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The myogenic differentiation capacity of prenatal mesenchymal stem cells from the main
sites of hemopoiesis (bone marrow, thymus, liver, and spleen) was studied. Myogenesis
was observed in all studied cell cultures except splenic mesenchymal stem cells. Dif-
ferentiating cells from the thymus, bone marrow, and liver were positively stained for
skeletal muscle markers (myogenin and MyoD). Autonomously contracting structures
positively stained for cardiotroponin I and slow muscle myosin, were detected in the
same cultures. Our experiments revealed differences in differentiation of mesenchymal
stem cells from hemopoietic organs depending on the source of cells.
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Mesenchymal stem cells (MSC) were for the first
time derived from adult donor bone marrow, due
to their capacity to adhere to plastic [7]. Recent
studies showed that multipotent stromal cells dif-
ferentiating into many cell lines can be isolated
from various tissues [3,4,6]. These cells are pre-
cursors of stromal elements maintaining hemopoie-
sis in vivo and ex vivo; they produce matrix com-
ponents, cytokines, and growth factors involved in
migration, proliferation, and differentiation of hemo-
poietic cells.

Proliferation and differentiation of hemopoietic
stem/progenitor cells during human ontogeny is
realized in histologically different microenviron-
ment. In adult human bone marrow MSC are clo-
sely related to hemopoietic cells. The liver, spleen,
thymus, and bone marrow are well-known sites of
active hemopoiesis during certain periods of pre-
natal development.

The data on in vitro myogenic differentiation
of MSC are scanty and contradictory. Differen-
tiation of MSC into cardiomyoblasts induced by
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cytotoxic agents (5-azacitidine), co-culturing, and
addition of cardiomyogenic differentiation media
was demonstrated [8,9,13]. No spontaneous dif-
ferentiation was described. In vitro predifferentia-
tion of undifferentiated stem cells into cardiomyo-
genic cells was attained by stem cell co-culturing
with cardiomyocytes and END-2 cells or by using
myogenic agents, for example, 5-azacitidine and
other compounds [11]. However, the safety of this
predifferentiation is not proven, and we do not know
whether it will have a negative impact on stem cell
capacity to migration, division, or alternative dif-
ferentiation into other cell types. The capacity of
MSC to differentiate into muscle cells was not per-
suasively demonstrated.

The study of prenatal MSC behavior in culture
and specific features of their differentiation will
help to understand the ontogenesis of these cells
and presumably open new potentialities for cell and
gene therapy.

MATERIALS AND METHODS

Isolation of mesenchymal stem cells from the bone
marrow, thymus, liver, and spleen. Bone marrow
MSC cultures were derived from adult donors (n=6),
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prenatal bone marrow (n=9), and thymus (n=8) as
described previously [1,2].

The spleens (n=9) and livers (n=9) were sepa-
rated from adjacent connective tissue and washed
in Hanks’ solution (PanEco) with gentamicin (50
ug/ml). The organs were mechanically crushed with
scissors and disaggregated in 0.2% dispase solution
(Invitrogen Corp.) for 20 min at 37°C. The resultant
suspension was centrifuged for 5 min at 800 rpm
(4°C), and the supernatant was discarded. Cold
DMSI medium with 1% fetal calf serum was added
to the precipitate. Cell suspension was filtered through
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a stainless steel sieve and centrifuged. Cell precipi-
tate was suspended in DMSI (Invitrogen Corp.)
with 10% FCS, selected for optimal growth of low-
density cultures (HyClone, Fetal clone I, Lot No.
ANDI18477), 2 mM L-glutamine, and 10 ug/ml gen-
tamicin. Cell suspension was inoculated in 90-mm
plastic Petri dishes (Nunclon) in a concentration of
10* mononuclear cells/ml and incubated at 37°C in
a CO, incubator at 5% CO,. After 24 h nonadherent
cells were removed, adherent cells were washed
twice in Hanks’ solution and incubated until con-
fluence in the growth medium containing additio-

