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We recently showed that a leukemia inhibitory factor (LIF)-engaged signaling pathway consisting of JAK1,
STAT1, and STAT3 plays dual roles in myogenic differentiation: while it participates in myoblast proliferation,
it also actively represses differentiation. Downregulation of this pathway is required at the onset of differen-
tiation. However, it remained unclear how this is achieved mechanistically. We now show that SOCS1, SOCS3,
and PIAS1 promote myogenic differentiation by specifically inhibiting the LIF-induced JAK1/STAT1/STAT3
pathway via distinct targets; whereas SOCS1 and SOCS3 selectively bind and inhibit JAK1 and gp130,
respectively, PIAS1 targets mainly the activated STAT1 and prevents its binding to DNA. We further demon-
strated that the SUMO E3-ligase activity of PIAS1 is dispensable for its role in myogenic differentiation.
Collectively, our current study revealed a molecular mechanism that explains how the LIF-induced JAK1/
STAT1/STAT3 pathway is downregulated upon myogenic differentiation.

Myogenic differentiation is a fundamental cellular process
governing the formation of skeletal muscles in both vertebrates
and invertebrates (2, 4, 31, 33). Due to intensive studies by
many laboratories over the past 2 decades, myogenic differen-
tiation has become one of the best-characterized differentia-
tion systems. In mammals, two key families of transcription
factors are known to play important roles in myogenic differ-
entiation: one is made up of myogenic regulatory factors
(MREFs), which consist of MyoD, Myf5, MRF4, and myogenin
(37, 40), and the other includes myocyte enhancer binding
factor 2s (MEF2), which consist of MEF2A, MEF2B, MEF2C,
and MEF2D (3, 30). MRFs serve as muscle-specific master
regulatory factors. When ectopically expressed in many non-
muscle cells, MRFs can induce a cascade of genes, ultimately
resulting in the conversion of these non-muscle cells into the
skeletal muscle lineage (40). Unlike MRFs, MEF2A and
MEF2D are more ubiquitously expressed, while MEF2C is
preferentially expressed in skeletal muscles and in the heart,
spleen, and brain (3). MEF2 can physically bind to and coop-
erate with MRFs to synergistically induce many muscle-specific
genes, as the binding sites for MRFs and MEF2s are frequently
found in the promoter/or enhancer regions of these genes (26).
In addition, MEF2 and MRFs can also mutually regulate the
expression of each other (26).

In proliferating myoblasts grown in cell cultures, MyoD or
Myf5 is already present at low levels, while myogenin and
MRF4 are absent (40). At the early onset of differentiation,
cell cycle inhibitors, including p21Cipl, p27Kipl, and p57Kip2,
are known to be upregulated first, which helps to arrest the cell
cycle and to facilitate the cell cycle exit (10, 12-14, 29, 44).
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Subsequently, cells start to express myogenin, which is often
used as one of the earliest known differentiation markers. The
appearance of myogenin signals that cells have irreversibly
withdrawn from the cell cycle and entered the differentiation
program. The mononucleated differentiating cells are also
called myocytes. At the late stage of differentiation, myocytes
start to align and fuse with each other to form multinucleated
myotubes. Many muscle structural proteins, including myosin
heavy chains (MHC), are abundantly expressed at this late
stage.

In the past decade, several intracellular signaling pathways,
including the p38 mitogen-activated protein kinase-mediated
pathway and the insulin-like growth factor/phosphatidylinosi-
tol 3-kinase/Akt-mediated pathway have been found to criti-
cally control the onset of myogenic differentiation (11, 20, 24,
43). These pathways function via diverse mechanisms, ulti-
mately resulting in changes in the expression of an array of
target genes, including the myogenin gene. Recently, we also
found that two Janus kinase (JAK)/signal transducer and ac-
tivator of transcription (STAT)-mediated pathways are in-
volved in mammalian myogenic differentiation in opposite
manners: whereas one pathway consisting of JAK1/STAT1/
STAT3 inhibits differentiation, the other pathway consisting of
JAK2/STAT2/STAT3 is required for myogenic differentiation
(36, 39). Interestingly, the JAK/STAT pathway has also been
implicated in muscle development in both Drosophila melano-
gaster and zebrafish (23), which raises the possibility that some
key JAK/STAT-dependent regulatory circuitries are conserved
in different species. Leukemia inhibitory factor (LIF) is known
to stimulate myoblast proliferation and inhibit its differentia-
tion (6). As a member of the interleukin-6 family of cytokines,
LIF exerts its biological function by binding to a receptor
complex consisting of LIF receptor (LIFR) and gp130 (15, 25).
Downstream of the LIFR/gp130, both the JAK/STAT-medi-
ated pathway and the extracellular signal-regulated kinase-
mediated pathway have been shown to be capable of mediating
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the effects of LIF (15). In myoblasts, we have shown that LIF
engages JAK1, STATI, and STAT3 to promote cell prolifera-
tion and to repress myogenic differentiation (36). Therefore, it
is apparent that the LIF-mediated JAK1/STAT1/STAT3 path-
way has to be downregulated at the onset of differentiation.
Indeed, we have shown that the JAK1 kinase activity decreases
upon differentiation (36). However, it remained unclear how
exactly JAK1 is inhibited and how the whole pathway is turned
off in myoblasts at the onset of differentiation. To address this
question, we turn our attention to known negative regulators
of the JAK/STAT pathways. At present, three families of pro-
teins are known to negatively regulate the JAK/STAT path-
ways: one is the SH2-containing phosphatase (SHP) family, the
second is the suppressor of the cytokine signaling (SOCS)
family of proteins, and the third is the protein inhibitor of the
activated STAT (PIAS) family of proteins (41). In both mouse
and human genomes, there are two SHPs (i.e., SHP-1 and
SHP-2), eight SOCS (SOCS1 to SOCS7 and CIS), and four
PIAS (PIASI, -3, x, and -y) (8, 34, 41). Of the two mammalian
SHPs, SHP-2 has been shown to be involved in myogenic
differentiation (21). However, our preliminary small interfer-
ing RNA (siRNA)-based analysis suggested that SHP-2 is not
involved in downregulating the JAK1/STAT1/STAT3 pathway
in myoblasts (our unpublished data). Therefore, we decided to
focus on SOCS and PIAS proteins. Here, we provide evidence
that SOCS1, SOCS3, and PIAS1 are three key regulators in
myoblasts that specifically inhibit the LIF-induced JAKI/
STAT1/STAT3 pathway via distinct targets; while SOCS1 and
SOCS3 selectively target JAK1 and gp130, respectively, PIAS1
targets mainly the activated STAT1 and prevents it from bind-
ing to DNA. Thus, our current study has provided a clear
molecular mechanism to explain how the LIF-induced JAK1/
STAT1/STAT3 pathway is downregulated upon myogenic dif-
ferentiation.

