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Abstract: Small molecules, growth factors, and cytokines have been used to induce differentiation
of stem cells into different lineages. Similarly, demethylating agents can trigger differentiation
in adult stem cells. Here, we investigated the in vitro differentiation of rat bone marrow
mesenchymal stem cells (MSCs) into cardiomyocytes by a demethylating agent, zebularine, as
well as neuronal-like cells by B-mercaptoethanol in a growth factor or cytokines-free media.
Isolated bone marrow-derived MSCs cultured in Dulbecco’s Modified Eagle’s Medium exhibited
a fibroblast-like morphology. These cells expressed positive markers for CD29, CD44, and CD117
and were negative for CD34 and CD45. After treatment with 1 WM zebularine for 24 hours, the
MSCs formed myotube-like structures after 10 days in culture. Expression of cardiac-specific
genes showed that treated MSCs expressed significantly higher levels of cardiac troponin-T,
Nkx2.5, and GATA-4 compared with untreated cells. Immunocytochemical analysis showed that
differentiated cells also expressed cardiac proteins, GATA-4, Nkx 2.5, and cardiac troponin-T. For
neuronal differentiation, MSCs were treated with 1 and 10 mM [-mercaptoethanol overnight for
3 hours in complete and serum-free Dulbecco’s Modified Eagle’s Medium, respectively. Following
overnight treatment, neuron-like cells with axonal and dendritic-like projections originating from
the cell body toward the neighboring cells were observed in the culture. The mRNA expression of
neuronal-specific markers, Map2, Nefl, Tau, and Nestin, was significantly higher, indicating that
the treated cells differentiated into neuronal-like cells. Immunostaining showed that differentiated
cells were positive for the neuronal markers Flk, Nef, Nestin, and -tubulin.
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Introduction
Heart and neurological diseases are among the leading cause of morbidity and mortality
worldwide. The main condition is the inability of the infarcted heart and brain tissue
for self-renewal.'” Diseases such as myocardial infarction and Parkinson’s disease are
characterized by irreversible loss of specific cell types, thus leading to tissue and organ
dysfunction. Stem cell transplantation is one of the most applicable treatment modalities
proposed to improve the outcome of patients with heart failure and neuronal diseases.
The multilineage differentiated potential of stem cells has opened new horizons in
the field of regenerative medicine. In recent years, an increasing body of research
suggests that adult stem cells, particularly bone marrow-derived mesenchymal stem
cells (BM-MSCs), are multipotent and are capable of transdifferentiating across tissue
lineage boundaries into mature cell types other than their tissue of origin.®’
BM-MSCs have been shown to ameliorate tissue damage and improve heart func-
tion after myocardial infarction,® lung injury,'®!! kidney disease,'>!* diabetes,'*!5 liver
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injury,'®'” and neurological disorder.'®!? Several studies have
shown that MSCs are a promising therapeutic option for the
treatment of heart and neurological disorders.?*2° However,
inappropriate supply of cells during cell therapy to the target
organ is of main concern, and it is difficult to deliver the cells
to the site of injury. One alternative strategy is the generation
of predifferentiated cells into appropriate cell types in vitro
and then transplant them in vivo.

Many agents such as cytokines, growth factors, neurotro-
phins, and small molecules have been shown to promote
neuronal and cardiac cell differentiation both in vivo and
in vitro.?””? Woodbury et al* showed the positive effect
of some antioxidants, dimethyl sulfoxide, butylated
hydroxyanisole, and 3-mercaptoethanol (BME), on the dif-
ferentiation of BM-MSCs into neuronal cells. Among all
the inducing agents, BME and 5-azacytidine appeared to be
well-known agents for stem cell differentiation into neuronal
cells and cardiomyocytes, respectively. BME is considered
as one of the significant inducers since it could not only
induce neuronal differentiation morphologically but also
induce the expression of neuronal markers.* Several studies
reported that BM-MSCs can be induced with 5-azacytidine
to express cardiac-specific markers and exhibit spontaneous
beating and measurable action potential, consistent with a
myocyte lineage.?>?%3933 However, 5-azacytidine is toxic
in vitro and in vivo and has been difficult to administer due
to its low stability in aqueous solution. Zebularine is also
another DNA methyltransferase inhibitor, which is more
stable and less toxic.** Although there are several reports of
using 5-azacytidine, there is little evidence of using zebularine
as an inducer of cardiac differentiation. More studies need to
be done in order to investigate the potential of this compound
for stem cells differentiation. In this study, the cardiomyo-
genic and neuronal differentiation potential of BM-MSCs was
investigated in response to zebularine and BME treatment,
respectively, without using any growth factors or cytokines.
Our main objective was to use a single compound for differen-
tiation, whereas other studies had used coculture or multiple
compounds. Various concentrations of the compound were
tested for different time periods in culture. This study will
provide a simple and convenient strategy for the differentia-
tion of MSCs into cardiac- and neuronal-like cells.