Fig. 1. Formation of myotubule-like structures in mesenchymal
stem cell (MSC) culture. a) prenatal bone marrow MSC; b) thymus
MSC; c¢) adult donor bone marrow MSC; d) liver MSC; e) splenic
MSC (no myotubules formed in this culture). Relief phase contrast,
x100.
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nally fibroblast growth factor (10 ng/ml; Sigma),
heparin (8 U/ml), 1% insulin transferrin selenite
(PanEco). The medium was replaced every 2-3
days depending on the culture status.

Immunocytochemical studies. Cells for ana-
lysis were cultured on polylysin-treated slides, fixed
in 3.7% formaldehyde solution for 20 min, washed,
and stored in phosphate buffer saline (pH 7.4). Mono-
clonal antibodies to MyoD, myogenin (Novocastra
Lab. Ltd.), slow muscle myosin heavy chain (clone
No. 0Q7.5.4D, Sigma-Aldrich), and troponin I (Ab-
cam) were used. Antibodies were detected using
Novostatin Super ABC Kit (Novocastra Lab. Ltd.)
or FITC-conjugated goat anti-murine antibodies
(Biotrend). Antibody staining was carried out by
the Abcam protocol.

Directed cardiomyogenic differentiation of
MSC by 5-azacitidine. Directed differentiation of
bone marrow and splenic MSC into cardiomyo-
blasts was induced by adding demethylating agent
5-azacitidine. The cells were inoculated into 90-
mm dishes (n=60) (10,000 cells/dish). 5-Azaciti-
dine was added in doses of 1, 3, and 10 pl. In order
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to evaluate inhibition of proliferation, the cells were
removed after 6 and 12 days of culturing with 5-aza-
citidine, stained with 0.2% Trypan Blue, and coun-
ted in a Goryaev chamber. In order to evaluate
differentiation into cardiomyoblasts, after 8 weeks
of culturing in cardiomyogenic medium the cells
were fixed in 4% formaldehyde and stained using
antibodies to slow muscle myosin and troponin I.

Phase contrast and fluorescent microscopy was
carried out on an Olympus CK-40 microscope.
Photographing and videoretyping were carried out
using Olympus digital camera.

The data were statistically processed using me-
thods of variation statistics (Student’s f test) and
Excel software.

RESULTS

Spontaneous myogenic differentiation. An obliga-
tory condition for myogenic differentiation without
addition of inductors is isolation of small cell colo-
nies grown from a density of 6-30 cell/cm? in the
presence the fibroblast main growth factor. Myo-

Fig. 2. Myogenesis in MSC culture. a-c) bone marrow, thymus, liver MSC; central location of the nuclei seen in the myotubules; d) no
formation of myogenic structures in splenic MSC. Romanowskii staining, x200.
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Fig. 3. Early myogenesis in MSC colonies. Staining for antibodies
to MyoD, FITC-conjugated second antibodies.

genesis in these colonies was stimulated as a result
of time inhibition of proliferation: the dishes with
cultures were kept for 30 min under conditions of
CO, deficiency at lowered (25°C) temperature. Chan-
ges in cell morphology were detected under a phase
contrast microscope only in cultures of bone mar-
row, liver, and thymus MSC. The cells stretched in
one direction, fused, and after 7-8 days formed
muscle tubules containing 3-10 nuclei per cell (Fig.
1). Romanowskii staining showed central position
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Fig. 4. Late myogenesis in MSC colonies. Staining for antibodies
to myogenin. Peroxidase-conjugated second antibodies (Novo-
castra Super ABC-kit), x100.

of the nuclei characteristic of early stage of the
myosymplast formation (Fig. 2). After myogenic
differentiation cell proliferation was decelerated,
but did not stop. The myotubules disintegrated du-
ring reinoculation and formed again on the next
day. The emergence of characteristic multinuclear
myotubules was observed in all studied MSC cul-
tures originating from the thymus, bone marrow,
and liver, but not in splenic MSC (Fig. 1, d). Pre-
sumably, spontaneous myogenic differentiation de-

