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and activator of transcription

Myogenic differentiation plays an important role in muscle
regeneration and is regulated by two transcription factor
families, MRFs and MEF2, which induce differentiation of
myoblasts through expression of the muscle-specific gene,
myogenin. In addition, many intracellular signaling pathways
are also involved in myogenic differentiation, including p38
MAPK, ERK/MAPK and PI3K/AKT. The JAK-STAT pathway is
activated by various cytokines and positively or negatively
regulates the differentiation of myoblasts. JAKT plays a
notable role in proliferation; whereas, JAK2 and JAK3 function
mainly in differentiation. The STATs, molecules downstream
of JAK, regulate myogenesis. With JAK1, STAT1 promotes
proliferation, while STAT3 has a dual effect on proliferation and
differentiation. The JAK-STAT negative regulator, SOCS, is also
associated with myogenesis; although, its role is controversial.
In this review, we will discuss the role of the JAK-STAT pathway
on myogenic differentiation.

Introduction

Multiple intracellular signaling pathways play roles in myogenic
differentiation via many hormones and growth factors. These
include the extracellular signal-regulated kinase (ERK)/MAPK,
p38 MAPK and phosphatidylinositol 3-kinase (PI3K)/AKT
pathways. First, the ERK/MAPK pathway elicits differentiation
signals to promote or inhibit differentiation and fusion in the
presence of mitogens."”> The p38 MAPK pathway is required for
myogenic differentiation and also promotes skeletal muscle dif-
ferentiation, at least in part via activation of myocyte enhancer-
binding factor 2 (MEF2)C.#** In addition, PI3K/AKT signaling
positively regulates myogenic differentiation when insulin-like
growth factor (IGF) is stimulated.®”'® The Janus kinase (JAK)-
signal transducer and activator of transcription (STAT) pathway
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also has an important role in the regulatory mechanism of myo-
genic differentiation; however, each factor affects myogenic dif-
ferentiation in an opposite manner.!"? This review provides an
overview of current research on the role of the JAK-STAT path-
way and its regulatory mechanism in myogenic differentiation.

Myogenic Differentiation

Myogenic differentiation is a highly orchestrated sequential pro-
gram to generate mature skeletal muscle. This event is initiated
from muscle precursors called myoblasts, which arise from the
somatic mesoderm."” Most myoblasts are mitotically quiescent.
However, a muscle injury, exercise, or a pathological state may
lead to activation, causing myoblasts to re-enter the cell cycle
and proliferate. After proliferation, cells irreversibly withdraw
from the cell cycle, differentiate and fuse with existing myofi-
brils.® Myoblasts differentiate into mononucleated myocytes in
the early differentiation stage, and they fuse into multinucleated
myotubes in the late stage of differentiation. The multinucle-
ated myotubes express many muscle structural proteins, such as
myosin heavy chain (MHC), muscle creatine kinase (MCK) and

a-actin.'®

Muscle fibers form multinucleated myotubes during
terminal differentiation. The steps of myogenic differentiation
are illustrated in Figure 1.

Two transcription factor families, MRFs (myogenic regula-
tory factors) and MEF2, are known to be critical for regulat-
ing myogenic differentiation. At the onset of myogenesis in the
embryo, Myf5 and then MyoD are directly activated in the dor-
sal somite by signals from adjacent tissues.” Myf5 and MyoD
are members of the MRF family, which belongs to the basic
helix-loop-helix (BHLH) protein family'® that consists of MyoD,
Myf5, MRF4 and myogenin; these proteins are able to initi-
ate the myogenic program and convert non-muscle cells to the
skeletal muscle lineage.”” Myf5 and MyoD act as muscle lineage
components and also play important roles in the induction of
the myogenin gene.?’ Furthermore, Myf5 deficiency, leading to
a lack of amplification of myoblasts and loss of MyoD, reduced
myogenic differentiation.?’** This suggests that Myf5 regulates
the proliferation rate of myoblasts; whereas MyoD is required for
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Figure 1. The steps of myogenic differentiation. Myoblasts originate from the mesoderm and are converted to skeletal muscle lineage myoblasts
after MyoD and Myf5 expression. First, myoblasts enter the cell cycle and proliferate. When the growth factor or mitogen from myoblast cultures is
withdrawn, proliferating cells exit from the cell cycle and initiate differentiation. Myogenin and MRF4 are involved in the initiation of differentiation.
In this step, myoblasts changed to an elongated shape and are called myocytes. Myocytes fuse with neighboring cells into multinucleated myotubes.
The multinucleated myotubes express the muscle specific proteins, MHC (myosin heavy chain), muscle creatine kinase (MCK) and a-actin. The mature

