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Abstract
Cell therapy and stem cell transplantation strategies have provided potential therapeutic approaches for the treatment of neurological
disorders. Adipose-derivedmesenchymal stem cells (ADMSCs) are abundant adult stem cells with low immunogenicity, which can be
used for allogeneic cell replacement therapies. Differentiation of ADMSCs into acetylcholine-secreting motoneurons (MNs) is a
promising treatment for MN diseases, such as spinal muscular atrophy (SMA), which is associated with the level of SMN1 gene
expression. The SMN2 gene plays an important role inMN disorders, as it can somewhat compensate for the lack of SMN1 expression
in SMA patients. Although the differentiation potential of ADMSCs into MNs has been previously established, overexpression of
SMN2 gene in a shorter period with a longer survival has yet to be elucidated. Ponasterone A (PNA), an ecdysteroid hormone
activating the PI3K/Akt pathway, was studied as a new steroid to promote SMN2 overexpression in MNs differentiated from
ADMSCs. After induction with retinoic acid, sonic hedgehog, forskolin, and PNA, MN phenotypes were differentiated from
ADMSCs, and immunochemical staining, specific for β-tubulin, neuron-specific enolase, and choline acetyltransferase, was per-
formed. Also, the results of real-time PCR assay indicated nestin,Pax6,Nkx2.2,Hb9,Olig2, and SMN2 expression in the differentiated
cells. After 2 weeks of treatment, cultures supplemented with PNA showed a longer survival and a 1.2-fold increase in the expression
of SMN2 (an overall 5.6-fold increase; *P ≤ 0.05), as confirmed by theWestern blot analysis. The PNA treatment increased the levels
of ChAT, Isl1,Hb9, andNkx2 expression in MN-like cells. Our findings highlight the role of PNA in the upregulation of SMN2 genes
from MSC-derived MN-like cells, which may serve as a potential candidate in cellular therapy for SMA patients.
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Introduction

Motoneurons (MNs) can be found in the spinal cord and brain
with organized patterns. They are connected to muscles for

controlling muscular activities as voluntary actions (Du et al.
2015) and transmit electrochemical signals from the central
nervous system to all parts of the body (Bertini and Mercuri
2018). The inactivating mutations in the survival motor neu-
ron (SMN) gene lead to decreased SMN protein expression
(Lefebvre et al. 1995) and selective death of MNs (Hao le
et al. 2012). This phenomenon causes disorders, such as spinal
muscular atrophy (SMA), which is dependent on the level of
SMN gene expression in MNs (Zerres et al. 1997).

SMA patients can be divided into different groups accord-
ing to the age of disease onset (Kostova et al. 2007), which is
directly related to the copy number of SMN1 gene or expres-
sion level of SMN2 gene (Zheleznyakova et al. 2011). In type-
I SMA (Werdnig-Hoffmann disease), there is a homozygous
deletion of SMN1 gene (De Sanctis et al. 2018). The homozy-
gous absence of SMN1 gene is the primary cause of SMA,
while its severity is determined by the level of SMN2 gene
expression. One copy of SMN2 gene produces about 10% of
full-length SMN protein (FL-SMN) identical to the SMN1
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gene, as SMN2 transcripts are spliced due to a silent mutation
in exon 7 (Brichta et al. 2003). A small portion of SMN2
transcripts is not spliced alternatively and produces a very
small amount of functional FL-SMN, compensating for the
lack of SMN1 gene expression (Lorson et al. 2010).

The mechanisms which can regulate SMN2 splicing and
expression have been extensively studied in the literature
(Groen et al. 2018), and the important role of increased
SMN2 expression as a potential therapy for SMA has been
suggested. The overexpression of SMN2 gene improves the
neuromuscular function and MN survival (Turner et al. 2014).
Therefore, the increased expression of SMN2 gene in an ordi-
nary cellular system can lead to the application of modified
MNs in clinical trials for SMA patients to inhibit disease pro-
gression or even reduce the severity of SMA complications.

Mesenchymal stromal cells (MSCs) are promising targets in
cell and gene therapies because of their extensive self-renewal
and multipotential capacity in regeneration of multiple tissues
and neurogenesis in particular (Rahmani et al. 2013;
Noureddini et al. 2012; Verdi et al. 2014a, b; Bahrami et al.
2017). Considerable progress has been made in the past decade
in differentiating human stem cells into MNs by using a cocktail
of different growth factors. However, the percentage of stem
cells becoming MNs ranges from less than 0.5 to more than
50% (Thonhoff et al. 2009), and the underlyingmolecular mech-
anisms controlling the fate of MNs remain largely instinctive.

