
Full Terms & Conditions of access and use can be found at
http://www.tandfonline.com/action/journalInformation?journalCode=labt20

Animal Biotechnology

ISSN: 1049-5398 (Print) 1532-2378 (Online) Journal homepage: http://www.tandfonline.com/loi/labt20

Myogenic Differentiation Potential of
Mesenchymal Stem Cells Derived from Fetal
Bovine Bone Marrow

Lucas Hidenori Okamura, Paloma Cordero, Jaime Palomino, Victor Hugo
Parraguez, Cristian Gabriel Torres & Oscar Alejandro Peralta

To cite this article: Lucas Hidenori Okamura, Paloma Cordero, Jaime Palomino, Victor Hugo
Parraguez, Cristian Gabriel Torres & Oscar Alejandro Peralta (2018) Myogenic Differentiation
Potential of Mesenchymal Stem Cells Derived from Fetal Bovine Bone Marrow, Animal
Biotechnology, 29:1, 1-11, DOI: 10.1080/10495398.2016.1276926

To link to this article:  https://doi.org/10.1080/10495398.2016.1276926

Published online: 07 Mar 2017.

Submit your article to this journal 

Article views: 138

View related articles 

View Crossmark data

Citing articles: 1 View citing articles 

http://www.tandfonline.com/action/journalInformation?journalCode=labt20
http://www.tandfonline.com/loi/labt20
http://www.tandfonline.com/action/showCitFormats?doi=10.1080/10495398.2016.1276926
https://doi.org/10.1080/10495398.2016.1276926
http://www.tandfonline.com/action/authorSubmission?journalCode=labt20&show=instructions
http://www.tandfonline.com/action/authorSubmission?journalCode=labt20&show=instructions
http://www.tandfonline.com/doi/mlt/10.1080/10495398.2016.1276926
http://www.tandfonline.com/doi/mlt/10.1080/10495398.2016.1276926
http://crossmark.crossref.org/dialog/?doi=10.1080/10495398.2016.1276926&domain=pdf&date_stamp=2017-03-07
http://crossmark.crossref.org/dialog/?doi=10.1080/10495398.2016.1276926&domain=pdf&date_stamp=2017-03-07
http://www.tandfonline.com/doi/citedby/10.1080/10495398.2016.1276926#tabModule
http://www.tandfonline.com/doi/citedby/10.1080/10495398.2016.1276926#tabModule


ANIMAL BIOTECHNOLOGY 
2018, VOL. 29, NO. 1, 1–11 
http://dx.doi.org/10.1080/10495398.2016.1276926 

Myogenic Differentiation Potential of Mesenchymal Stem Cells Derived from 
Fetal Bovine Bone Marrow 
Lucas Hidenori Okamuraa,b, Paloma Corderob, Jaime Palominob, Victor Hugo Parraguezc, Cristian Gabriel Torresd 

and Oscar Alejandro Peraltab,e 

aDepartamento de Apoio, Produção e Saúde Animal, Faculdade de Medicina Veterinária, Universidade Estadual Paulista “Júlio de Mesquita 
Filho”, Araçatuba, São Paulo, Brasil; bDepartamento de Fomento de la Producción Animal, Facultad de Ciencias Veterinarias y Pecuarias, 
Universidad de Chile, Santiago, Chile; cDepartamento de Ciencias Biológicas, Facultad de Ciencias Veterinarias y Pecuarias, Universidad de 
Chile, Santiago, Chile; dDepartamento de Ciencias Clínicas, Facultad de Ciencias Veterinarias y Pecuarias, Universidad de Chile, Santiago, Chile; 
eDepartment of Biomedical Sciences and Pathobiology, Virginia-Maryland Regional College of Veterinary Medicine, Virginia Tech, Blacksburg, 
Virginia, USA  

ABSTRACT 
The myogenic potential of bovine fetal MSC (bfMSC) derived from bone marrow (BM) remains 
unknown; despite its potential application for the study of myogenesis and its implications for 
livestock production. In the present study, three protocols for in vitro myogenic differentiation of 
bfMSC based on the use of DNA methyltransferase inhibitor 5-Aza-2′-deoxycytidine (5-Aza), 
myoblast-secreted factor Galectin-1 (Gal-1), and myoblast culture medium SkGM-2 BulletKit were 
used. Plastic-adherent bfMSC were isolated from fetal BM collected from abattoir-derived fetuses. 
Post-thaw viability analyses detected 85.6% bfMSC negative for propidium iodine (PI). Levels of 
muscle regulatory factors (MRF) MYF5, MYF6, MYOD, and DES mRNA were higher (P < 0.05) in 
bfMSC cultured under 100 µM of 5-Aza compared to 1 and 10 µM. Treatment of bfMSC with 10 µM 
of 5-Aza resulted in down-regulation of MYOD mRNA (Days 7 to 21) and up-regulation of MYF6 
(Day 7), MYF5, and DES mRNA (Day 21). Gal-1 and SkGM-2 BulletKit induced sequential down- 
regulation of early MRF (MYF5) and up-regulation of intermediate (MYOD) and late MRF (DES) 
mRNA. Moreover, DES and MYF5 were immunodetected in differentiated bfMSC. In conclusion, 
protocols evaluated in bfMSC induced progress into myogenic differentiation until certain extent 
evidenced by changes in MRF gene expression. 
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Introduction 

