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Amniotic epithelial cells (AECs), an emerging source of extrafoetal stem cells, have recently attracted attention for their great
regenerative potential. Since AEC amplifications are accompanied by the loss of their native epithelial phenotype and by the
progressive reduction of relevant biological properties, the issue to be addressed is the development of effective culture protocols. In
this context, recently, it has been demonstrated that progesterone (P,) supplementation during ovine AEC (0AEC) expansion could
prevent the undesirable epithelial-mesenchymal transition (EMT). In contrast, there is no information to date on the role of the
other pregnancy steroids in culture. With this aim, the present study has been designed to clarify the impact of estradiol (E,), alone
or in combination with P, (12.5uM and 25 uM), during oAEC amplification. Steroid supplementations were assessed by testing
0AEC proliferation, stemness, EMT, and osteogenic or chondrogenic plasticity. The results indicated that EMT can be prevented
exclusively in the presence of high doses of P,, while it occurred rapidly in cells exposed to E, as denoted by protein (cytokeratin-8
and alpha-SMA) and gene expression (vimentin and snail) profiles. Moreover, steroid exposure was able to influence highly 0AEC
plasticity. Particularly, P,-treated cells displayed a precommitment towards osteogenic lineage, confirmed by the upregulation of
OCN, RUNX2, and the greater deposition of calcium nodules. Conversely, P, exposure inhibited 0AEC chondrogenic differentiation,
which was induced in E,-treated cells as confirmed by the upregulation of chondrogenesis-related genes (SOX9, ACAN, and
COL2AI) and by the accumulation of Alcian blue-positive extracellular matrix. Simultaneously, E,-treated cells remained
unresponsive to osteogenic inductive stimuli. In conclusion, media supplementation with high doses of steroids may be adopted to
modulate phenotype and plasticity during oAEC amplification. Relevantly, the osteo or chondro steroid-induced precommitment
may open unprecedented cell-based therapies to face the unsolved orthopaedic issues related to osteochondral regeneration.

1. Introduction

Stem cell-based regenerative medicine represents one of the
most relevant challenges of the modern biomedical sciences.
In this context, amniotic-derived epithelial cells (AECs) have
assumed a relevant role due to their promising regenerative
attitude [1-9].

By virtue of their early embryonic origin, this extrafoetal
source of stem cells expresses, in a highly conserved manner
[10-12], several embryonic markers, such as SSEA-3, SSEA-4,
TRA-1-60, and TRA-1-81 and pluripotent genes (OCT4,

SOX2, NANOG, and TERT), probably involved in driving their
great differentiation potential [11-14]. A relevant biological
advantage of this stem cell source is their low immunogenicity
[14, 15] that, combined with their innate immunomodulatory
and anti-inflammatory activities [14, 15], have allowed their
safe use as immunocompetent individuals under allogenic
and xenogenic transplantation preclinical settings [6, 11, 15—
21] and clinical trials [22, 23].

Similarly, like other stem cell sources, in order to opti-
mize the regenerative medicinal use of AECs, one technical
issue has to be considered: the standardization of the
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in vitro amplification protocols, leading to the increase of the
number of cells without affecting stem cell native biological
properties. Currently, a validated protocol has been proposed
for human AEC (hAEC) [24] even if some evidences demon-
strated that it does not guarantee the persistence of the epi-
thelial phenotype during amplification [25-28]. Indeed, the
in vitro amplification of both hAEC and 0AEC induced the
spontaneous loss of the epithelial phenotype as a conse-
quence of the epithelial-mesenchymal transition (EMT) pro-
cess that occurs in culture under the influence of released
paracrine/autocrine growth factors [14, 28-30]. The EMT
consists of a transdifferentiation process whereby epithelial
cells acquire a mesenchymal phenotype assuming wider
migratory and invasive properties. EMT is a complex biolog-
ical process that plays a crucial role in development, in
wound healing, and in stem cell differentiation, as well as,
under pathological conditions, in sustaining organ fibrosis
and cancer progression [31]. Apart from the EMT physiolog-
ical and pathological roles, recent evidences demonstrated
that even under in vitro conditions, it might be responsible
in changing cell functions [14, 26, 29, 30]. Our group has
recently associated EMT with the progressive reduction in
0AEC anti-inflammatory cytokine releasing [30] by linking
this undesirable event to the inability to reproduce in vitro
the hormonal context that modulates amniotic cell homeo-
stasis during pregnancy. In particular, the attention was
focused on progesterone (P,), the key steroid that sustains
the whole pregnancy lifetime and that during amplification
was able to preserve the cell native epithelial phenotype
[30] by avoiding the reduction of the basal and induced
immunomodulatory AEC activities [30]. The intracellular
mechanism involved in mediating the inhibitory EMT role
of P, was related to its interference with the TGF-f autocri-
ne/paracrine signaling pathway [14, 28-30], thus increasing
the evidences of P, modulatory role on the amniotic mem-
brane [32-35]. However, while the influence of P, in preserv-
ing epithelial phenotype during expansion can be considered
an established evidence [30, 36-39], the influence of other
pregnancy steroids remains to be assessed [32]. Therefore,
since the stem cell amplification represents the first critical
technological step to standardize regenerative medicine pro-
tocols, before moving them towards clinical applications, the
present research has been designed to assess the effects of
both estradiol (E,) and P,, during the process of amplifica-
tion. With this aim, high doses of steroid supplementations
(12.5uM and 25 uM), alone or in combination, were added
during oAEC amplification and their impact on proliferation,
stemness, phenotype, EMT, and osteogenic/chondrogenic
plasticity was assessed.

2. Materials and Methods

2.1. Ethic Statement. Nonethic statement was required for
this research since the amniotic membranes were collected
from animals of the local slaughter houses.

2.2. 0AEC Isolation, Treatment, and Culture. The sheep uteri
were collected at a local abattoir from sheep of Appenninica
breed (n = 3 animals) at mid gestational stage determined on
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the basis of fetus dimension (ranging from 20 to 30cm
length) and brought at approximately 25°C to the laboratory
in maximum 1h, for further processing. Cell extraction was
performed as previously described [30] in order to obtain
membrane pieces of approximately 3-5cm. Membrane
pieces, after washed in phosphate-buffered saline (PBS),
were incubated twice in 0.25% Trypsin-EDTA 200 mg/l at
37.5°C for 20 min and 30 min. The cell suspension obtained
after an enzymatic digestion was filtered through a 40 ym fil-
ter, and isolated cells were collected into a tube containing
10% fetal calf serum (FCS, Lonza) in order to inactivate tryp-
sin. Freshly isolated oAECs were seeded in Petri dishes
(Corning) at the final concentration of 20,000 cells/ml in
alpha Eagle’s minimum essential medium (a-MEM, Gibco)
supplemented with 20% FCS, 1% UltraGlutamine (Lonza),
100 U/ml penicillin (Lonza), 100 yg/ml streptomycin (Lonza),
and 2.5ug/ml amphotericin (EuroClone). The cells were
incubated at 38.5°C in 5% CO, in the absence (CTR) or in
presence of steroids E, (Sigma) and/or P, (Sigma) at concen-
trations of 12.5uM and 25uM following the experimental
plan described in Figure 1. The culture media was replaced
every 3 days. At 70-80% confluence, cells were dissociated
by 0.05% Trypsin-EDTA and plated at the same concentra-
tion for subsequent passages till passage 3 (see Figure 1).

