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ABSTRACT ARTICLE HISTORY

It is hard to supply satellite cells as a cell source for therapy of muscle degenerative disease since Received 24 November 2019
the sampling of muscle tissue is very invasive to a patient with muscular disease. Direct conver- Revised 27 April 2020

sion allows us to get specific cell types by transduction of defined transcriptional factors. To ~ Accepted 26 May 2020
induce myogenic direct conversion, we transduced five transcriptional factors including Pax3, KEYWORDS

Sox2, KIf4, c-Myc, and Esrrb into mouse embryonic fibroblasts. We found that the transduction of Pax3; myogenesis; direct
the five transcriptional factors induced myogenic direct conversion of fibroblast. We revealed that conversion; paraxial

the transduced cells with the five transcriptional factors were converted to myogenic lineage cells mesoderm

through a paraxial mesoderm-like stage. The expression level of myogenic-related genes of the

transduced cells gradually increased as the passage increased. The induced myogenic lineage cells

differentiated into muscle fibers in virto and in vivo. The current study revealed that the five

transcription factors generated myogenic lineage cells from fibroblast via a paraxial mesoderm

stage. The induced myogenic lineage cells may have a potential being applied as cell source for

degenerative muscle disease.

Introduction However, there is a paucity in the literature of

Since Yamanaka et al. found induced pluripotent myogenic direct conversion. There are only a few

stem cells (iPSC) in 2006, it has been revealed studies on direct conversion into myogenic stem
cells [11-13]. The heterogeneity of myogenic stem

cells makes it hard to define the combination of
transcriptional factors which is needed in myo-
genic direct conversion. Paired-box 3 (Pax3) is
a key transcription factor expressed in muscle pre-
cursor cells and drives the onset of myogenesis in
the embryo [14,15]. Pax3 activates myogenic reg-
ulatory factor (MRF) genes [16,17], such as Myf5,
MyoD, and myogenin, which are essential for

that certain transcriptional factors can determine
cell fate [1]. Direct conversion indicates that the
defined transcriptional factors determine cell fate
without passing the pluripotent stage [2,3]. The
induction of defined transcriptional factors leads
to direct conversion to specific cell types includ-
ing neuron, neuronal stem cells, Schwann cells,
cardiomyocytes, hepatocytes, and blood progeni-

tor [2-10]. Various combinations were applied . ficat 18-201. 1 ) d
to get the direct conversion to specific cell types. muscle specification [18-20]. In a previous study,

The transduction of three transcriptional factors ectopic expression of Pax3 is sufﬁaent to 1ndu§e
(Ascll, Brn2, and Myt1 1) in fibroblasts induced MREF genes in the embryo and activate myogenesis
in the absence of myogenic developmental signals

[21]. Similarly, the expression of exogenous Pax3
leads to the expression of MRF genes in several
stem cells including embryonic stem (ES), iPSC,
and mesenchymal stem cells (MSC), which results
in myogenic differentiation [22-24]. However, the
overexpression of Pax3 in fully differentiated

direct conversion into neurons [2]. Giedre et al.
revealed that the combination of Fezf2, Brn2,
and Mytl | induced functional excitatory cortical
neurons [3]. The induction of Tbx5, Gata4, and
Mef2 ¢ in dermal fibroblasts triggered direct
conversion to cardiomyocytes which function
in vivo [7].
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somatic cells, not stem cells, did not induce myo-
genic differentiation [24]. Thus, Pax3 is essential,
but not sufficient to convert somatic cells into
myogenic lineage cells. MyoD is one of the most
potent transcriptional factors that regulate myo-
genic differentiation. The single transduction of
MyoD induces myogenic differentiation in somatic
cells, unlike Pax3 does not induce myogenesis in
somatic cells [25,26]. However, the transduced
cells with MyoD alone do not proliferate and self-
renew [27].

Recent studies revealed that the combination of
several transcriptional factors induces myogenic
conversion from somatic cells [11-13]. Ito et al.
found that the combination of Pax3, Mef2b, Pitx1,
Pax7, and MyoD leads to muscle progenitor cells
from embryonic or adult fibroblasts [11]. Also, our
previous study revealed that the transduction of
Sixl, Eyal, Pax3, and Esrrb triggered stably
expandable myogenic stem cells which have both
self-renewal and myogenic differentiation capacity
[12]. Ori et al. revealed that the transduction of
MyoD in fibroblasts with supplying of small mole-
cules induced myogenic progenitor cells [13].
However, there is few research on how somatic
cells become muscle stem cells with defined
factors.