Mesenchymal stem cells (MSC) are multipotent pro-
genitor cells defined by their ability to self-renew and 
give rise to differentiated progeny. MSC can be isolated 
from several tissue sources including bone marrow 
(BM), based on their ability to adhere to plastic when 
plated in monolayer culture (1). Thereafter, multipotent 
MSC can differentiate in vitro into mature cells of mes-
enchymal lineages including osteocytes, chondrocytes 
and adipocytes (2). It has been shown that under certain 
conditions, MSC are also able to differentiate into other 
mesodermal tissues including skeletal muscle (3). 

The myogenic potential of MSC has been previously 
explored by in vivo engraftment experiments in mice 
(4, 5). Moreover, the myogenic potential of MSC has also 
been explored in vitro under the effect of different 
exogenous factors. The DNA methyltransferase inhibitor, 
5-Aza-2′-deoxycytidine (5-Aza) has been used as a myo-
genic inductor on mice MSC, through the stochastic 

hypomethylation of random DNA residues leading to 
the activation of Desmin (DES), a muscle-specific inter-
mediate filament (IF) protein (6, 7). Galectin-1 (Gal-1) 
is a b-galactoside-binding protein secreted by myoblasts 
that has also been used as a myogenic inducer in human 
fetal MSC (hfMSC) (8). The hfMSC treated with Gal-1 
acquired muscle phenotype, formed long multinucleated 
fibers, and expressed DES and myosin (MYO) via the 
activation of several muscle regulatory factors (MRF) 
(8). Furthermore, the commercially available myoblast 
culture medium SkGM-2 BulletKit, which contains myo-
genic additives including dexamethasone, epidermal 
growth factor (EGF), and fetuin has also been previously 
evaluated in human MSC (9). The effect of SkGM-2 
BulletKit led to high proliferation rates and increased 
expression of myosin heavy chain (MYH) in MSC 
derived from adipose tissue (9). 

Myogenesis during embryogenesis is a well- 
orchestrated and highly complex process that involves 
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sequential activation of several factors associated to cell 
proliferation and differentiation. The MRF, including 
myogenic factor 5 and 6 (MYF5 and MYF6), myogenic 
determining factor (MYOD), and myogenin (MYOG) 
are a family of basic helix-loop-helix transcription fac-
tors that have been shown to regulate muscle develop-
ment (10). MYF5 is an early marker of differentiation 
that is up-regulated during the early stages of myogen-
esis, acting as a promoter of multiple muscle-specific 
genes and controlling the fusion of multinucleated myo-
fibers (11, 9). MYF6 regulates the final differentiation of 
myotubes and is regarded as the principal factor influ-
encing skeletal muscle phenotype (12). MYOD gene 
regulates differentiation of the muscle and increases 
the transcriptional activation of various downstream 
target genes including MYOG (13). The transcriptional 
activity of MYOD is regulated by DNA methylation of 
the transcriptional region (14, 15). MYOG is a critical 
transcription factor in myogenesis that regulates 
expression of most of the muscle-specific genes and is 
essential for the terminal differentiation of committed 
myoblasts (16). Thereafter, in the mature muscle, DES 
forms a sarcoplasmic network that encircles Z disks to 
connect and binds them to the sarcoplasmic membrane 
and the nuclear lamina (17). 

In vitro studies performed in our laboratory have 
demonstrated the multipotency of progenitor bovine 
MSC isolated from fetal BM (bfMSC), including its 
capacity to differentiate into osteocytes, chondrocytes, 
adipocytes (18), hepatocytes, and neurons (19). Consider-
ing that differentiation into musculoskeletal lineages is 
one feature of MSC; the in vitro differentiation of bfMSC 
constitutes an excellent experimental model that resem-
bles myogenesis of progenitor MSC during bovine muscle 
fetal development. Together, myocytes, adipocytes, and 
fibroblasts constitute the basic structure of skeletal muscle 
and because the majority of these cells in fetal muscle 
derived from the same pool of MSC (20), defining 
mechanisms regulating MSC differentiation is crucial in 
order to improve carcass quality and meat production 
efficiency for livestock industry. The aim of the present 
study was to evaluate the myogenic differentiation poten-
tial of bfMSC using three protocols based on the use of 
5-Aza, Gal-1, and SkGM-2 BulletKit. 