Fig. 5. Formation of autonomously contracting cardiomyocyte-like
structures. a) thymus MSC culture; b) liver MSC; ¢) bone marrow
MSC. Videoimages recorded by Olympus digital camera.
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pends on fetal origin of the cells. In order to verify
this hypothesis, MSC from the bone marrow of 6
adult donors were cloned; myogenic differentiation
was observed in all samples (Fig. 1, d).

Myogenesis is regulated by MRF transcription
factor family, including MyoD, Myf5, myogenin,
and MRF4. MyoD and Myf5 are involved in the
formation of the skeletal muscles during embryonal
development, while myogenin is essential for ter-
minal differentiation [12].

We selected MyoD for evaluating early myo-
genesis and myogenin as a late marker. Three-five
days after nonspecific inhibition of proliferation the
bone marrow, thymus, and liver MSC cultures were
positively stained with antibodies to MyoD (Fig. 3).
Expression of myogenin was detected in these cul-
tures after the formation of myotubules (after 7-8
days) (Fig. 4).

The formation of autonomously contracting
cardiomyocyte-like structures was observed about
1 month after the beginning of myogenesis (Fig. 5).
Differentiated cells contracted repeatedly and auto-
nomously without specific stimulation. Cultures in
which these structures formed were positively stai-
ned for slow muscle myosin heavy chain and tro-
ponin I (Fig. 6). The number of cardiomyocyte-like
structures per dish varied from 2 to 8. The struc-
tures formed virtually simultaneously, but started
contracting at different time. The contractions were
mainly asynchronous and with different amplitudes,
but some structures contracted synchronously and
rhythmically. Presumably, this was due to the for-
mation of a pacemaker region. Contractions of car-
diomyocyte-like structures were observed 48-72 h.

For evaluation of MSC differentiation into car-
diomyocytes we used 5-azacitidine, co-culturing
with cardiomyocytes, or addition of cardiomyo-
genic differentiation media [8,9,13]. Contractions
of myotubules formed by adult donor bone marrow
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MSC differentiated under the effect of 5-azacitidine
were described previously [10]. Spontaneous dif-
ferentiation of MSC was characterized by the for-
mation of clone-like structures resembled those
forming during cardiomyogenic differentiation of
fetal stem cells.

Spontaneous differentiation of fetal stem cells
can be initiated by their high density [5]. However,
MSC culturing after high density inoculation (more
than 4-5x10° cell/cm?) without isolation of colonies
did not result in the formation of myotubules. Pre-
sumably, this was due to impossibility of selecting
cell populations with myogenic potential at such
inoculation density.

Directed myogenic differentiation. For eva-
luation of the capacity to directed myogenic dif-
ferentiation, two cultures with different charac-
teristics in a previous experiment were selected:
bone marrow MSC exhibited capacity to sponta-
neous myogenic differentiation, splenic MSC sho-
wed no capacity of this kind. Non-cloned cultures
without signs of spontaneous differentiation after
standard 1:10 passages (corresponding to 4x10° cell/
cm?) were taken into the experiment. 5-Azacitidine
(cytosine analog) served as differentiation agent.
This agent is characterized by demethylating acti-
vity and, according to published data, is indicated
for directed differentiation of MSC into cardiomyo-
cytes [10]. The cells were inoculated in 90-mm Petri
dishes (n=40), 5-azacitidine was added in concen-
trations of 1, 3, and 10 uM.