MATERIALS AND METHODS

Cell culture, DNA constructs, and reagents. C2C12 cells (ATCC, Manassas,
VA) were maintained in Dulbecco’s modified Eagle’s medium (DMEM) sup-
plemented with 20% fetal bovine serum (FBS), 100 U/ml penicillin, and
100 pg/ml streptomycin (growth medium [GM]) in a 37°C incubator with 5%
CO,. To induce differentiation, near-confluent cells were grown in DMEM with
2% horse serum (differentiation medium [DM]). Constructs encoding Flag-
SOCS1, Flag-SOCS2, and Flag-SOCS3 (mouse) were kindly provided by G. Zhu
(Hong Kong University of Science and Technology, Hong Kong, China). Myc-
PIAS1 and Flag-PIAS1(C350S) were gifts from S. C. Lin (Xiamen University,
China) and Cory Abate-Shen (Columbia University, NY), respectively. G133-
Luc, MCK-Luc, 4RE-Luc, and 3MEF2-Luc were described previously (36). LIF
was purchased from Millipore (Billerica, MA).

RNA interference. For siRNA transfection, 40 to 60% confluent C2C12 cells
were transfected with 100 nM siRNA by Lipofectamine 2000 following the
manufacturer’s instructions (Invitrogen Carlsbad, CA). All siRNAs were de-
signed at Dharmacon, Inc. (Thermo Scientific) and synthesized at RiboBio Co.
Ltd. (Guangzhou, China). Their sequences were listed as follows (only the
top-strand sequences were shown, from 5’ to 3"): SOCSI (siRNA set 1, CTAC
CTAGTTCCTTCCCCTT; siRNA set 2, GAGACCTTCGACTGCCTTT),
SOCS3 (1, GACCCAGTCTGGGACCAAG; 2, GGAGCAAAAGGGUCAGA
GG), PIASI (1, AATCCG GATCATTCTAGAGCT; 2, CTTCAGAGGTTAC
GAGCAA), and enhanced green fluorescent protein (GFP) (GCTGACCCTG
AAGTTCATC).

Transfection and cell lysis. Transient transfection of plasmids was performed
by using Lipofectamine Plus reagents from Invitrogen as instructed by the man-
ufacturer. Cells were lysed in the lysis buffer (50 mM HEPES, pH 7.6, 10%
glycerol, 1% Triton X-100, 150 mM NaCl, 1 mM EGTA, 1.5 mM MgCl,, 100 mM
NaF, 20 mM p-nitrophenyl phosphate, 20 mM B-glycerol phosphate, 2 mM
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dithiothreitol, 50 uM sodium vanadate, 0.5 mM phenylmethylsulfonyl fluoride,
2 pg/ml aprotinin, 0.5 pg/ml leupeptin, 0.7 pg/ml pepstatin) for 10 min on ice.
Soluble whole-cell extracts (WCE) were prepared by centrifugation, followed by
removal of cell debris.

Antibodies and Western blot analysis. Antibodies against myogenin, MEF2,
MyoD, p21Cipl, p27Kip1, gp130, LIFR, JAK1, STAT1, STAT3, SOCS3, PIASI,
anti-Myc, and B-actin were purchased from Santa Cruz Biotechnology, Inc.
(Santa Cruz, CA); anti-phospho-JAK1 (Tyr1022/Tyr1023), anti-phopho-STAT1
(Tyr705), and anti-phospho-STAT3 (Tyr705) were from Cell Signaling (Danvers,
MA); anti-SOCS1 was from Immuno-Biological Laboratories Co. Ltd. (Gumma,
Japan); anti-Flag (M2) was from Sigma-Aldrich (St. Louis, MO); anti-phospho-
tyrosine (4G10) was from Millipore; anti-MHC (MF20) was from the Develop-
mental Studies Hybridoma Bank (Iowa City, IA); and polyclonal STAT3 anti-
body was a gift from Z. Wen (Hong Kong University of Science and Technology).
Western blotting was conducted as previously described (36).

Reporter assays. For reporter assays, 50% to 70% confluent C2C12 cells in
12-well dishes were cotransfected with 0.5 pg of a reporter plasmid and 100 nM
of an siRNA by Lipofectamine 2000. All the samples were prepared in triplicate.
The luciferase activity was determined with a LB9507 luminometer (Berthold
Technologies, Bad Wilbad, Germany) by adding 10 pl of WCE to 150 ul of
freshly made luciferase buffer (0.4 uM luciferin, 13.3 mM ATP, 0.1 M Tris-HCl,
pH 7.8, 1 mM EDTA, pH 8.0, 10 mM MgOAc2). Luciferase units were normal-
ized against the total protein amount present in each sample as determined by
using protein assay reagent from Bio-Rad (Hercules, CA).