2.3. Cell Proliferation Assay. Proliferative activity of AEC
cultured under CTR and steroid conditions was analyzed
by MTT assay (M5655-1G, Sigma) as previously described
[30]. Briefly, CTR and 12.5 and 25 yM steroid-treated 0oAECs
were seeded into 96-well plates (0.3 x 10° cells/well) until
reaching 70% confluence. The blank points were identified
by the wells containing only culture medium (supplemented
or not with steroids). Afterwards, 20 ul of MTT (5 mg/ml in
PBS) was added in each well and the plates were incubated
at 37°C for 3.5h. The formazan crystals were then dis-
solved in 100ul of DMSO. The absorbance (Abs) of the
solution was measured at 595nm and for each sample was
subtracted the relative blank absorbance. The percentage
(%) of proliferation was calculated as the absorbance of
steroid-treated cells divided for the absorbance of CTR cells
and multiplied by 100. The net absorbance of CTR cells
was taken as 100% proliferation.

2.4. Immunohistochemistry (IHC). Ovine AECs were evalu-
ated for an epithelial (cytokeratin-8) and a mesenchymal
protein marker («-SMA) by immunofluorescence analysis
according to our previous report [30]. With this aim, the
cells were cultured in the presence or absence of P, and E,,
alone or in combination, on glass coverslips. Afterwards,
0AECs were fixed in 4% paraformaldehyde for 10 min, incu-
bated with 5% (w/v) BSA in PBS for 1 h at room temperature
(RT), and then incubated with anti-cytokeratin-8 (1:200)
(clone C-43, Abcam) and anti-a-SMA (1:200) (clone 1A4,
Abcam) antibodies, diluted in 1% (w/v) BSA/PBS, overnight
at 4°C. The immunocytochemical negative controls were
performed by omitting the primary antibody and in the
presence of isotype control-matched mouse IgGl (NCGO1,
Abcam) for cytokeratin-8 and mouse IgG2a (Abcam) for
a-SMA, respectively. Cy3- and Alexa Fluor 488-conjugated
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FIGURE 1: Schematic representation of the experimental design. Under the grey banner, the amplification protocols are briefly summarized:
starting from freshly isolated 0AEC, cells were cultured in growth medium in the absence (CTR) or in presence of different steroid treatments:
E, and P, alone or in combination (E,+P,) at two concentrations (12.5 M or 25 uM). This incubation, aimed at promoting cell expansion,
was carried out until passage 4. Under the pink banner is the summarized differentiation procedures: at passage 4, once 0AEC reached 70-80%
of confluency, steroids were withdrawn and the cells were incubated for 21 days under differentiation conditions by exposing them to osteo-
or chondrodifferentiation medium. 0AECs: ovine amniotic epithelial cells; CTR: control cell; E: estradiol; P,: progesterone.

anti-mouse secondary antibodies, diluted 1:200 in 1% (w/v)
BSA/PBS, were used for antigen retrieval. Nuclear coun-
terstaining was obtained with 4',6-diamidino-2-phenylin-
dole (DAPI, VECTASTAIN) at the final dilution of 1:5000
in PBS. Coverslips were finally mounted with Fluoro-
mount (Sigma Chemical Co.) and cell samples were ana-
lysed by Nikon Alr confocal microscope interfaced to a
computer workstation, provided with NIS-Elements 4.4
software (for images acquisition) and with NIS-Elements
Advanced Research imaging software (for postprocessing
analysis). All digital images were acquired at 400x of magni-
fication. Thresholds for all channel (DAPI: low 198 nm, high
3138 nm, separate: 3x; FITC: low 396 nm, high 3848 nm, sep-
arate: 1x; TRIC: low 345 nm, high 3550 nm, separate: 1x; and
fill holes: ON) were set and remained constant for all image
acquisitions and quantifications. The software converted the
images automatically to binary images in which cells (objects)
were counted based on parameter restrictions (i.e., circularity
and diameter). An object catalogue for each image was gener-
ated, and nonconformed parameter objects were excluded.
Values of object for each image were exported in Microsoft
Excel and used for statistical analyses. For each immunofluo-
rescence reaction, animal samples (n = 3) were performed in
triplicate. At least 100 cells for each replicate (3/animal)
sample were counted in order to quantify the incidence of
cytokeratin-8- and a-SMA-positive cells. The values were
statistically analysed by GraphPad Prism 6, and the results
were expressed as percentage (%) of number of positive cells.

2.5. Real-Time qPCR. Real-time qPCR was performed in
order to compare the mRNA expression of EMT-, bone-,
and cartilage-related genes (see Table 1) in cells incubated

under CTR, steroids, and differentiation conditions. Freshly
isolated AECs (AEC T0), bone, and cartilage isolated from
ovine tissues were used as internal control for gene expres-
sion. Total mRNA was extracted by using TRIzol (Sigma)
according to the manufacturer instructions. Integrity and
size distribution were evaluated by 1% agarose gel electro-
phoresis and GelRed staining (Bioline). Quantification of
total mRNA samples was assessed by using Thermo Scientific
NanoDrop 2000c UV-Vis spectrophotometer at 260 nm.
Digestion of genomic DNA was carried out by DNasel
(Sigma) exposing the samples for 15 minutes at RT. cDNA
that was synthetized from 1 pg of total RNA of each sample
was used for reverse transcription reaction with Random
Hexamers primer and Tetro Reverse Transcriptase (Bioline)
at final volume of 20ul, according to the manufacturer
instructions. Real-time qPCR analysis was performed by
using SensiFAST™ SYBR Lo-ROX kit (Bioline) according to
the manufacturer’s instructions. The reaction was to carry
out with 7500 Fast Real-time PCR System (Life Technolo-
gies) by using the two-step cycling protocol for 40 cycles
(10 seconds at 95°C for denaturation and 30 seconds at
60°C for annealing/extension) followed by melt profile anal-
ysis (7500 Software v2.3). PCR efliciency of target genes
and reference internal control GAPDH were evaluated by
a 1:10 serial dilution standard curve containing 5 points
of cDNA (starting from undiluted cDNA up to 100ng),
each performed in duplicate, followed by amplification
using primer pair to each gene. The slope of the line was
determined by plotting the Ct (y-axis) versus log cDNA
dilution (x-axis) for each gene primer pair. PCR efﬁcienc?f
was calculated by the formula as follows: 10C"/sope value),
For each gene analyzed, each sample was performed in



TaBLE 1: Sequences of primers and conditions used in real-time qPCR.
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Gene Accession no. Primer sequences Cycles Annealing Tm Efficiency (E)
” XM_004014247.3 F: 5'-GACCAGCTCACCAACGACA-3' 40 65.2 1.94
imentin
Ovine R: 5'-CTCCTCCTGCAACTTCTCCC-3'
Sl XM_004014881.2 F: 5'-GTCGTGGGTGGAGAGCTTTG-3' 40 66.4 1.96
nail 1
Ovine R: 5'-TGCTGGAAAGTGAGCTCTGG-3'
oc DQ418490.1 F: 5'-AGACACCATGAGAACCCCCAT-3’ 40 61 1.95
N
Ovine R: 5'-TTGAGCTCACACACCTCCCT-3'
Multiple alignment [7] F: 5'-GGACGAGGCAAGAGTTTCAC-3' 40 66 1.91
RUNX2
R: 5'-GGTGGCAGTGTCATCATCTG-3'
sox XM_015098410.1 F: 5'-AGGCTCGAACACGTTCCCC-3' 40 61.12 1.97
9
Ovine R: 5'-GTTCAGCAGTCTCCAGAGCTT-3
oL XM_012174384.2 F: 5'-ACCAGGACCAAAGGGACAGA-3’ 40 60.25 1.99
2A1
Ovine R: 5'-AAATCCACCAGCCATCTGGG-3'
e XM _012098454.2 F: 5'-AGTCAGTGGTGACTTCACAGG-3' 40 60.1 1.94
N
Ovine R: 5'-GGCAACCTGTCAACTATGGG-3'
o0 X96997.1 F: 5'-CACCCGCATGTACAACATGAT-3' 45 67.7 1.92
Ovine R: 5'-TCTTAGGATTCTCTTGGGCCA-3'
oct NM_174580.1 F: 5'-CTGCAGAAGTGGGTGGAGGAA-3' 45 68.7 1.94
4
Bovine R: 5'-CTGCAGTGTGGGTTTCGGGCA-3'
NANOG FJ970651.1 F: 5'-TGGATCTGCTTATTCAGGACAG-3' 45 65.4 1.96
Ovine R: 5'-TGCTGGAGGCTGAGGTATTTC-3'
CAPDIH AF030943.1 F: 5'-TCGGAGTGAACGGATTTGGC-3' 40 64.4 1.99
Ovine R: 5'-CCGTTCTCTGCCTTGACTGT-3'

triplicate, and values were normalized to endogenous ref-
erence gene GAPDH. The relative expression of different
amplicons was calculated by the comparative Ct (AACt)
method and converted to relative expression ratio (2724
[40]. For primer details, see Table 1.