Although adipose-derived MSCs (ADMSCs) have been
successfully differentiated into MNs (Liqing et al. 2011;
Darvishi et al. 2017a), changes in the expression of SMN2
gene for achieving a higher SMN2 yield have not been de-
scribed yet. In this study, we focused on a steroid hormone,
ponasterone A (PNA), as an ecdysone analog and a novel
approach facilitating MN formation. We also found that it
can induce SMN2 gene upregulation in differentiated MNs.
Ecdysteroids, as the most abundant steroids, show very low
toxicity in human cells (LD50 > 6 g/kg). They are not hyper-
tensive, and in spite of their anabolic action, they have neither
androgenic nor estrogenic effects (Lafont and Dinan 2003).

Binding of PNA to its receptor (EcR) initiates a transcrip-
tional cascade, which triggers many cellular responses
(Riddiford et al. 2000). It can potentiate the activation of
PI3-k/Akt pathway, which can ultimately interfere with cell
growth and survival (Constantino et al. 2001). The PI3K/Akt
pathway modulates the decision of human neural stem cells
(hNSCs) to become MNs both in vitro and after transplanta-
tion into the spinal cord (Ojeda et al. 2011). Inhibition of Fas
ligand and TNF-related apoptosis by PNA occurs at the level
of caspase-8 activation (Oehme et al. 2006). Animal studies
show that ecdysteroids can induce acetylcholine esterase in
the brain (Catalan et al. 1984). Also, several activities of
ecdysteroids, such as neurotransmitter synthesis/degradation,
neuroprotection, and neuromodulation, have been described
(Catalan et al. 1984; Okada et al. 1998; Tsujiyama et al. 1995).

Since SMN2 gene is neuroprotective in the spinal cord and
can delay the presentation of symptoms in SMA patients, we
aimed to introduce a method by using PNA for efficient dif-
ferentiation of human ADMSCs into MNs, overexpressing
SMN2 genes with a longer survival. This study was retrieved
from our stem cell clinical trial on SMA patients.

Materials and Methods

Isolation, Culture, and Expansion of ADMSCs

The fat tissue was obtained after proper consenting process and
approvals from Tehran University of Medical Sciences ethics
committee. The tissue derived from normal volunteers aged be-
tween 18 and 70 years via abdominal lipoaspiration process. The
subcutaneous abdominal fat tissue stromal cells were isolated by
collagenase extraction as described previously (Amirkhani et al.
2016). Furthermore, these cells were expanded and characterized
for the presence of MSC markers CD73, CD90, CD105, and
CD146 per ISCT (International Society for Cellular Therapy)
criteria and were found more than 95% positive (Dominici et al.
2006). The whole cell suspension was incubated for 30 min at
4 °C with FcR-blocking reagent and a primary antibody solution
containing magnetic microbeads conjugated against CD105 (cat
no. 130–094-926, Miltenyi Biotech, Germany). Washed cells
were passed through a magnetic separator. CD105+ cells were
recovered by eluting the columnwith phosphate buffer saline (cat
no. 12579099, PBS, Gibco; UK) containing 0.5% bovine serum
albumin (cat no. 9048-46-8, BSA, Gibco; UK). The pure popu-
lation of ADMSCs was cultured in low glucose Dulbecco mod-
ified Eagle medium (cat no. 11530596, DMEM, Gibco, UK)
supplemented with 10% fetal bovine serum (cat no. 11563397,
FBS, Gibco, UK) and 50 units per ml penicillin plus 50 mg/ml
streptomycin (cat no. 15070063, Pen/Strep, Gibco; UK). The har-
vested cells were plated in 25-cm2 flasks (CLS430372, Corning;
Germany) and maintained at 37 °C in a 5% CO2 incubator with
95% humidity. Them changed every 3 days, and adherent cells
were serially passaged at 80–90% confluence. The ADMSCs
were confirmed for their capacity to differentiate toward the
adipogenic, osteogenic, and chondrogenic lineages as described
previously (Verdi et al. 2014b).

