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Abstract: Direct reprogramming of somatic cells to myoblasts and myotubes holds great potential
for muscle development, disease modeling and regenerative medicine. According to recent studies,
direct conversion of fibroblasts to myoblasts was performed by using a transcription factor, myoblast
determination protein (MyoD), which belongs to a family of myogenic regulatory factors. Therefore,
MyoD is considered to be a key driver in the generation of induced myoblasts. In this study, we
compared the direct phenotypic conversion of bovine dermal fibroblasts (BDFs) into myoblasts and
myotubes by supplementing a transcription factor, bovine MyoD (bMyoD), in the form of recombinant
protein or the bMyoD gene, through retroviral vectors. As a result, the delivery of the bMyoD gene
to BDFs was more efficient for inducing reprogramming, resulting in direct conversion to myoblasts
and myotubes, when compared with protein delivery. BDFs cultured with retrovirus encoding
bMyoD increased myogenic gene expression, such as MyoG, MYH3 and MYMK. In addition, the cells
expressed myoblast or myotube-specific marker proteins, MyoG and Desmin, respectively. Our
findings provide an informative tool for the myogenesis of domestic-animal-derived somatic cells via
transgenic technology. By using this method, a new era of regenerative medicine and cultured meat
is expected.

Keywords: direct conversion; bovine MyoD (bMyoD); bovine dermal fibroblasts (BDFs); bovine
myoblasts; bovine myotubes

1. Introduction

Skeletal muscles are composed of myofibers, connective tissues, vessels and nerves,
and this group of various tissues makes the muscles move physically [1]. When the skeletal
muscles have been damaged, they could be cured and renewed as follows. If minor
muscle damage happens, local inflammation triggers the release of various biological
factors. Some growth factors, such as hepatocyte growth factor (HGF) and insulin-like
growth factor (IGF), can modulate the proliferation and differentiation of satellite cells
(SCs) and myoblasts. This result can be explained due to the reaction in muscle tissue
homeostasis and regeneration by these growth factors [2,3]. In addition, growth factors
that do not target muscle cells, such as vascular endothelial growth factor (VEGF) and
nerve growth factor (NGF), are also essential for muscle maturation and regeneration [4–6].
After release of the growth factors, related signaling pathways are activated, leading to
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recruitment, expansion, and differentiation in the muscle stem cells, resulting in muscle
fiber regeneration for damaged tissues [7]. In detail, the pro-inflammatory cytokines, such
as TNF-α and IL-1β, and the anti-inflammatory cytokine represented as IL-10, enhance not
only the proliferation but also differentiation of myoblasts. Then, cell signaling pathways
(e.g., p38MAPK or NF-B) are initiated and activated by those cytokines. Cytokines, such as
TNF-α, may regulate muscle cells during early phases of muscle regeneration through their
effects on pro-inflammatory macrophages and also influence muscle cells more directly
by binding their receptors on the cells in the later phases. However, serious physical
damage, such as from car accidents, explosive injuries, and iatrogenic disorders, can cause
volumetric muscle loss (VML) [8]. It could induce insufficient muscle stem cell recruitment
and, thus, serious damage to the endogenous self-repair system, resulting in non-functional
scarring. Currently, therapy of the VML is considered to be a major challenge, since the
conventional treatment method, injection of autonomous muscle cells, has limitations in
practical treatment, due to the unstable supply of muscle tissues and significant donor site
morbidity [9]. Therefore, it is essential to have efficient techniques to solve the problems of
conventional methods.

In the field of therapeutic approaches for tissue regeneration, effective treatments for
the damaged skeletal muscles include clinical applications with multi-potent stem cells,
such as SCs, myoblast or muscle-derived stem cells (MDSCs), and mesenchymal stem cells
(MSCs) [10–12]. Therefore, it has become more significant to regulate differentiation of
the multi-potential stem cells, using biochemical factors, represented as growth factors
or other biomolecules [13,14], and biophysical factors, such as mechanical or electrical
stimulations [15–19]. Moreover, using biochemical factors combined with biophysical
factors has been suggested as a useful method for the control of stem cell differentiation.
Growth factors can be treated by systematic injection methods, bio-scaffold, and drug
delivery systems [20–22]. Despite these improved methods, it is still difficult and inefficient
to regulate stem cell fate into intended linages delicately. In addition, the use of stem cells
cannot be free from high cost and supply problems [23].