2.6. Osteogenic Differentiation Culture. The steroid effect on
0AECs’ mesenchymal lineage plasticity was tested. Steroid
treatments were maintained for 4 passages until the cells
reached 70-80% of confluency. Then, the steroids were with-
drawn and cells were exposed to osteogenic differentiation
medium (DM) (see Figure 1). The osteogenic DM consisted
of a-MEM supplemented with 50 uM ascorbic acid (Sigma),
10 mM f-glycerophosphate (Sigma), 0.2 uM dexamethasone
(Sigma), 10% FCS, 1% UltraGlutamine (10.000 UI/ml), and
1% penicillin/streptomycin as previously reported [11]. The
DM was replaced every 2 days. Osteogenesis was assessed
before and after 21 days in DM by evaluating the expression
of Runt-related transcription factor 2 (RUNX2) and osteo-
calcin (OCN) bone-related gene (see Table 1) and deposition
of calcium-mineralized nodules by Alizarin Red S staining
[11, 17]. The staining of calcium mineral deposits was
recorded using bright light microscopy.

2.7. Chondrogenic Differentiation Culture. Steroid treatment
was maintained until cells reached 70-80% of confluency at
passage 4. Then, the steroid was withdrawn and cells were
exposed to chondrogenic differentiation medium (DM) (see
Figure 1). In detail, chondrogenic DM comprised of a-MEM
supplemented with 10% FBS, 10% ITS Premix (Sigma),
107" M dexamethasone, 1 uM ascorbic acid, 1% sodium pyru-
vate (Sigma), 10 ng/ml TGF-f1 (Sigma), 1% UltraGlutamine,
1% penicillin/streptomycin, and 2.5 yg/ml amphotericin, for
21 days [41]. The DM was replaced every 3 days. Chondrogen-
esis was assessed before and after 21 days in DM by evaluating
the expression of chondrogenesis-related genes, SRY-related
high-mobility group box 9 (SOX9), aggrecan XI (ACAN),
and type II collagen (COL2A1I) (see Table 1). In addition, the
extracellular deposition of cartilage matrix was detected by
Alcian blue staining [14, 42, 43]. The staining was recorded
using bright light microscopy.

2.8. Statistical Analysis. All investigations of the experimental
design were performed on each animal sample (# =3 ani-
mal), and interassay variation was calculated on three dif-
ferent replicates. The data are expressed as mean + SEM
values obtained from the three replicate/animal samples.
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Statistical analysis was performed using Prism 6 (GraphPad).
Two-way ANOVA was performed on data sets for two
independent variables (stemness and EMT-related gene
expression in CTR and steroid-treated cells over passages).
One-way ANOVA with Tukey correction was adopted for
multiple comparisons and performed on data sets with a
single independent variable. At least a p value < 0.05 was con-
sidered statistically significant.

3. Results

3.1. Steroid Treatments Affect oAEC Proliferation and
Modulated Stemness Gene Profile. Steroid E, supplementa-
tion did not affect proliferation during amplification, inde-
pendently of the P, presence (E,+P,) (see Figure 2(a)). On
the contrary, P, alone at high doses (25uM) was able to
reduce cell proliferation by displaying an effect of approxi-
mately 30% lower than CTR during passage 1 and around
15% at passage 3 (see Figure 2(a)).

Moreover, steroid supplementation affected stemness
gene expression in a steroid- and dose-dependent manner
(see Figure 2(b)). Cell exposure to high dose of P, (25uM)
during the first passage stimulated an upregulation of all
stemness genes (OCT4, p<0.05 SOX2, p<0.05 and
NANOG, p <0.05 vs. CTR cells), whereas the supplementa-
tion of high dose of E, (25uM) increased exclusively the
expression of SOX2 (p < 0.05 vs. CTR) (see Figure 2(b)). Dif-
ferently, cells exposed to high doses of E, in combination
with P, (E,+P, 25uM) displayed a long-term upregulation
for SOX2 and NANOG interested passages 1 and 3 (p < 0.05
vs. CTR either at passage 1 or 3) and for OCT4 exclusive
passage 3 (p <0.05, see Figure 2(b)).

3.2. Steroid Treatments Modulate Differently the 0AEC
Phenotype during Amplification. The phenotype during
the in vitro expansion was assessed by evaluating the mor-
phology and the incidence for the epithelial and mesenchy-
mal markers, cytokeratin-8 and a-SMA, respectively (see
Figure 3(a)). Untreated cells (CTR) in culture exhibited a typ-
ical epithelial phenotype confirmed by the cobblestone-like
morphology and by the high positivity for cytokeratin-8
(see Figure 3(a)). Morphology, cytokeratin-8, and a-SMA
profiles confirmed that 0AECs progressively lost the native
phenotype during the in vitro amplification carried out under
CTR conditions (see Figure 3(a)) except for the cells exposed
to high doses (25 uM) of P,. This latter condition (P, 25 uM)
was the unique cultural condition compatible with the per-
sistence of epithelial phenotype during amplification (see
Figure 3(a), P,) documented by the large positivity for
cytokeratin-8 (p < 0.001 for both 25uM and 12.5uM P, vs.
CTR) and a low detectability for a-SMA (p <0.001 vs.
CTR) (see Figure 3(b)). On the contrary, high doses of
E, (25uM), added alone (E,) or in combination with P,
(E,+P,) (see Figure 3(a) and Figure 3(b)), accelerated the
mesenchymal in vitro morphological shift that was already
detectable at passage 1 when a significantly higher expression
of a-SMA was recorded (see Figure 3(a) and Figure 3(b),
p<0.001 vs. CTR). At passage 3, E,- and E,+P,-treated

cells displayed a similar phenotype (cytokeratin-8: p > 0.05
vs. CTR and a-SMA: p > 0.05 vs. CTR) (see Figure 3(b)).

3.3, EMT-Related Gene Expressions Were Differently
Modulated by Steroids in oAEC. The role of steroids in
modulating the in vitro EMT was better investigated by
the expression of EMT-related genes, snail and vimentin
(see Figure 4). Gene expression demonstrated that P, inde-
pendent of the doses was able to prevent vimentin and snail
upregulation (for both genes p<0.05 vs. CIR) (see
Figure 4). Moreover, vimentin and snail expression con-
firmed that in all typologies of cells treated with low or high
doses, E, was able to accelerate EMT that was already
detectable at passage 1 (p <0.001 for both E, and E,+P,
vs. CTR at passage 1) (see Figure 4). The upregulation
effect of E,+P, treatment was still evident at passage 3
(p<0.0001 and p <0.001, respectively) when it resulted
higher than that in CTR cells (see Figure 4), thus suggesting
a marked inductive EMT effect induced by the combination
of high doses of steroids.