Materials and methods 

Isolation, culture, and freezing of bfMSC 

All procedures have been approved by the Bioethical 
Committee of the National Commission for Scientific 
and Technology Research from Chile (Fondecyt). Bone 
marrow was aspirated from bovine fetuses (n ¼ 9; 7–8 

months of gestation) collected at a local abattoir. Ani-
mals slaughtered were from different farms and breeds 
and no health records were available. Samples of muscle 
(Longissimus dorsi) were collected from the same 
fetuses and used as positive controls. The marrow was 
drawn from femoral marrow cavity into syringes con-
taining high glucose Dulbecco’s Modified Eagle 
Medium (DMEM, Gibco, Grand Islands, NY, USA) 
supplemented with 10% fetal bovine serum (FBS), 
1000 IU heparin, 100 IU/mL penicillin, and 100 µg/mL 
streptomycin. BM samples from three fetuses were 
pooled and washed twice with phosphate-buffered sal-
ine (PBS) and twice with DMEM. Then, cells were pla-
ted in DMEM (high glucose) supplemented with 10% 
FBS, 100 IU/mL penicillin, 100 µg/mL streptomycin 
and 0.25 µg/mL amphotericin B. Cells were incubated 
at 38°C in a humidified atmosphere containing 5% 
CO2. After two days, non-adherent cells were removed 
by changing the culture medium. Following the initial 
two days, the medium was changed every two to three 
days. After 3 to 4 passages, cells were gently harvested 
when 90% confluent using 0.25% trypsin in 0.1% EDTA. 
Following determination of cell viability, cells were used 
to initiate experiments. Approximately 1 � 106 bfMSC 
were resuspended in 1 mL of freezing media consistent 
in DMEM (high glucose) supplemented with 10% FBS, 
10% dimethyl sulfoxide (DMSO), 100 IU/mL penicillin, 
100 µg/mL streptomycin, and 0.25 µg/mL amphotericin 
B and pipetted into cryogenic vials. The bfMSC were 
frozen at � 80°C for 24 hours and then placed in liquid 
N2 at � 196°C. Cells were thawed by placing cryogenic 
vials in water at 37°C for 3 minutes. 

Flow cytometry 

Determination of post-thaw viable cells was estimated by 
quantification of propidium iodide (PI)-negative bfMSC 
using flow cytometry. After thawing, approximately 
10 � 105 cells were centrifuged and incubated in 
1 µg/mL PI (Molecular probes, Invitrogen, Oregon, 
USA) in PBS for 5 minutes. After three washes on PBS, 
the pellet was resuspended on IsoFlow buffer and 
analyzed (three replicates) using a Gallios Flow 
Cytometer (Beckman Coulter, Brea, CA, USA) using a 
606–635 nm laser light. The threshold for negative 
events was set on the first decade of fluorescence level 
histogram. Negative procedural control corresponded to 
unfrozen bfMSC. 

Myogenic differentiation protocols 

5-Aza 
The effect of various concentrations of 5-Aza (1, 10, 
100 µM) (Cat. #A2385; Sigma-Aldrich, St. Louis, MO, 
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USA) was first analyzed on myogenic differentiation of 
bfMSC. Cells (5 � 104/cm2) were plated in T-25 culture 
dishes either in control (three replicates) or differen-
tiation (three replicates) medium and cultured for a 
21-Day experiment with the medium being changed 
every 2 days. Control medium consisted of DMEM 
(high glucose) supplemented with 10% FBS, 100 IU/mL 
penicillin, 100 µg/mL streptomycin and 0.25 µg/mL 
amphotericin B. The myogenic differentiation in bfMSC 
was evaluated on Days 0 and 21. Considering that 
10 mM 5-Aza allowed high cell survival and myogenic 
gene expression, bfMSC were cultured under this 
concentration for further time-response experiments 
using the same conditions described previously. Samples 
were obtained at Days 0, 7, 14, and 21 and analyzed 
for myogenic gene expression by quantitative-PCR 
(Q-PCR). The level of myogenic differentiation was also 
analyzed at Day 21 of differentiation by immunodetec-
tion of DES and MYF5 protein. 