Motoneuron Differentiation Process

Our method was based on the (1) embryoid body (EB) induc-
tion and then (2) neurosphere formation followed by (3) neural
rosette formation and finally (4) motoneurons maturation
(Fig. 1). In passage 2, we expanded ADMSCs in DMEM:
F12 (cat no. 11530566, Gibco; UK), 10% FBS (Gibco; UK),
and 2 ng/ml basic fibroblast growth factor (cat no.
11123149001, bFGF, Sigma, USA). These flasks were harvest-
ed at 80–90% of confluence. To form the cell aggregates, 8 ×
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105 ADMSCswere plated in each well of low-adherent six-well
plates (CLS3471-24EA, Corning; Germany) to obtain the EB-
like aggregates. The EB-like aggregates formed on day 3 and
then themedia changed to the neurospheremedium that consists
of 5 ng/ml bFGF and 1× sodium-pyruvate (cat no. 12539059,
Gibco; UK). On day 7, when the cells formed neurosphere-like
structures in suspension, we plated them on laminin-coated
flasks (Cat No. 354533, Corning; Germany). Also, we have
separated few neurosphere-like structures for complementary
characterization studies. The remaining spheres were inserted
into the 0.1% laminin-coated T25 flasks. The cultures were
incubated at 37 °C for 2 h. The neural rosette formation was
taking place in DMEM: F12, 10% FBS, 2% B27 (cat no.
21103-049, Invitrogen, USA), 10 ng/ml fibroblast growth factor
2 (FGF2, SRP4037, Sigma Aldrich, USA), 250 μM
isobutylmethylxanthine (IBMX, cat no. 28822-58-4, Cayman
Chemical, USA), and 1 mM β-mercaptoethanol (cat no. 60-
24-2, Sigma, USA). On day 3 after plating, the medium was
then substituted by DMEM: F12 containing 0.01 ng/ml
Retinoic acid (RA, cat no. 302-79-4, Sigma, USA) and 5 μM
Forskolin (66575-29-9, F3917, Sigma, UK). After 4 days, we
changed the medium to the MN-maturation media consisting of
DMEM: F12, 0.01 ng/ml retinoic acid, 10 ng/ml bFGF,
100 ng/ml Sonic Hedgehog (SHH, 1845SH, R&D systems,
USA), and 50 ng/ml PNA (13408–56-5, Biomol, Germany) to
increase the expression of SMN2 gene. The RA and SHH mol-
ecules are necessary to regulate the expression of the
homeodomain and basic helix-loop-helix transcription factors.
The cells were harvested at each stage and stored at − 20 °C. A
group of ADMSCs cultured on the laminin-coated flask without
differentiation factors served as the control. The medium was
changed every 3 or 4 days due to the culture confluence.

Immunocytochemistry Analysis

Cells were washed once with cold PBS, fixed with 4% para-
formaldehyde (CAS. 30525-89-4, Merck; Germany) for
10 min, permeabilized with 0.1% Triton X-100 (9002-93-1,
Sigma, USA) in PBS, and blocked with BSA. Primary anti-
bodies of Nestin (1:200; Cat No. AB5922, Chemicon, USA),
β-III-tubulin (1:400, Cat No. 05-559, Chemicon, USA), cho-
line acetyltransferase (ChAT, 1:250, Cat No. AB144P,
Chemicon, USA), and neuron-specific enolase (NSE, 1:100,
cat no. AB53025, Abcam, Cambridge, UK) were incubated
with samples overnight at 4 °C, followed by fluorescein iso-
thiocyanate (FITC) or Alexa Fluor 568-conjugated secondary
antibodies (1:1000, Cat No. 565786, BD PharmingenTM;
Canada). Nuclei were counterstained with DAPI (4′,6-
diamidino-2-phenylindole; CAS. 28,718–90-3, Sigma,
USA). Primary antibodies were omitted for control. Images
were collected with a Olympus fluorescent microscope
(Olympus, Japan).

Real-Time PCR Analysis

The RNA samples were isolated from cell pellets at each stage
of the differentiation process using an RNA isolation kit
(RNeasy MicroKit, Cat No. 74004, Qiagen, USA) as de-
scribed previously (Shoae-Hassani et al. 2017). cDNA was
synthesized using cDNA synthesis kit (Superscript II First-
strand cDNA synthesis kit, cat no. 18064014, Invitrogen,
USA). The PCR mix contains cDNA sample, by mixing with
10 μl of SYBER Green master mix (cat no. 4309155, 2×,
Applied Biosystems, USA), 0.5 μM of each forward and re-
verse primers (Table 1), and nuclease-free water in a total

Fig. 1 Scheme for generating motoneurons from human ADMSCs. The
ADMSCs cultured on laminin-coated flask before induction and matura-
tion of MNs. Different combinations of signaling factors were added at
the beginning of each stage of differentiation. (MN: motor neuron;

DMEM: Dulbecco modified Eagle medium; FBS: fetal bovine serum;
bFGF: basic fibroblast growth factor; RA: retinoic acid; Shh: Sonic
HedgeHog; LM: lamin in ; PNA: ponas te rone A; IBMX:
isobutylmethylxanthine; BME: β-mercaptoethanol)
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volume of 25 μl. The comparative Ct method, 2 − ΔΔCt, was
used for relative gene expression analysis. Cycling parameters
were as follows: denaturation at 94 °C for 45 s, annealing for
45 s, and elongation at 72 °C for 1 min, for 30 cycles and the
final extension at 72 °C for 10 min on Step One ABI Thermal
Cycler (Applied Biosystems, USA).