the differentiation potential of skeletal myoblasts.”” The appear-
ance of myogenin reflects that cells have irreversibly withdrawn
from the cell cycle and entered differentiation.?**” MRFs nor-
mally form heterodimers with E2A gene products (E12/E47),
and bind to the E box consensus sequences (CANNTG) in the
promoters of muscle-specific genes and then induce transcrip-
tion of target genes.” The other family is the myocyte enhancer-
binding factor 2 (MEF2) proteins; this group includes MEF2A,
2B, 2C and 2D."* The MEF2 family functions as accessory
regulators of muscle gene expression and differentiation. In
addition, they can physically bind to and cooperate with MRFs
to synergically induce many muscle-specific genes.” However,
silencing of Mef2 at early stages of adult myogenesis impairs
myoblast fusion and muscle structural protein gene expression,
suggesting MEF2 is critical at the early stages of adult myoblast
fusion.?

The transcription factors regulate myogenic differentiation
through several signaling pathways, mainly, the IRS-PI3K-AKT
and MEK/ERK. The IRS-PI3K-AKT pathway promotes myo-
genic differentiation through myogenin expression by MEF2.3' In
contrast, phosphorylated MEK1 directly associates with MyoD,
which prevents MyoD binding to the myogenin promoter, result-
ing in inhibition of muscle differentiation.’? The C2C12 cells are
murine myoblast cells derived from mouse satellite cells, which
differentiate into multinucleated myotubes upon withdrawal of
serum or mitogens from myoblast cultures. The morphology
of C2C12 cells change to elongated, multinucleated myotubes
during differentiation.?® Therefore, C2C12 cells are very useful
for studying myoblast differentiation and proliferation in vitro.
Moreover, myotoxins such as bupivacaine (Marcaine), cardio-
toxin (CTX) and notexin (NTX), venoms isolated from snakes,
are the easiest and most reproducible way to induce regeneration
in vivo.** Injection of CTX in the adult mouse tibialis anterior
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muscle is a widely used method to study myogenic differentiation
for muscle regeneration.

JAKs-STATs Pathway in Myogenic Differentiation

JAKSs are a family of non-receptor tyrosine kinases, comprised of
JAK1, JAK2, JAK3 and TYK2 in mammals. The STATs family
are located downstream of JAKs and seven proteins are identi-
fied in mammals: STAT1, STAT2, STAT3, STAT4, STAT5A,
STATSB and STAT6.” The JAK-STAT pathway is activated by
ligands (such as cytokines or growth factors) binding to their
cognate receptor. The binding of ligand to the receptor activates
receptor-associated JAKs by phosphorylation of specific tyrosine
residues. Subsequently, activated JAKs lead to phosphorylation of
their selective STATs. Activated STATSs dissociate from the recep-
tor and, in turn, dimerize and translocate into the nucleus where
they function as transcription factors to regulate expression of
target genes.”>* The JAK-STAT pathway is important in hema-
topoiesis, inflammation, immunity and immune-related diseases.
The JAK-STAT pathway is also linked to cell growth, prolifera-
tion and differentiation in many cell types, including immune
cells, hematopoietic stem cells, osteoblasts, neuronal precursor
cells and myoblasts.”!