Gal-1 
Cells (2–5 � 103/cm2) isolated from 3 fetuses were 
seeded in T-25 culture dishes in control (three repli-
cates) or differentiation (three replicates) medium. Con-
trol medium consisted of DMEM (high glucose) 
supplemented with 10% FBS, 100 IU/mL penicillin, 
100 µg/mL streptomycin, and 0.25 µg/mL amphotericin 
B. Differentiation medium was adapted from a pre-
viously reported protocol (8) and consisted in control 
medium supplemented with 10% FBS and 100 nM 
Gal-1 (recombinant human, Cat. #1152-GA; R&D sys-
tems, Minneapolis, MN, USA). Cells were cultured for 
a 12-Day experiment with the medium being changed 
every 2 days. Samples were obtained at four-day inter-
vals and analyzed for myogenic gene expression by 
Q-PCR. The level of myogenic differentiation was also 
analyzed at Day 12 of differentiation by immunodetec-
tion of DES and MYF5 protein. 

SkGM-2 BulletKit 
Induction of myogenic differentiation was performed 
using an adapted protocol from a previously published 
report (9). Cells (3 � 103/cm2) at passages 3 to 5 were pla-
ted in T-25 culture dishes either in control or 

differentiation medium. Control medium consisted of 
DMEM (high glucose) supplemented with 10% FBS, 
100 IU/mL penicillin, 100 µg/mL streptomycin, and 
0.25 µg/mL amphotericin B. Differentiation medium con-
sisted in SkGM-2 BulletKit (Lonza, Walkersville, MD, 
USA). This cell culture medium contains SkBM Basal 
Medium supplemented with EGF, fetuin, 10% FBS, 
dexamethasone, insulin, and gentamicin/amphotericin. 
The precise composition is only known to the manufac-
turer. Cells were cultured for a 21-Day experiment with 
the medium being changed every 2 days. Samples were 
obtained at seven-day intervals and analyzed for myogenic 
gene expression by Q-PCR. The level of myogenic differ-
entiation was also analyzed at Day 21 of differentiation by 
immunodetection of DES and MYF5 protein. 

RNA extraction and cDNA synthesis 

Approximately 3 � 105 bfMSC and muscle samples 
were collected and immediately fixed in RLT buffer 
(Qiagen, Incorporated, Valencia, CA, USA). Total 
RNA was extracted using RNeasy Mini kit (Qiagen) 
according to the manufacturing’s instructions. The con-
centration and purity of the RNA in each sample were 
determined using Qubit RNA assay kit (Thermo Fisher 
Scientific, Waltham, MA, USA). Total RNA was eluted 
in 30–50 µL of RNase free water. Samples were 
subjected to RT-PCR using a Brilliant II SYBR Green 
RT-PCR kit (Agilent Technologies, Santa Clara, CA, 
USA). The reaction protocol consisted of incubation 
for 5 minutes at 25°C, 15 minutes at 42°C, 5 minutes 
at 95°C, and hold at 4°C using a DNA engine PCR ther-
mocycler (Bio-Rad Laboratories, Hercules, CA, USA). 

Quantitative-PCR 

Samples were analyzed for housekeeping b-ACTIN and 
GAPDH, and myogenic genes MYF5, MYF6, MYOD, 
MYOG, and DES expression by Q-PCR. The b-ACTIN 
was selected for housekeeping gene based on previous 
analyses from our and others laboratories (18, 19, 9) 
that detected high stability during MSC culture. Real- 
time PCR primers were designed using PrimerExpress 
software (Applied Biosystems Incorporated, Foster City, 
CA, USA; Table 1). Equivalence of amplification 

Table 1. Sequence of primers used for Q-PCR analysis. 
Gene Sense Antisense Accession number  

MYF5 CAGGAATGCCATCCGCTACA GGCAATCCAGGTTGCTCTGA NM_174116.1 
MYF6 GGTGGACCCCTTCAGCTACAG TGCTTGTCCCTCCTTCCTTGG NM_181811.1 
MYOD CGACTCGGACGCTTCCAGT GATGCTGGACAGGCAGTCGA NM_001040478.2 
MYOG GTGCCCAGTGAATGCAGCTC GTCTGTAGGGTCCGCTGGGA NM_001111325.1 
DESMIN GGACCTGCTCAATGTCAAGA GGAAGTTGAGGGCAGAGAAG NM_001081575.1 
β-ACTIN CGCACCACTGGCATTGTCAT TCCAAGGCGACGTAGCAGAG NM_001033618.1 
GAPDH CCTTCATTGACCTTCACTACATGGTCTA TGGAAGATGGTGATGGCCTTTCCATTG NM_001034034.2   
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efficiencies among all primer-probe sets was confirmed 
using serial 3-fold dilutions of differentiated bfMSC 
cDNA. Each RT-PCR reaction (10 µL) contained the 
following: 2X Brilliant II SYBR Green QPCR master 
mix (5 µL), target forward primer (200 nM), target 
reverse primer (200 nM), cDNA synthesis reaction 
(1 µL), and nuclease-free PCR-grade water to adjust 
final volume. The PCR amplification was carried out 
in Eco Real-Time PCR System (Illumina Incorporated, 
San Diego, CA, USA). Thermal cycling conditions were 
95°C for 10 minutes, followed by 40 repetitive cycles at 
95°C for 30 seconds, and 60°C for 1 minute. The relative 
quantification of the target gene expression across treat-
ment was evaluated using the comparative ΔΔCT 
method. The CT value was determined by subtracting 
b-ACTIN CT value from the target CT value of the sam-
ple. Calculation of ΔΔCT involved using target gene 
expression on Day 0 (sample with the highest CT value 
or lowest target expression) as an arbitrary constant to 
subtract from all other CT sample values. Samples of 
fetal muscle were used as positive control. 