3.4. Steroid Stimulation Influenced Plasticity in Pretreated
0AECs. Steroid-pretreated cells were differentiated toward
osteogenic or chondrogenic lineage in order to clarify the
influence of steroids on 0AEC plasticity.

After 21 days of culture under osteogenic inductive
conditions, CTR cells showed extracellular matrix mineral-
ization (see Figure 5(a)) sustained by the upregulation of
RUNX2 and OCN expressions (p <0.05 vs. CTR before
DM) (see Figure 5(b)). P, supplementation, alone or in com-
bination with E, (E,+P,), increased cell ability to mineralize
the extracellular matrix in a dose-dependent manner (see
Figure 5(a)). The high osteogenic ability of P,-treated cells
was confirmed by RUNX2 and OCN gene expressions that
were significantly higher in 0AEC pretreated with high dose
of P, (25uM) supplemented alone (p <0.001 vs. CTR after
DM) or in combination with E, (p <0.001 vs. CTR after
DM) (see Figure 5(b)). On the contrary, E,-pretreated 0AECs
displayed a very limited osteogenic activity either in terms of
matrix mineralization or bone-related gene expression that
was unaffected by the dosage (see Figures 5(a) and 5(b)).
Surprisingly, cells exposed to low doses of E, (12.5uM)
were able to upregulate OCN (p < 0.001 vs. CTR cells) (see
Figure 5(b)) even if in the absence of any extracellular matrix
mineralization (see Figure 5(a)). In addition, E,-pretreated
0oAEC displayed, at the end of the osteogenic inductive
period, a typical chondro-like morphology characterized by
a round shape with a cluster-like organization (see
Figure 5(a)). So, in order to confirm this morphological evi-
dence, the cells were also assessed for the expressions of early
(S0X9) and late (ACAN and COL2A1I) chondrogenesis-
related genes (see Figure 5(c)). This analysis confirmed that
E,-pretreated cells independent of the dosage upregulated
early and late chondrogenesis-related genes besides the
osteogenic inductive cultural conditions (see Figure 5(c)).
E, chondrogenic commitment was partially inhibited by
P, supplementation (see Figure 5(c)). In this cell group
(E,+P,), a significant increase in ACAN mRNA levels
(p<0.05 vs. CTR after DM) was recorded, independent
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F1GURE 2: Effect of steroids on doubling time and stemness gene expression in 0AECs. (a) Proliferation activity of CTR and steroid-treated
0AEC (E,, P,, and E,+P,) at 12.5 yM or 25 uM during in vitro amplification. The data are expressed as percentage of proliferation + SEM
from values of triplicate samples obtained by three different animals, CTR set to 100%. (b) Real-time qPCR analysis of stemness gene
expression profile (OCT4, SOX2, and NANOG) in CTR and steroid-treated 0AEC at passage 1 and passage 3. Freshly isolated 0AECs
(AEC TO0) were used as the internal control of stemness gene expression. Relative quantification of each mRNA gene expression was
calculated using the AACt method and presented as fold change in gene expression normalized to endogenous GAPDH (internal control)
and relative to the CTR at passage 1 (calibrator). Data was expressed as mean + SEM values of samples, each performed in triplicate,
obtained at least three different animals. Values were considered statistically significant for *p < 0.05 and **p < 0.01 with respect to the
CTR values within the same passage of culture. 0AECs: ovine amniotic epithelial cells; TO: time zero; CTR: control cell; E,: estradiol; P,:
progesterone.
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CTR and steroid-treated oAEC. This analysis was performed on cells amplified with different combinations and concentrations (12.5 uM
and 25 uM) of steroids from passage 1 to passage 3. The data are expressed as mean + SEM values of samples, performed in triplicate,
obtained at least three different animals. Values statistically different for *p <0.05, **p <0.01, and ***p < 0.001 in comparison to CTR
within each passage. CTR: control cell; E,: estradiol; P4: progesterone; Cyto-8: cytokeratin-8; a-SMA: alpha-smooth muscle actin.



12.5 uM Conc.

Vimentin mRNA levels

SIS B 28 F
Q b Q
m
Passage 1 Passage 3

Snail mRNA levels

Passage 3

Passage 1

Stem Cells International

25 uM Conc.

Vimentin mRNA levels

N NG
= =%

[~
=
QO

Passage 1 Passage 3

Snail mRNA levels

g4 ~
]

Passage 1

CTR
E
P

Passage 3

FIGURE 4: Influence of steroids on EMT gene expression during oAEC amplification. Real-time qPCR analysis of two EMT-related gene
expressions (vimentin and snail) was carried out on 0AEC amplified under CTR conditions or exposed to steroids at 12.5 uM or 25 uM
(E,, P,, and E,+P,) up to passage 3. Relative quantification of each mRNA gene expression was calculated using the AACt method and
presented as fold change in gene expression normalized to endogenous GAPDH (internal control) and relative to the CTR at passage 1
(calibrator). Data was expressed as mean + SEM values of samples, each performed in triplicate, obtained at least three different animals.
Values statistically different for *p <0.05, **p < 0.01, ***p < 0.001, and ***p < 0.0001. CTR: control cell; E,: estradiol; P,: progesterone.

of the dosage (see Figure 5(c)). The early chondrogenic SOX9
gene was also upregulated in 0AEC pretreated with low
dosage of P, (see Figure 5(c)).

3.5. E, Induces Chondrogenic Differentiation in Pretreated
0AEC. Analogously, the effect of steroids was verified on
0AEC chondrogenic plasticity by assessing gene expression
profiles of early and late chondrogenesis-related (SOX9,
ACAN, and COL2A1I) as well as proteoglycan deposition
(see Figure 6(b)). The late osteogenic (OCN) genes were also
analysed (see Figure 6(a)). The incubation carried out in
standardized chondrogenic inductive conditions promoted
a slight differentiation in 0AEC amplified in the absence
(CTR) or in presence of P, as indicated by the Alcian blue
positivity (see Figure 6(a)). and by the low expression of
chondrogenic genes (see Figure 6(b)). P,-treated cells at high
dosage, despite the slight degree of proteoglycans deposition,