Recently, researchers discovered new types of cells, which can alternate existing stem
cells, induced pluripotent stem cells (iPSCs) or directly reprogrammed somatic cells [24,25].
In 2006, Yamanaka and Takahashi induced the reprogramming of murine and human
fibroblasts, resulting in the generation of iPSCs with self-renewal and pluripotent abilities.
Following the discovery of iPSCs, numerous studies accelerated research related to the
direct reprogramming of somatic cells (also known as direct conversion) of somatic cells
into other types of somatic cells, through various approaches, such as genetic modification,
biomaterials, growth factors, small molecules, and cocktail methods [26,27]. As a result of
this direct reprogramming, somatic cells can be differentiated into specific cells without
going through the intermediate pluripotent stage. Therefore, direct conversion by various
transcription factors and biomolecules can be considered as a promising strategy for regener-
ative medicine, since it bypasses the intermediate pluripotent stage and, thus, the required
time can be reduced in clinical applications [5,28]. Therefore, direct conversion is applied
for differentiating fibroblasts into various somatic cells, such as cardiomyocytes [29,30],
neurons [31,32], chondrocytes [33,34], myoblasts and myotubes [35,36], and more.

To induce direct reprogramming of the somatic cells into intended types of cells,
transcription factors are delivered through various methods. According to recent studies,
the protein-based approaches, using cell-penetrating peptides or proteins for direct con-
version of somatic cells, have been found to be practical and suitable for clinical use with
a low risk of genomic integration [37–40]. Regarding the viral-based approaches, using
retrovirus and lentivirus for direct conversion of somatic cells has been found to be practical
in terms of high efficiency [41,42]. However, those studies are limited in in vitro results
utilizing human cells and, thus, direct conversion in other species, such as bovine-derived
somatic cells, remain relatively unexplored, which is an obstacle in research for domestic
animal applications.
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In this study, we tried to determine an efficient method for the direct conversion of
bovine dermal fibroblasts (BDFs) into myogenic cells using a transcription factor, bovine my-
oblast determination protein (bMyoD), comparing a protein-based method and retrovirus-
based method. Therefore, we performed genetical and immunocytochemical analysis to
investigate the direct reprogramming of cells in the early stage (myoblasts) and late stage
(myotube) of myogenesis [43,44]. It is anticipated that this genetic engineering strategy,
with high efficiency, could be a useful tool for regenerative therapy for muscle-related
diseases, such as sarcopenia or cachexia [45]. In addition, if sufficient efficiency can be
achieved with the transgene-based approach without chromosomal integration, such cell-
based therapies would be beneficial in food industries for the generation of cultured meat
products [46,47].

2. Materials and Methods
2.1. Cell Culture

BDFs (#B2300, ScienCell Research Laboratorie, Carlsbad, CA, USA) were maintained
by Dulbecco’s Modified Eagle’s Medium (DMEM; HyClone, Logan, UT, USA) supple-
mented with 10% fetal bovine serum (Gibco, Waltham, MA, USA), 100 U/mL penicillin,
and 100 µg/mL streptomycin (Gibco) in 5% CO2 humidified incubator at 37 ◦C. When the
confluence reached about 80%, BDFs were transferred in a 1:6 ratio. BDFs used in this study
were under passage 10 in all experimental steps.