Immunofluorescence 

Differentiated bfMSC were cultured in 35-mm dishes, 
fixed in a 4% paraformaldehyde (PAF) for 10 minutes 
and stored at 4°C under PBS. Cells were then washed 
twice in PBS twice and blocked in donkey serum 
(Sigma-Aldrich) for 30 minutes at RT. Cells were incu-
bated overnight at 4°C with goat polyclonal anti-DES 
(1:50, Cat.# SC-7559; Santa Cruz Biotechnology, Santa 
Cruz, CA, USA) or goat polyclonal anti-MYF5 (1:50, 
Cat.# SC-31946; Santa Cruz Biotechnology) diluted in 
donkey serum. After three washes with PBS, cells were 
incubated with donkey anti-goat IgG conjugated to 
FITC (1:200 in donkey serum). Then, cells were again 
washed three times in PBS and mounted under cover-
slips in a solution containing 4′,6-diamidino-2- 
phenylindole (DAPI, Santa Cruz Biotechnology, Santa 
Cruz, CA, USA). Samples were examined under 
epifluorescence and the results captured by digital 
photomicroscopy (Olympus, Tokyo, Japan). 

Data analysis 

Values of PI-negative cells and gene expression from 
three different replicates were transferred to a spread-
sheet and then analyzed using Infostat software (Cor-
doba, Argentina). Data was normalized to logarithmic 
scale in base 10 for normality and mean values for each 
replicate were compared by one-way ANOVA. Gene 
expression values between days of culture and between 

treatments and controls were analyzed using Duncan’s 
multiple comparison test (P < 0.05). 

Results 

Isolation of bfMSC from BM was performed based on 
the capacity for plastic attachment under standard cul-
ture conditions that included DMEM media supple-
mented with 10% FBS. Colonies of fibroblast-like cells 
attached to the plastic were visualized at Days 5–6 after 
seeding. Cells exhibited characteristic spindle shape and 
polygonal morphology. Post-thaw viability analyses 
detected 85.6% bfMSC negative for PI versus 91.1% 
(P > 0.05) in the negative control cells (Fig. 1). 

Initial analyses were performed in bfMSC and fetal 
muscle samples to quantify b-ACTIN and GAPDH 
mRNA levels using Q-PCR. Analyses detected b-ACTIN 
and GAPDH Ct values of 14.1 and 15.7 in bfMSC and of 
26.3 and 32.9 in fetal muscle, respectively. These values 
suggested that mRNA levels of these housekeeping 
genes are vastly different in bfMSC compared to muscle. 
Moreover, analyses reported previously (18, 19, 9) indi-
cated that b-ACTIN possess higher stability during MSC 
culture suggesting its suitability for relative gene 
expression determination in MSC studies. 

Furthermore, the myogenic potential of bfMSC was 
investigated under the in vitro effect of 5-Aza during a 
21-day culture period. We first evaluated dose-response 
effect using 1, 10, and 100 µM of 5-Aza and determined 
cell morphology changes and relative mRNA levels of 
various MRF at Days 0 and 21. Supplementation of 
100 µM of 5-Aza for 21-day period induced formation 
of cell projections and development of intricate cell 
interactions (Fig. 2A). bfMSC cultured under the effect 
of 100 µM of 5-Aza expressed higher mRNA levels of 
MYF5, MYOD, and DES (4.6-, 25.8-, and 22.3-fold rela-
tive to Day 0, respectively; P < 0.05) at Day 21 of culture 
(Fig. 2B). Moreover, relative expression of MYF6 was 
increased (4.3-fold relative to Day 21 control, P < 0.05) 
in bfMSC exposed to 100 µM of 5-Aza for 21 days. In 
contrast, in this experimental model supplementation 
of 1 and 10 µM of 5-Aza had no effects on relative 
expression of selected MRF. Despite supplementation 
of 100 µM of 5-Aza induced significant effect on MRF 
relative expression; high cell mortality and low cell 
adhesion was observed in bfMSC cultures under the 
effect of this concentration, suggesting cytotoxicity 
(Fig. 2A). Thus, for time-response experiments we 
decided to use a lower concentration of 10 µM of 
5-Aza. As presented previously, bfMSC exposed to 
10 µM of 5-Aza underwent progressive cell morphology 
changes that included formation of cell projections and 
development of intricate cell interactions during the 
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21-day experiment (Fig. 2C). Observation of bfMSC cul-
tures indicated no effect on cell mortality or adhesion to 
plastic. Moreover, after 7 days of differentiation, bfMSC 
increased MYF6 mRNA levels (1.5-fold Day-21 control, 
P < 0.05) (Fig. 2D). In contrast, MYOD mRNA levels 
decreased from Day 7 (0.25-fold) to Day 21 (0.22-fold). 
At Day 21 of differentiation, DES and MYF5 mRNA 
levels were up-regulated (3.5- and 3-fold relative to 
Day 0, P < 0.05) in bfMSC cultured under 10 µM of 
5-Aza. 

