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Abstract

Neurodegenerative diseases such as Spinal Cord Injury (SCI) refer to the loss of neuronal cells in the central nervous
system. Cell replacement therapy is currently the most propitious approach for the treatment of such diseases. Endo-
metrial Stem Cells (EnSC) due to their unique characteristics have recently gained extensive attention as a new source of
mesenchymal-like stem cells for tissue engineering purposes. Research has shown the potency of these cells to differentiate
into several cell lineages including osteocytes, adipocytes and neural cells using chemical induction. In this present study we
describe how human EnSCs can be induced to differentiate into neuron-like cells when co-cultured with human Schwann
cells via insert wells which inhibit intercellular contact of the two cell types. Quantitative gene expression analysis and im-
munocytochemistry was performed after one week of co-culture. The results confirmed neuronal differentiation of EnSCs
which support the notion that Schwann cells produce and secrete neurotrophic factors that can act upon cells without physi-
cal contact. Our present findings support the differentiation of EnSCs and the potency of these cells for the treatment of

degenerative and acquired disorders of the nervous system.
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Introduction

Neurodegenerative diseases, characterized by the loss of neuronal
cells in the central nervous system result in movement disabilities
and loss of function. Spinal cord injury (SCI) refers to damage
and loss of neurons in the spinal cord as a result of trauma or
disease. On average 375,000 people suffer a SCI each year [1]. Cell
replacement is currently the most propitious strategy for the treat-
ment of such neurodegenerative diseases [2]|. Although Schwann
cells (SC) have demonstrated the most promising effects among
cellular grafts, limited availability of autologous donor cells and
allograft rejection has prompted a search for a newcell source.
Recent progresses in stem cell biology have introduced adult stem
cells as a new source for therapeutic strategies [3-5]. Adult stem
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cells are a unique repertoire of cells that may be obtained from
a diverse range of tissues and have the ability to self-renew and
differentiate into multiple lineages. However, limited availability,
invasive extraction methods and low proliferation capacity have
hindered the use of these cells [6]. The uterine endometrium as
a dynamic tissue has a distinctive ability to reconstruct through a
cyclic regeneration process. Endometrial stem cells (EnSC) are
a novel population of mesenchymal-like stem cells found in the
endometrium and have a pivotal role in the remarkable regenera-
tive capacity of this tissue [7, 8]. EnSCs due to the feasibility of
isolation, being easily accessible and highly expandable is a unique
arsenal of stem cells with in vivo therapeutic activity that may
be applied for cell replacement therapy and tissue engineering
purposes [6-9]. EnSC have previously demonstrated the ability to
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differentiate into multiple lineages including adipocytes, chondro-
cytes, osteoblasts and neuron-like cells [0, 9, 10]. Neuronal diffet-
entiation of EnSCs as a very complex process may be induced by
neurotrophins and growth factors [10, 11]. Supportive cells have
the ability to produce and secrete these factors. SCs by providing a
supportive environment and promoting neuroprotection and se-
creting integrins, extracellular matrix molecules and neurotrophic
factors are an excellent candidate for this purpose [10, 12]. In our
present study in order to inhibit physical contact while deploying
the secreted factors by Schwann cells, we have co-cultured human
EnSCs and human SCs utilizing insert wells containing polycar-
bonate membranes. The aim of this study was to scrutinize the
neural differentiation ability of human EnSCs in the presence of
SC-derived soluble factors.