displayed only a significant upregulation of early chon-
drogenic gene, SOX9 (p <0.001 vs. CTR after DM) (see
Figure 6(a)). The chondrogenesis significantly improved in
0oAEC amplified with E, even if differentiation resulted
strictly dose-dependent (see Figure 6). In particular, ;oAEC
amplified with high doses of E, displayed a dramatic
upregulation of SOX9, ACAN, and COL2A1 (p <0.0001 vs.
CTR after DM) (see Figure 6(a)) combined with a massive
deposition of proteoglycans in extracellular matrix (see
Figure 6(b)). This chondrogenic inductive effect promoted
by E, was always counteracted in cells amplified with the
simultaneous presence of P, (see Figures 6(a) and 6(b)). In this
cell group, the expression of chondrogenesis-related genes was
significantly lower than that recorded in E,-treated ones but it
was always higher than that of CTR (see Figure 6(a)). The
OCN gene expression was unaffected (see Figure 6(a)) inde-
pendently of the amplification conditions considered.
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FIGURE 5: Response of steroids amplified 0AEC to osteogenic differentiation. (a) Alizarin red staining was used to evaluate deposition of
mineralized matrix nodules in CTR and steroid pretreated oAEC (E,, P,, or E,+P, treatments at 25uM) after 21 days of culture in
osteogenic media (DM). Scale bar =50 ym. (b) Expression of bone-related genes (RUNX2 and OCN) analysed by real-time qPCR analysis
in 0AEC after isolation (time 0) and in CTR and steroid pretreated oAEC before (before DM) and after (after DM) osteogenic
differentiation. Ovine bone tissue was used as positive control for bone-related genes. (c) Expression of an early (SOX9) and two late
chondrogenesis-related genes (ACAN and COL2A1) by real-time qPCR analysis in 0AEC after isolation (time 0) and in CTR and steroid
pretreated 0AEC before (before DM) and after (after DM) osteogenic differentiation. Cartilage tissue was used as positive control for
chondrogenesis-related genes. Relative quantification of each mRNA gene expression was calculated using the AACt method and
presented as fold change in gene expression normalized to endogenous GAPDH (internal control) and relative to the CTR after DM
(calibrator). Data was expressed as mean + SEM values of samples, each performed in triplicate, obtained at least three different animals.
Values statistically different for *p <0.05, **p <0.01, ***p < 0.001, and ***p < 0.0001 vs. CTR after DM. *Values statistically different for
P <0.05 in the same sample before and after DM. CTR: control cell; E,: estradiol; P,: progesterone.
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FIGURE 6: Response of steroids amplified 0AEC to chondrogenic inductive cultural conditions. (a) Real-time qPCR analysis of SOX9,
COL2A1, ACAN, and OCN expression in freshly isolated 0AEC (time 0) and in differentiated CTR and steroid pretreated oAEC (E,, P,, or
E,+P, at 12.5 uM and 25 uM) after in vitro culture in chondrogenic medium for 21 days. Cartilage and bone tissues were used as positive
control for gene expression. Relative quantification of each mRNA gene expression was calculated using the AACt method and presented
as fold change in gene expression normalized to endogenous GAPDH (internal control) and relative to the CTR after DM (calibrator).
Data was expressed as mean + SEM values of samples, each performed in triplicate, obtained at least three different animals. Values
statistically different for *p < 0.05, **p < 0.01, ***p < 0.001, and ***p < 0.0001 vs. CTR after DM. *Values statistically different for p < 0.05
in the same sample before and after DM. (b) Representative images of Alcian blue staining to assess deposition of proteoglycans in the
extracellular matrix in CTR and steroid pretreated oAEC (E,, P,, or E,+P, at 25 uM) after chondrogenic differentiation. Scale bar = 50 ym.
CTR: control cell; E,: estradiol; P,: progesterone.
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4. Discussion

The present study demonstrated that E, and P, could be
supplemented during the oAEC amplification protocols in
order to modulate their properties according to therapeu-
tic use.

In more detail, steroid supplementation may be adopted
to control 0AEC stemness, phenotype, and mesenchymal
plasticity. As previously proposed [30], P, (25 uM) addition
to cultural media could be a useful strategy to preserve
stemness gene expression that it is rapidly depleted during
amplification [30] under CTR or E, conditions without
affecting cell proliferation except at the beginning of the
culture. In addition, long-term P, exposure supported the
preservation of 0AEC epithelial phenotype by determining
a clear precommitment of the cells towards the osteogenic
differentiation lineage. On the contrary, E, addition rapidly
induced EMT by facilitating oAEC in undertaking the chon-
drogenic differentiation and switching off the osteogenic one.
Both these evidences seem to support the idea that steroid
supplementation may be gainfully employed to develop
tissue-targeted stem cell-based therapy.

These valuable results have been obtained by treating
0oAEC with high concentrations of steroids apparently far
from the physiological dosage [44, 45]. Unfortunately, it
is hardly complex to determine in vitro the steroids cell
availability in the absence of the transport mechanisms
regulating lipid hormone balance physiologically. This may
explain why the steroid modulatory effects became evident
at concentration higher than uM [30, 36-38, 44-47] instead
of the lower ones driving pregnancy and the luteal reproduc-
tive cycle [44, 45]. Independent of the physiological or phar-
macological meaning of steroid supplementation used, both
E, and P, during oAEC amplification showed a clear dose-
and steroid-dependent influence.

Immediately after isolation, 0AEC expressed a multiline-
age differentiation ability [4] despite their epithelial pheno-
type [4, 14, 30]. The large plasticity of AEC has attracted
increasing attention to propose them as a valid and a more
safe alternative to embryonic stem cells [9, 24, 48-59]. Nev-
ertheless, in order to move AEC towards translation to clin-
ical practice, there are still knowledge gaps that remain to
be investigated.

Recently, several groups have clearly pointed out the needs
to adopt new quality assessment technologies for protocols of
isolation, expansion, and differentiation in order to determine
the exact AEC status before transplantation to better orient
their use towards the treatment of specific diseases [28, 30].

It is clear now that 0AEC expansion may affect cell
phenotype and biological properties [14, 30] in different
models [28-30]. In particular, AECs spontaneously undergo
epithelial-mesenchymal transition (EMT) [28-30] during
expansion, a transdifferentiation process whereby epithelial
cells acquire a mesenchymal phenotype with a wider migra-
tory and invasive properties. EMT may play a role in AEC
healing properties [31] even if this process needs to be con-
trolled in vitro to have clear information of the regenerative
potential before proceeding to cell transplantation. EMT is
basically switched on in vitro though the activation of
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paracrine/autocrine signals TGF-f-mediated [28, 53]. This
growth factor is an EMT-regulating signaling linked to the
family of transcription factors (EMT-TFs) leading to the loss
of epithelial proteins (i.e., E-cadherin and cytokeratin-8)
and the upregulation of mesenchymal determinants such
as vimentin and a-SMA [54, 55]. P, supplementation
during 0AEC amplification inhibited the in vitro TGF-f
paracrine/autocrine loop and the relative intracellular sig-
naling thus maintaining the native epithelial phenotype [30].
Relevantly, the evidence that the long-term preservation of
epithelial phenotype P, induced was even positively corre-
lated with the persistence of 0AEC immunomodulatory
activity and with the cell ability in releasing higher levels of
anti-inflammatory cytokines under basal and stimulating
conditions [30]. With the present research, a strong precom-
mitment towards osteogenic lineage has been also associated
to P, supplementation. This latter evidence further clarified
the functional impact of this novel amplification protocols
by adding new evidence on the effects of steroids [34, 35] that
was previously recognized to be involved in modulating EMT
also in other cell typologies [38, 39] and also in metastatic
breast cancer cells [36, 37, 57].

In addition, the opposite E, effects during oAEC amplifi-
cation have been confirmed. Indeed, high dosage of E,
(25 uM), alone or in combination with P,, was able to accel-
erate the process of EMT by increasing the incidence of
a-SMA protein and upregulating the EMT-related genes
(vimentin and snail gene expression levels) as previously
demonstrated, analogously in cancer cell models [57-59]
and in hESCs [60]. However, different from hESCs [60]
and oAEC amplified under P, and P,+E, long-term condi-
tions, E, exposure induced a downregulation in pluripo-
tent genes in 0AEC. The practical impact of this has to
be studied more in details since it may strongly influence
stem cell plasticity. Surely, cell expanded with E, became
more sensitive to chondrogenesis that can be only weakly
induced in amniotic-derived cells amplified under CTR or
P, conditions using standardized in vitro chondroinductive
protocols. On the contrary, oAEC amplified with P, was eas-
ily committed towards the osteogenic lineage. Interestingly, it
was noticed that E, and P, pretreatments were able to give
priority to differentiation towards a specific mesenchyme tis-
sue lineage, P, for osteogenic and E, for chondrogenic, by
switching off at the same time either of the other differentia-
tion signal. This is quite clear during oAEC exposure to E,:
treated cells not only did not display any osteogenic plasticity
but also, on the contrary, converted the osteogenic inductive
stimulus into a chondrogenic one.