Culture of bfMSC under the effect of 100 nM of Gal- 
1 induced organization of cells into striated orientation 
pattern (Fig. 3A). The bfMSC cultured under the effect 
of Gal-1 decreased (P < 0.05) MYF5 mRNA levels from 
Day 4 (0.26-fold) to Day 12 (0.32-fold) compared to 
Day 0 (Fig. 3B). In contrast, levels of MYOD, MYOG, 
and DES mRNA were up-regulated (4.7-, 4.8-, and 
3.4-fold relative to Day 0, respectively; P < 0.05) at 
Day 12 of culture. Culture of bfMSC in SkGM-2 Bullet-
Kit media resulted in subtle changes in cell morphology 
and distribution compared to bfMSC cultured in con-
trol media (Fig. 4A). Relative expression of MYF5 
decreased (P < 0.05) from Day 7 (0.27-fold) to Day 21 
(0.27-fold) compared to Day 0 (Fig. 4B). In contrast, 
mRNA levels of DES increased (P < 0.05) from Day 7 
(4.7-fold) to Day 21 (2-fold) compared to Day 0. Levels 

of mRNA of MYOD were up-regulated at Day 7 (2.9- 
fold relative to Day 0, P < 0.05) and at Day 21 (2.7-fold 
relative to control Day 21, P < 0.05). Moreover, DES 
and MYF5 proteins were immunodetected in differen-
tiated bfMSC at days 21 and 12 in presence of 5-Aza 
and Gal-1, respectively, and at day 21 of culture in 
SkGM-2 BulletKit (Fig. 5). Immunofluorescence pattern 
of DES and MYF5 in Gal-1-treated bfMSC cultures was 
similar to bfMSC exposed to 5-Aza (Fig. 5A and B). 
While DES immunofluorescence was widely distributed 
in the cytoplasm; MYF5 was compactly associated to the 
nucleus in some differentiated bfMSC. Immunofluores-
cence pattern of DES in SkGM-2 BulletKit-treated 
bfMSC cultures differed from other cultures and 
showed a punctuated pattern in distinctive cell aggre-
gates (Fig. 5C). MYF5 was compactly associated to the 
nucleus in some differentiated bfMSC, as described for 
the other myogenic protocols. 

Discussion 

In the present study, bfMSC were isolated based on the 
capacity to adhere to plastic substrate under monolayer 
culture conditions from BM collected from abattoir- 
derived bovine fetuses. Previously, we reported that 
the vast majority of the plastic-adherent population of 

Figure 1. Flow-cytometric analysis of post-thawed bfMSC stained with propidium iodine to determine viability percentage. 
(A) Average percentage of propidium iodine-negative cells corresponded to 85.6%. (B) Negative procedural control corresponded 
to unfrozen bfMSC. The threshold for negative events was set on the first decade of fluorescence level. Abbreviations: PI, Propidium 
Iodine; SSC, Side Scatter.  
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bfMSC expressed MSC specific markers CD29 and 
CD73 and lacked expression of hematopoietic surface 
markers CD34 and CD45 (18). These analyses and the 
multilineage potential indicate that plastic-adherent 
population of bfMSC fulfills the minimal criteria for 

definition of MSC. The simplicity of isolation and the 
potential to differentiate into several cell types lays the 
foundation for bfMSC, as an alternative source of 
MSC for research. In the present study, we first exposed 
bfMSC to a conventional method of cryopreservation 