Western Blot Analysis

The total protein was extracted from ADMSCs and dif-
ferentiated cell lysates in all groups using RIPA lysis
buffer [50 mM Tris, pH 8.0, 150 mM NaCl, (cat no.
79993, Sigma, USA) 1 mM EDTA (cat no. E9884,
Sigma, USA), 1% sodium deoxycholate (cat no.
D6750, Sigma, USA), 0.1% SDS (cat no. L3771,
Sigma; USA)] and analyzed in 12% sodium dodecyl
sulfate-polyacrylamide gel electrophoresis (SDS-PAGE)
as described previously (Chen et al. 2015). After SDS-
PAGE, the proteins transferred onto nitrocellulose pa-
pers (cat no. 77010, Thermo Fisher Scientific, USA).
These membranes were blocked with 5% skimmed milk
for 1 h. The membranes were exposed to the primary
antibody (1:500, MAB.E230, Merck-Millipore, USA) for
3 h, and then they were washed three times for 10 min
with TBST. In the next step, the membranes incubated
for 1 h with the HRP-conjugated secondary antibody
(Cat No. A9917, Sigma, USA). The membrane was

washed 5 times with Tris buffer, and then specific
bands were quantified using a ChemiImager System
(Alpha Innotech Corporation). Anti- actin antibody
(cat no. Ab8227, Abcam; UK) was used as an internal
control. The primary antibodies used were anti-SMN2
(cat no. 610647, BD; Canada, 1:5000 dilution) and
anti-actin (cat no. 130301, Santa Cruz Biotechnology,
Inc., USA, 1:3000 dilution). The secondary antibody
used was horse anti-mouse IgG-HRP (Cat No. 31181,
Invitrogen, USA; 1:5000 dilution).

Cell Viability Analysis

The 3-(4,5-dimethyl-thiazolyl-2-yl)-2,5-diphenyltetrazolium
bromide (MTT, Cat No. M2128, Sigma, USA) assay was
carried out to measure the metabolic activity of the ADMSC
culture in differentiation media with or without PNA. We
added 500 μl of 5 mg/ml MTT solution to each well of 24-
well plate and then incubated cultures at 37 °C for 4 h. The
medium was removed, the formazan crystals were dissolved
in dimethyl sulfoxide (DMSO, Cat No. D8418, Sigma, USA),
and the absorbance at 570 nm was measured using an ELISA
reader (Beckman Coulter DTX880, MA, USA). Also, surviv-
al of the MNs after differentiation in the presence or absence
of PNA was measured by the percentage of originally plated
cells every 24 h for 7 days.

Statistical Analysis

Data are presented as mean ± standard deviation (n = 3).
Statistical analysis was carried out using one-way analysis of
variance (ANOVA), and P value less than 0.05 was consid-
ered statistically significant.

Results

Morphological Characteristics of ADMSCs

ADMSCs were harvested by collagenase digestion as de-
scribed earlier. Flow cytometry analysis after MACS purifica-
tion showed that CD105+, CD90+, and CD146+ markers
were expressed more than 99% in human ADMSCs, and these
cells were negative for hematopoietic, endothelial, and pro-
genitor CD34/CD45 markers (Fig. 2a). The expanded cells
fulfilled the criteria for their markers, set by the International
Society for Cellular Therapy (ISCT) (Dominici et al. 2006).
These cells were spindle-shaped and had a fibroblast-like mor-
phology as shown in Fig. 2b. The ADMSCs could adopt
adipogenic (Fig. 2c), osteogenic (Fig. 2d), and chondrogenic
(Fig. 2e) phenotypes. The undifferentiated cells were negative
for staining, as well.

Table 1 Primers used for quantitative real-time polymerase chain
reaction

Gene Primer sequence Direction

Nestin AAAGTTCCAGCTGGCTGTGG F

TCCAGCTTGGGGTCCTGAAA R

Pax6 CGGTTTCCTCCTTCACAT F

ATCATAACTCCGCCCATT R

Isl1 ATATCAGGTTGTACGGGTCAAAT F

CACGCATCACGAAGTCGTTC R

ChAT GCAGGAGAAGACAGCCAACT F

AAACCTCAGCTGGTCAT R

Nkx2.2 TGCCTCTCCTTCTGAACCTTGG F

GCGAAATCTGCCACCAGTTG R

Hb9 AGCACCAGTTCAAGCTCAACA F

ACCAAATCTTCACCTGGGTCTC R

Olig2 AAGGAGGCAGTGGCTTCAAGTC F

CGCTCACCAGTCGCTTCATC R

FL-SMN2 ATA ATT CCC CCA CCA CCT C F

AACTGCCTCACCACCGTGCTG R

Δ7-SMN2 GCC TCA CCA CCG TGC TGG F

GTT GTA AGG AAG CTG CAG TA R

GAPDH TCGCCAGCCGAGCCA F

CCTTGACGGTGCCATGGAAT R
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Neuronal Phenotypes of Treated ADMSCs

Human ADMSCs (Fig. 3a, b), treated by the MN culture me-
dium, showed dramatic changes in cell shape from a flat cell
body to a round cell body with neurite-like processes, similar
to embryoid body-like aggregates (Fig. 3c), neurosphere-like

structures (Fig. 3d), and finally mature MN-like cells (Fig. 3e,
f). On day 7, the number of shiny cells increased in the culture,
and their structure became more distinct after 24 h, forming
neural rosettes (Fig. 3c). These cells showed a typical neuronal
morphology with extended neurites, a shining nucleus, and a
retracted cytoplasm. Neurospheres were formed from EBs as