2.2. Plasmid Construction and Production of 30Kc19-bMyoD-NLS-R9 (30MNR)

The 30Kc19-bMyoD-NLS-R9 (30MNR) protein (NLS sequence: KKKRKV) was pro-
duced similarly as described in our previous studies [48–52]. Briefly, bMyoD gene was
synthesized (Cosmo Genetech, Seoul, Korea) and then pET23a/30MNR was constructed
by inserting cDNA of bMyoD between NheI and XhoI sites of pET23a expression vector
(Novagen, Madison, WI, USA) with a T7-tag at the N-terminus and a 6 × His-tag at the
C-terminus. The fusion protein was produced using vector-transformed E. coli, BL21 (No-
vagen). Cells were cultured in LB medium containing 100 µg/mL ampicillin at 37 ◦C and
induced with isopropyl-α-D-thiogalactopyranoside (IPTG, 1 mM). After further incubation
at 37 ◦C for 4 h, cells were harvested and then disrupted by ultrasonication. Soluble protein
was purified from the supernatant using HisTrap HP column (GE Healthcare, Uppsala,
Sweden) and dialyzed with Tris-HCl buffer (pH 8.0) using desalting column (GE Health-
care). Final purity of fusion protein was higher than 90%. Purified proteins were stored
at −70 ◦C. Micro BCA kit (Thermo Fisher Scientific Inc., Rockford, IL, USA) was used to
perform quantitative analysis of the proteins.

2.3. SDS-PAGE and Immunoblot Analysis

Reducing SDS-PAGE (12% polyacrylamide gel) was performed. Samples were mixed
with reducing sample buffer containing SDS and β-mercaptoethanol (BME) (pH 6.8) fol-
lowed by denaturation by boiling. After electrophoresis, each sample was separated in
accordance with size. The polyacrylamide gel was immersed in Coomassie blue staining
solution, followed by destaining for analysis.

2.4. Cell-Penetration Assay

A confocal microscope (EZ-C1, Nikon, Tokyo, Japan) was used to visualize cellular
uptake of fusion protein. As such, 4 × 104 cells of BDFs were seeded onto a well of 24-well
plates and incubated at 37 ◦C overnight. Fusion protein at concentration of 80 µg/mL
was added to BDFs and then incubated at 37 ◦C for another 24 h. After washing with PBS
several times, Hoechst 33342 was used to stain nuclei for 10 min. Live cell images were
taken using the manufacturer’s software (Nikon).
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2.5. Retrovirus Production, Titration, and Transduction

Retroviral vector supernatants were generated by co-transfecting 10 µg of retroviral
transfer vector, and 5 µg of vesicular stomatitis virus (VSV-G) packaging plasmids into GP2-
293 cells in a 100 mm dish using 4X linear PEI reagent. Supernatants were collected at 48 h
after transfection and filtered through a 0.45-mm polyvinylidene fluoride (PVDF) syringe
filter (Corning Life Sciences, Tewksbury, MA, USA). Then the virus was concentrated using
22,000 rpm ultracentrifugation at 4 ◦C for 2 h. To determine the titer, 1 × 105 HT1080 cells
in a 6-well plate were infected with serial dilutions of the retroviral vector supernatants in
the presence of polybrene (8 mg/mL) (Sigma-Aldrich, St. Louis, MO, USA) and analyzed
3 days before transduction by flow cytometry analysis (FACS; BD Biosciences, San Jose,
CA, USA). Transduction of BDFs was performed on 5 × 104 cells per 24-well plate.

2.6. RNA Isolation, cDNA Synthesis, and Reverse Transcription Polymerase Chain Reaction
(RT-PCR)

The cells were disrupted using 1 mL of TRIzol (Sigma) per 5 × 106 cells. After addition
of 200 µL of chloroform, cells were centrifuged at 12,000× g for 15 min at 4 ◦C. An upper
aqueous phase was collected and mixed with isopropyl alcohol. After centrifugation at
12,000× g for 10 min, the supernatant was removed, and the pellet was washed with
75% ethanol. The synthesis of cDNA was conducted using the M-MLV cDNA synthesis
kit (Enzynomics, Daejeon, Korea) according to the manufacturer’s instructions. Reverse
transcription polymerase chain reaction (RT-PCR) was carried out with AccuPower® PCR
Premix (Bioneer, Daejeon, Korea).

2.7. Immunocytochemical Analysis

For immunocytochemical analysis, the cells were fixed with 4% paraformaldehyde
(Sigma-Aldrich) for 15 min and permeabilized with 0.05% Tween-20 (Amresco, Cleveland,
OH, USA) for 2 h. Anti-MyoD (Abcam, Cambridge, UK), anti-MyoG (Abcam), and anti-
Desmin (Carlsbad, CA, USA) was used as primary antibody (1:100). Anti-mouse Alexa
594-conjugated secondary antibody (1:250) was used for MyoD, and anti-rabbit Alexa
488-conjugated secondary antibody (1:250) was used for MyoG and Desmin. Hoechst
33342 (Life Technologies, Gaithersburg, MD, USA) was used to stain the nuclei, followed by
imaging with a fluorescence microscope (Olympus, Lake Success, NY, USA). The fluorescent
images were quantified using ImageJ software.