Materials and methods

Isolation and culturing of BM-MSCs

Bone marrows for isolation of MSCs were obtained from adult
Sprague Dawley rats weighing 200 to 250 g. Procedures for
sacrificing the animals were performed in accordance with the

guidelines for animal experimentation by Institutional Animal
Care and Use Committee and were approved by the local
ethical committee. Tibia and femur bones were dissected out
and subsequently cleaned of muscle and connective tissues.
Bone marrow aspirate was cultured in complete Dulbecco’s
Modified Eagle’s Medium (DMEM) (Thermo Fisher Scientific,
Waltham, MA, USA), supplemented with 10% (v/v) fetal
bovine serum (Biowest, Nuaillé, France), 100 U/mL penicillin,
and 0.1 mg/mL streptomycin (Thermo Fisher Scientific), and
incubated in a humidified atmosphere with 5% CO, at 37°C.
Nonadherent hematopoietic cells were removed using frequent
medium change. During the expansion and maintenance of BM-
MSCs, the medium was replaced three times per week, and the
cells were subcultured after they reached 70% confluence.

Characterization of MSCs
Immunocytochemistry

Passage 2 MSCs were grown on chambered slides overnight,
washed with phosphate-buffered saline (PBS), and fixed for
20 minutes with 4% paraformaldehyde at room temperature.
Cells were then rinsed with PBS three times for 3—5 minutes.
The fixed cells were then permeabilized with 0.1% triton
X-100 and blocked with blocking solution (2% bovine serum
albumin, 0.2% goat serum, and 0.1% Tween 20). Then, the
cells were incubated overnight at 4°C with primary antibodies
(1:50 dilution) against rat CD44 (BD Biosciences, San
Jose, CA, USA), CD117 (Merck Millipore, Billerica, MA,
USA), and CD34 (Santa Cruz Biotechnology Inc., Dallas,
TX, USA). Next day, the cells were washed with PBS three
times for 5 minutes each, incubated with secondary antibody
conjugated to Alexa Fluor 546 (1:200 dilution) for 1 hour
at room temperature, and washed five times with PBS for
5 minutes each. Nuclei were stained with 4’,6-diamidino-
2-phenylindole. Finally, the slides were mounted with a
mounting medium and were examined under fluorescent
microscope (TE2000 Nikon, Japan).

Flow cytometry

Flow cytometry analysis was performed to analyze the
expression of cell surface markers on BM-MSCs by using
flow cytometer (FACS Calibur, Becton Dickinson, USA).
BM-MSCs were grown in a tissue culture flask and washed
two times with PBS. Cell dissociation buffer (Thermo Fisher
Scientific) was used to detach the cells. The cells were then
collected and incubated with primary antibodies against
CD44 and CD45 at 4°C for 30 minutes. Unlabeled cells
were used as a negative control. Then, the cells were washed
three times with flow cytometry solution (bovine serum
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albumin, sodium azide, ethylenediaminetetraacetic acid),
stained with secondary antibodies conjugated to Alexa Fluor
546 (1:200), washed, and analyzed using flow cytometer.

Differentiation of BM-MSCs into

cardiomyocytes and neuronal-like cells
Treatment of BM-MSCs with 5-azacytidine and
zebularine

MSCs were divided into three separate groups: 1) untreated
control, 2) MSCs treated with 1 uM of 5-azacytidine,
and 3) MSCs treated with 1 UM of zebularine. The final
concentration of each compound in the solution was
supplemented to the cells and incubated in CO, incubator at
37°C. After overnight incubation, the medium was aspirated,
and the cells were washed twice with PBS. New medium was
added, and the cells were again incubated for 10 days. The
treated cells were monitored under phase contrast microscope
(TE2000 Nikon) for morphological changes.