Guillet-Deniau et al. suggested the possibility that activation
of the JAK-STAT pathway is correlated with myogenic differ-
entiation.*” In that report, skeletal muscle serotonin increased
the expression of myogenin and triggered activation of the JAK-
STAT pathway in primary myoblasts. Serotonin also induced
translocation of STAT3 into the nucleus. They elucidated that
the nuclear translocation of STAT3 by serotonin is related to
the upregulation of myogenin, a transcription factor involved
in myogenic differentiation.*” These findings provided the basis

for further understanding of the role of the JAK-STAT pathway
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in myogenic differentiation. In addition, among transcriptional
profile of GTP (guanosine 5'-triphosphate)-mediated differentia-
tion of C2C12 myoblasts, genes such as interleukin 6, Pim-1 and
ILIRa (interleukin 1 receptor antagonist homolog 1) are upreg-
ulated, and it is suggested that JAK-STAT pathway can play a
crucial role in myogenic differentiation.”® In next section, we will
focus on the role of the JAK-STAT pathway in the differentiation
and proliferation of skeletal muscle myoblasts.

First, JAK1-STAT1-STAT3 promotes proliferation and pre-
vents premature differentiation of myoblasts."! JAK1 knockdown
studies showed that myogenic differentiation was accelerated
and proliferation was inhibited in both C2C12 cells and primary
myoblast cells. JAKI-siRNA induced the accelerated expres-
sion of MyoD and MEF2 and enhanced expression of MEF2-
dependent genes. JAK1-siRNA also upregulated the prominent
cyclin-dependent kinase 2 inhibitors, p21Cipl and p27Kipl, in
differentiating cells as well as proliferating cells and downreg-
ulated the inhibitor of differentiation, Id1. The ERK pathway
contributed to the repressive effect of JAK1 on myogenic differ-
entiation. In addition, JAKI-overexpressed cells had decreased
expression of MHC and MGN (myogenin), which was rescued
by STAT1-siRNA transfection. This result implied that STAT1
mediates the anti-differentiation effect of JAKI1. Leukemia
inhibitory factor (LIF) induced myogenic proliferation through
the formation of a STAT3 and STAT1 complex. In an in vivo
study, JAK1-STAT1-STAT3 was upregulated and activated when
CTX was injected into mouse muscle. This result revealed JAK1-
STAT1-STATS3 is involved in myogenic regeneration, required
for myoblast proliferation and serves as a key check point to pre-
vent myoblasts from premature differentiation."! The repressive
role of JAK1-STAT1-STAT3 on myogenic differentiation was
supported by another published paper from the same group. A
member of the cytokine interleukin (IL)-6 family, oncostatin M
(OSM), inhibited differentiation of myoblasts through activation
the JAK1-STAT1-STAT3 pathway.”t OSM decreased expression
of MEF2A and the transcriptional activity of MEF2 and MyoDj
whereas, expression of Idl and Id2 increased. Interestingly,
MEF?2 co-precipitated with STAT1, but an N-terminal deletion
mutant of MEF2 did not. This result revealed that MEF2 inter-
acts with STAT1 through the N-terminus of MEF2. In addi-
tion, a pull down assay of MEF2 showed the C-terminal portion
of STATT is involved in interacting with MEF2.% These results
implied that the STAT1 interaction with MEF2 is able to inhibit
myogenic differentiation through repression of MEF2 transcrip-
tional activity. In CTX-injected mice, OSM mRNA expression
was reduced when mRNA expression of myogenin peaked. In
addition, a tibialis anterior muscle transfected with an OSM-
expressing vector, still had large unrepaired regions induced by
CTX.* Taken together, these data suggested that JAK1-STAT1-
STAT?3 activation inhibited myoblast differentiation and muscle
regeneration, which resulted from the formation of the MEF2
and STAT1 complex and that MEF2 and STATT are the main
effectors for suppression of myogenic differentiation.

Cardiotrophin-1 (CT-1), another member of the IL-6 fam-
ily, is also a potent inhibitor of skeletal muscle differentiation.®

CT-1 activated both the STAT3 signaling pathway and MEK/
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ERK pathway during differentiation. However, the inhibitory
effect of CT-1 on differentiation is not due to STAT3 signal-
ing, but to the MEK/ERK pathway.® Even though CT-1 acti-
vated STAT3, inhibition of the transcriptional activity of MyoD
through MEK activation induces suppression of myogenic dif-
ferentiation.*® Therefore, the activation of STAT3 may not be
essential to repress myogenic differentiation.