Immunoprecipitation and coimmunoprecipitation assays. For immunopre-
cipitation, 1 to 2 pg of an antibody was incubated with 0.3 to 1 mg of C2C12
WCE together with 30 wl (bed volume) of protein A-Sepharose beads (GE
Healthcare) at 4°C overnight with rotation. For coimmunoprecipitation, C2C12
cells were first cross-linked with 200 pg/ml of dithiobis(succinimidyl propionate)
(Thermo Scientific) for 5 min and then harvested and lysed in radioimmunopre-
cipitation assay (RIPA) buffer (25 mM HEPES, pH 7.4, 1% Nonidet P-40, 0.1%
sodium dodecyl sulfate, 0.5% sodium deoxycholate, 0.5 mM phenylmethylsulfo-
nyl fluoride, 2 pg/ml aprotinin, 0.5 wg/ml leupeptin, 0.7 wg/ml pepstatin). A total
of 30 pl (bed volume) of protein G-Sepharose 4B beads (Invitrogen) was incu-
bated with 500 wg of WCE and 1 pg of an appropriate antibody in RIPA buffer
overnight at 4°C with rotation. After extensive washing with the lysis buffer (for
immunoprecipitation) or RIPA buffer (for coimmunoprecipitation), the bound
proteins were eluted by boiling in 1X sodium dodecyl sulfate sample buffer and
subjected to Western blot analysis.

Immunostaining and microscopic imaging. Cells were fixed in 4% paraform-
aldehyde for 15 min, permeabilized by 0.2% Triton X-100 in phosphate-buffered
saline (PBS) for another 15 min, and incubated with a specific primary antibody
overnight at 4°C. After removal of the primary antibody followed by repeated
washing, a fluorescein isothiocyanate- or rhodamine-conjugated second antibody
was incubated with cells for 1 h at room temperature. 4',6’-Diamidino-2-phe-
nylindole (DAPT) was used to counterstain the nuclei. The images were captured
by a fluorescent microscope (IX70; Olympus) coupled with a charge-coupled
device camera. Images were subsequently processed by SPOT software (Diag-
nostic Instruments, Sterling Heights, MI) and Photoshop 6.0 (Adobe).

RNA preparation and RT-PCR. C2C12 cells were lysed by TRIzol (Invitro-
gen), and total RNA was subsequently isolated following the manufacturer’s
protocol. Reverse transcription-PCR (RT-PCR) was performed by using a two-
step method. First, single-stranded cDNA was generated from 0.5 pg of total
RNA by the ImProm-II RT system (Promega, Madison, WI) with oligo(dT) as a
primer according to the manufacturer’s instructions. Amplification of DNA was
performed in a thermocycler with 40 ng of cDNA in a total volume of 25 ul. PCR
products were analyzed by using 1% agarose gel electrophoresis. The sequences
of primers for each gene are listed as follows: SOCS1 forward (5'-ATGGTAG
CACACAACCAGGTG-3"), SOCSI reverse (5'-TCAAATCTGGAAGGGGA
AGGA-3"); SOCS3 forward (5'-CTCAAGACCTTCAGCTCCAA-3"), SOCS3
reverse (5" TTCTCATAGGAGTCCAGGTG-3"); PIAS1 forward (5'-GCAGG
TCCAATTAAGGTTTTG-3'), PIASI reverse (5'-GTAACCTGGAAGGCTGC
AAG-3"); myogenin forward (5'-CAGGAGATCATTTGCTCG-3"), myogenin
reverse (5'-GGGCATGGTTTCGTCTGG-3'); and glyceraldehyde-3-phosphate
dehydrogenase (GAPDH) forward (5'-TGATGCTGGTGCTGAGTATGTCGT
G-3"), GAPDH reverse (5'-TCCTTGGAGGCCATGTAGGCCAT-3').

EMSA. An electrophoretic mobility shift assay (EMSA) was performed as
described previously (5). The top strand sequence of the sis-inducible element
probe is 5'-GTCGACATTTCCCGTAAATC-3'.

Preparation of primary myoblasts. Primary myoblasts were isolated as de-
scribed previously with minor modifications (1, 32). Briefly, skeletal muscles from
10- to 15-day-old C57BL/6J mice were dissected, minced, and incubated at 37°C
in a shaking water bath with 1 mg/ml Pronase (Calbiochem) in DMEM for 1.5 h.
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After two to three cycles of centrifugation and resuspension, myoblast-containing
solutions were passed through a 40-pm cell sieve (BD Biosciences) to remove
debris. Myoblasts were further enriched by differential sedimentation, in which
fibroblasts were allowed to attach to uncoated tissue culture dishes for 1 h while
myoblasts in supernatant were removed and transferred to another dish pre-
coated with 4 mg/ml Matrigel (BD Biosciences). Myoblasts were maintained in
GM (Ham’s F10 medium with 20% FBS, 2.5 ng/ml recombinant human basic
fibroblast growth factor, and 2% chicken embryo extracts) and induced to dif-
ferentiate in DM (DMEM with 5% horse serum).