Treatment of BM-MSCs with BME

MSCs from passage 2 were initially treated for 24 hours with
1 mM final concentration of BME (Thermo Fisher Scientific)
in complete DMEM to induce neuronal differentiation. After
overnight incubation, the medium was replaced with fresh
serum-free medium with 10 mM concentration of BME for
3 hours. The treated cells were monitored under phase con-
trast microscope to observe the morphological changes.

Immunocytochemistry

Treated MSCs were processed for immunocytochemistry as
described in the case of characterization of MSCs. The treated
cells were incubated overnight at 4°C with primary antibodies
(1:50 dilution) against rat-specific cardiac proteins, GATA 4
(Abcam, Cambridge, MA, USA), Nkx 2.5 (Santa Cruz),
and cardiac troponin-T (CTT) (Santa Cruz); and neuronal
markers, Flk (Chemicon), Nestin (Abcam), Nef (Abcam),
and B-tubulin (Abcam).

RNA isolation and reverse transcription
PCR analysis

Total RNA was extracted from treated and untreated
BM-MSCs using the RNeasy Mini Kit (Qiagen NV,
Venlo, the Netherlands) according to the manufacturer’s
instructions. The purity of the total RNA was determined
spectrophotometrically at 260 and 280 nm, with an accept-
able 4, :A,  ratio of 1.8-2.0. The cDNAs were synthesized
using Omniscript Reverse Transcription Kit (Qiagen NV)
according to the manufacturer’s instructions. cDNA was

amplified by PCR using the Qiagen PCR kit according to
the manufacturer’s instructions. PCR cycles were started
with initial denaturation for 3 minutes at 93°C, followed by
35 cycles of denaturation at 93°C (1 minute), annealing at
62°C (30 seconds), and extension at 68°C (1 minute). The PCR
products were electrophoretically resolved on 1% agarose
gel. AlphaEase FC software (Alpha Innotech, San Leandro,
CA, USA) was used to measure the gel density of the specific
bands. Density of each band was normalized relative to
glyceraldehyde 3-phosphate dehydrogenase (GAPDH).

Statistical analysis

Data obtained were presented as mean * standard error of
the mean. Statistical significance (*P<<0.05) was determined
by using the SAS 9.1 statistical program (SAS Institute Inc.,
Cary, NC, USA), and data were subjected to ¢-test to deter-
mine significant differences in gene expression level between
the differentiated and undifferentiated BM-MSCs.

Results
Isolation and characterization of

BM-MSCs

MSCs represent nonhematopoietic subpopulation of the
bone marrow. These cells displayed a stable phenotype
having monolayer in culture. They showed rapid adherence
with spindle-shaped morphology and clonal properties till
passages 3—4, which decreased with further increase in the
passage number. The homogenous population of the cells
demonstrated uniform fibroblast-like morphology. Cell
surface antigen expression by immunochemistry showed
positive expression for CD29, CD44, and CD117, which are
known MSC markers, and negative expression for CD45,
a hematopoietic cell surface marker (Figure 1). The flow
cytometric analysis further revealed that MSCs were posi-
tive for CD44 with >85%, while the hematopoietic marker
CD45 was low in expression (Figure 2).

Differentiation of BM-MSCs into

cardiomyocytes and neuronal-like cells
Morphology of BM-MSCs after 5-azacytadine and
zebularine treatment

After exposure to 5-azacytidine and zebularine, changes
in morphology were gradually observed. The treated cells
were larger in size. Myotube-like morphology was observed
in the cultured cells after 10 days of treatment (Figure 3).
These changes suggested the differentiation of BM-MSCs
into cardiac-like cells.
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Figure | Immunostaining of bone marrow-derived mesenchymal stem cells (BM-MSCs) on the basis of surface marker expression.
Notes: (A) Expression of CD29, (B) CDI17 (c-Kit), (C) CD44, (D) CD45 as negative control, and (E) quantitative analysis of cell surface markers’ expression, indicating
that majority of cells are positive for MSC markers and negative for hematopoietic marker. Nuclei were stained with DAPI.