We hypothesized that the combination of Pax3
with pluripotent transcription factors could repro-
gram somatic cells into myogenic lineage cells.
Here, we combined Pax3 with Sox2, Klf4 c-Myc,
and Esrrb to enhance myogenesis in mouse
embryonic fibroblasts (MEF). The current study
found that the combination of Pax3, Sox2, Klf4,
cMyc, and Esrrb induced the direct myogenic con-
version via paraxial mesoderm-like stage.

Results

Ectopic expression of PSKME induce dmyogenic
gene expressions in mouse embryonic fibroblasts
(MEF)

In order to induce myogenic conversion of MEF,
we transduced five transcriptional factors; Pax3,
Sox2, Klf4, c-Myc, and Esrrb which are involved
in myogenesis or pluripotency (Figure 1(a)). Each
factor were designated as P, S, K, M, and E,
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respectively. Five to eight wk after transduction,
the cells showed morphological changes. The cells
were distinguished from the MEF. They were
smaller than MEF. The cells had a distinct nucleus
with scant cytoplasm. The cells formed a cell clus-
ter. The cell clusters were isolated from adjacent
cells (Figure 1(a)). Among the isolated cell clusters,
Myf5 positive clusters were selected by RT-PCR.
The isolated clusters expressed all the exogenous
genes including Pax3, Sox2, Klf4, c-Myc, and Esrrb
both in mRNA and protein levels (Figure 1(b,c)).
We named the clusters as PSKME which are posi-
tive for Myf5 and expressing all the exogenous
genes, Pax3, Sox2, Klf4, c-Myc, and Esrrb.

The early passage of PSKME expressed only
Myf5, but not other muscle-related genes, such as
Pax7, MyoD, and Myogenin (Figure 1(d)).
However, the PSKME started to express myogenic-
related genes such as M-Cadherin, MyoD, and
Myogenin when it reached to passage 10 (P10).
Also, the expression levels of myogenic-related
genes of PSKME increased in passage 20 (P20)
when compared to it of P10. Interestingly, Pax7,
which is one of the most important myogenic
markers was not expressed even in late passaging
in which other myogenic genes were expressed
(Figure 1(e)). In conclusion, the combination of
transcriptional factors PSKME has converted MEF
into the myogenic lineage.

The PSKME expressed paraxial mesoderm
markers

We investigated gene expressions related to muscle
development. PSKME cells expressed all the muscle
development markers including c-Met, mesoderm
posterior 2 (Mesp2), eomesodermin (Eomes), and
T-box transcription factor 4 (Tbx4). Especially,
PSKME cells exclusively expressed Tbx4, suggesting
that the cells are myotome-like population, which
are distinguished from MEF or C2C12 (Figure 1(f)).
FACS analysis indicates that most of the PSKME
cells expressed platelet-derived growth factor recep-
tor-a (PDGFR-a) (96.8%), while few MEF were posi-
tive for PDGFR-a (1.6%). In contrast, few PSKME
expressed receptors of vascular endothelial growth
factor (FLK-1) (0.6%). Thus, most of the PSKME
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Figure 1. Myogenic reprogramming of MEF by Pax3, Sox2, Kif4, cMyc, and Esrrb (a) The process of induction of Pax3, Sox2, KIf4,
cMyc, and Esrrb. The PSKME cells indicates MEF cells which are transduced by Pax3, Sox2, Kif4, cMyc, and Esrrb. The PSKME cells
represents morphological changes including formation of cell cluster. The morphological changes assessed by bright-field micro-
scopy. MEF, mouse embryonic fibroblast. Scale bar = 200 um. (b) RT-PCR of exogenous transcriptional factors. The PSKME cells
expressed all the five exogenous transcriptional factors. (c) Western blotting of exogenous transcriptional factors and Myf5. The
PSKME cells expressed all the five exogenous transcriptional factors and Myf5 in protein level. (d) RT-PCR of myogenic related factors
in early passage (P5). The PSKME cells expressed only Myf5 among myogenic-related genes. P5, passage 5. (e) RT-PCR of myogenic
related factors in middle (P10) and late passages (P20). P10, passage 10; P20, passage 20. (f) RT-PCR of myogenic development-
related genes. The PSKME cells express myogenic-related genes. c-Met, receptor of hepatocyte growth factor; Mesp2, mesoderm
posterior 2; Eomes, eomesodermin; Thx4, T-box transcription factor 4. (g) Representative images of FACS analysis of PDGFR-a and
FLK1. The PSKME cells are PDGFRa*/FLK-1-, whereas MEF cells are negative for both, suggesting that the PSKME cells have
characteristics of paraxial mesoderm. P5. PDGFR-q, platelet-derived growth factor receptor-a; FLK1, receptor of vascular endothelial
growth factor.