Materials and Methods
Tissue Collection and Endometrial Cell Culture

After obtaining informed consent from patients undergoing sur-
gery for benign gynecological conditions, endometrial biopsies
were collected from the fundus of the uterus in accordance with
the Tehran University of Medical Sciences ethical committee law.
The procedure was performed by a curette in women of repro-
ductive age with an average of 32 years. Attained specimens were
washed in Dulbecco’s Phosphate Buffered Saline (Sigma, D8537)
and cut into 2-3 mm fragments and were dissociated in Hank’s
Balanced Salt Solution (HBSS; Sigma, USA, H-6136) containing
HEPES (25 mM) and Collagenase type 1(1mg/mL; Sigma, USA,
C0130) for 30-45 min at 37°C with agitation. The resulted cell
suspension was then passed through a 70 uM cell strainer in or-
der to eliminate the glandular epithelial cells and was centrifuged.
The mononuclear cells were separated by Ficoll 400 (Sigma, USA,
F2637), washed in PBS and finally the isolated cells were cultured
in DMEM/F12 (Dulbecco’s Modified Eagle Medium/ Nutti-
ent Mixture F12; Sigma, USA, D6421) medium supplemented
with 10% Fetal Bovine Serum (FBS; Gibco, USA, 16000-044),
1% Penicillin/Streptomycin (Sigma, USA, P4333) and 1% L-glu-
tamine (Gibco, USA, 25030-024) at 37°C and 5% CO,,

Endometrial Stem Cell Characterization

Flow Cytometric Analysis: In order to characterize the isolated
EnSCs, flow cytometry was performed for cell surface markers.
Antibodies used were distinguished into four groups of anti-
mesenchymal, anti-hematopoietic, anti-endothelial and anti-en-
dometrial markers. Mesenchymal markers assessed were CD90
and CD105. Hematopoietic marker was CD34. The endothelial
marker was CD31 and the endometrial specific cell surface mark-
er analyzed was CD146. All antibodies were from Santa Cruz.

In Vitro Differentiation of Human EnSCs into Adipocytes:

Human EnSCs were plated in cell culture dishes at a concentra-
tdon of 2x10* cell/mL. After reaching confluency EnSCs were
subjected to adipogenic differentiation with induction media con-
sisting of insulin (10 g/mL), dexamethasone (1M), indomethacin
(200 M) and isobutylmethylxanthine (0.5 mM) [9]. Cells were cul-
tured in induction media for 10 days and thereafter were stained
with Oil Red O (Sigma). Images were obtained by microscopy.
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In Vitro Differentiation of Human EnSCs into Osteocytes:
EnSCs were plated in cell culture dishes at a concentration of
2x10* cell/mL. After reaching confluency cells were exposed to
osteogenic induction media consisting of dexamethasone, L-
ascotbic acid-2-phosphate (50 mg/mL) and b-glycerophosphate
(10 mM) [6]. EnSCs were cultured for 28 days. After the differen-
tiation period cells were stained with Alizarin Red (Sigma).

Isolation and Characterization of Schwann Cells

In order to extract SCs lower limb tissues containing peripheral
nerves were obtained from patients with no sign of neurological
abnormalities in accordance with the Tehran University of Medi-
cal Sciences ethical committee law. Sciatic nerves were surgically
taken out of quadriceps and placed into HBSS supplemented
with 1% Penicillin/Streptomycin and Amphoteticin B (25 ng/
mlL; Sigma, USA, A2942). After removing the epineurium and
connective tissue under a microscopic field the obtained sciatic
nerves were minced into 3-4 mm pieces and dissociated with
Dispase(Sigma, USA, P3417) and Collagenase (0.05%) for 6-8h
at 37°C. The solution and its constituents were then triturated
10 times and incubated overnight at 37°C and 5% CO,. The next
day after gentle trituration of the explants the mixture was centri-
fuged at 1000 rpm for 15 min and the supernatant was disposed.
The cells were re-suspended in DMEM supplemented with 10%
FBS, 2 uM Forskolin, 1% Penicillin/ Streptomycin and Ampho-
tericin B (25 ng/mL) then cultured on Poly-L-Lysine (Sigma,
USA, P4707) coated petri dishes and incubated for 4 days, chang-
ing the culture medium every 48h. After 4 days Cytosine Arabi-
noside (Ara-C; Sigma, USA, C1768) was added to medium. After
three days the medium was replaced with DMEM containing 10%
FBS, 2mM L-Glutamine, Penicillin/ Streptomycin, Amphotericin
B and 2 uM Forskolin. The isolated cells were characterized by
performing immunocytochemical labeling for S100 and P75 pro-
teins. All animals were provided from Shefa neuroscience animal
house and all procedures were performed in accordance with the
institutional guidelines of Tehran University of Medical Sciences
for animal care and use.