Abbreviation: DAPI, 4,6-diamidino-2-phenylindole.

Morphology of BM-MSCs after BME treatment

Upon exposure to BME, cells exhibited changes in the
morphological features toward typical neurons. BM-MSCs
displayed neuronal-like phenotype under phase contrast
microscope, having extended processes such as axons and
dendrites outgrowing from the cell body, which formed
a synaptic connection to the neighboring cells (Figure 4).

These changes suggested the differentiation of BM-MSCs
into neuron-like cells.

Expression of cardiac and neuronal-specific genes in
the treated cells

The mRNA expression of cardiac- and neuronal-specific mark-
ers of the treated and untreated MSCs was assessed by reverse
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Figure 2 Flow cytometeric analysis of expression of cell surface markers in bone marrow-derived mesenchymal stem cells (BM-MSCs).
Notes: After treatment with specific primary antibodies, cells were analyzed for specific antigens in triplicates. The selected surface markers are shown by the filled
histograms as (A) control group or labeled only with Alexa Fluor 546 secondary antibody, (B) MSCs labeled with anti-CD45 antibody (a hematopoietic marker); negative
marker, and (C) MSCs labeled with anti-CD44 antibody, positive marker (85%). The histograms are accompanied by the respective scatter plots.

Figure 3 Morphological changes in bone marrow-derived mesenchymal stem cells (BM-MSCs) after treatment with 5-azacytidine and zebularine.
Notes: (A) BM-MSCs show spindle-shaped morphology before treatment at day I, (B) control cells without any treatment for 10 days, (C) MSCs treated with | pM
5-azacytidine for 10 days, and (D) MSCs treated with | M of zebularine for 10 days. The morphology of the MSCs changed after treatment and the cells began to differentiate

into cardiomyocytes with increase in cell size and myotube formation.
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Figure 4 Morphological changes in BM-MSCs after treatment with BME after overnight incubation.

Notes: (A) MSCs with no treatment morphologically appeared spindle shaped; (B) MSCs after treatment with BME started showing changes in cellular morphology, and
sprouting of early dendrite-like projection is visible; (C and D) MSCs started forming cell body with visible multipolar dendrite formation and interconnecting network
formation with neighboring cells, indicating neuron-like cellular morphology, forming axons and dendrites.

Abbreviations: BM-MSCs, bone marrow-derived mesenchymal stem cells; BME, B-mercaptoethanol.

transcriptase-polymerase chain reaction (RT-PCR). The house-
keeping gene, GAPDH, was used for internal control. The
amplicon of GAPDH was found in both treated and untreated
MSCs, indicating that GAPDH remained activated. RT-PCR
analysis revealed the presence of cardiac alpha myosin heavy
chain (MHC), cardiac transcription factor (GATA-4), and
Nkx2.5 in treated MSCs (Figure 5). Additionally, very low
intensity bands of selected cardiac-specific genes were also
observed in untreated MSCs except in the case of GATA-4.
Relative quantification of each band was performed using gel
documentation system; integrated density value of each band
was quantified, normalized with GAPDH, and compared with
the control group. The gene expression levels of MHC, Nkx 2.5,
and GATA-4 were significantly higher after treatment com-
pared with control (Figure 5). RT-PCR analysis also revealed
the presence of neuronal-specific markers in treated MSCs.
Both control and treated cells expressed Nestin, microtubule-
associated protein (Map2), Tau, and Nef. However, the expres-
sion levels of these markers were significantly higher in treated
cells compared with control MSCs as shown in Figure 6.

Expression of cardiac and neuronal-specific proteins
in the treated cells

After separate treatments with 5-azacytidine and zebularine
at 1 UM concentrations, MSCs continued to proliferate and

differentiate. After 10 days in culture, the cells showed
extended cytoplasmic processes (Figure 3C and D). Immu-
nocytochemical analysis of 5-azacytadine and zebularine-
treated MSCs showed expression of GATA4, Nkx 2.5, and
CTT as shown in Figure 7. Immunostaining of cells treated
with 5-azacytadine and zebularine revealed that majority of
the cells express cardiac proteins, indicating that the stromal
cells are differentiated into cardiomyocytes.