In order to partially counteract the powerful mesenchy-
mal effects of E,, 0AEC amplification can be performed in
combination with P,. Probably, P, and E, interacted on the
closely intertwined pathways controlling chondrogenesis
and osteogenesis by providing a targeted tune on the related
intracellular signals involved [61]. Some speculation on these
regulatory mechanisms involved in 0AEC steroid precom-
mitment could be advanced even if they were not investi-
gated in detail yet. For example, the specific mesenchymal
attitude verified in E,-treated AEC may be ascribable to the
chondrogenic inductive role of TGF-f [61, 62] that usually
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increases in culture when cells have experienced EMT [28,
30]. The effects of TGF-f superfamily on chondrogenisis were
transduced by SMAD family members that, in turn, were able
to regulate in cooperation with SOX9, the expression of gene
COL2A1, a terminal molecule of the process of cartilage devel-
opment and regeneration [61]. On the contrary, TGF-f3
appears to play as an osteogenic inhibitor at least when added
to high-density culture of periosteum-derived cells [63].
Surely, the cultural levels of TGF-f significantly decrease
when P, is added during oAEC amplification [30].

Altogether, these findings may impact the 0AEC use in
regenerative medicine and, in particular, may orient the
development of novel cell-based strategies for repairing mus-
culoskeletal defects.

In our hands, 0AECs have been already tested for their
bone- and tendon-related regenerative capacity under allo-
and xenotransplantation procedures [17, 20-23, 64]. In both
these experimental models, hAEC and 0AECs displayed a
powerful regenerative activity exerted either by potentiating
the endogenous recruitment of endogenous progenitor cells
through positive paracrine mechanisms or by direct contrib-
uting to tissue-specific healing through an in situ transdiffer-
entiation [9]. On the contrary, sporadic researches linked
AEC to in vivo chondrogenesis to date a part from a paper
that proposed to repair a full-thickness femoral cartilage
defects in sheep using the in toto amniotic membrane [65].

In this specific therapeutic context, steroid treatments
could represent an innovative tool aimed at precommitting
AEC before transplantation in bone and/or cartilage defects.
In this context, P, may potentially be useful to improve the
AEC bone regenerative action enabling the transplanted cells
[30]. On the other hand, E, treatments may offer new solu-
tion to overcome the clinical challenges of cartilage disorders.
The availability of both osteo- and chondro-oriented cells
could be proposed to tempt tissue-oriented/tissue-engi-
neered graft or patch solutions to face the still-difficult regen-
eration of osteochondral defects [66]. The osteochondral
repairing requires, indeed, to switch on in situ different
mechanisms able to support, operating in a synergic manner,
bone and cartilage interfaces. The tissue engineering solu-
tions could take advantage from the developed technology
of biphasic scaffolds mimicking the specificity of bone and
chondrotissue microarchitecture by combining it with the
use of in vitro steroid precommitment AEC.

5. Conclusions

In conclusion, the present results demonstrated for the
first time that prolonged steroid treatments can modify
0oAEC biological properties and plasticity. Steroid treat-
ments may be proposed as innovative in vitro strategy to
induce 0AEC precommitment, opening new prospective
for their use in stem cell-based therapy addressed to cure
bone and/or cartilage defects.

Data Availability

The data used to support the findings of this study are avail-
able from the corresponding author upon reasonable request.

Stem Cells International

Conflicts of Interest

The authors declare that there is no conflict of interest
regarding the publication of this paper.

Authors’ Contributions

Annunziata Mauro and Hashimita Sanyal contributed
equally to this work.

Acknowledgments

The authors acknowledge Dr. Maura Turriani, Dr. Delia
Nardinocchi, and Dr. Oriana Di Giacinto for excellent
technical assistance in cell culture. This research was sup-
ported by the H2020-MSCA ITN EJD-REP BIOTECH
675526 project.

References

[1] O. Parolini, M. Soncini, M. Evangelista, and D. Schmidt,
“Amniotic membrane and amniotic fluid-derived cells: poten-
tial tools for regenerative medicine?,” Regenerative Medicine,
vol. 4, no. 2, pp. 275-291, 20009.

A. Malek and N. A. Bersinger, “Human placental stem cells:
biomedical potential and clinical relevance,” Journal of Stem
Cells, vol. 6, no. 2, pp. 75-92, 2011.

[3] T.Miki, “Amnion-derived stem cells: in quest of clinical appli-
cations,” Stem Cell Research & Therapy, vol. 2, no. 3, p. 25,
2011.

[4] B.Barboni, V. Curini, V. Russo et al., “Indirect co-culture with
tendons or tenocytes can program amniotic epithelial cells
towards stepwise tenogenic differentiation,” PLoS One, vol. 7,
no. 2, article 30974, 2012.

[5] A. C. Mamede, M. J. Carvalho, A. M. Abrantes, M. Laranjo,
C. J. Maia, and M. F. Botelho, “Amniotic membrane: from
structure and functions to clinical applications,” Cell and Tis-
sue Research, vol. 349, no. 2, pp. 447-458, 2012.

[6] B. Barboni, C. Mangano, L. Valbonetti et al., “Synthetic bone
substitute engineered with amniotic epithelial cells enhances
bone regeneration after maxillary sinus augmentation,” PLoS
One, vol. 8, no. 5, article 63256, 2013.

[7] A.Colosimo, V. Curini, V. Russo et al., “Characterization, GFP
gene nucleofection, and allotransplantation in injured tendons
of ovine amniotic fluid-derived stem cells,” Cell Transplanta-
tion, vol. 22, no. 1, pp. 99-117, 2013.

[8] S. V. Murphy and A. Atala, “Organ engineering-combining
stem cells, biomaterials, and bioreactors to produce bioengi-
neered organs for transplantation,” BioEssays, vol. 35, no. 3,
pp. 163-172, 2013.

[9] B.Barboni, V. Russo, P. Berardinelli et al., “Placental stem cells
from domestic animals: translational potential and clinical rel-
evance,” Cell Transplantation, vol. 27, no. 1, pp. 93-116, 2018.

[10] U. Manuelpillai, Y. Moodley, C. V. Borlongan, and O. Parolini,
“Amniotic membrane and amniotic cells: potential therapeutic
tools to combat tissue inflammation and fibrosis?,” Placenta,
vol. 32, pp. $320-S325, 2011.

[11] M. Mattioli, A. Gloria, M. Turriani et al., “Stemness character-
istics and osteogenic potential of sheep amniotic epithelial
cells,” Cell Biology International, vol. 36, no. 1, pp. 7-19, 2012.

2

—_—



Stem Cells International

(12]

(13]

(14]

(15]

(16]

(17]

(18]

[19]

(20]

(21]

[22]

(23]

(24]

(25]

C. Koike, K. Zhou, Y. Takeda et al., “Characterization of amni-
otic stem cells,” Cellular Reprogramming, vol. 16, no. 4,
pp. 298-305, 2014.

A. Lange-Consiglio, B. Corradetti, D. Bizzaro et al., “Charac-
terization and potential applications of progenitor-like cells
isolated from horse amniotic membrane,” Journal of Tissue
Engineering and Regenerative Medicine, vol. 6, no. 8,
pp. 622-635, 2012.

B. Barboni, V. Russo, V. Curini et al., “Gestational stage affects
amniotic epithelial cells phenotype, methylation status, immu-
nomodulatory and stemness properties,” Stem Cell Reviews
and Reports, vol. 10, no. 5, pp. 725-741, 2014.

U. Manuelpillai, D. Lourensz, V. Vaghjiani et al., “Human
amniotic epithelial cell transplantation induces markers of
alternative macrophage activation and reduces established
hepatic fibrosis,” PLoS One, vol. 7, no. 6, article 38631, 2012.