Cell infection by adenovirus. The BLOCK-iT adenoviral expression system
(Invitrogen) was used to generate adenoviruses following the manufacturer’s
instructions. To facilitate tracking of the infected cells, we modified the
pENTR/UG6 entry vector by inserting a fragment (obtained from pEGFP-N1)
encoding enhanced GFP together with an immediate early promoter of cyto-
megalovirus (CMV) and SV40 polyadenylation signals in a two-step PCR with
the following primers: CMV-GFP forward (5'-GGAACCAATTCAGTCGACT
GGAATTAATAGTAATCAATTACGG-3"), GFP-SV40 poly(A) reverse (5'-A
CGCGTTAAGATACATTGATGAG-3"), pU6-attL1 forward (5'-CTAGACCC
AGCTTTCTTGTAC-3"), and pU6-attL2 reverse (5'-CCGTAATTGATTACTA
TTAATTCCAGTCGACTGAATTGGTTCC-3"). Then SOCS1, SOCS3, and
PIAS1 cDNAs were subcloned into the modified viral entry vector. Primary
myoblasts were infected with viruses at a multiplicity of infection of 50 for 1.5 h.
After the removal of viruses, cells were allowed to differentiate in DM for
another 24 h before being fixed, permeabilized, and subjected to immuno-
staining.

RESULTS

The expression profiles of SOCS and PIAS during myogenic
differentiation. In both human and mouse genomes, there are
eight different SOCS genes and four different PIAS genes (8,
34). To explore the potential involvement of different SOCS
and PIAS proteins in myogenic differentiation, we first exam-
ined the mRNA expression pattern of these genes in C2C12
cells before and after differentiation by using RT-PCR. As
shown in Fig. 1A, among eight different SOCS genes, the
mRNA levels of SOCS1 and SOCS3 gradually increased during
differentiation. The mRNA levels of SOCS2, SOCS5, SOCS7,
and CIS remained relatively constant, while those of SOCS4
and SOCS6 decreased during differentiation. As for the mem-
bers of the PIAS family, the mRNA levels of PIASI, PIASx,
and PIASy gradually increased during differentiation, whereas
that of PIAS3 remained constant. Because the aim of the
current study was to identify the negative regulators of the
LIF-induced JAK1/STAT1/STATS3 pathway, we decided to fo-
cus on those SOCS and PIAS members (i.e., SOCS1, SOCS3,
PIASI, PIASx, and PIASy) whose expression levels increased
during differentiation. As the knockdown of PL4Sx and PIASy
had no obvious effect on myogenic differentiation (our unpub-
lished data), we focused mainly on PIAS1 in the subsequent
studies. By using Western blot analysis, we showed that the
protein levels of SOCS1, SOCS3, and PIASI1 also increased
during C2C12 differentiation (Fig. 1B), which was consistent
with the expression pattern of their mRNA.

Individual knockdown of SOCS1, SOCS3, or PIASI inhibits
differentiation in both primary myoblasts and immortalized
myogenic cells. To further explore the function of SOCSI,
SOCS3, and PIASI in myogenic cells, we decided to use the
RNA interference technique to individually knock down these
genes. For each gene, we designed two siRNAs to target dif-
ferent regions of the gene. All siRNAs used were found to be
effective and specific in knocking down their intended target
genes, as judged by both Western blot analysis and RT-PCR
(Fig. 2A). Most importantly, when these siRNAs were sepa-
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FIG. 1. The expression profiles of SOCS and PIAS during myo-
genic differentiation. (A) Total RNA was isolated from C2C12 cells
harvested at different time points as indicated and then subjected to
semiquantitative RT-PCR analysis to detect the mRNA levels of eight
SOCS family members and four PIAS family members. (B) WCE was
prepared from C2C12 cells harvested at different time points as indi-
cated. SOCS1, SOCS3, and PIAS1 proteins were separately immuno-
precipitated (IP) from 500 wg of WCE and then subjected to Western
blotting (WB) with the same set of antibodies for detection. For both
(A) and (B), myogenin was used as an early differentiation marker.
Several independent experiments were performed with similar results,

and a representative is shown.

rately transfected into C2C12 cells with an siRNA against the
green fluorescent protein gene (GFP) as a control, they all
inhibited the expression of myogenin and MHC that are two
representative differentiation-specific proteins often used as an
early and late differentiation marker, respectively (Fig. 2B).
Since two different sets of siRNAs for each gene showed very
similar effects, to avoid unnecessary duplication we would
present only data obtained with one set of siRNAs in the
following sections. We then examined the morphology of the
siRNA-transfected C2C12 cells undergoing differentiation by
immunostaining using an antibody (MF20) specifically recog-
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FIG. 2. Individual knockdown of SOCS1, SOCS3, or PIAS1 genes inhibits differentiation both in primary myoblasts and C2C12 cells. (A) C2C12
cells were transfected with either siRNA alone or siRNA plus cDNA expression vectors as indicated. Cells were harvested 24 h after transfection.
Either WCE or total RNA was prepared and subjected to Western blot analysis or RT-PCR. #1 and #2, different sets of siRNAs. (B and C) C2C12
cells were transfected with various siRNAs as indicated. (B) WCE was collected at different time points. Fifty micrograms of WCE was subjected
to Western blot analysis with various antibodies. (C) Twenty-four hours after siRNA transfection, C2C12 cells were cultured in DM for another
48 h before being fixed and subjected to immunostaining with an anti-MHC antibody (MF20). The nuclei were counterstained with DAPI. Bars,
100 pm. (D) C2C12 cells were cotransfected with siRNA and luciferase reporter constructs in different combinations as indicated. Twenty-four
hours after transfection, cells were allowed to grow in DM for another 24 h (for GBBS-Luc) or 48 h (for MCK-Luc) before being harvested. WCE
was collected and subjected to luciferase assays. All the samples were prepared in triplicate, and the results are presented as the mean = the
standard deviation (error bars). The change was calculated as the ratio of the luciferase activity in SOCS (or PIAS)-siRNA-transfected cells to that
in GFP-siRNA-transfected cells. (E) Freshly isolated primary myoblasts were separately transfected with SOCS1-, SOCS3-, or PIAS1-siRNA. Cells
were fixed after 24 h in DM and subjected to double immunostaining with anti-MyoD and anti-MHC antibodies. Bars, 100 pm.