cells were PDGFRa'/FLK-1" which are paraxial PSKME cells at passage 20 were stained with the
mesoderm markers (Figure 1(g)). Therefore, these  antibody against the stage-specific embryonic anti-
data suggested that the PSKME cells are distinct —gen 3 (SSEA3) cell surface marker. SSEA3 anti-
from MEF and have characteristics of muscle devel-  body was used to reduce the heterogeneous

opment, especially paraxial mesoderm stage. PSKME and to isolate stem cell-like cells from

PSKME cells. The PSKME cells had SSEA3 posi-
iMLCs were established by clonal selection tive population (13.2%), and each SSEA3 positive
of PSKME cells cells were isolated into single cells by fluorescence-

activated cell sorting (FACS). Each single cells
were cultured in individual wells and monitored
by live-cell images (Figure 2(a)).

To establish induced myogenic lineage cell line
from PSKME cells, we performed clonal selection
using single-cell culture. For clonal selection,
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Figure 2. Clonal selection of PSKME cells and identification of iMLCs. (a) Representative images of sorted-single cells from SSEA3
positive PSKME cells (Blue line). The each single SSEA3 cell is plated on 96 well plate. (b) Phase-contrast images of single cells
incubated in proliferation or myogenic differentiation media. Arrows indicate differentiated myofibers. Scale bar = 100 um. (c) RT-
PCR of myogenic-related genes of iMLCs incubated in proliferation or differentiation media. M, MEF; C, C2 C12; P, proliferation media;
D, differentiation media. (d) Transgene silencing analysis. The PSKME expresses all the induced transcription factors. However iMLC
show silencing of transduced genes. (e) Integration test. All the transgenes are integrated. SKM, Sox2, KIf4 and Esrrb.

Finally, 17 clones were selected and propagated
for further studies. The myogenic differentiation
ability of these clones was evaluated by incubating
them in myogenic differentiation media. Five to 10
d after incubation, the cells differentiated repre-
sented  the  characteristics of  myogenic

differentiation. On the observation under the
bright-field microscope, the cells were elongated
and fused together with other elongated cells. The
differentiated cells had several nuclei in a row,
which are called multinucleated fibers. The differ-
entiated fibers showed an increase in width as well
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as length (Figure 2(b)). The clones derived from
PSKME cells have myogenic differentiation capacity
named induced myogenic lineage cells (iMLCs).

In addition, we compared myogenic gene
expression in these clones when cultured in pro-
liferation or myogenic differentiation media. Myf5
and MyoD were expressed in all clones incubated
in proliferation or differentiation medium. The
expression of MyoD was increased in differentia-
tion medium when compared that in proliferation
medium, especially, in iMLC1, which represents
prominent myotube formation. The expression of
myogenin, a late myogenic differentiation marker,
was increased in all the clones incubated in myo-
genic differentiation media, whereas the expres-
sion of myogenin was weak or absent in
proliferation media (Figure 2(c)).

The transgenes, including Pax3, Esrrb, Sox2,
and c-Myc, were silenced in iMLCs, while all the
transgenes were integrated into the genome,
which indicate that the iMLC was repro-
grammed completely. The integration test was
performed on monocistronic vector expressing
Pax3, polycistronic vector of Sox2, Klf4, and
cMyc (SKM), and monocistronic vector expres-
sing Esrrb (Figure 2(d,e)). However, the PSKME
cells expressed all the transgenes indicating that
they are in the process of reprogramming
(Figure 2(d)). In addition, partial silencing was
observed in some clones, named Non-iMLCs.
The Non-iMLCs expressed some transgenes.
The Non-iMLCs expressed less level of MyoD
when compared to it of iMLCs showing com-
plete silencing of transgenes (Fig S1).