Y. Moodley, S. Illancheran, C. Samuel et al., “Human amnion
epithelial cell transplantation abrogates lung fibrosis and aug-
ments repair,” American Journal of Respiratory and Critical
Care Medicine, vol. 182, no. 5, pp. 643-651, 2010.

B. Barboni, V. Russo, V. Curini et al., “Achilles tendon
regeneration can be improved by amniotic epithelial cell allo-
transplantation,” Cell Transplantation, vol. 21, no. 11,
pp. 2377-2395, 2012.

A. Muttini, V. Salini, L. Valbonetti, and M. Abate, “Stem
cell therapy of tendinopathies: suggestions from veterinary
medicine,” Muscles, Ligaments and Tendons Journal, vol. 16,
no. 2, pp. 187-192, 2012.

V. Russo, P. Berardinelli, A. Muttini, M. Mattioli, and
B. Barboni, “Cross-talk between human amniotic derived cells
and host tendon supports tissue regeneration,” Journal of
Tissue Engineering and Regenerative Medicine, vol. 8, no. 1,
p. 142, 2014.

A. Mauro, V. Russo, L. di Marcantonio et al., “M1 and M2
macrophage recruitment during tendon regeneration induced
by amniotic epithelial cell allotransplantation in ovine,”
Research in Veterinary Science, vol. 105, pp. 92-102, 2016.

B. Barboni, V. Russo, V. Gatta et al., “Therapeutic potential
of hAECs for early Achilles tendon defect repair through
regeneration,” Journal of Tissue Engineering and Regenera-
tive Medicine, vol. 12, no. 3, pp. e1594-e1608, 2018.

A. Muttini, L. Valbonetti, M. Abate et al., “Ovine amniotic epi-
thelial cells: in vitro characterization and transplantation into
equine superficial digital flexor tendon spontaneous defects,”
Research in Veterinary Science, vol. 94, no. 1, pp. 158-169,
2013.

A. Muttini, V. Russo, E. Rossi et al., “Pilot experimental study
on amniotic epithelial mesenchymal cell transplantation in
natural occurring tendinopathy in horses. Ultrasonographic
and histological comparison,” Muscles, Ligaments and Ten-
dons Journal, vol. 5, no. 1, pp. 5-11, 2015.

O. Parolini, F. Alviano, G. P. Bagnara et al, “Concise
review: isolation and characterization of cells from human
term placenta: outcome of the first international Workshop
on Placenta Derived Stem Cells,” Stem Cells, vol. 26, no. 2,
pp. 300-311, 2008.

G. Bilic, S. M. Zeisberger, A. S. Mallik, R. Zimmermann, and
A. H. Zisch, “Comparative characterization of cultured human
term amnion epithelial and mesenchymal stromal cells for
application in cell therapy,” Cell Transplantation, vol. 17,
no. 8, pp. 955-968, 2008.

(26]

(27]

(28]

(31]

(32]

(33]

(34]

(35]

(36]

(37]

(38]

(39]

(40]

13

G. Stadler, S. Hennerbichler, A. Lindenmair et al., “Phenotypic
shift of human amniotic epithelial cells in culture is associated
with reduced osteogenic differentiation in vitro,” Cytotherapy,
vol. 10, no. 7, pp. 743-752, 2008.

G. Pratama, V. Vaghjiani, J. Y. Tee et al., “Changes in culture
expanded human amniotic epithelial cells: implications for
potential therapeutic applications,” PLoS One, vol. 6, no. 11,
article E26136, 2011.

A. Alcaraz, A. Mrowiec, C. L. Insausti et al., “Autocrine TGF- 3
induces epithelial to mesenchymal transition in human amni-
otic epithelial cells,” Cell Transplantation, vol. 22, no. 8,
pp. 1351-1367, 2013.

A. Lange-Consiglio, G. Accogli, F. Cremonesi, and S. Desantis,
“Cell surface glycan changes in the spontaneous epithelial-
mesenchymaltransition of equine amniotic multipotent pro-
genitor cells,” Cells Tissues Organs, vol. 200, no. 3-4,
pp. 212-226, 2014.

A. Canciello, V. Russo, P. Berardinelli et al., “Progesterone
prevents epithelial-mesenchymal transition of ovine amniotic
epithelial cells and enhances their immunomodulatory prop-
erties,” Scientific Reports, vol. 7, no. 1, article 3761, 2017.

F. Guo, B. C. Parker Kerrigan, D. Yang et al., “Post-transcrip-
tional regulatory network of epithelial-to-mesenchymal and
mesenchymal-to-epithelial transitions,” Journal of Hematology
& Oncology, vol. 7, p. 19, 2014.

E. D. Albrecht and G. J. Pepe, “Placental steroid hormone
biosynthesis in primate pregnancy,” Endocrine Reviews,
vol. 11, no. 1, pp. 124-150, 1990.

T. A. Abdulkareem, S. M. Eidan, M. A. Ishak et al., “Pregnan-
cy-specific protein B (PSPB), progesterone and some biochem-
ical attributes concentrations in the fetal fluids and serum and
its relationship with fetal and placental characteristics of Iraqi
riverine buffalo (Bubalus bubalis),” Animal Reproduction Sci-
ence, vol. 130, no. 1-2, pp. 33-41, 2012.

A.L.Fowden, A.J. Forhead, A. N. Sferruzzi-Perri, G. J. Burton,
and O. R. Vaughan, “Review: endocrine regulation of placental
phenotype,” Placenta, vol. 36, Supplement 1, pp. S50-S59,
2015.

M. Halasz and J. Szekeres-Bartho, “The role of progesterone in
implantation and trophoblast invasion,” Journal of Reproduc-
tive Immunology, vol. 97, no. 1, pp. 43-50, 2013.

T. Sumida, Y. Itahana, H. Hamakawa, and P. Y. Desprez,
“Reduction of human metastatic breast cancer cell aggressive-
ness on introduction of either form A or B of the progesterone
receptor and then treatment with progestins,” Cancer
Research, vol. 64, no. 21, pp. 7886-7892, 2004.

L. Zuo, W. Li, and S. You, “Progesterone reverses the mesen-
chymal phenotypes of basal phenotype breast cancer cells via
a membrane progesterone receptor mediated pathway,” Breast
Cancer Research, vol. 12, no. 3, 2010.

P. H. van der Horst, Y. Wang, I. Vandenput et al., “Progester-
one inhibits epithelial-to-mesenchymal transition in endome-
trial cancer,” PLoS One, vol. 7, no. 1, article €30840, 2012.

S. Y. Jeon, K. A. Hwang, and K. C. Choi, “Effect of steroid
hormones, estrogen and progesterone, on epithelial mesenchy-
mal transition in ovarian cancer development,” The Journal of
Steroid Biochemistry and Molecular Biology, vol. 158, pp. 1-8,
2016.

K. J. Livak and T. D. Schmittgen, “Analysis of relative gene

expression data using real-time quantitative PCR and the
2744€  method,” Methods, vol. 25, no. 4, pp. 402-408, 2001.



14

(41]

[42]

(43]

(44]

(45]

(46]

(47]

(50]

(51]

(52]

(53]

(54]

(5]

L. A. Solchaga, K. J. Penick, and J. F. Welter, “Chondrogenic
differentiation of bone marrow-derived mesenchymal stem
cells: tips and tricks,” Methods in Molecular Biology, vol. 698,
2011.

Z.Yang, J. F. Schmitt, and E. H. Lee, “Immunohistochemical
analysis of human mesenchymal stem cells differentiating into
chondrogenic, osteogenic, and adipogenic lineages,” Methods
in Molecular Biology, vol. 698, pp. 353-366, 2011.