nizing the sarcomeric MHC. We found that the cells trans-
fected with the control siRNA (i.e., GFP-siRNA) underwent
normal differentiation to form multiple MHC-positive
multinucleated myotubes (Fig. 2C). In contrast, the cells trans-
fected with the siRNAs targeting SOCS1, SOCS3, or PIASI
had a drastically reduced number of MHC-positive myotubes
(Fig. 2C). Consistently, we found that knockdown of SOCS],
SOCS3, or PIASI considerably repressed the activity of two
luciferase reporter genes controlled by the mouse myogenin
gene promoter (i.e., GBBS-Luc) and the muscle creatine ki-
nase gene (MCK) promoter (i.e., MCK-Luc), respectively (Fig.
2D). Next, we asked whether these siRNAs had similar effects
in primary myoblasts. We isolated mouse primary myoblasts
and transfected them with different siRNAs. By immunostain-
ing for MHC, we found that cells transfected with an siRNA
against SOCSI, SOCS3, or PIASI were indeed defective in

myogenic differentiation, as indicated by a drastically reduced
number of MHC-positive multinucleated myotubes (Fig. 2E).
Thus, our siRNA-based data suggest that SOCS1, SOCS3, and
PIASI are all required for myogenic differentiation.
Overexpression of SOCS1, SOCS3, or PIAS1 promotes myo-
genic differentiation. As a complementary approach to our
siRNA-based experiments, we first individually overexpressed
SOCS1, SOCS3, or PIASI in C2C12 cells. By using Western
blot analysis, we found that overexpression of PIAS1 or SOCS1
promoted myogenic differentiation, as evidenced by increased
expression of myogenin and MHC in cells transfected with
PIASI or SOCSI1 (Fig. 3A). Although SOCS3 had less of a
stimulatory effect than SOCS1 compared to the control (i.e.,
cells transfected with an empty vector), its stimulatory effect on
myogenin expression could still be observed (Fig. 3A). These
observations were confirmed by both MHC-based immuno-
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analysis. (B) After 48 h in DM, C2CI12 cells were fixed and subjected to
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after transfection, cells were switched to DM for another 24 h (for GBBS-
Luc) or 48 h (for MCK-Luc) before harvest. WCE was prepared and sub-
jected to luciferase assays. All the samples were prepared in triplicate, and the
results are presented as the mean * the standard deviation (error bars). The
activation was calculated as the ratio of the luciferase activity in SOCS/PIAS-

MoL. CELL. BIOL.

staining (Fig. 3B) and GBBS-Luc-based or MCK-Luc-based
reporter assays (Fig. 3C). Furthermore, we also separately
infected the mouse primary myoblasts with recombinant ad-
enoviruses expressing GFP (negative control), SOCS1, SOCS3,
or PIAS1. Consistently, we found that overexpression of
SOCS1, SOCS3, or PIASI accelerated myogenic differentia-
tion in primary myoblasts (Fig. 3D).

SOCS1, SOCS3, and PIAS1 promote myogenic differentia-
tion by inhibiting the LIF-mediated JAKI1/STAT1/STAT3
pathway. We previously showed that the LIF-induced JAK1/
STAT1/STAT3 pathway potently represses myogenic differen-
tiation and needs to be downregulated at the onset of differ-
entiation (36). The promyogenic effect of SOCS1, SOCS3, and
PIAS1 described above suggests that these molecules could
function by specifically targeting the JAKI1/STAT1/STAT3
pathway. Indeed, we found that LIF-mediated repression of
myogenin expression could be partially rescued by overexpres-
sion of SOCS1, SOCS3, or PIASI (Fig. 4A). To examine
whether the LIF-induced activation of STAT1 and STAT3 was
affected by SOCS1, SOCS3, and PIASI1, we first transfected
C2C12 cells with an empty vector or with individual expression
vectors encoding SOCS1, SOCS2, or SOCS3, followed by LIF
treatment for 15 min. As expected, LIF treatment activated
STAT1 and STAT3 and led to the formation of their tyrosine-
phosphorylated forms (Fig. 4B, lane 2) (36). Overexpression of
SOCS1 and SOCS3, but not SOCS2, abolished LIF-induced
tyrosine phosphorylation of STAT1 and STAT3 (Fig. 4B, lanes
3 and 5). Unlike SOCS1 and SOCS3, the overexpressed PIAS1
had no obvious effect on LIF-induced phosphorylation of
STAT1 and STAT3 (Fig. 4C). As PIAS was capable of inhib-
iting activated STATs by preventing them from binding to
DNA (34), we then examined whether LIF-induced STAT1/3
binding to DNA was affected by overexpression of PIAS1. As
shown in Fig. 4D, LIF treatment induced the formation of
three distinct complexes: the STAT1 homodimer, the STAT3
homodimer, and the STAT1/3 heterodimer (7). Overexpres-
sion of PIAS1 selectively abolished DNA binding by the
STAT1-containing complexes (i.e., the STAT1 homodimer and
STAT1/3 heterodimer) without affecting DNA binding by the
STAT3 homodimer. As a control, we also showed that over-
expression of PIASI did not affect the expression level of
either STAT1 or STAT3 (Fig. 4D, bottom).