These findings indicate that the PSKME cell is
a mixture of completely reprogrammed myogenic
cells and partially reprogrammed myogenic cells.
For this reason, single-cell sorting should be per-
formed to get the completely reprogrammed myo-
genic cells.

iMLCs represented the characteristics of muscle
stem cells

To assess the ability of iMLC to proliferate as it
continues to pass, we continued subculturing. The
iMLC was stably expandable until it reached

passage 40, and there was no difference between
the growth rates in the early, middle, and late
passages (Figure 3(a)).

Most iMLCs were positive for CD29, CD44,
M-cadherin, CXCR4, Syndecan-4, and VCAM,
but a few cells also expressed CD34. And 36% of
iMLC cells were positive for PDGFR-a (Figure 3
(b)). The cell surface markers of iMLC resembled
that of Pax3-induced myogenic progenitor and
satellite cells that express M-cadherin, syndecan-
4, CD29, and CXCR4 [22,28-30].

Next, we analyzed the expression levels of myo-
genic markers such as Myf5, MyoD, Myogenin,
and myosin heavy chain (MHC) of the iMLCs
which are incubated in proliferation media or dif-
ferentiation media. In the proliferation media, the
iMLC expressed a high level of Myf5 but low level
of MyoD, Myogenin, and MHC. In the myogenic
differentiation media, however, the expressions of
MyoD, Myogenin, and MHC were significantly
increased, which indicated that the iMLC can dif-
ferentiate into muscle fibers in the myogenic dif-
ferentiation media. In contrast, the expression of
Myf5 was decreased in differentiation media
(Figure 3(c)).

The expressions of myogenic markers evaluated
by immunofluorescence (IF) were the same as that
by qRT-PCR. Most of the iMLCs incubated in
proliferation media were positive for Myf5
(96.5 £ 1.6%), but only a small percentage of the
cells were positive for middle to the terminal stage
of myogenic differentiation markers including
MyoD, Myogenin, and MHC (282 *+ 1.6%,
54 + 0.7% and 4.8 £ 0.3%). These expression
patterns were totally adversed in iMLCs incubated
in myogenic differentiation media. The iMLCs
incubated in myogenic differentiation media
expressed high levels of MyoD, Myogenin, and
MHC (669 + 1.1%, 605 * 1.9%, and
54.9 + 2.5%). The expression level of Myf5 was
decreased in differentiation media (34.6 + 3%)
(Figure 3(d,e)).

In conclusion, the proliferating iMLC expressed
Myf5, but not myogenin and MHC. However,
myogenin and MHC were strongly expressed in
iMLC incubated in myogenic differentiation
media.
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Figure 3. Characterization of iMLC. (a) Growth curve of iIMLC according to passage. (b) Representative FACS profile of iMLC at
passage 7. The white area indicates isotype control. The gray area indicate the percentage of positive cells against each cell surface
antigens in iMLC. (c) qRT-PCR analysis of myogenic transcription factors of iMLC in proliferation (white bar) and differentiation (black
bar) media. Error bars represent SEM from three replicates of three independent experiments. *p < 0.01. P, proliferating media; D,
differentiation media. (d) Representative images of immunofluorescence staining of iMLCs. Scale bar = 250 um. (e) The number of
positive cells in immunofluorescence staining of i MLCs. The bar indicates the number of positive cells against each myogenesis
markers per total cell number. Error bars represent SEM from three replicates of three independent experiments. P, proliferating

media; D, differentiation media.

iMLC differentiated into muscle fibers

We examined the capacity of iMLC to form myo-
tubes in vitro and in vivo. The iMLCs were incu-
bated in myogenic differentiation media for 12 d
and stained against myogenin and troponin
I which are the late myogenic differentiation mar-
kers. The iMLCs which were incubated in differ-
entiation media showed all the characteristics of
well-differentiated muscle fibers in vitro. The dif-
ferentiated iMLCs had multinucleated fibers. The

multinucleated fibers had 4 to 11 spindle-shaped
nucleus, which were positive for myogenin in IF.
The differentiated iMLCs represented elongation
of cytoplasm, which were positive for Troponin
I (Figure 4(a)).