Fig. 3 Human ADMSC culture and differentiation to MNs. ADMSCs
1 day after culture in passage 1 (a). ADMSCs first day of culture in the
second passage (P2) (b). Embryoid body formation after 4 days of culture

in differentiation medium (c). Neurosphere-derived from EB, one week
after induction (d). Terminal differentiation of neurospheres intoMN-like
cells treated with the PNA (e) and without the PNA (f). Scale bar = 10μm

a

b c d e

CD105                              CD90                              CD146                             CD34/CD31

Fig. 2 Flow cytometry analysis of CD105+ cell populations derived from
ADMSCs and their differentiation. ADMSCs processed by a magnetic
cell sorter to isolate CD105+ cells. The Y-axis is the number of cells
analyzed in gated 104 cells and the X-axis represents staining intensity.
After isolation by MACS, more than 99.99% of the cells were CD105+,
99.95% CD90+, 99.93% CD146+ and they were negative for the CD34

hematopoietic marker (a). ADMSCs culture in DMEM low glucose me-
dium after 1 week without induction (b). Oil Red staining shows
adipogenic differentiation of neutral lipids in the differentiated cells (c).
Alizarin Red staining pointed out Osteogenesis of ADMSCs (d).
Chondrogenic differentiation was demonstrated by Toluidine Blue stain-
ing (e). Scale bar = 20 μm
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compact bodies in comparison with their mother cells during
3 days (Fig. 3d). MN-like cells were induced in the presence
or absence of PNA in the induction media (Fig. 3e, f).

Immunocytochemistry of PNA-, RA-, and Shh-Induced
MN Differentiation

Nestin, as a neural progenitor cell marker, was detected
at a high positive rate after differentiation (Fig. 4a).
After placing the ADMSC culture in the differentiation
medium for 5 days, the cytoplasm of many ADMSCs
was retracted toward the cell nuclei, producing
contracted cell bodies with extended neurites. These
bodies became more spherical and showed a neuronal
cell shape. Also, the immunocytochemistry results
showed that the differentiated cells were positive for
β-III-tubulin (Fig. 4b). These neuron-like cells contin-
ued to develop, and axon outgrowth was confirmed af-
ter 10 days (Fig. 4c). Simultaneously, neuron-like cells
began to express NSE (Fig. 4d) and ChAT (Fig. 4e, f),
which are mature MN markers expressed abundantly in
the nucleus and proximal axons. Also, β-III-tubulin
(Fig. 4g) continued to be expressed after 14 days. All
these characteristics of differentiated ADMSCs are sim-
ilar to human MNs.

Real-Time PCR (RT-PCR) Assay

The RT-PCR assay was performed on PNA-treated (Fig. 5a)
and PNA-untreated (Fig. 5b) samples on days 0, 1, 5, 10, and
15 of differentiation (Fig. 5a, b). The undifferentiated
ADMSCs only expressed Pax6 as the spinal cord progenitor
marker. When RA and Shh were added to the induction me-
dium, the cells expressed Olig2 and Nkx2.2 genes, as markers
of ventral-neural spinal cord progenitors. Also, Nkx2.2 is in-
volved in the morphogenesis of the central nervous system.
On day 5, Pax6, Olig2, and Nkx2.2 genes were continuously
expressed. On the other hand, the expression of Hb9, as a
mature MN marker, was very low from day 5. On day 15,
the differentiated cells were positive for Olig2 and Hb9 but
negative for nestin and Pax6. The expression of nestin de-
creased in the last stages of differentiation (Fig. 5a).

On the other hand, the expression ofChATon the final days
increased remarkably, compared to days 5 and 10.
Overexpression of this MN-specific gene was evident on the
final days. PNA treatment showed ChAT and Isl1 overexpres-
sion in the differentiated cells (Fig. 5a). The expression levels
ofChATand Isl1were respectively 71 and 76% higher in PNA
treatment, compared to only RA and Shh treatments
(P > 0.05). According to our results, expression of ChAT,
Hb9, and Isl1 genes increased significantly during differenti-
ation (P ≤ 0.05), and PNA overexpressed these markers. Also,

Fig. 4 Expression of neuronal cell markers on the MNs differentiated
from ADMSCs. Immunostaining of nestin (a), and β-III tubulin (b) after
3 days of culture. Expression of β-III tubulin continued on the day 7 and
neurosphere formation (c). Expression of neuron-specific enolase (NSE)
(d) and ChAT (e) in MN-like cells differentiated from ADMSCs treated
by MN induction media supplemented with PNA. The merged image of

NSE/ChAT expression (f). Expression of β-III tubulin continued on the
day 14 and MN-like cells maturation (g). The green color indicates fluo-
rescein isothiocyanate (FITC) staining, the red color indicates Alexa-flu-
or, and the blue one indicates 4,6-diamidino-2-phenylindole (DAPI)
staining. Scale bar = 20 μm
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expression of nestin and Pax6 was downregulated following
PNA induction (Fig. 5a). These results revealed that treatment
with PNA could improve efficient differentiation of ADMSCs
into MN-like cells with overexpression of key MN factors.