MSC:s after induction to neurons in neuronal differentia-
tion medium after overnight incubation were immunostained
for assessing the expression of neuronal markers, Flk, Nef,
Nestin, and B-tubulin as shown in Figure 8.

Discussion

It is challenging to anticipate the differentiation of uncom-
mitted stem cells, which could result in other undesirable
cell types after delivery to the targeted tissue.®® Studies
have shown that pretreatment of stem cells could be a better
alternative strategy for overcoming uncontrolled differentia-
tion. Several studies have shown that chemical compounds
such as ascorbic acid, retinoic acid, BME, and 5-azacytidine
have the potential to differentiate stem cells into other types
of cells, including cardiac and neuronal-like cells, although
results from different studies are contradictory and hence
inconclusive. 283643
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Figure 5 RT-PCR analysis of cardiac-specific gene expression in treated and untreated BM-MSCs.

Notes: Expression of (A) GATA-4, (B) CTT, and (C) Nkx2.5 was observed and normalized with GAPDH that expressed in both untreated and treated MSCs. Gene
expression levels of cardiac-specific genes in 5-azacytidine- and zebularine-treated cells were compared to relative control group (n=3, level of significance P<0.05; *P<<0.05;
*#*P<0.01; and ***P<0.001).

Abbreviations: RT-PCR, reverse transcriptase polymerase chain reaction; BM-MSCs, bone marrow-derived mesenchymal stem cells; GAPDH, glyceraldehyde 3-phosphate
dehydrogenase; CTT, cardiac troponin-T.
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Figure 6 Gene expression levels of BM-MSCs differentiated to neurons after 3-mercaptoethanol (BME) treatment.

Notes: Expression of (A) Tau, (B) Nestin, (C) Map2, and (D) Nefl was detected in treated cells. Densitometric analysis of gene expression levels of neuronal-specific genes
was normalized with GAPDH and compared with relative control group (n=3, level of significance P<<0.05; *P<<0.05; **P<<0.01; and ***P<0.001).

Abbreviations: BM-MSCs, bone marrow-derived mesenchymal stem cells; GAPDH, glyceraldehyde 3-phosphate dehydrogenase.
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Figure 7 Immunostaining of BM-MSCs differentiated to cardiac-like cells after treatment with | UM of 5-azacytadine and zebularine.
Notes: (A and B) GATA-4, (C and D) Nkx 2.5, and (E and F) cardiac troponin-T (CTT) expression after 5-azacytadine and zebularine treatment, respectively. Nuclei were

stained with DAPI.

Abbreviations: BM-MSCs, bone marrow-derived mesenchymal stem cells; DAPI, 4',6-diamidino-2-phenylindole.

In this study, after successful isolation and
characterization of BM-MSCs on the basis of cell surface
markers and also on the basis of osteogenic and adipogenic
differentiation as reported earlier,* cultured BM-MSCs
were treated separately with 5-azacytidine, zebularine, and
BME. Prior to treatment, concentrations of 5-azacytidine
and zebularine were optimized and selected on the basis of
having less number of apoptotic cells as reported earlier.?®
Treatment with 5-azacytidine and zebularine was expected
to induce differentiation of BM-MSCs into cardiomyocytes
while that with BME would result in the differentiation into
neuronal-like cells. It is hypothesized that the treatment of
cells by 5-azacytidine makes the cells less responsive to
other inductive factors secreted by the microenvironment