We then investigated the myogenic differentia-
tion potential of iMLCs in vivo by transplanting
GFP-tagged iMLCs into the tibialis anterior (TA)
muscle of both nude mice and MDX mice. Four
weeks after transplantation, the iMLC-transplanted
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Figure 4. Myogenic differentiation potential of iMLC in vitro and in vivo. (a) Myogenic differentiation test in vitro. In differentiation
media, iMLCs represented terminal stage of myogenic differentiation after incubated in myogenic differentiation media. The iMLCs
are fused together and form multinucleated myotubes. Scale bar = 100 pm. (b) Myogenic differentiation test in vivo. The GFP-labeled
iMLCs are transplanted into notexin-injured tibialis anterior muscles of nude (upper panel) or mdx mice (lower panel). The asterisks

indicate codetection of GFP and dystrophin. Scale bars = 150 pm.

TA muscles were analyzed to detect the co-
expression of GFP and dystrophin. The GFP posi-
tive cells were observed in both nude and MDX
mice indicating successful engraftment of iMLCs.
Also, some of the GFP positive cells were positive
for dystrophin, indicating that the transplanted
iMLCs were differentiated into muscle fibers and
showed terminal differentiation. Also, the cells
which are positive for both GFP and dystrophin
had peripheral nuclei, not a central nucleus, mean-
ing that the cells were mature muscle fibers (Figure
4(b)). These data demonstrated that iMLC has
myogenic differentiation potential in vitro and
in vivo.

Discussion

In this study, we revealed that the ectopic expres-
sion of Pax3, Sox2, Klf4, cMyc, and Esrrb induced

myogenic lineage cells. The iMLCs by the ectopic
expression of the five transcription factors can
stably proliferate and differentiate into muscle
fibers. The overexpression of the five transcrip-
tional factors in MEF resulted in iMLCs after
expressing paraxial mesoderm markers.

Myf5 is expressed in the major population of
satellite cells and used for the identification and
characterization of satellite cells. Myf5 has been
known to control the myogenic differentiation of
activated satellite cells [31]. In addition, it plays an
important role in myotome formation during
embryonic myogenesis. In Myf5 mutant mice,
myotome formation is delayed and initiates after
MyoD expression [32]. Thus, Myf5 is an early
regulatory gene of myogenesis. Moreover, Myf5
is well known as a target of Pax3 [22-24]. The
PSKME-transduced cells do not express Pax7
which plays an important role in early myogenesis



(Fig, muscle development, and satellite-cell speci-
fication) [33]. The overexpression of Pax3 induces
Myf5 without going through Pax7 expression
despite this important role of Pax7 in early myo-
genesis [16]. That is the reason why PSKME trans-
duced cell and iMLCs do not express Pax7, though
Pax7 is an important early myogenic marker.
From the perspective of expression of myogenic
markers, the iMLCs are more like muscle progeni-
tor cells such as myoblast, rather than muscle
satellite cells. Pax3 has been known to induce
Myf5 expression in stem cells such as induced
pluripotent stem cells, embryonic cells, or
mesenchymal stem cells [22-24]. Nevertheless,
the overexpression of Pax3 alone cannot trigger
the expression of Myf5 as much as that of myo-
blasts [22]. It means that the ectopic expression of
additional factors such as Sox2, KIF4, cMyc, and
Esrrb is needed for MEF to express Myf5 as myo-
genic stem cells or myoblasts. As the subculture
continues, the PSKME cells start to express
M-cadherin, MyoD, and Myogenin, though the
early passage of PSKME cells expresses only
Myf5 (Figure 1(d,e)). The expression of
M-cadherin, MyoD, and Myogenin gradually
increases as the number of passage increases
which indicates that the reprogramming of MEF
into myogenic lineage is a stochastic process
(Figure 1(e)). Interestingly, the cells transduced
with the combinations of PSOKME (Pax3, Sox2,
Oct4, KlIf4, cMyc, Esrrb) or PSKOE (Pax3, Sox2,
Klf4, Oct4, Esrrb) do not express MyoD and
Myogenin though the number of passaging
increases to passage 20 (Fig S2). PSOKME and
PSKOE are the combinations which only add
Oct4 or replacement of cMyc with Oct4 in
PSKME which represent the expression of Myf5,
MyoD, and myogenin. This implies that the ecto-
pic expression of Oct4 may interfere with the
reprogramming of MEF into paraxial mesoderm
or myogenic lineage cells. The addition of Oct4
into PSKME or replacement of cMyc with Oct4
might lead MEF into pluripotent stem cells rather
than myogenic lineage cells since the Oct4 is a very
potent pluripotent transcriptional factor that even
alone can reprogram adult neural stem cells into
induced pluripotent stem cells [34]. Thus, the
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combination of optimal transcriptional factors is
necessary for direct conversion of MEF into myo-
genic lineage cells.