2.8. Statistical Analysis

All the experiments were conducted in at least triplicate. Data are expressed as
the mean ± standard deviation (s.d.). Statistical significance was determined using the
Student’s t-test to compare two groups through SigmaPlot. For all experiments, statistical
significance was represented by * for p < 0.05, ** for p < 0.01, and *** for p < 0.001.

3. Results
3.1. Soluble Expression and Purification of 30MNR Protein

To improve stability and soluble expression, the transcription factor, bMyoD, was
conjugated with 30Kc19 and, thus, the 30Kc19-bMyoD-NLS-R9 (30MNR) gene was inserted
into expression vector pET-23a (Figure 1A). The insertion of the 30MNR gene was confirmed
by PCR (Figure 1B). The recombinant fusion protein, 30MNR, was expressed in E. coli and
purified (Figure 1C). After purification of the 30MNR protein in the soluble fraction, SDS-
PAGE analysis was performed (Figure 1D). A band of 30MNR protein with a size of about
70 kDa was observed in the soluble fraction.
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30Kc19−bMyoD−NLS-R9 (30MNR). A red arrow indicates 30MNR gene. (C) Chromatogram tracing 
purified 30MNR protein after elution. (D) SDS-PAGE gel of purified 30MNR protein. A red arrow 
indicates purified 30MNR protein. 
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immunocytochemical analysis. The 30MNR protein was added to the BDFs every third 
day, regarding stability of the protein. On day 7, cells were analyzed by immunocyto-
chemistry, and then observed with a confocal microscope. BDFs cultured with the 30MNR 
protein showed significant expression of bMyoD, indicated by red fluorescence, whereas 
the control (untreated cells) did not (Figure 2A,B). Therefore, intracellular delivery of 
bMyoD was confirmed in the form of 30MNR protein. Then, in order to induce the direct 
reprogramming of BDFs into myoblasts, 80 µg/mL of the 30MNR protein was treated with 
the BDFs. However, cells cultured with the 30MNR protein did not show obvious mor-
phological change, such as long myotube formation, compared with the control (Figure 
2C). In addition, the proliferation tendency of the BDFs was observed similarly, regardless 
of the 30MNR recombinant protein addition. Moreover, the BDFs cultured with the 
30MNR protein did not express MyoG protein, indicated by green fluorescence (Figure 
2D), demonstrating that protein-induced myogenesis was inefficient. 

Figure 1. Gene construction and protein expression of 30MNR. (A) Construction of E. coli expression
vector, pET−23a/30Kc19−bMyoD. (B) PCR gel for confirming gene cloning and double digestion of
30Kc19−bMyoD−NLS-R9 (30MNR). A red arrow indicates 30MNR gene. (C) Chromatogram tracing
purified 30MNR protein after elution. (D) SDS-PAGE gel of purified 30MNR protein. A red arrow
indicates purified 30MNR protein.

3.2. Intracellular Delivery but Inefficient Direct Reprogramming of 30MNR Protein

In order to analyze the cell-penetrating property and nuclear-localizing property of
the transcription factor bMyoD conjugated with 30Kc19, R9, and NLS sequence, in the
form of 30MNR protein, 50 µg/mL of 30MNR protein was treated with BDFs, followed by
immunocytochemical analysis. The 30MNR protein was added to the BDFs every third day,
regarding stability of the protein. On day 7, cells were analyzed by immunocytochemistry,
and then observed with a confocal microscope. BDFs cultured with the 30MNR protein
showed significant expression of bMyoD, indicated by red fluorescence, whereas the control
(untreated cells) did not (Figure 2A,B). Therefore, intracellular delivery of bMyoD was con-
firmed in the form of 30MNR protein. Then, in order to induce the direct reprogramming
of BDFs into myoblasts, 80 µg/mL of the 30MNR protein was treated with the BDFs. How-
ever, cells cultured with the 30MNR protein did not show obvious morphological change,
such as long myotube formation, compared with the control (Figure 2C). In addition,
the proliferation tendency of the BDFs was observed similarly, regardless of the 30MNR
recombinant protein addition. Moreover, the BDFs cultured with the 30MNR protein did
not express MyoG protein, indicated by green fluorescence (Figure 2D), demonstrating that
protein-induced myogenesis was inefficient.
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We investigated the titer of the produced retrovirus from the harvested supernatant of 