36 However, the

that might modulate the differentiation.
toxicity and instability of 5-azacytidine are high, which
could be unsafe for the biological system. Zebularine, a
cytidine analog containing a 2-pyrimidinone ring, is another
novel DNA methyltransferase inhibitor, which has been
developed as a more stable and less toxic drug compared to
5-azacytidine.”®** There is a less evidence of evaluating the
differentiation potential of zebularine on BM-MSCs com-
pared to well-known compounds such as 5-azacytidine. 434
Zebularine was studied in microbial systems for cancer ther-
apy using mammalian cell lines.*® We earlier reported the
differentiation potential of zebularine in an in vitro study.
The present study shows improvement in the differentiation
strategy using even lesser concentration of the compound,
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Figure 8 Immunostaining of BM-MSCs differentiated to neurons after 3-mercaptoethanol (BME) treatment.
Notes: Treated cells were positive for neuronal markers (A) Flk, (B) Nef, (C) Nestin, and (D) B-tubulin. Nuclei were stained with DAPI.
Abbreviations: BM-MSCs, bone marrow-derived mesenchymal stem cells; DAPI, 4',6-diamidino-2-phenylindole.

so the chances of toxicity can be minimized. Furthermore,
we also observed that differentiation to mature cell type
needs lesser time period; thus, differentiated cells can be
readily available for transplantation. However, further
studies are needed to assess the molecular mechanism of
zebularine into cardiomyocytes after transplantation in
in vivo models. The demethylating agent, zebularine,
promotes changes in BM-MSCs, which in turn causes
differentiation of treated MSC cells into cardiac-like
cells. Morphologically, fibroblast-like cells gradually
increased in size showing myotube-like structure after
exposure to zebularine. Notably, data from RT-PCR and
immunocytochemistry revealed the presence of cardiac-
specific genes and proteins, respectively, including Nkx
2.5, MHC, and cardiac transcription factor (GATA-4),
after treatment with 5-azacytidine and zebularine. GATA-4
and Nkx2.5 are known as key regulators in cardiac
development,* and GATA-4 is expressed during myo-
cardium development.” GATA transcription factors are
involved in the expression of several genes, which encode
contractile proteins such as CTT and cardiac alpha actin.*
It can be hypothesized that pretreatment of BM-MSCs with
zebularine can also facilitate the differentiation toward
cardiomyogenic lineage under in vivo conditions. There-
fore, zebularine could be a good candidate to be used as

an alternative to 5-azacytidine, which is less stable and
more toxic.

BME is another well-known antioxidant, which is being
used as inducer to differentiate MSCs into neuronal-like cells.
Different studies have used BME with different protocols and
medium condition.*” In the study by Woodbury et al,* BM-
MSCs at 70% confluence were pretreated with 1 mM BME,
which contained basic fibroblast growth factor for 24 hours. The
cells were then cultured in DMEM, which was supplemented
with dimethyl sulfoxide, butylated hydroxyanisole, valproic
acid, forskolin, insulin, hydrocortisone, and KCl, for 6 days.’

To the best of our knowledge, most of the studies have used
a mixture of BME and certain growth factors and cytokines
in order to differentiate MSCs into neuronal cells. We treated
cultured MSCs with BME in two different medium conditions;
MSCs were first treated with serum-enriched DMEM with
1 mM of BME for 24 hours and consequently replaced with
serum-free DMEM media with 10 mM of BME for 3 hours.
As mentioned earlier, several studies have described different
methods of chemical induction for neuronal differentiation;
however, results from different studies are contradictory
and hence inconclusive and mostly showed less number of
interconnecting neurons.”-# In our study, MSCs were mor-
phologically differentiated into neuronal-like cells after second
induction. Untreated MSCs exhibited fibroblast-like cells in
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the control group. Neuronal-like cells were distinctively dis-
tinguished by highly refractive cell bodies (soma) with neuron-
like processes that resembled axons and dendrites. Most of
these dendrites showed interconnections with neighboring
cells. Differentiated neuronal-like cells were further confirmed
by the presence of neuronal-specific markers, including Map2,
Nestin, Nefl, and Tau by RT-PCR, and immunostaining at
the gene and protein levels, respectively. Nestin is classically
considered as a specific marker of neuronal stem cells, and
NSE and Map?2 are other neuronal markers. Our results are
parallel with previously conducted studies that showed the
neuronal differentiation potential of MSCs isolated from
different tissue origins.”**** A majority of laboratories have
used combination of cytokines and growth factors for neuronal
induction of MSCs.*”31:32 Whereas in this study, no growth
factors or cytokines were used. Our results indicate that it
is possible to derive interconnecting neuron-like cells from
BM-MSCs with identical morphology and the expression of
neuronal-specific markers.
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