Co-Culturing EnSCs and SCs

Endometrial stem cells (3x10* cells) and Schwann cells (6x104
cells) were co-cultured via transwell polycarbonate membrane cell
culture inserts (Sigma, USA, CLS3422). The small pore size of
the membrane (8 pM) highly inhibits the migration of SCs into
the lower chamber where the EnSCs are cultured. This system
enables SC-derived soluble factors to reach EnSCs without physi-
cal contact between the two cell types. These transwell dishes are
commonly used to create a cell culture environment that closely
resembles the 7z vivo state. The cells were co-cultured for a period
of 7 days in DMEM/F12 medium supplemented with 10% FBS
at 37°C and 5% CO, before the EnSCs were analyzed for dif-
ferentiation.

Immunocytochemical Analysis

After 1 week of co-culture the insert wells were taken out and
the EnSCs on the lower chamber were fixed with 4% Paraform-
aldehyde (PFA; Sigma, USA, P6148) for 30 min at room tem-
perature, permeabilized with 0.2% Triton X-100 (Sigma, USA,
T8787) in PBS andimmuno-blocked with 5% BSA. The cells were
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then treated with primary antibodies for Olig2 mouse monoclo-
nal anti-human 1:200 (Abcam, USA), GFAP mouse monoclo-
nal anti-human 1:200 (Abcam, USA), NF-Hmouse monoclonal
anti-human 1:200 (Abcam, USA), and Tuj-1 mouse monoclonal
anti-human 1:200 (Abcam, USA) and incubated overnight at 4°C.
After being washed with PBS the next day, cells were incubated
at room temperature with secondary antibodies Alexa Fluor 594
donkey anti-mouse IgG 1:500 (Abcam, USA) (for Tuj-1 and NF-
H) and Alexa Fluor 488 donkey anti-mouse IgG 1:500 (Abcam,
USA) (for Olig2 and GFAP) for 1 hour. The nuclei were stained
with 4', 6-diamidino-2-phenylindole (DAPI; Sigma, USA, D9542)
and cells were analyzed (Table 1).

Real-Time Reverse Transcription PCR (RT-PCR) Analysis

Total RNA was extracted from co-cultured EnSCs using High
Pure RNA Isolation Kit (Roche, 11828665001) and to avoid
DNA contamination, genomic DNA was eliminated via DNase
I from the same kit. Complementary strand DNA was synthe-
sized using Revert Aid First Strand cDNA kit (Thermo Scientific,
USA, K1621). Quantitative gene expression was assessed with
Real-Time PCR. To this extent the expression levels of Nestin,
GFAP, NF-H, Map2 and Olig2 genes were analyzed relative to the
housekeeping gene GAPDH. The constituents of each PCR reac-
tion were 1x Power SYBR Green PCR Master Mix (Applied Bio-
systems, 4368702), 12 ng cDNA and gene specific forward and
reverse primers (Table 1) in a total volume of 20 pL carried out in
2 96 well optical reaction plate using the 7500 Real-Time PCR sys-
tem (Applied Biosystems, USA). Thermal cycle conditions were
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the same for all genes with an annealing temperature of 60 °C.
The relative quantity of target gene expression was calculated by
the comparative 224 method. All Ct values were normalized to
GAPDH. Gene expression of co-cultured EnSCs were compared
to that of undifferentiated EnSCs. See Table 2 for a list of prim-
ers used.

Statistical Analysis

For statistical analysis, Mann-Whitney U test was applied for each
two-independent sample. Significant differences were expressed
by p value. All results in this study are presented as Means = SD.