Figure 2. Protein-based direct reprogramming using 30Kc19-bMyoD-NLS-R9 (30MNR) protein.
Intracellular delivery of the protein was observed; however, efficiency of reprogramming was not
adequate in BDFs cultured with 30MNR protein. (A) Immunocytochemistry to confirm intracellular
delivery of 30MNR fusion protein in BDFs. Further, 30MNR was indicated by red fluorescence.
Scale bars, 20 µm. (B) Quantified values of bMyoD fluorescence using Image J. n = 3 per group and
statistical significance was determined using one-way ANOVA. * p < 0.05. (C) Morphology of cells
observed after treatment with 80 µg/mL of 30MLR fusion protein for 5 days. Scale bars, 100 µm.
(D) Immunocytochemistry to confirm expression of myogenic marker protein, MyoG. Scale bars,
50 µm.

3.3. Production of bMyoD Encoding Retrovirus, RV/bMyoD

Genes of bMyoD or DsRed were inserted into a retroviral expression vector, pMX,
between NheI and XhoI restriction sites, respectively (Figure 3A). The insertion of the
bMyoD gene was confirmed by double digestion with NheI and XhoI enzymes (Figure 3B).
We investigated the titer of the produced retrovirus from the harvested supernatant of
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GP2-293 packaging cells, which were co-transfected by pMXs/DsRed, VSV-G and PEI
complex. When we infected HT1080 cells with serial dilutions of the retroviral vector
supernatants, 10-fold dilution of the concentrated virus resulted in about 6% positive
cells (Figure 3C). As a result, we confirmed that the titer of the concentrated virus was
1.5 × 106 TU/mL (Figure 3D), and based on this, MOI 10 was used for the following direct
conversion experiments.
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Figure 3. Viral-based direct reprogramming using bMyoD retrovirus. (A) Plasmid constructs of
pMX/bMyoD. (B) PCR gel of double-digested pMX/bMyoD retroviral vector. Red arrows indicate
pMX and bMyoD, respectively. (C) Histogram of FACS for infected HT1080 with concentrated
retrovirus. (D) Titer of concentrated retrovirus. n = 3 per group.

3.4. Myogenic Gene Expression of Directly Reprogrammed Myogenic cells by RV/bMyoD

After 7 days of direct conversion of BDFs into myogenic cells using RV/bMyoD,
morphological and genetical changes were analyzed (Figure 4). On day 3, the formation of
myotubes in BDFs treated with RV/bMyoD was observed, showing elongated morphology,
and more matured myotubes were generated over time (Figure 4A). Cells with parallel
arrangements were also observed on days 3 and 5 after transduction with RV/bMyoD.
Some of the cells showed fused and connected formation on day 5. On day 7, BDFs
were analyzed for the expression of representative myogenic marker genes by RT-PCR
(Figure 4B). Specific primers were used to detect the endogenous myogenin (MyoG), myosin
heavy chain 3 (MYH3), and myomarker (MYMK). According to the results, BDFs with
RV/bMyoD showed enhanced expression of those myogenic genes, whereas the control
(untreated BDFs) did not show clear expression of the genes. Then, the intensity of each
band was quantified using Image J, as shown in Figure 4C. As a reference gene, GAPDH
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was used, by which each mRNA expression value was normalized. RV/bMyoD-treated
BDFs showed a statistically significant increase in mRNA expression, compared with the
value of control. Expression of MyoG, an early myoblast marker, was 4-fold to control. The
expression of both MYH3 and MYMK, the late myotube markers, was 7-fold to the control,
respectively. The results demonstrated that RV/bMyoD treatment induces myogenesis of
the BDFs, resulting in morphological changes and up-regulated expression of both an early
myoblast gene and the late myotube genes.
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Figure 4. Observation of myotube formation and myogenic gene expression of induced myogenic
cells. (A) Morphological analysis of BDFs. Induced myogenic cells using RV/bMyoD showed
formation of microtubes. Scale bars, 100 µm in white and 50 µm in yellow. (B) PCR gel images
of representative myogenic genes: MyoG, MYH3, MYMK. (C) Quantification of gene expression
using Image J. n = 3 per group. Statistical significance was determined using one-way ANOVA in
comparison with the non-treated control BDFs. ** p < 0.01, *** p < 0.001.
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3.5. Myogenic Protein Expression of Directly Reprogrammed Myogenic Cells by RV/bMyoD