Effects of PNA Treatment on SMN2 Expression

RT-PCR Assay

After treatment of ADMSC cultures with the MN induction me-
dia in the presence or absence of PNA, RT-PCR assay was car-
ried out under quantitative conditions, using primers at exons 6
and 8 of SMN2. The FL-SMN2 andΔ7SMN2 transcripts, as well
as their ratios, were calculated relative to GAPDH as the internal
control. Our findings clearly showed that PNA treatment results
in a 5.6-fold increase (P ≤ 0.05) in FL-SMN2mRNA expression
(Fig. 5c). PNA-untreated cells expressed SMN2 4.8 times more
than ADMSCs (P ≤ 0.05; Fig. 5c). Also, there was a 1.2-fold
increase in PNA overexpression of SMN2 genes in comparison
with PNA-untreated cultures (P ≤ 0.05; Fig. 5c). Also, a 3.4-fold
increase was observed in theΔ7SMN2 ratio (P ≤ 0.05; Fig. 5c).

Western Blot Analysis

The SMN2 protein expressionwas measured inMN-like cells,
differentiated with or without PNA. The Western blot analysis
using high-resolving SDS gel indicated very slight expression
of SMN2 genes in ADMSCs (Fig. 5c). The SMN2 genes were
expressed in mature MN-like cells, differentiated from

ADMSCs without PNA induction (Fig. 5c); this finding con-
firms our RT-PCR results. The PNA-treated MNs even
expressed more SMN2 genes, compared to PNA-untreated
MN-like cells (Fig. 5c). These results confirm the expression
of SMN2 genes at translational levels.

Viability of Cells

TheMTTassaywas performed to investigate the viability of cells,
cultured in different stages at 1, 3, 5, 7, and 14 days after induc-
tion with differential media (Fig. 1). ADMSCs, which were cul-
tured in DMEM without any induction factors, showed higher
viability than cells cultured in the complex media (Fig. 6a; P ≤
0.05). On days 5, 7, and 14, the viability of cells continued to
decrease step by step as a consequence of adding factors, such as
RA, forskolin, and Shh (P ≤ 0.05; Fig. 6a). On the other hand,
PNA significantly increased theMN survival (P ≤ 0.05). Survival
of MN-like cells in the presence or absence of PNA was mea-
sured by the percentage of originally plated cells every 24 h for
7 days (Fig. 6b). Based on the findings, the survival rate of dif-
ferentiated MN-like cells in PNA-treated cells was 16% higher
than that of PNA-untreated cells after the seventh day (P> 0.05).

Discussion

The main goal of this study was to evaluate the potential of
PNA in the upregulation of SMN2 gene in MN-like cells dif-
ferentiated from ADMSCs. Also, we confirmed the
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Fig. 5 Regulation of MNmarkers and SMN2 expression. The expression
of neuronal genes in different stages of the differentiation process after
treatment with/without PNA (a). Except for nestin and pax6, all other
neuronal markers expressed up to 15 days in both treatment groups
(*p ≤ 0.05; *p ≤ 0.005). RT-PCR shows 5.6-fold higher expression of

the SMN2 gene after PNA treatment (p ≤ 0.05). The data were obtained
from three different and independent experiments (b). Western blot assay
of SMN2 protein in the treated and untreated groups (c). The data are
representative of at least three independent experiments. GAPDH was
used as an internal control
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stimulation of Shh signaling pathway (Ebrahimi-Barough
et al. 2017; Oh et al. 2009) by PNA to promote efficient
differentiation of ADMSCs to MN-like cells.

Stem cell transplantation is a promising approach for im-
proving the condition of patients with MN diseases, such as
SMA, as it results in cell replacement or activation of molec-
ular mechanisms, which promote endogenous MN function
and neuroprotective activities against MN degeneration.
Recently, several therapies have been developed for SMA,
including gene therapy using antisense oligonucleotides
(Spinraza or nusinersen) (Maruyama et al. 2018); however,
there are still questions about their ease of delivery and cost-
effectiveness (Seo et al. 2013; Richardson 2018). Cellular
therapies may compensate for the lack of SMN gene expres-
sion in these patients.

In 2009, the California Stem Cell Institute (USA) an-
nounced a pre-investigational new drug (IND) meeting with
the US Food and Drug Administration (FDA) for a phase I/II
trial to inject human-grade MNs in SMA patients (Lunn et al.
2011). MNs are proposed to reduce SMA symptoms through
cell replacement and muscle innervation. It is assumed that
neuronal support, combined with the overexpression of
SMN2 genes, may offer an effective strategy for SMA treat-
ment, as four SMN2 copies are associated with a mild SMA
phenotype (Wirth et al. 2006), and people with five or more
copies may remain clinically asymptomatic (Sproule and
Kaufmann 2010).