Results

Characterization of Isolated Human Endometrial Stem
Cells

Twenty-four hours post-plating some adherent MSCs appeared in
the flask and the cells were heterogeneous in appearance. After 3
passages the EnSCs attained a homogeneous elongated spindle-
shaped morphology Figure 1a. Flow cytometry results for mes-
enchymal markers CD90 and CD105 and endometrial marker
CD146 were positive. The results were negative for the hemat-
opoietic marker CD34 and the endothelial marker CD31support-
ing the fact that the isolated cells were human endometrial cells
Figure 2. To confirm that the isolated endometrial-derived stem-
like cells were indeed multipotent hEnSCs they were subjected
to adipogenic and osteogenic differentiation via induction media.

Table 1. List of Antibodies Used.

. .. . Manufacturer, host species, catalogue o
Antibody name Description of immunogen No., RRID Dilution
. . Recombinant full length protein correspond- | Abcam (USA), Mouse monoclonal IgG2a,
A lig2 7 1:2
ntl Olig2 antibody | ™\ amino acids 2-78 of human Olig2 | Catalogue No, ab56643, RRID: AB_944547 00
inm—bt;t)a le TTul?;l— Tissue, cells (Lr 171r;1151 ?rézzaondlng to Rat Abcam (USA), Mouse monoclonal [eG2a, -
n antibody (Tujl) cta 1 fubuin Catalogue No. ab14545, RRID: AB_869994 :
Anti-200 k -
ror;tllﬁm?eom I})IZZSY A pellet of pig brain cold-stable proteins Abcam (USA), Mouse monoclonal IgG1, 1:200
fi lymerizati f mi 1 1 ) ID: A '
antibody (NF-) after depolymerization of microtubules Catalogue No. ab7795, RRID: AB_306084
This clone has been derived from hybridiza-
. . tion of Sp2/0 myeloma cells with spleen
Anti-GFAP anti- 1Is of Balb/c mice immunized with puri Abcam (USA), Mouse monoclonal IgG2b, 1:200
body celis of Barh/ € iee IMmumzec Wit PUr |- ¢, logue No. ab10062, RRID: AB_296804 '
fied glial fibrillary acidic protein
from human brain
Donkey anti-mouse Gamma Immunoglobulins heavy and light Abcam (USA), Donkey polyclonal IgG,
1gG H&L Alexa chains Catalogue No. ab150108 1:500
Fluor 594 gue e
Donkey anti-mouse Gamma Immunoglobulins heavy and light Abcam (USA), Donkey polyclonal IgG,
IgG H&L Alexa . ’ 1:500
chains Catalogue No. ab150105
Fluor 488
. . . . . . Abcam (USA), Mouse monoclonal IgG2a, )
Anti-S100 antibody Purified bovine brain S100 Protein Catalogue No. ab4066, RRID: AB_304258 1:200
Anti-P75 NGF Abcam (USA), Mouse monoclonal IgG1
R from A 1 1l ’ 1:2
receptor antibody NGER from A875 melanoma cells Catalogue No. ab3125, RRID: AB_303531 00
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Table 2. List of Primers Used.

Genes Primers Annealing (°C) | Accession no.
Newiv |y crgacrracecTaToaGTee | | N
N | Y Crderanntaoertecragr | | Noaors
Map-2 RFGS;;F ((;;F é}TC ggggfﬁ% c 55.6 NM_002374.3
o2 | 'yeicrocerecmoermaree | 0| NwLooseos
GRAP | g rercorecrectoarrenaacs | | Nooss
GAPDI | cerrgacoarocoaTGoarr | | Namanies

Figure 1. Human Endometrial Stem Cells: (A) Light Microscopy Images of EnSCs Before Co-culture (B),(C) after Co-cul-
turing with Schwann Cells Illustrating Neuronal Morphology and Neurite Outgrowth. Red Arrows Indicate Pyramidal Cell

Bodies and Extended Neurite-like Structures that have Intetconnected to form Networks.