Second, JAK2-STAT2-STAT3 promotes differentiation."”
Expression of MHC, MGN, MEF2 and MyoD decreased after
treatment with the JAK2 inhibitor AG490 and JAK2-siRNA
transfection. JAK2-siRNA also significantly reduced the expres-
sion of myogenin-, MRF-, MEF2- and MyoD-dependent lucifer-
ase reporter genes. STAT2 or STAT3 siRNA-transfection led to
the same results.”? These findings indicated that the pro-differ-
entiation effect of the JAK2-STAT2-STAT3 signaling pathway
is partially mediated by MyoD and MEF2. In general, MyoD
directly binds to MEF2 and enhances MEF2-dependent tran-
scription through its own transcriptional activities, which results
in cooperative enhancement of MyoD- and MEF-2-dependent
myogenic differentiation.* In addition, the HGF-ERK and IGF-
AKT pathways were regulated by the JAK2-STAT2-STAT3
pathway.’? Therefore, the study’s results suggested that JAK2-
STAT2-STATS3 signaling pathway is indispensable for myogenic
differentiation. The expression profiles of JAK1, JAK2, STAT1
and STAT3 were confirmed in primary human skeletal muscle
cells.”?

In contrast, activation of JAK2-STAT3 also regulates prolif-
eration of muscle cells.”” LIF increased the number of C2C12
cells and primary rat satellite cells, which were decreased by incu-
bation with AG490. The phosphorylation of JAK2 and STAT3
and STAT3-activated luciferase activity increased in the presence
of LIF, which indicated that LIF induces proliferation of muscle
satellite cells and that activation of the JAK2 and STAT?3 signal-
ing pathway at least partially contributes to the increased satellite
cell proliferation.?

Third, our group reported on the negative role of JAK3 in
myogenic differentiation.”® We provided the first evidence that
JAKS3 is expressed in myoblast cells, and JAK3 inhibition pro-
motes precocious myogenic differentiation and plays important
roles in terminal differentiation. We demonstrated an inhibitor
of JAK3, WHIp154, inhibited the formation of multinucleated
myotubes by cell fusion and also induced precocious myogenic
differentiation. JAK3-siRNA increased expression of MGN at
the mRNA and protein levels and endogenous IGF-II mRNA
expression during differentiation. Interestingly, when undergoing
differentiation, WHIp154 not only decreased STAT1 phosphory-
lation but STAT3 phosphorylation also increased. JAK3 activa-
tion was gradually inhibited by WHIp154 at all incubation times
in differentiation media. These data showed that the precocious
myogenic differentiation by JAK3 inhibition is prompted via
downregulation of STAT1 and upregulation of STAT3; however,
unfortunately it is not clear how the activation of STAT1 and
STAT?3 is regulated in opposite directions. The AKT and ERK
pathway also contributed to myogenic differentiation by JAK3
inhibition. JAK3 inhibition increases expression of a marker of
early differentiation, MGN, and a marker of late differentiation,
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MHC. In contrast with a previous study, the JAK2 inhibitor
AG490 did not have any change on myogenic differentiation.
We explained that this effect is due to the dosage of AG490 and
also concluded that JAK2 may be more important for survival of
myoblasts with differentiation potential.*®