The expression of the myogenic transcriptional
factors increases as passaging continues.
Especially, PSKME cells do not express MyoD
and myogenin in passage 5. However, it expresses
the genes at late passage. The expression of the
myogenic-related genes in PSKME increases gra-
dually as passaging continues. These results indi-
cate that the reprogramming of MEF into
myogenic stem cells by the transduction of
PSKME is a stochastic process. The balance
between

The overexpression of five transcriptional factors,
Pax3, Sox2, Klf4, cMyc, and Esrrb, gives MEF to be
paraxial mesoderm-like cells which express
PDGFRa'/FLK-1" (Figure 1(f)). Ectopic expression
of Pax3 makes ES cells PDGFRa"/FLK-1" cell popu-
lation which are the surface markers of paraxial
mesodermal progenitor cells [35]. Indeed, paraxial
mesoderm which is positive for PDGFRa generates
functional muscle stem cells in vivo [36]. Paraxial
mesoderm cells transiently coalesce in the embryo to
form somites [37]. In turn, somites form the dermo-
myotome, in which cells expressing Pax3, patterning
the epithelial sheet called the myotome [15]. At this
point, embryonic myogenesis occurs upon the acti-
vation of MRF genes [32,38]. The PSKME expresses
genes that are related to muscle development (Figure
1(g)). Eomes and Mesp2 are the markers of paraxial
mesoderm and early somites [39,40]. Tbx4 is
expressed in the developing myotome [16]. Also,
c-Met controls limb bud formation regulated by
Pax3 [41]. Thus, PSKME cells are paraxial mesoderm
progenitor and could generate muscle stem cells.

To get homogeneous cells from PSKME cells,
we performed single-cell sorting and evaluated its
myogenic differentiation capacity. In this manner,
we obtained cell lines, named as iMLCs that form
myotubes and express terminal myogenic markers
in myogenic differentiation media. The iMLC
exhibits characteristics of activated satellite cells,
which are precursors of muscle tissue, in terms of
surface markers and gene expression, as well as the
ability to form multinucleated myotubes in vitro
and in vivo. Activated satellite cells eventually
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become committed to myogenesis, resulting in
elevated myogenin and MHC [31,42]. We also
found that the iMLC is muscle lineage-specific,
which is not flexible, as the cells cannot survive
in other media that promote adipogenesis, chon-
drogenesis, and osteogenesis (data not shown).
The population of PDGFR-a (+) cells of iMLCs
is smaller than it of PSKME at passage 5 (Figures 1
(f) and 3(b)). It means that the PSKME and iMLCs
have unique characteristics though the iMLCs are
sorted from PSKME. The iMLCs loose the char-
acteristics of paraxial mesoderm though the MEF
undergoes the paraxial mesoderm stage in the
early process of myogenic direct conversion. This
phenomenon is similar to the ES cells with ectopic
expression of Pax3, in which a number of
PDGFRa'/FLK-1" cells gradually increased
until day 5 and decreased thereafter [22].

To evaluate the engraftment and myogenic dif-
ferentiation capacity in vivo, we transplanted
iMLCs in MDX mice without gamma irradiation.
Most of the previous studies performed gamma or
X-ray irradiation before transplantation of muscle
stem cells to improve and maximize the engraft-
ment efficiency [43-45]. The irradiation ablates the
endogenous satellite cells and the transplanted cells
do not compete with the recipient satellite cells
which leads to an increase of engraftment efficiency
[43-45]. However, we did not perform the gamma
irradiation to reproduce the actual in vivo environ-
ment. This would be the reason that the engraft-
ment efficiency is not that high when compared
with the other transplantation experiment which
performed gamma irradiation [24]. Considering
that the endogenous satellite cells impede the
engraftment of exogenous stem cells, the detection
of dystrophin positive cells in iMLC transplanted-
MDX mice indicates that the iMLCs are engraftable
and differentiate into muscle fiber in vivo.