Figure 2. Myogenic in vitro differentiation of bfMSC under the effect of 5-Aza. (A) bfMSC exposed for 21 days to 100 µM of 5-Aza 
display higher mortality and lower plastic adherence compared to bfMSC cultured in presence of 1 and 10 µM of 5-Aza. (B) MYF5, 
MYF6, MYOD, and DES mRNA levels were higher (P < 0.05) in bfMSC cultured under 100 µM of 5-Aza compared to other concentra-
tions. (C) bfMSC cultured in presence of 10 µM of 5-Aza displayed progressive cell morphology changes that included formation of cell 
projections and development of intricate cell interactions during the 21-day experiment. (D) While a decrease (P < 0.05) in levels of 
MYOD mRNA were detected (Days 7 to 21), an increment in levels of MYF6 (Day 7) and MYF5, and DES (Day 21) were observed in 
bfMSC exposed to 10 µM of 5-Aza. (*, a) Indicate significant difference compared to Day 0 and Day 21 control (21C), respectively 
(P < 0.05). Scale bars: 500 µm. Abbreviations: DIF, Differentiation; CON, Control; C21, Negative Control at Day 21 of differentiation.  
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and determined a >80% post-thaw viability. This value 
is similar to previously reported percentages in MSC 
from other species and tissue sources (21) and suggests 
the feasibility for cryopreservation and banking of 
bfMSC. 

Considering that myogenic potential has been pre-
viously reported in MSC derived from human and 
murine sources (22, 23), these features make bfMSC 
potential candidates for the study of myogenesis and 
the defining mechanisms that regulate bovine muscle 
development. In the present study, we compared three 
protocols based on the use of 5-Aza, Gal-1, and 
SkGM-2 BulletKit for the in vitro myogenic differen-
tiation of bfMSC. 

Using dose-response experiments we found that cul-
tures of bfMSC exposed to high concentrations of 5-Aza 
(100 µM) increased MYF5, MYF6, MYOD, and DES 
mRNA levels but also augmented number of death cells. 
Furthermore, time-response experiments using a lower 
concentration of 5-Aza (10 µM) indicated that bfMSC 
cultures increased MYF6, MYF5, and DES mRNA levels 

with no apparent effect on cells mortality. These results 
suggest that bfMSC subpopulations may respond differ-
ently depending on concentration of 5-Aza with either 
myogenic differentiation or cytotoxic effect. Despite 
the mechanistic effect has not been completely eluci-
dated, treatment with 5-Aza has been successfully used 
for stimulation of myogenic differentiation in MSC 
derived from rat BM (6), human menstrual blood 
(24), and mouse dental pulp stem cells (7). However, 
other studies have reported low myogenic effect in 
human synovial membrane MSC (25) or massive cell 
death in hfMSC treated with 5-Aza (9). Thus, 5-Aza 
effect may also depend on the origin of MSC. We also 
found that demethylating effect of 5-Aza results in acti-
vation of a wide range of stage-specific MRF, including 
early (MYF5 and MYF6), intermediate (MYOD), and 
late (DES). Increase in DES expression is consistent with 
previous reports in rat MSC, where exposure to 5-Aza 
lead to its expression, via de stochastic hypomethylation 
of random DNA residues (6). Numerous transcriptional 
factors regulate gene expression by methylation of DNA 

Figure 3. Myogenic in vitro differentiation of bfMSC under the effect of Gal-1. (A) GAL-1 induced organization of bfMSC into striated 
orientation pattern during a 12-day culture period. (B) A decreased (P < 0.05) in MYF5 mRNA levels was detected (Days 7 to 21); 
whereas, an increase (P < 0.05) in MYOD, MYOG and DES was observed (Day 12) during bfMSC differentiation. (*) Indicate significant 
difference compared to Day 0 (P < 0.05). Scale bars: 500 µm. Abbreviations: DIF, Differentiation; CON, Control; C12, Negative Control 
at Day 12 of differentiation.  

ANIMAL BIOTECHNOLOGY 7 



or methylation and/or acetylation of histones (26). We 
have previously reported that bfMSC increase DNA 
methyltransferases (DNMTs 1, 2, and 3), histone 
methylase (EZH2), and histone demethylase (KDM6B) 
during adipogenic differentiation (27). Moreover, 
bfMSC up-regulate KDM6B expression during osteo-
genic differentiation in association with the adoption 
of the osteogenic lineage (27). In myogenic studies, it 
has also been reported that muscle-specific transcrip-
tional factors such as MYOD are inhibited by methyla-
tion of the transcriptional regulatory region (14) and, 
consequently, DNA demethylation by 5-Aza treatment 
results in higher MYH expression and myotube forma-
tion in dental pulp stem cells (7). Thus, 5-Aza effect 
may result in demethylation of transcriptional factors 
involved in MSC myogenic differentiation; however, 
this effect is unspecific and may affect different regulat-
ory regions of DNA depending on the level of 
methylation. 