The role of STATs in myoblast differentiation or prolifera-
tion was verified in many studies. STAT1 activation inhibits dif-
ferentiation of myoblasts, which probably results from physical
association with MEF2.% However, STAT3 seems to have dual
effects. STAT3 positively regulates both myogenic differentia-
tion and proliferation. STAT3 activity increased in proliferation
conditions, and knockdown of STAT3 reduced LIF-induced
myoblast proliferation.¥ When the expression of STAT3 was
induced by 4-HT (hydroxytamoxifen), myogenin expression
was reduced and the suppression of differentiation-induced
growth (the S-G2/M phase in the cell cycle) was restored.”
These data are consistent with the role of STAT3 in prolifera-
tion. On the other hand, STAT3 activity gradually increased
during differentiation and knockdown of STAT3 inhibited dif-
ferentiation, suggesting that STAT3 promotes myoblast differ-
entiation.'!¥% The dual role of STAT3 in proliferation and
differentiation is regulated by interaction with the transcription
factor, MyoD. The direct interaction of STAT3-MyoD inhib-
its differentiation through reciprocal inhibition of their DNA
binding activities, which are proved through transfection of
MyoD or STAT3 construct.”” On the contrary to this, STAT3
bound with MyoD contributed to the stage of differentiation,
suggesting that activation of STAT3 induced myogenic differ-
entiation through binding with MyoD.>® Therefore, the inter-
action between STAT3 and MyoD is considered an important
mechanism for the role of STAT3 during proliferation and dif-
ferentiation of myoblasts.

Fer is an intracellular tyrosine kinase that associates with
STAT3 in mammalian cells and is thought to be a mediator
for regulation of STAT3 activity in myogenic differentiation.’
A study demonstrated that Fer is a mediator for STAT3 acti-
vation in insulin-PI3K pathway-eliciting myogenic differen-
tiation. Fer and JAKI co-immunoprecipitated in proliferating
cells. However, insulin caused phosphorylation of Fer that led
to dissociation from JAKI. In addition, insulin phosphorylated
STAT3 and active Fer associated. This interaction between Fer
and STAT3 was enhanced and sustained until 48 h after insu-
lin treatment when myotubes appeared in the treated culture. A
relevant explanation for this is that Fer mediates activation of
STAT?3 to enhance myogenic differentiation by insulin stimula-
tion in myogenic cells.”! However, further studies are needed to
identify the definite role of Fer in differentiation.

Finally, the SOCS (suppressors of cytokine signaling) fam-
ily affects myogenic differentiation.””™* SOCS is one of the
transcripts of STAT, which acts as a negative regulator in the
positive autoregulatory loop of the JAK-STAT pathway to sup-
press further signaling. The SOCS, PIAS (protein inhibitors
of activated stats) and PTPs (protein tyrosine phosphatases)
are major classes of negative regulators.”® The SOCS family of
proteins consists of SOCS1 to SOCS7 and CIS.** SOCS3 posi-
tively regulates myoblast differentiation.’ IGF-I was produced
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endogenously from myotubes during differentiation. This study
showed that IGF-I increased SOCS3 transcription through
STATS3 activation during differentiation. Moreover, overexpres-
sion of SOCS3 enhanced SRF (serum response factor)-depen-
dent a-actin promoter activity during differentiation. SRF is a
transcription factor that is associated with the differentiation
and fusion of myoblasts. Consequently, activation of STAT3
by IGF-I upregulated SOCS3 stimulates SRF transcription
factor-mediated myogenic differentiation. Therefore, it is likely
that SOCS3 leads to endogenous IGF-I-mediated myoblast
differentiation.”

SOCSL! also promotes myogenic differentiation and its role
was tested with SOCS2 and PIAS® PIAS is another negative
regulator of the JAK-STAT pathway. Individual knockdown of
SOCS1, SOCS3 and PIAS inhibited myogenic differentiation of
both primary myoblasts and C2Cl12 cells; whereas, overexpres-
sion promoted myogenic differentiation. This result revealed that
SOCS1, SOCS3 and PIAS are necessary for myogenic differ-
entiation. Importantly, this report proved strongly that SOCS1
and SOCS3 promote differentiation through inhibition of JAK1
activation and phosphorylation of the upstream receptor of JAK,
glycoprotein of 130 (gpl30), respectively. Also, PIAS prevents
STAT1 or STAT3 binding to DNA, which contributes to the
promotion of myogenic differentiation.”® These findings sug-
gested how to repress JAK1-STAT1-STAT3 activation in prolif-
eration and to induce differentiation.