SOCS1 and SOCS3 target JAK1 and gp130, respectively. To
understand mechanistically how SOCS1 and SOCS3 inhibit the
LIF-induced activation of STAT1 and STATS3, we took the
lysates from the experiment shown in Fig. 4B and analyzed
the activation status of JAK1, LIFR, and gp130, as these are
essential upstream molecules indispensable for the LIF-in-
duced STAT1/3 activation (15, 25, 36). As shown in Fig. 5A,
treatment of C2C12 cells with LIF induced phosphorylation of
JAK1, gp130, and LIFR (Fig. 5A, lane 2). Interestingly, the
LIF-induced phosphorylation of JAK1 was selectively inhibited

transfected cells to that in pcDNA3.1-transfected cells. (D) Primary
myoblasts were separately infected with adenovirus expressing GFP,
SOCSI1, SOCS3, or PIAS1. Two days after infection, myoblasts were
switched to DM for another 24 h before being fixed and subjected to
immunostaining for MHC and MyoD. Bars, 100 pm.
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FIG. 4. SOCS1, SOCS3, and PIAS1 promote myogenic differentiation
by inhibiting the LIF-mediated JAK1/STAT1/STAT3 pathway. (A to D)
C2C12 cells were separately transfected with various cDNAs as indicated and
cultured in GM for 24 h. (A) Cells were switched to DM for 24 h with or
without 10 ng/ml of LIF. (B) Cells were treated with LIF (10 ng/ml) for 15
min before being harvested. (C) Cells were treated with LIF (10 ng/ml) for
various times as indicated. WCE (60 p.g) as shown in panels A, B, and C was
subjected to Western blot analysis with various antibodies as indicated.
(D) Cells were treated with buffer (i.e., PBS) or LIF (10 ng/ml) for 15 min,
and WCE was prepared. WCE (20 pg) was subjected to EMSA (top) using
a double-stranded oligonucleotide containing the sis-inducible element (SIE)
as a probe. The expression levels of the endogenous STAT1 and STAT3 and
the exogenous Myc-PIAS1 in various samples used in the EMSA were re-
vealed by using Western blot analysis (bottom). p-STAT1/STAT3, phospho-
STAT1/STAT3; N.S., nonspecific; S1/S1 and S3/S3, STAT1 and STAT3 ho-
modimers; S1/S3, STAT1/STAT3 heterodimer.
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by overexpressed SOCS1 (Fig. 5A, lane 3), while that of gp130
was preferentially abolished by overexpressed SOCS3 (Fig. 5A,
lane 5). None of the three overexpressed SOCSs had any effect
on the LIF-induced phosphorylation of LIFR. Moreover, three
additional pieces of evidence support our notion that SOCS1
and SOCS3 selectively target JAK1 and gp130, respectively.
First, to examine the kinase activity of JAK1 before and after
differentiation, we transfected C2C12 cells with a vector en-
coding Flag-JAK1 together with an siRNA against GFP,
SOCS1, or SOCS3 and then measured the JAK1 kinase activity
before and after differentiation. In control cells transfected
with GFP-siRNA, the kinase activity of Flag-JAK1 significantly
decreased upon differentiation (Fig. 5B, compare lanes 1 and
4), which was consistent with our previous findings (36).
Knockdown of SOCS!I effectively prevented the reduction of
JAKI kinase activity upon differentiation (Fig. 5B, compare
lanes 2 and 5), while knockdown of SOCS3 had no such effect
(Fig. 5B, compare lanes 3 and 6). Second, to further under-
stand the connection of different SOCS proteins with JAK1
and gpl130, we transfected C2C12 cells with siRNAs against
GFP, SOCS1, SOCS3, JAKI, and gp130 in different combina-
tions. Consistent with that shown in Fig. 2, knockdown of
either SOCSI or SOCS3 alone drastically reduced myogenin
expression levels compared to cells transfected with GFP-
siRNA (Fig. 5C, lanes 2 and 5). Simultaneous knockdown of
SOCS! and gp130, or SOCS3 and JAKI, could not reelevate
myogenin expression (Fig. 5C, lanes 3 and 7). In contrast,
simultaneous knockdown of SOCSI and JAKI, or SOCS3 and
gp130, partially rescued myogenin expression (Fig. 5C, lanes 4
and 6). Third, to study the physical interaction of different
SOCS proteins with JAK1 and gp130, we transfected C2C12
cells separately with Flag-tagged SOCS1 and SOCS3. At dif-
ferent time points before or after differentiation, we harvested
cells and subjected equal amounts of the whole-cell lysates to
immunoprecipitation with the anti-Flag antibody (M2), fol-
lowed by immunoblotting for the endogenous JAKI1 and
gp130. As shown in Fig. 5D, we found that the endogenous
JAKI1 preferentially coprecipitated with SOCS1 (Fig. 5D, top),
while the endogenous gp130 specifically coprecipitated with
SOCS3 (Fig. 5D, bottom). Interestingly, both pairs of interac-
tion were detected mainly in the lysates prepared from differ-
entiating cells (i.e., Fig. 5D, DM 12 h and 24 h) but not from
proliferating cells (i.e., Fig. 5D, GM). Similar results were also
obtained by directly immunoprecipitating the endogenous
SOCSI1 and SOCS3 from cell lysates prepared from nontrans-
fected C2CI12 cells before or after differentiation (Fig. SE).
Our data described above strongly suggested that SOCS1 se-
lectively targets JAKI1, whereas SOCS3 preferentially targets
gp130 upon myogenic differentiation.