H. Cho, A. Lee, and K. Kim, “The effect of serum types on
chondrogenic differentiation of adipose-derived stem cells,”
Biomaterials Research, vol. 22, p. 6, 2018.

M. Silver, “Placental progestagens in the sheep and horse and
the changes leading to parturition,” Experimental and Clinical
Endocrinology ¢ Diabetes, vol. 102, no. 3, pp. 203-211, 1994.

S. Goldman, A. Weiss, I. Almalah, and E. Shalev, “Proges-
terone receptor expression in human decidua and fetal mem-
branes before and after contractions: possible mechanism for
functional progesterone withdrawal,” Molecular Human
Reproduction, vol. 11, no. 4, pp. 269-277, 2005.

J. A. Z. Loudon, C. L. Elliott, F. Hills, and P. R. Bennett, “Proges-
terone represses interleukin-8 and cyclo-oxygenase-2 in human
lower segment fibroblast cells and amnion epithelial cells,” Biol-
ogy of Reproduction, vol. 69, no. 1, pp. 331-337, 2003.

T. Cift, S. Uludag, Y. Aydin, and A. Benian, “Effects of amniotic
and maternal CD-146, TGF-f1, IL-12, IL-18 and Inf-y, on
adverse pregnancy outcome,” The Journal of Maternal-Fetal ¢
Neonatal Medicine, vol. 26, no. 1, pp. 21-25, 2013.

T. Miki and S. C. Strom, “Amnion-derived pluripotent/multi-
potent stem cells,” Stem Cell Reviews, vol. 2, no. 2, pp. 133-141,
2006.

B. Barboni, V. Russo, P. Berardinelli A. Muttini, and
M. Mattioli, “Applications of placenta-derived cells in veteri-
nary medicine,” in Placenta The Tree of Life, p. 217, CRC
Press-Taylor & Francis, Boca Raton, FL, USA, 2016.

P. S. M. Barros, J. A. Garcia, J. L. Laus, A. L. Ferreira, and
T. L. Salles Gomes, “The use of xenologous amniotic mem-
brane to repair canine corneal perforation created by penetrat-
ing keratectomy,” Veterinary Ophthalmology, vol. 1, no. 2-3,
pp. 119-123, 1998.

M. E. Lassaline, D. E. Brooks, F. J. Ollivier, A. M. Komaromy,
M. E. Kallberg, and K. N. Gelatt, “Equine amniotic membrane
transplantation for corneal ulceration and keratomalacia in
three horses,” Veterinary Ophthalmology, vol. 8, no. 5,
pp. 311-317, 2005.

M. R. Kesting, K. D. Wolff, B. Hohlweg-Majert, and
L. Steinstraesser, “The role of allogenic amniotic membrane
in burn treatment,” Journal of Burn Care & Research, vol. 29,
no. 6, pp. 907-916, 2008.

J. Zhang, X. J. Tian, and J. Xing, “Signal transduction pathways
of EMT induced by TGF-$, SHH, and WNT and their cross-
talks,” Journal of Clinical Medicine, vol. 5, no. 4, 2016.

D. Medici, E. D. Hay, and B. R. Olsen, “Snail and slug promote
epithelial-mesenchymal transition through S-catenin-T-cell
factor-4-dependent expression of transforming growth fac-
tor-f33,” Molecular Biology of the Cell, vol. 19, no. 11,
pp. 4875-4887, 2008.

E.J. Tan, A. K. Olsson, and A. Moustakas, “Reprogramming
during epithelial to mesenchymal transition under the control
of TGEB,” Cell Adhesion ¢ Migration, vol. 9, no. 3, pp. 233-
246, 2015.

(56]

(57]

(58]

(59]

[60]

[61]

[62]

[63]

[64]

[65]

[66]

Stem Cells International

L. Li, J. Feng, Y. Chen et al., “Estradiol shows anti-skin cancer
activities through decreasing MDM?2 expression,” Oncotarget,
vol. 8, no. 5, pp. 8459-8474, 2017.

T. Sumida, A. Ishikawa, and Y. Mori, “Stimulation of the estro-
gen axis induces epithelial-mesenchymal transition in human
salivary cancer cells,” Cancer Genomics & Proteomics, vol. 13,
no. 4, pp. 305-310, 2016.

H. Zhang, H. Li, S. Qi et al.,, “Normal endometrial stromal
cells regulate 17f-estradiol-induced epithelial-mesenchymal
transition via slug and E-cadherin in endometrial adenocar-
cinoma cells in vitro,” Gynecological Endocrinology, vol. 33,
no. 1, pp. 82-86, 2017.

X. Shi, Y. Peng, X. du et al., “Estradiol promotes epithelial-to-
mesenchymal transition in human benign prostatic epithelial
cells,” The Prostate, vol. 77, no. 14, pp. 1424-1437, 2017.

S. Y. Jeon, K. A. Hwang, C. W. Kim, E. B. Jeung, and K. C.
Choi, “Altered expression of epithelial mesenchymal transition
and pluripotent associated markers by sex steroid hormones in
human embryonic stem cells,” Molecular Medicine Reports,
vol. 16, no. 1, pp. 828-836, 2017.

B. C. Heng, T. Cao, and E. H. Lee, “Directing stem cell dif-
ferentiation into the chondrogenic lineage in vitro,” Stem
Cells, vol. 22, no. 7, pp. 1152-1167, 2004.

C.S. Chiang, J. Y. Chen, M. Y. Chiang et al., “Using the inter-
play of magnetic guidance and controlled TGF-f3 release from
protein-based nanocapsules to stimulate chondrogenesis,”
International Journal of Nanomedicine, vol. 13, pp. 3177-
3188, 2018.

M. Iwasaki, K. Nakata, H. Nakahara et al., “Transforming
growth factor-beta 1 stimulates chondrogenesis and inhibits
osteogenesis in high density culture of periosteum-derived
cells,” Endocrinology, vol. 132, no. 4, pp. 1603-1608, 1993.

A. Muttini, M. Mattioli, L. Petrizzi et al., “Experimental study
on allografts of amniotic epithelial cells in calcaneal tendon
lesions of sheep,” Veterinary Research Communications,
vol. 34, Supplement 1, pp. 117-120, 2010.

D. Garcia, U. Longo, J. Vaquero et al., “Amniotic membrane
transplant for articular cartilage repair: an experimental study
in sheep,” Current Stem Cell Research & Therapy, vol. 10, no. 1,
pp. 77-83, 2014.

B. Johnstone, M. Alini, M. Cucchiarini et al., “Tissue engi-

neering for articular cartilage repair — the state of the art,”
European Cells & Materials, vol. 25, pp. 248-267, 2013.



	In Vitro Effect of Estradiol and Progesterone on Ovine Amniotic Epithelial Cells
	1. Introduction
	2. Materials and Methods
	2.1. Ethic Statement
	2.2. oAEC Isolation, Treatment, and Culture
	2.3. Cell Proliferation Assay
	2.4. Immunohistochemistry (IHC)
	2.5. Real-Time qPCR
	2.6. Osteogenic Differentiation Culture
	2.7. Chondrogenic Differentiation Culture
	2.8. Statistical Analysis

	3. Results
	3.1. Steroid Treatments Affect oAEC Proliferation and Modulated Stemness Gene Profile
	3.2. Steroid Treatments Modulate Differently the oAEC Phenotype during Amplification
	3.3. EMT-Related Gene Expressions Were Differently Modulated by Steroids in oAEC
	3.4. Steroid Stimulation Influenced Plasticity in Pretreated oAECs
	3.5. E2 Induces Chondrogenic Differentiation in Pretreated oAEC

	4. Discussion
	5. Conclusions
	Data Availability
	Conflicts of Interest
	Authors’ Contributions
	Acknowledgments