Another view is that SOCSI suppresses muscle differen-
tiation.”* According to Inaba and colleagues, modulation of
IGF-I receptor signal transduction is a suppressive mechanism
of SOCS1 on myogenic differentiation.” Generally, IGF-I pro-
motes myogenic differentiation via the IRS-PI3K-AKT path-
way and inhibits myogenic differentiation via MEK/MAPK.
However, SOCS1 induced imbalance between the MEK/MAPK
and IRS-PI3K-AKT pathways by enhancement of MEK and
suppression of the IRS-1/AKT signaling pathway.”® The IRS-
PI3K-AKT pathway promotes myogenic differentiation through
myogenin expression by MEF2;% while, phosphorylated MEK1
directly associates with MyoD, which prevents MyoD binding to
the myogenin promoter and results in inhibition of muscle differ-
entiation.’” Although the effect of JAK or STAT on the negative
role of SOCSI was not examined, SOCS may promote myogenic
differentiation through regulation of STAT activity.

Conclusion and Perspectives

We have described the role of the JAKs-STATs pathways in the
proliferation and differentiation of myoblasts. The findings are
summarized in Table 1. JAK1-STAT1-STAT3 activation plays
a crucial role in proliferation; whereas, activation of JAK2 and
inhibition of JAK3 are responsible for myogenic differentiation.
JAK2 activation results in phosphorylation of both STAT2 and
STAT3 for differentiation. Interestingly, unlike JAK2, JAK3
regulates myogenic differentiation negatively, through STAT1
downregulation and STAT3 upregulation. This implies that
JAK2 and JAK3 have contradictory effects on differentiation.
STAT?3 positively affects both proliferation and differentiation,
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Table 1. The JAKs-STATs family and associated components in regulation of myogenic proliferation and differentiation

Proliferation
JAKs family JAK1
STATs family STAT1, STAT3

MEF2-STAT1

Transcription factor MyoD-STAT3*

Signaling pathway MEK/ERK
Negative regulator of STATs SOCS1
Representative inducer LIF

Differentiation
JAK2, JAK3
STAT2, STAT3, STAT1

MyoD-MEF2, MyoD-STAT3*(Fer?only in IGF stimulation)

PI3K/AKT
SOCST, SOCS3, PIAST
IGF

JAK1 activates STAT1 and STAT3, and activated STAT1 associates with transcription factor MEF2 in proliferation. Activated STAT3 interacts with MyoD,
which inhibits differentiation and increases myoblast growth.* The MEK/ERK pathway is involved in this process. During proliferation, SOCS1, a nega-
tive regulator of STATs, is expressed, which inhibits differentiation of myoblasts. LIF induces proliferation and represses differentiation. In contrast,
activation of JAK2 and inhibition of JAK3 promote differentiation. The activation of JAK2 phosphorylates STAT2 and STAT3 for differentiation. However,
activation of JAK3 phosphorylates STAT1 and suppresses STAT3 activation, which inhibits differentiation. Activated STAT3 forms a complex with MyoD
and the MyoD-MEF2 interaction, which stimulates transcription of MyoD- and MEF2-dependent muscle specific genes.* It is a mystery whether Fer, a
mediator of STAT3 activity, is associated with this process. However, it is certain that the PI3K/AKT pathway contributes to differentiation, especially in
IGF-induced myogenic differentiation. SOCS1, SOCS3 and PIAS inhibit activation of JAK1, gp130 and STAT1/3 binding to DNA, respectively. *Explains the

dual effect of STAT3 on myoblast proliferation and differentiation.

depending on the type of JAK. The specificity of JAK type is
likely able to determine differentiation or proliferation in myo-
blasts. It is also important which transcription factor interacts
with STAT3 to determine proliferation or differentiation.
Although the role of JAK]1, 2 and 3 in myogenic differentia-
tion was elucidated, the role of TYK2 is not determined yet. It
is also unclear how STAT3 regulates proliferation and differen-
tiation. Moreover, most previous studies have verified the effect
of the JAK-STAT pathway on muscle differentiation in in vitro
culture systems. Therefore, we need more evidence from in vivo
animal experiments to better understand muscle regeneration.

Future studies are expected to define more detailed roles of the
JAK-STAT pathway and other regulatory mechanisms on myo-
genic differentiation.
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