SOCS1, SOCS3, and PIAS1 regulate the expression of
MyoD, MEF2, p21Cipl, and p27Kipl. We previously showed
that the JAK1/STAT1/STAT3 pathway regulates myoblast pro-
liferation and differentiation by selectively regulating the ex-
pression of the genes p21Cipl, p27Kipl, MyoD, and MEF2
(36). If SOCS1, SOCS3, and PIASI indeed target this pathway
in myoblasts, one would expect that the same set of target
genes will be affected when we deliberately alter the expression
levels of SOCS1, SOCS3, and PIASI1. To test whether this is
indeed the case, we first separately transfected C2CI12 cells
with siRNAs against GFP, SOCS1, SOCS3, or PIASI and then
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FIG. 5. SOCS1 and SOCS3 target JAKI and gp130, respectively.
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treated with LIF (10 ng/ml) for 15 min before harvest. WCE (50 ng)
was subjected to Western blot analysis (WB) for various molecules as
indicated. (B) WCE from C2C12 cells cotransfected with various siR-
NAs and Flag-JAK1 were prepared at different time points as indi-
cated. Flag-JAK1 was immunoprecipitated (IP) from 500 ng of WCE
and subjected to Western blot analysis with an anti-P-tyrosine antibody
(4G10). (C) C2C12 cells were transfected with siRNAs in different
combinations as indicated. After 24 h in GM, cells were switched to
DM for 24 h before being harvested. WCE was prepared, and the
expression level of myogenin was revealed by Western blot analysis.
(D) C2C12 cells were first transfected with constructs encoding Flag-
SOCS1 or Flag-SOCS3 and cultured in GM for 24 h. Cells were then
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let cells differentiate for various times. As shown in Fig. 6A,
individual knockdown of SOCSI, SOCS3, or PIASI led to
reduced expression of the genes MEF2, MyoD, p21Cipl, and
p27Kipl. Consistently, when we individually overexpressed
SOCS1, SOCS3, or PIASI in C2C12 myoblasts, we detected
increased expression of genes MEF2 and MyoD (Fig. 6B).
Alteration of the expression levels of SOCS1, SOCS3, and
PIASI by either siRNA-mediated gene knockdown or overex-
pression also had similar effects on the activity of the MRF-
and MEF2-dependent reporter genes (i.e., 4RE-Luc and
3xMEF2-Luc) (Fig. 6C).

The SUMO E3 ligase activity of PIAS1 is not required for its
myogenic effect. PIAS1 can serve as a SUMO E3 ligase, with
both cysteine 350 (i.e., C350) and tryptophan 372 (i.e., W372)
in the RING domain being essential for its SUMO E3 ligase
activity (22). To test whether the SUMO E3 ligase activity of
PIAS1 is required for its myogenic effect, we transfected
C2C12 cells with vectors encoding either an empty vector or
the wild-type PIAS1, PIAS1(C350S), or PIAS1(W372A), the
latter two being the SUMO E3 ligase-defective mutants of
PIASI (22), and let the cells differentiate for 12 or 24 h. As
shown in Fig. 7A, at both time points, both PIAS1(C350S) and
PIAS1(W372A) were as effective as the wild-type PIASI in
enhancing the expression of myogenin. As PIAS1 had been
implicated in sumoylating STAT1 (38), it prompted us to test
whether PIAS1 could promote STAT1 sumoylation in C2C12
cells. As a positive control, we first showed that PIAS1 could
promote p53 sumoylation in C2CI12 cells cotransfected with
p53, PIAS1, SUMO1, and Ubc9 (i.e., the SUMO E2) (Fig. 7B,
left) (18). Two SUMO E3 ligase-defective PIAS1 mutants (i.e.,
C350S and W372A) failed to promote p53 sumoylation. Im-
portantly, under the same conditions, no STAT1 sumoylation
could be detected in C2C12 cells with or without LIF stimu-
lation (Fig. 7B, right). Our data suggested that the SUMO E3
ligase activity of PIASI is not essential for its myogenic effect.

DISCUSSION

Distinct targets of SOCS1, SOCS3, and PIAS1 in myogenic
differentiation. We show in this report that SOCS1, SOCS3,
and PIAS1 promote myogenic differentiation by targeting dis-
tinct molecules of the LIF-induced JAK1/STAT1/STAT3 path-
way (Fig. 7C). In addition, we find that both SOCSI and
SOCS3 genes, but not PLASI, are induced by LIF in a STAT1-
and STAT3-dependent manner (our unpublished data). Our
findings are consistent with the current knowledge about these
molecules (8, 34). For example, although both SOCS1 and
SOCS3 contain a similar kinase inhibitory region N-terminal to
their SH2 domains, only SOCS1 is known to directly inhibit
JAK (9, 28). SOCS3, on the other hand, preferentially associ-

switched to DM for 12 or 24 h. Flag-SOCS1 or SOCS3 was immuno-
precipitated from 500 pg of WCE. (E) An equal amount of WCE (400
wg), which was prepared from C2C12 cells grown in GM or DM for
20 h, was subjected to immunoprecipitation using specific antibodies
against either SOCS1 or SOCS3. The rabbit preimmune immunoglob-
ulin G (IgG) was used as a negative control. After extensive washing,
the immunoprecipitates shown in panels D and E were subjected to
Western blot analysis with antibodies against JAK1 and gp130.
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FIG. 6. SOCS1, SOCS3, and PIASI regulate the expression of MyoD, MEF2, p21Cipl, and p27KipI. (A) WCE was collected at the indicated
time points from C2C12 cells transfected with various siRNAs. Thirty micrograms of WCE was subjected to Western blot analysis with various
antibodies. (B) C2C12 cells were transiently transfected with pcDNA3.1, SOCS1, SOCS3, or PIAS1 constructs. Fifty micrograms of WCE prepared
at different time points was subjected to Western blot analysis for detection of MEF2 and MyoD. (C) C2C12 cells in triplicate were cotransfected
with either siRNAs or plasmids together with luciferase reporter constructs (3xMEF2-Luc or 4RE-Luc). Twenty-four hours after transfection, cells
were cultured in DM for another 24 h before being harvested. The WCE was subjected to luciferase assays. Results are presented as the mean *+
the standard deviation (error bars). The change was calculated the same way as described in legends for Fig. 2D and 3C.