Adult stem cells are multipotent cells, derived from various
adult tissues, such as adipose tissues. ADMSCs are suitable
candidates for cell therapies owing to their intrinsic potential
for self-renewal and differentiation into mesodermal and non-
mesodermal lineages (Amirkhani et al. 2016). They exhibit
low immunogenicity, which can be applied in allogeneic cell

replacement therapies. Also, they can be proper candidates for
investigating MNs in in vitro models. A number of protocols
have been developed, including various steps for differentia-
tion of stem cells into MNs. However, these protocols have
not focused on the amount of SMN gene expression in differ-
entiated MNs.

RA, in combination with Shh, is commonly used for the
induction of transcription factors in MN differentiation (Wu
et al. 2012). In our study, PNA was used to upregulate SMN
gene expression (Fig. 5c), but we found that it could accelerate
the differentiation process and increase MN markers, as well
(Fig. 3e, f). In 2013, Liu et al. induced the differentiation of
umbilical cord MSCs into MN-like cells at a very low effi-
ciency (Liu et al. 2013). Additionally, in 2015, Joghataei et al.
differentiated Wharton’s jelly-derived and chorion-derived
MSCs into MN-like cells in 2D and 3D cultures (Bagher
et al. 2015; Faghihi et al. 2015). Darvishi et al. also reported
the differentiation of neural stem cell-derived ADMSCs into
MN-like cells (Darvishi et al. 2017b).

The discussed studies reported differences in the timing
and efficiency of MSC differentiation into MNs. These differ-
ences were attributed to variations in the main principles of the
protocols (e.g., concentration and time of adding specific fac-
tors), besides minor differences in factors, such as cellular
density or precise medium composition in stem cell cultures.
Moreover, stem cells from each individual have unique char-
acteristics with respect to the secretion profile and terminal
differentiation capacity. Our differentiation protocol with
PNA only took 3 weeks to produce matureMN-like cells from
ADMSCs (Fig. 3e, f), which also influenced SMN2 gene ex-
pression (Fig. 5b, c).

The PI3K/Akt signaling pathway is a signal transduction
pathway, and its activation is crucial to protecting neurons

Fig. 6 Changes in the MNs cell viability after differentiation process.
MTT shows the MN-like cells viability rate in comparison with the un-
differentiated ADMSCs. There was a significant difference in the cell
survival time between the treatment and control groups. Results are
expressed based on the percentage of survival in the control group (mean
S.E.M., *p ≤ 0.05). a The viability of two groups of MN-like cells

measured by the percentage of originally plated cells with/without PNA
treatment that shows the protective effect of PNA in the cell survival.
PNA increased differentiated MN-like cell survival by 16% after 1 week
(*p ≤ 0.05; **p ≤ 0.005) (b). The data were obtained from three different
and independent experiments

254 J Mol Neurosci (2019) 67:247–257



against apoptosis (Guo et al. 2007). In our experiment, PNA
promoted MN differentiation and survival by protecting MNs
against apoptosis; it also upregulated SMN2 genes. The mech-
anism of PNA in the activation of gene transcription may be
related to the activation of endogenous PI3K/Akt pathway.
Previously, Ashcroft et al. demonstrated that inducible activa-
tion of endogenous PI3K results in efficient nerve growth
factor-mediated survival and neurite outgrowth in induced
pluripotent stem cell (iPSC)-derived MNs (Ashcroft et al.
1999).

In addition, López-Carballo et al. suggested that the PI3K/
Akt signaling pathway is important in the regulation of RA-
induced neuronal survival of human cells (López-Carballo
et al. 2002). In another study, Zhang et al. showed that the
PI3K/Akt signaling pathway contributed to neuronal survival
and neur i te outgrowth, induced by methyl 3 ,4-
dihydroxybenzoate (Zhang et al. 2015). Furthermore, Allodi
et al. stated that IGF-2 treatment activated the PI3K/Akt sig-
naling pathway inMNs, as evidenced by the increased level of
phosphorylated Akt and glycogen synthase kinase-3β
(GSK3β) phosphorylation, which inhibits GSK3 activity
(Allodi et al. 2016). This finding is in agreement with a study
by Yang et al. in 2013, which identified a GSK inhibitor as a
survival factor for iPSC-derived MNs (Yang et al. 2013).
Also, PI3K/Akt signaling is related to MAPK/ERK signaling
pathways (Zhou et al. 2015).

Interactions between the PI3K/Akt and MAPK/ERK1/2

pathways may occur at different stages of cell cycle, produc-
ing a variety of consequences. In some cases, the ERK1/2

pathway is inhibited by Akt via direct phosphorylation and
inhibition at the Raf-1 node (Zhou et al. 2015). Based on some
reports, the MEK/ERK pathway potentiates growth factor-
induced Akt phosphorylation, and ERK activation results in
the attenuation of Akt phosphorylation (Hayashi et al. 2008).
In addition, it was revealed that PI3-kinase activity is required
for enhanced Akt phosphorylation, induced by the inhibition
of ERK pathway (Hayashi et al. 2008).

