemented
with the Wnt activator, a reduction in the number of large
clones and a concomitant escalation in small clones were
observed.

Previous data suggest that large clones are originated
from putative stem/progenitor cells, whereas small ones

FIG. 8. Effect of BIO on lineage-specific marker gene expression in endometrial stromal cells. Subconfluent cells cultured in
differentiation media show the expression of (A) adipocyte-specific gene LPL, (B) chondrocyte-specific gene ACAN, (C)
osteoblast-specific gene BGLAP. (D, E). Effect of BIO and XAV 939 on lineage-specific marker gene expression in sponta-
neously differentiated endometrial stromal clones. The pattern of expression of (D) adipocyte-specific gene LPL, (E) osteoblast-
specific gene BGLAP. The results are shown as the mean + SEM of three to four biological replicates. Each experiment consisted
of a pool of cultures collected from five to six replicate wells per treatment. The asterisks indicate significant differences
compared with the control group (*P < 0.05).
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contain transit-amplifying cells that give rise to mature,
terminally differentiated cells [6,36]. In accordance with
these data, our study revealed that activation of the canonical
Wnt pathway promoted differentiation of endometrial stromal
stem/progenitor cells. It has been previously demonstrated
that BIO, which acts as a highly potent inhibitor of GSK-3,
directs hESCs to become definitive endoderm with hepatic
potential [37]. Similarly, Davidson et al. demonstrated that
activation of Wnt/b-catenin signaling in hESCs spurs them to
adopt the morphological characteristics of differentiated cells
and promotes the expression of stem cell surface markers,
including GCTM2 and CD9, and pluripotency markers [24].

In this study, stromal clones cultured with XAV939 had
upregulated expression of selected MSC marker genes
(CD73, CD105), whereas those cultured with BIO had
downregulated expression of all studied MSC marker genes
observed. Data concerning BIO application support the
observed effects using clonogenic assays, suggesting that
canonical Wnt pathway activation leads to MSC differen-
tiation. Lack of stimulatory effect of XAV 939 on clono-
genicity might suggest low specificity of this small molecule
to endometrial stromal cells or demonstrate other effects as
it was shown for human breast cancer cells [30], hESCs
[38], and neuroblastoma cell lines [39].

These findings are consistent with an earlier report
demonstrating that Wnt pathway activation in hESCs pro-
motes loss of self-renewal and directs cells toward differ-
entiation [24]. Moreover, activation of Wnt signaling early
in adipogenesis blocks the differentiation of preadipocytes,
whereas disruption of extracellular Wnt signaling results in
spontaneous adipogenesis [40]. Similarly, in hair follicles
(HFs), when canonical Wnt signaling is inactive, Tcf3 cells
maintain bulge stem cells in an undifferentiated state.
However, when the pathway becomes active, stem cells exit
the niche, activate Wnt target genes, proliferate, and dif-
ferentiate along the HF lineage [41].

In this study, we showed for the first time that levels of
the MSC marker genes CD73, CD90, and CD105 were al-
tered following Wnt pathway modulation, suggesting that
these MSC marker genes are potential Wnt targets.

The present study demonstrated that the activation of the
canonical Wnt signaling moderately influences differentiation
potency into mesenchymal lineages when cells were cultured
in specific media. Marker gene expression shown only ten-
dency to grow in osteogenic-induced cells treated with BIO,
whereas the level of ACAN decreased when the Wnt/b-catenin
pathway activator was added into chondrogenic medium.
Moreover, we investigated whether clonogenic stromal cells
undergo spontaneous multilineage differentiation. Demon-
strated in our study, existence of an inverse correlation be-
tween spontaneous adipogenesis and osteogenesis promoted
by BIO is generally in agreement with the experimental evi-
dence from porcine adipose-derived MSCs [42], rat [43], and
mouse marrow stromal cells [44].

Activation of the canonical Wnt signaling through ectopic
expression of Wnt3a [45] and Wnt1 [46] leads to the inhibition
of peroxisome proliferator activator receptor (PPARg) resulting
in the prevention of 3T3-L1 cells adipogenic differentiation.
Conversely, a constitutive overexpression of DKK1, which is
the Wnt/b-catenin inhibitor, promoted adipogenesis [47],
whereas a DKK1 knockdown by siRNA inhibited this process
in human [48]. Many reports suggested that in contrast to

adipogenesis, activation of the canonical Wnt pathway results
in the stimulation of osteogenesis [42,43,44]. Whereas ad-
ministration of lithium chloride inhibited GSK-3 and led to
osteogenesis in MC3T3 cells [46], Wnt10b promotes osteo-
genesis in vivo [49]. A large body of evidence suggested sig-
nificant role of Wnt/b-catenin pathway in adipogenesis and
osteogenesis [42–50].

Data obtained for human MSC indicated that inhibitors of
Wnt pathway promote early chondrogenesis [51]. Similar
response to Wnt pathway activator was observed in bone
marrow MSC in mice [52]. In our study, inhibition of Wnt/
b-catenin pathway resulted in the downregulation of adi-
pogenic marker gene LPL, whereas has no effect on BGLAP,
osteogenic marker expression. The histological analysis
showed no signs of spontaneous multilineage differentiation
of stromal clones administrated with the small molecules.
Considering the very low levels of marker genes, we can
assume that histological method used in our study was not
sensitive enough to detect changes in cellular morphology
associated with differentiation process in clones.

However, histological analysis of endometrial stromal
subconfluent cells cultured in differentiation media, indi-
cated lineage-specific morphological features, suggesting
that culture conditions might significantly affect differenti-
ation capacity of cells. In our study, spontaneous differen-
tiation of stromal clones was detected on molecular level,
whereas media-induced differentiation of subconfluent cells
was observed on morphological base. Although these two
experimental conditions are different, they indicate that
stromal cells have the potency to differentiate. Our previous
study demonstrated that endometrial stromal cells possess
the ability to differentiate into mesenchymal lineages when
cultured in lineage-specific induction media [8]. Similar
results observed on clonally derived stromal cells in human
[10] confirmed their multilineage differentiation capacity.

In conclusion, to our knowledge, this is the first study to
document the importance of the Wnt/b-catenin pathway in
regulating the maintenance and functionality of porcine
endometrial stromal stem/progenitor cells. Endometrial re-
newal occurs cyclically, and this process is essential in pre-
paring the uterus for embryo implantation. In the pig, a
nonmenstruating species, the endometrium undergoes phases
of growth, establishment of uterine receptivity and apoptosis,
whereas the shedding of mucosal lining of the uterus does not
occur [53]. At the end of the estrous cycle, endometrial cells
undergo apoptosis and necrosis. At the same time, new gen-
eration of cells proliferate and replenish the endometrial tis-
sue to prepare the uterus to receive an embryo.

Contrary to the human and mouse, there is little infor-
mation concerning the regeneration process in the pig. Our
data suggest that cyclical switching from inhibition to acti-
vation of the Wnt/b-catenin pathway governs the cyclical
regeneration process in porcine endometrium. Further studies
investigating the role of specific Wnt ligands and other ex-
ogenous stimulators are likely to provide additional mecha-
nisms involved in regulating stem cell self-renewal and
differentiation during the estrous cycle in the pig.
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