To further observe the efficiency of direct conversion using RV/bMyoD, the expression
of representative myogenic proteins [53–55] was analyzed through immunocytochemistry
(Figure 5). According to the results, RV/bMyoD-treated BDFs showed obviously increased
expression of myogenic proteins, represented as MyoD, MyoG, and Desmin, compared
with the control (Figure 5A,C,E). In addition, the morphology of the fluorescent cells was
different from the original BDFs. Cells showed protrusions, connecting to neighboring
cells, shown in Figure 5A. In Figure 5C,E, cells with green fluorescence were observed in
the form of fused cells, which indicates myogenic morphology. Specifically, in Figure 5C,
myotubes are observed clearly. The intensity of each fluorescence was quantified using
ImageJ (Figure 5B,D,F). Directly reprogrammed myogenic cells with RV/bMyoD showed a
statistically significant increase in the expression of all the proteins. The early myoblast
marker proteins, such as MyoD and MyoG, showed 60-fold and 12.5-fold increases com-
pared to each control, respectively (Figure 5B,D). Similarly, the late myotube marker protein,
Desmin, showed a 35-fold increase compared to the control. As a result, RV/bMyoD treat-
ment induced improvement in expression of early myoblast proteins and also, late myotube
proteins, resulting in direct conversion of BDFs to myogenic cells.
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n = 3 per group. Statistical significance was determined using one-way ANOVA in comparison with
the control. *** p < 0.001. Scale bars, 100 µm.
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4. Discussion

Traditionally, methods for the treatment of damage in muscle tissues include the
autografting of patient cells or allografting of donor cells [56,57]. Recently, to overcome
limitations derived from the conventional therapeutic approaches, such as stable cell supply
problems, multipotential stem-cell-based methods have been studied [10,12]. However,
such improved methods still have problems in cost and supply issues, in terms of using
stem cells. As an alternative to solve this problem, the utilization of directly reprogrammed
muscle cells from other somatic cells has been spotlighted [35,36,58]. According to Wakao
et al., in 2017, researchers converted human dermal fibroblasts (HDFs) into myogenic
lineage by co-transduction of Mycl and MyoD1 through retrovirus. In 2019, Bnasal et al.
converted mouse fibroblasts into skeletal-muscle-like cells through the addition of six
small molecules (valproic acid, Chir99021, repsox, forskolin, parnate, and TTNPB) for
9 days. In 2021, Kim et al. converted mouse fibroblasts into induced myogenic progenitor
cells. The mouse fibroblasts were isolated from the transgenic mice, in which Pax7 was
overexpressed. Then, the isolated mouse embryonic fibroblasts (MEFs) were transduced by
lentivirus, delivering the MyoD gene. After selection of the efficiently transduced MEFs
using antibiotics and fluorescence-activated cell sorter (FACS), cells were treated with
small molecules (adenylate cyclase activator forskolin, TGF-β receptor inhibitor repsox,
and GSK3-β inhibitor Chir99021). Through three steps over 10 days for direct conversion,
MEFs showed induced myogenic progenitor cell-like properties. According to these related
former studies, two or more factors were needed to generate directly induced myogenic
cells from fibroblasts. In addition, most of the studies dealt with human and mouse
fibroblasts, contrary to our research handling bovine fibroblasts and bovine MyoD protein
and genes.