Although AKT and ERK signaling pathways are often si-
multaneously activated in response to growth factors and hor-
mones (Rodriguez-Viciana et al. 1997), their putative negative
cross-talks lead to the control of neuron survival
(Subramanian et al. 2005). In such cases, activation of the
AKT pathway induces ERK pathway inhibition. It is interest-
ing to note the role of ERK pathway in MN function (Hollis
et al. 2009). The ERK pathway, which is constitutively
overactivated in the spinal cord of SMA mouse models
(Biondi et al. 2010), plays a repressive role in SMN2 gene
transcription (Branchu et al. 2013).

Moreover, ERK inhibition in SMA myotubes leads to an
increase in SMN production, suggesting the repressive role of
the ERK pathway in SMN2 gene transcription (Also-Rallo
et al. 2011). Therefore, PNA can affect SMN expression via
inhibiting ERK signals through its PI3 kinase activity.

Strategies, which upregulate SMN2 transcripts, can stabilize
neuromuscular junctions in SMA patients and preclinical an-
imal models.

In 2008, Gavrilina et al. revealed that the SMN transgene
could correct the phenotype of SMN-deficient mice (Gavrilina
et al. 2008) and even increase survival (Le et al. 2000; Monani
et al. 2000). In our differentiation process, the immunocyto-
chemistry and RT-PCR data represented the highest expres-
sion of differentiation markers of MNs in cultured cells with
PNA. The heterogeneity of cell population in terms of nestin
expression (Fig. 4a) decreased and disappeared upon differen-
tiation through formation of spheroids on laminin-coated
flasks (Fig. 5a), which are normally used to enhance neuronal
cell attachment.

Cellular aggregation also induces ectoderm-specific genes,
such asβ-III tubulins, which separate neurons from glial cells,
with continuous expression after 2 weeks of differentiation
(Fig. 4b, c, g). Also, choline acetyltransferase, as an MN-
specific marker, converts acetyl-CoA to choline.
Considering its great importance, expression of ChAT was
evaluated via both immunochemistry staining (Fig. 4e, f)
and RT-PCR assay (Fig. 5a). The PCR cycles were terminated
before saturation of amplification and normalized to GAPDH
mRNA expression. The ChAT mRNA expression of
ADMSCs was not significant, whereas it increased about two-
fold after differentiation to MNs (P ≤ 0.05; Fig. 5a). Also, it
was overexpressed by 3.8-folds (P ≤ 0.05) when treated with
the medium-containing PNA (Fig. 5b).

We also evaluated the expression of neuron-specific eno-
lase (NSE), a marker of MN, which shows the regeneration of
neuronal cells (Fig. 4d, f). NSE was expressed from the sec-
ond week of differentiation. It may show neurotrophic func-
tion, as it controls neuronal survival, differentiation, and
neurite regeneration via activation of PI3K andMAPK signal-
ing pathways (Haque et al. 2018).

Optimization of MN differentiation depends on the devel-
opment of effective methods for MN quantification in cul-
tures. In 2013, Amoroso et al. analyzed Hb9 and ISL1 gene
expression in developing human spinal cords (Liqing et al.
2011). The Hb9 and ISL1 genes were expressed only in sub-
sets of spinal MNs. To prevent underestimation of MN forma-
tion, combined expression of both markers was measured;
therefore, we used these two markers, as well. Hb9 gene is
an essential factor in the development of MNs (Liqing et al.
2011). Hb9 was not expressed in the control or ADMSC
group. Despite the efficient differentiation of MN-like cells,
the resulting neuron-like cells expressHB9 and Isl1 genes in a
pattern similar to that observed in human MNs in vivo
(Brichta et al. 2003).

Our cell viability MTTassay and direct observation of plat-
ed cells showed that the differentiation process decreased cell
survival by up to 50% (*P ≤ 0.05) after 14 days of culturing
(Fig. 6a). In the differentiation groups, survival of ADMSCs
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cultured with PNAwas 16% higher than that of cells cultured
without PNA (P ≤ 0.05). A PNA concentration range of 5–
500 ng/mLwas used to find the optimal dose of this steroid for
the MN-like cell differentiation process. Finally, 50 ng/mL of
PNA was confirmed as the optimal dose in our experiments.
This concentration of PNA increased neuron-like cell viabili-
ty, as shown in Fig. 6b (*P ≤ 0.05). Overall, antiapoptotic
genes, activated after PNA administration, might protect
MNs against cell death.

Conclusion

The results of this study showed that PNA can be used for
differentiation of MSCs into MN phenotypes. Expression of
MN markers, such as ChAT, Isl-1, and NSE genes, at transcrip-
tional and translational levels showed that PNA could promote
efficient differentiation of MSCs into MN-like cells with upreg-
ulation of SMN2 genes. This finding introduces a novel strategy
for derivingMNs fromMSCs for modeling research, preclinical
applications, and human clinical trials in near future.
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