In summary, we suggests that the ectopic expres-
sion of the defined factors including Pax3, Sox2,
Klf4, c-Myc, and Esrrb can induce myogenic differ-
entiation in fibroblasts via paraxial mesoderm stage.
This study shows the new combination of transcrip-
tional factors that trigger myogenic direct

conversion in fibroblasts and provides an under-
standing of the process of the myogenic direct
conversion.

Materials and methods
Reagents

The reagents were purchased from the following
companies: culture media, trypsin, penicillin/
streptomycin, reverse transcriptase, RNase out,
TRITC-, and FITC-conjugated secondary antibo-
dies from Thermo Fisher Scientific (Rockford, IL);
bFGF-2, anti-Pax3 (Mab2459), anti-Esrrb (H6705)
from R&D systems (Minneapolis, MN); FBS, HS
from Hyclone (Logan, UT); PCR premix, Oligo
(dT) from Bioneer (Daejeon, ROK); anti-Myf5
(C20), anti-MyoD (5.8A), anti-myogenin (F5D),
anti-c-Myc (9E10), anti-Sox2 (H65), anti-MHC
(A4.74), anti-troponin I (H170) from Santa Cruz
Biotechnology (Santa Cruz, CA); anti-Klf4
(ab34814), anti-dytrophin (ab15277), anti-GFP
(9F9) from Abcam (Cambridge, MA); anti-
GAPDH (14C10), HRP-conjugated secondary
antibodies from Cell signaling Technology
(Danvers, MA); anti-M-cadherin (611,100) from
BD Bioscience (Mississauga, Ontario, Canada);
PE-conjugated anti-CD29, anti-CD34, anti-CD44,
anti-CD56,  anti-CXCR4, anti-FLK1, anti-
PDGFRa, anti-Scal antibody, Alex flour 488-
conjugated anti-SSEA3 antibody from eBioscience
(San Diego, CA); PE-conjugated anti-Syndecan4,
anti-CD31, from BD Bioscience (San Jose, CA);
FITC-conjugated anti-VCAM from Bio-Rad
(Hercules, CA); ECL detection kit from Thermo
Fisher Scientific (Rockford, IL); all the other che-
mical from Sigma-Aldrich (St Louis, MO).

Plasmids

The Pax3 open reading frame of length 1440 bp was
subcloned into the pLJM lentiviral vector from
Addgene (19,319), which contains a selective marker
for puromycin resistance. A plasmid containing Esrrb
(40,798) was procured from Addgene, in addition to



polycistronic vectors containing SOKM (20,325). The
plasmid containing SKM was constructed by self-
ligation after the excision of Oct4 from SOKM.
Plasmids were amplified in E. coli STBL3
(Invitrogen) and purified with Qiagen MidiPrep Kits.

Lentivirus preparation

Lentiviral vectors were packaged in 293 FT cells
(Invitrogen) that were 90% confluent in 5 mL fresh
MEF media. Lipofectamine 2000 (Invitrogen) was
used to deliver 5 pg lentiviral backbone plasmid
and 15 ug packaging plasmid (Invitrogen) prepared
in 60 pL OPTI-MEM (Invitrogen). Viral supernatant
was collected 48 and 72 h post-transfection, filtered
through a 0.45 pM filter (Millipore), aliquoted, and
frozen at —80°C until use. We used only lentiviruses
with a minimum titer of 5 x 10> IFU/mL, as deter-
mined using Lenti-X GoStix (Clontech).

Generation of iMLC

Mouse embryonic fibroblasts isolated at E13.5 were
prepared as previously described [37]. MEF was
seeded at 1.5 ~ 2 x 10° cells for each 60 mm plate
coated with 2% gelatin. Cultures were then infected
with 500 uL virus suspended in 1.5 mL MEF media
(10% FBS and 2 mM L-Glutamine in DMEM) the
following day. Two days after transduction, the cul-
ture media was replaced with 2 mL fresh media, and
cells were treated with 5 pg/mL puromycin for the
next 10-12 d. After selection on puromycin, cells
were cultured in satellite-cell media, which is
H-DMEM containing 10% FBS, 10% horse serum,
1% penicillin/streptomycin, and 5 ng/mL basic FGF.
Media was changed every 2-3 d until morphological
changes were observed. Clusters of cells with altered
morphology were dissociated from the bottom of the
plate, moved into a multi-well plate and passaged.
Cells at passage 5-7 were used for RT-PCR. Prior to
the first passage, undifferentiated cells were removed
from PSKME cultures by scraping.