In order to evaluate the effect of 5-azacitidine
on proliferative activity, the cells were removed
after 6 and 12 days of incubation and the mean
number of cells from 5 samples per point was eva-
luated. 5-Azacitidine inhibited MSC proliferation in
cultures of both types in a dose-dependent manner
(Figs. 7, 8). Proliferative activities of bone marrow
and splenic cells treated with 1 pM 5-azacitidine

Fig. 6. Immunofluorescent staining of cultures with spontaneously contracting structures. a) contractions to cardiotroponin (FITC-conjugated
second antibodies); b) contractions to slow muscle myosin heavy chain (phycoerythrin-conjugated second antibodies), x200.
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Fig. 7. Relationship between 5-azacitidine concentration and splenic MSC proliferation after 6 (a) and 12 (b) days of incubation. p<0.01.
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Fig. 8. Relationship between 5-azacitidine concentration and bone marrow MSC proliferation after 6- (a) and 12- (b) day incubation.

p<0.01.

was inhibited negligibly, though on day 6 decrea-
sed to 233.0+£3.6 (bone marrow) and 250+10 (spleen)
in comparison with the control (300+5; p<0.001 and
322+2.5; p<0.005, respectively); on day 12 it re-
ached 1275.0£90.1 in the bone marrow (1550.0+
86.6 in control, p<0.001) and to 1379+56.5 in the
spleen (1642+131 in control, p<0.001). Treatment
with 3 uM 5-azacitidine led to more pronounced
inhibition of bone marrow MSC growth: 162.0+7.2
on day 6 (3005 in control, p<0.001) and 808.3%
162.6 on day 12 (1550.0£86.6 in control, p<0.001);
splenic MSC proliferation reached 180+5 on day 6
(322.5+2.5 in control, p<0.001) and 901.6+102.5
on day 12 (1642.0+131.1 in control, p<0.001). Pro-
liferative activity decreased more than 5-fold after
treatment with 10 uM 5-azacitidine: on day 6 this

parameter for bone marrow MSC was 47.3+8.7 (vs.
300£5 in control, p<0.001), on day 12 339.3+80.5
(1550.0£86.6 in control, p<0.001); for splenic MSC
59.6+5.9 (322.5+2.5 in control, p<0.001) on day 6
and 332.0+43.2 (1642.0+131.1 in control, p<0.001)
on day 12.

Cardiomyogenic differentiation was evaluated
after 8 weeks. After induction splenic MSC became
hypertrophic and their growth was inhibited; nume-
rous adipocyte-like cells appeared. No signs of myo-
genic differentiation were detected in splenic MSC
culture.

Solitary adipocyte-like cells were detected in
bone marrow MSC culture, but induction with 5-aza-
citidine led to myogenic differentiation of these
cells. The most pronounced effect (20-30% cells)
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was noted after addition of 10 puM 5-azacitidine.
The majority of cells were mononuclear; there were
many binuclear cells and several were multinuclear
(with 3-10 nuclei). The use of 1 uM 5-azacitidine
brought about a negligible effect; just solitary binu-
clear cells appeared. A more pronounced result was
observed after addition of 3 uM 5-azacitidine: about
10% differentiated cells.

The mechanism of 5-azacitidine effect on car-
diomyogenic differentiation remains unclear. Pre-
sumably, it is related to modification of gene ex-
pression caused by demethylation [5]. In general,
induction by 5-azacitidine led to less pronounced
myogenic differentiation in comparison with spon-
taneous differentiation of cloned cultures. Directed
differentiation required more time (4 weeks, in-
stead of 7 days), while the percent of differentiated
cells was lower (20-30% vs. 40-50% during spon-
taneous differentiation). Cloning and selection of
MSC provide cardiomyogenic differentiation with-
out 5-azacitidine treatment.

Hence, we attained spontaneous cardiomyo-
genic differentiation of MSC in vitro. MSC from
hemopoiesis and immunogenesis organs possess
different myogenic potential in culture: MSC from
the thymus, bone marrow, and liver differentiated
into skeletal myoblasts and cardiomyocytes, while
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splenic MSC did not differentiate spontaneously or
after induction.
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