ates with gp130 and other cytokine receptors (8, 27). More-
over, both SOCS1 and SOCS3 are indeed known to be rapidly
induced by cytokines in a STAT-dependent manner by a clas-
sical feedback inhibition mechanism. Questions may arise as to
why three different negative regulators are needed to shut
down the same pathway. An obvious answer is that the coor-
dinated action of these three molecules could achieve maximal
inhibition efficiency; while SOCS1 and SOCS3 associate with
and inhibit JAK1 and gp130, respectively, near the plasma
membrane to prevent cytoplasmic STATs from being acti-
vated, PIAS1 specifically targets the existing activated STATSs
in the nucleus to ensure that the pathway can be effectively
turned off. Another possible answer could be that each of the
three negative regulators just exerts a partial inhibitory effect
in cells without being overexpressed. Only with the combined
action of all three negative regulators can a cytokine (e.g.,
LIF)-induced JAK/STAT pathway be completely inhibited.

Involvement of SOCS1, SOCS3, and PIAS1 in myogenic
differentiation. Our current study identifies SOCS1, SOCS3,
and PIASI as key molecules that promote myogenic differen-
tiation by inhibiting the LIF-induced JAKI1/STAT1/STAT3
pathway. For SOCS3, its promyogenic effect seen by us is
consistent with that in a previous report (35). However, in that
report, SOCS3 was studied mainly in the context of IGF1
stimulation: the authors showed that the SOCS3 promoter was
induced by IGF1, but they did not show how SOCS3 promoted
myogenic differentiation mechanistically. In addition, most of
the data in the report were obtained based on the overexpres-
sion of SOCS3.

For PIASI, there are a few conflicting reports in the litera-
ture. In smooth muscle cells, PIAS1 was found to promote

differentiation by directly interacting with and activating E12,
E2-2, and the serum response factor (19). However, the mo-
lecular basis for such an activating effect of PIAS1 remains
unclear. It is possible that PIAS1 may have multiple functions:
in addition to its inhibitory effect on the JAK/STAT pathway,
it may also function, independently of the JAK/STAT pathway,
by interacting with other cellular proteins to modulate their
activities. Indeed, in skeletal muscle cells, PIAS1 was shown to
interact with either SnoN or Msx1 that in turn may regulate
myogenic differentiation (16, 22, 42). In the case of SnoN,
PIAS1 was found to interact with and directly sumoylate SnoN,
which enhances the ability of SnoN to repress myogenin gene
expression and myogenic differentiation (16, 42). The SUMO
E3 ligase activity of PLIAS1 was shown to be required for SnoN
to function in myogenic differentiation. In the case of MsxI,
PIAS1 was also shown to interact with and sumoylate Msx1,
which confers DNA-binding specificity on Msx1 to allow it to
bind to a defined region in the MyoD promoter and to repress
MyoD gene expression (22). A point that differs from the SnoN
case is that the SUMO E3 ligase activity of PIAS1 was found
to be dispensable here for Msx1 to function in myogenic dif-
ferentiation. Another confusing point is about the effect of
small hairpin RNAs of PIAS1 (PIAS1-shRNA) on myogenin
gene expression: whereas one report found that a PIASI-
shRNA slightly enhanced myogenin promoter-driven lucifer-
ase reporter activity (16), the other showed that it had no
obvious effect on myogenin expression when used alone (22).
In our experience, the transfection efficiency of a plasmid-
based shRNA is always lower than that of an oligonucleotide-
based siRNA. This may partially account for the discrepancy
between these results and ours.
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and the distinct targets of SOCS1, SOCS3, and PIASI.

As for SOCS1, it was found to suppress myogenic differen-
tiation based on enhanced differentiation seen in both
SOCS1—/— myoblasts and C2C12 cells infected with the
SOCS1-expressing adenovirus (17). However, we noticed that
there were many more MyoD-positive myoblasts in the
SOCS1—/— group than in the control wild-type group in Fig.
3A of the paper by Inaba et al. (17). As the confluence of
myoblasts is known to correlate with the extent of differentia-
tion in cell cultures (i.e., the more confluent the myoblasts are,
the faster and better they differentiate), the difference in the
extent of differentiation observed between SOCS1—/— and
wild-type myoblasts could be simply due to a cell confluence
issue rather than the absence or presence of SOCSI1. In addi-
tion, the experimental schemes used by Inaba et al. are quite
different from what we used here, which may also contribute to
the discrepancy between their results and ours (17). If SOCS1
indeed inhibits differentiation, it is counterintuitive to see that
its mRNA and protein levels increase upon differentiation
(Fig. 1). Moreover, in our experience, SOCS1 consistently dis-
plays more potent promyogenic effects than SOCS3 does in
multiple assays (Fig. 3A, 4A, and 6B).

In our study, we have combined both the overexpression
approach with the siRNA-mediated knockdown approach, and
both sets of results are consistent. Multiple siRNAs against
distinct regions of the target genes are employed to minimize
the chance of misinterpreting the siRNA-based data due to the

potential “off-target” effect. Multiple complementary assays
(e.g., Western blotting, immunostaining, RT-PCR, and re-
porter assays) are also employed to assess the role of SCOSI,
SCOS3, and PIASI in myogenic differentiation. In addition,
both an immortalized myogenic cell line (i.e., C2C12) and
primary myoblasts are used to make sure the observed effects
are reproducible and not an artifact from the established cell
line. Furthermore, the current study complements and extends
a previous study from our group (36). Thus, our current work
not only helps to fill in a missing gap in our understanding of
the regulation of the LIF-induced JAK1/STAT1/STAT3 path-
way in myoblasts but also demonstrates that modulation of the
activation status of this pathway could significantly influence
the outcome of myogenic differentiation.
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