The adipogenic and osteogenic differentiation was confirmed by
Oil Red staining and Alizarin Red staining respectively Figure 3.

Characterization of Isolated Human Schwan Cells

The isolated cells were subjected to immunocytochemical analysis
for the Schwann-specific proteins P75 and S100. Results showed
the expression of the two proteins and confirmed that isolated
cells were indeed human Schwann cells Figure 4.

Characterization of co-cultured human endometrial stem
cells

Morphological studies of neuron-like cells derived from co-
cultured human EnSCs: One week after co-culturing EnSCs
with Schwann cells, a great number of the EnSCs obtained a typi-
cal neuronal morphology. Visualized neuron-like cells exhibited
typical neuron perikarya morphology with pyramidal and refrac-
tile cell bodies. Extended neutite-like structures could be seen that
had interconnected into neuronal networks Figure 1b, c.

Immunocytochemical analysis: Immunocytochemical analy-
sis confirmed a correlation between morphological differentia-
tion and immunostaining. Neuron cells are characterized by the

positive expression of NF-H (intermediate filament proteins)
and Tuj-1 (neuron-specific class 111 beta tubulin protein). Figure
5 demonstrates the expression of these markers in the neuronal-
like cells derived from the co-cultured EnSCs Figure 5 a,c whereas
native EnSCs showed to be negative Figure 5b, d. The Oligoden-
drocyte specific marker Olig2 and the Astrocyte specific marker
GFAP were not expressed in the differentiated neuron-like cells
supporting the absence of oligodendroglial and astroglial differ-
entiation Figure 5 e, g Thus Schwann cell-derived neurotrophic
factors have the ability to induce neuronal differentiation in En-
SCs without any physical contact between the two cell types.

Quantitative RNA expression analysis: Real-Time RT-PCR
results demonstrated strong correlation with the findings of mor-
phological and immunocytochemical analysis. The neuron-specif-
ic markers NF-H and Tuj-1 showed a high increase in expression
at the mRNA level while expressions of the Oligodendrocyte
and Astrocyte markers Olig2 and GFAP respectively showed a
decrease. Nestin a neural precursor cell-specific marker showed a
slight increase in expression confirming that a high percent of co-
cultured EnSCs had indeed differentiated into neuron like-cells
and only a small percent of cells was in the precursor state Figure
6. The obtained results further support the notion that neuro-
trophic factors secreted by Schwann cells can promote the differ-
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Figure 2. Flow Cytometric Analysis: Flow Cytometry Results of Isolated hEnSCs for Mesenchymal Stem Cell Mark-
ers (CD90 and CD105), Hematopoietic Marker (CD34), Endothelial Marker (CD31) and Endometrial Stem Cell Marker
(CD146). Results are Positive for CD90, CD105 and CD146 and Negative for CD31 and CD34.

RS CDY0 1K, CD105
800 - 800
600 - 600
400 400-
200 200
0 0 -
10° 0 1o tor 1o 1o
FI2-H FL2-H
1K CD146 RS CD31
800 8001
6007 6001
400- 400-
200 200
0 ST ———— 0 T pmeoparm——.
FL1-H FLI-H
1K CD34
800-

600

400+

2001

T

e 100 10
FL3-H

Figure 3. In Vitro Differentiationof Human EnSCs: Human EnSCs Differentiated into (A) Adipocytes Stained with Oil Red
and (B) Mineralizing Cells Stained with Alizarin Red.
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Figure 4. Characterization of Isolated Schwann Cells: (A) Light Microscopy Image of Isolated Schwann cells. (B) Flow Cy-
tometry Analysis of Isolated Schwann Cells for P75 Schwann Cell Marker. (C)Flow Cytometry Analysis of Isolated Schwann
Cells for S100 Schwann Cell Marker. Scale Bar 100 pm.