FACS analysis

Cells were detached from the culture dish using
0.05% trypsin, pelleted, and washed with PBS.
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Samples were then incubated for 1 h on ice with PE-
conjugated antibodies against FLK-1, PDGFR-q,
CD29, CD44, CD34, CXCR4, and syndecan-4.
Samples were also probed with an unlabeled mouse
antibody against M-cadherin, and then stained with
PE-conjugated goat anti-mouse IgG. Cells were ana-
lyzed on FACS Aria (Becton-Dickinson).

RT-PCR

RNA was isolated using Trizol and then used as
a template to synthesize cDNA via reverse transcription,
following the manufacturer’s protocol (Invitrogen).
C2C12 cell line was used as a positive control for the
expression of myogenic markers which is an immorta-
lized murine myoblast. C2C12 was purchased from
ATCC. The cDNA was then amplified using Taq poly-
merase and primers listed in Supplementary Table S1.
Real-time PCR was performed using 2x SYBR Green
PCR mix with the Roche primers QT00199507,
QT00101983,  QT00112378, QT0106850, and
QT01658692, which target, respectively, Myf5, MyoD,
myogenin, myosin heavy chain, and glyceraldehyde-
3-phosphate dehydrogenase.

Immunoblot analysis

Cell lysates for western blots were prepared using
I1x RIPA buffer (ThermoScientific) supplemented
with Complete Protease Inhibitor Cocktail (Roche).
Samples containing 50 ug total protein were resolved
on SDS-

PAGE, and transferred to PVDF membrane
(Immobilon-P; Millipore). The blot was probed over-
night at 4°C with primary antibodies against Pax3
(1:500), Esrrb (1:1000), Sox2 (1:500), c-Myc (1:500),
Klf4 (1:400), Myf5 (1:1000), and GAPDH (1:2000).
After incubation with secondary antibodies (1:1000)
conjugated to horseradish peroxidase, blots were devel-

oped with Chemiluminescent Substrate
(ThermoScientific) and visualized by Image
Analyzer (UVP).

Immunofluorescence

Cells that had been maintained on gelatin-coated
plates were fixed for 15 min at room temperature in
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4% paraformaldehyde. After washing with PBS, sam-
ples were incubated for 10 min at —20°C in 100%
methanol and then washed three times with PBS.
Cells were then blocked for 1 h at room temperature
with 3% BSA and probed with primary antibodies
against Myf5 (1:100), MyoD (1:100), myogenin
(1:100), and MHC (1:100). FITC- or TRITC-
conjugated secondary antibodies were used for
staining.

The tibialis anterior muscle was harvested from
mice 4 wk after cell transplantation. Double staining
with GFP and dystrophin was performed according
to a previous report [46]. Briefly, frozen sections were
blocked overnight at 4°C with 10% horse serum in
PBS and then probed overnight at 4°C with mouse
anti-GFP (1:100) and rabbit anti-dystrophin (1:100).
Alexa 594-conjugated anti-mouse IgG and FITC-
conjugated anti-rabbit IgG were used as secondary
antibody. Images were obtained by confocal fluores-
cence microscopy (Zeiss).

Myogenic differentiation in vitro and in vivo

To induce myogenesis in vitro, cells were grown in
high-glucose DMEM media containing 5% horse
serum and 1% penicillin/streptomycin. Cells were
cultured for 8-12 d and analyzed by RT-PCR and
immunofluorescence. To examine myogenesis
in vivo, cells were transduced with GFP and sorted
by FACS. Cells expressing GFP were suspended in
20 pl PBS to a final density of 25,000 cells/pL and
injected into the tibialis anterior of nude and MDX
mice that had been injured with notexin at a dose
of 40 pg/muscle. Myogenesis was assessed 4 wk
later by co-imaging GFP and dystrophin. Animal
experiments were conducted under a protocol
approved by Kyungpook National University
Animal Care and Use Committee (2014-0167).

Statistical analysis

Differences between samples were analyzed using
Student’s two-tailed t-test for independent samples.
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