To promptly generate reprogrammed muscle cells, selection and successful delivery
of appropriate transcription factors to somatic cells have been considered to be signifi-
cant [59,60]. According to recent studies, efficient delivery methods of transcription factors
include the most widely used virus-based methods and the recently used cell-permeable
protein-based methods. Although the virus-based methods have the advantage of high
efficiency, the risk of transgenes has been constantly raised. On the other hand, the methods
using cell-penetrating proteins have been suggested to overcome the safety issues, but their
efficiency still needs to be improved.

In related studies, MyoD has been studied as an important factor for the direct conver-
sion of human fibroblasts to myoblasts and myotubes [61–63]. According to Berkes et al.,
MyoD, Myf5, MyoG, and MRF4 have critical roles in skeletal muscle development and
these myogenic regulatory factors are responsible for coordinating muscle-specific gene
expression in the development of embryos. In this study, we tried to extend the existing
results of direct conversion, which are limited to only mouse and human cells, to the
results, including cells of domestic animals, especially bovine cells. Therefore, bMyoD was
used to directly reprogram the BDFs to bovine myoblasts and myotubes. In the research,
the methods for bMyoD delivery were as follows: using a cell-penetrating protein and
using a retrovirus. Then, we compared their efficiencies.

For effective gene regulation during cell developments, the stability of transcription
factors is one of the most significant properties. However, most transcription factors have
been demonstrated to have poor stability. Previously, we reported that 30Kc19-cargo-NLS-
R9 protein can be used to deliver cargo proteins into cytoplasm and even into nuclei [49–52].
In addition, the 30Kc19 protein was reported to enhance the stability of transcription fac-
tors. Hence, the 30Kc19 protein was determined as a messenger protein to deliver the
transcription factor, bMyoD, safely. The results demonstrated that bMyoD conjugated to
the 30Kc19 protein, in the form of 30Kc19-bMyoD-NLS-R9 (30MNR), was intracellularly
delivered, but did not induce the reprogramming of BDFs (Figure 2). According to im-
munocytochemistry, bMyoD was successfully transmitted into cells and observed to be
localized in nuclei. Based on the transcriptional mechanism of MyoD, which directly binds
to a DNA motif, known as E-box, and regulates transcription [64,65], it is difficult to inter-
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pret the reason why reprogramming did not occur, even though bMyoD was transmitted
into the nuclei. However, since only MyoG was used as a marker of direct conversion,
if additional studies can be conducted to precisely examine the actual reprogramming and
differentiation, the relationship between the nuclear localization of transcription factor and
efficiency of the actual transcription would be revealed for further understanding of the
cellular mechanisms.

5. Conclusions

As a result, protein-based direct conversion of BDFs into bovine myoblasts and my-
otubes using 30MNR was not confirmed; however, the delivery of the bMyoD gene using a
retrovirus showed effective direct conversion (Figure 6). For direct reprogramming of myo-
genic cells using a viral approach, enhanced expression of not only early myogenic markers
(MyoD and MyoG), but also late myogenic markers (MYH3, MYMK, Desmin) was signifi-
cantly observed. Further, the morphological change in cells was clear. In Figure 5A,C,E,
though all the cells were experimented on simultaneously with the same condition, cel-
lular morphologies were shown differently, depending upon the staining target. Since
the images were obtained by capturing the fluorescence-positive region among the whole
cells, it is possible that cells with up-regulated MyoG elongated and fused, resulting in
enhanced formation of myotubule structures compared with cells with up-regulated MyoD
and Desmin.

Although successful reprogramming was not achieved in cell-penetrating protein-
based methods, the 30Kc19 protein enabled mass production of the transcription factor
bMyoD in a soluble form, also able to increase the stability of the bMyoD and induce
localization into the nuclei. Thus, this study could have important implications in the
following research of direct conversion using transgene-free methods, represented as
protein-based conversion. Besides, BDFs were successfully converted into myogenic cells
by transduction through retrovirus, delivering the bMyoD gene. It would be a great
development from the related former studies in terms of diminishing the delivering factor
to only one. Moreover, by expanding the results of direct reprogramming from existing
murine or human cell-based research to bovine cell-based study, the results could be widely
used in the field of not only regenerative medicine but also the cultured meat industry in
the future.
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