Schwann cells. o, 75 ¥ i N

Figure 5. Immunocytochemical Analysis: (A) Positive Staining for NF-H in Co-cultured EnSCs (C) Positive Staining for
Tuj-1in Co-cultured EnSCs. (B)(D) Negative Staining for NF-H and Tuj-1 Respectively in Co-cultured EnSCs. (E)(G)
Negative Staining for Olig-2 and GFAP Respectively in Control Group. (F)(H) Negative Staining for Olig-2 and GFAP Re-
spectively in Control Group. Scale Bar 100 pm.

Co-Cultured hEnSC Control

entiation of human endometrial stem cells into neuron-like cells. with morphological findings supporting neuronal differentia-
tion. The attained neuron-like cells could express NF-H, Tuj-1
Discussion and Nestin as neuronal markers. To further validate the results
and confirm that neurotrophic factors secreted by co-cultured
In our current study, EnSCs were isolated, characterized and dif- Schwann cells are indeed the underlying cause of neural differ-

entiation of EnSCs, EnSCs were cultured in condition media
obtained from Schwann cells. The tesults confirmed that EnSCs
when cultured in Schwann cell-derived condition media, differen-

ferentiated to neuron like cells by co-culturing with Schwann cells
via transwell polycarbonate membrane cell culture inserts. The
EnSCs attained neuronal characteristics after 7 days of co-culture.
The results from mRNA and protein analysis were concurrent tiated to neuron like cells (data not shown).
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Figure 6. mRINA Expression Analysis: Expression levels of Nestin, Tujl, NF-H, Olig2 and GFAP Genes were Assessed
using Quantitative RT-PCR. Control Groups are Wild type EnSCs; Co-cultured Groups are the EnSCs Co-cultured with
Schwann Cells. n=3, ¥P<0.05, *¥P<0.01.
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In 2000, for the first time researchers used chemical induction to
differentiate BMSCs into a neuronal-like cell [13]. However due to
the notion that chemical induction may cause cellular stress which
can lead to physical contraction and a neuron-like morphology,
later studies suggested combining chemicals with certain growth
factors such as BDNF, NGF, PDGF and bFGF to stably differ-
entiate mesenchymal stem cells [14-16]. The complexity of this
method and the fact that it was not cost efficient prompted the
idea to co-culture BMSCs with Schwann cells to obtain neuronal
differentiation [17]. Schwann cells have the ability to produce and
secrete neurotropic factors (NTFs), cell adhesion molecules and
extracellular matrix proteins such as NGF, BDNF, NT-3, CNTE,
GDNE, N-Cad, N-CAM, L1-CAM, integrin, laminin and collagen
which are the essential requirements for neuronal differentiation.
The possibility of cell fusion as a cause of BMSC neural differ-
entiation led to indirect co-culture of these cells with SCs using
transwell culture dishes in order to inhibit intercellular contact
[18]. Schwann cells secrete neurotrophic factors, extracellular
matrix and cell adhesion molecules and studies have shown that
these neurotrophic factors can induce neural differentiation in co-
cultured BMSCs which can be deployed in cell therapy of neuro-
degenerative diseases 17, 18]. However, limitations in using BM-
SCs such as painful and invasive extraction methods, requirement
for anesthesia, losing differentiation capacity in older donors and
impure population have prompted attention towards deploying
new sources of stem cells. Recent studies have presented EnSCs
as a new source of Mesenchymal stem cells [19, 20| which exist
in the basal layer of the endometrium and display multipotency
while maintaining karyotypic normality up to 68 doublings |7].
Previous studies have demonstrated the neural differentiation of
EnSCs both with and without Retinoic acid [6, 19]. The result of
our study confirms that neural differentiation of EnSCs can be
induced by neurotrophic factors secreted by co-cultured Schwann
cells without intercellular contact. These cells are a highly promis-
ing source of multipotent stem cells that are abundant, and eas-
ily accessible. EnSCs are an attractive alternative for current cell
therapy approaches in the treatment of neurodegenerative dis-
cases. We hope that our findings can shed light on future studies

of neural regeneration.
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