In our experiments, exposure of bfMSC to Gal-1 
resulted in a high proportion (>50%) of cells positive 

for DES after 12 days of culture. This proportion of cells 
may be comparable to previous reports, where >60% of 
hfMSC exposed to Gal-1 expressed DES after the same 
culture period (8). We also detected that Gal-1-induced 
myogenic differentiation in bfMSC was accompanied by 
the sequential reduction in early MRF (MYF5) and 
increase in intermediate (MYOD) and late MRF 
(MYOG). Similarly, it was reported that hfMSC exposed 
to Gal-1 for 12 days, sequentially increase expression of 
MYF5, PAX7, MYOD and MYOG and differentiate in a 
stepwise manner into cells bearing a satellite cell immu-
nophenotype (PAX7þ) and finally into multinucleated 
mature muscle fibers (8). Gal-1 is produced by myo 
blasts and plays a diverse variety of biological activities 
including cell adhesion, regulation of cell cycle and cell 
proliferation, immune functions and myogenesis (28). 
Despite role of Gal-1 in myogenesis is still under 
investigation, it has been proposed that Gal-1 block 
the interaction between laminin and its receptor in 
myoblasts a 7b1 integrin, which results in inhibition 
of cell-extracellular matrix interaction and subsequent 

Figure 4. Myogenic in vitro differentiation of bfMSC under the effect of SkGM-2 BulletKit. (A) Subtle changes in cell morphology and 
distribution compared to bfMSC cultured in control media. (B) A decreased (P < 0.05) in MYF5 mRNA levels was detected (Days 7 to 21); 
whereas, an increase (P < 0.05) in MYOD (Days 7 and 21) and DES was observed (Days 7, 14 and 21) during bfMSC differentiation. 
(C) (*, a) Indicate significant difference compared to Day 0 and Day 21 control (C21), respectively (P < 0.05). Scale bars: 500 µm. 
Abbreviations: DIF, Differentiation; CON, Control; C21, Negative Control at Day 21 of differentiation.  
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muscle cell differentiation (29). Gal-1 is highly 
expressed in adult BM-derived MSC and has been 
implicated as a soluble factor responsible for myogenic 
conversion of dermal fibroblasts (30, 31). Thus, the 
results of this study indicate that bfMSC exposed to 
Gal-1 undergone myogenic differentiation after a 
12-day differentiation period and suggest that myogenic 
progression occurred from early (myoblast stage) to late 
differentiation (myocyte stage). 

The commercial available SkGM-2 BulletKit was 
evaluated as myogenic inductor media in bfMSC during 
a 21-Day culture period. bfMSC exposed to SkGM-2 
BulletKit reduced early MRF (MYF5) but increased 
intermediate (MYOD) and late MRF (DES) mRNA 
levels. We found one previous study that reported 
increased expression of MYH in human MSC after 
treatment with SkGM-2 BulletKit (9). Similar to our 
results, supplementation of dexamethasone has been 
associated to increased expression levels of MYOD 
and DES in human adipose and endometrial MSC 

(32, 33). Glucocorticoids exert a wide range of effects 
in myoblast differentiation in vitro and dexamethasone 
has been associated to increased myotube fusion and 
terminal muscle differentiation in myocytes (34). 
Although we did not observe myotube formation, 
SkGM-2 BulletKit may induce myogenic effect by 
activating expression of muscle-specific genes, 
promoting myogenic progression from early (myoblast 
stage) to late differentiation (myocyte stage). 

Conclusion 

The protocols evaluated in bfMSC induced progress into 
myogenic differentiation until certain extent evidenced by 
changes in MRF gene expression. Biomarker expression 
profiles indicated that 5-Aza effect was not associated with 
sequential activation of MRF genes according to myo-
genic progression. In contrast, Gal-1 and SkGM-2 
BulletKit induced sequential muscle-specific gene 
expression similar to myogenic progression from early 

Figure 5. Immunodetection of DES and MYF5 in bfMSC after exposure to 5-Aza, Gal-1 or SkGM-2 BulletKit protocols of myogenic 
differentiation. While DES immunofluorescence was widely distributed in the cytoplasm (A); MYF5 was compactly associated to the 
nucleus in some differentiated bfMSC (B). DES and MYF5 (white arrows) were immunodetected in bfMSC exposed to 10 µM of 5-Aza at 
Day 21 of culture, 100 nM Gal-1 at Day 12 of culture or SkGM-2 Bullet Kit at Day 21 of culture. Abbreviations: PC, Phase Contrast; NC, 
Negative Control; DAPI, 40, 6-diamidino-2-phenylindole.  

ANIMAL BIOTECHNOLOGY 9 



(myoblast stage) to late differentiation (myocyte stage) 
during fetal bovine myogenesis. Moreover, the high 
percentage of post-thaw viability suggests the feasibility 
for cryopreservation and banking of bfMSC. 
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