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Abstract

Objectives: To determine whether interleukin-6
(IL-6) stimulates rat muscle satellite cell prolifera-
tion in culture, and if so, to clarify the signalling
mechanisms.

Materials and methods: Primary satellite cells were
isolated from thirty male F344 rats, 11 weeks of
age. IL-6 at concentrations of 0.01, 0.1, 1, 10 or
100 ng/ml was added to culture media.

Results: 1L-6 at 0.01-1 ng/ml induced dose-depen-
dent increase in cell proliferation. After treatment
with 1 ng/ml IL-6, cell proliferation increased by
31%, and p-STAT3*/MyoD" cells increased in
number compared to those in control media
(P <0.05). Inhibitors of JAK2 (AG 490) and
STAT3 (STAT3 peptide) blocked the increase in
BrdUrd" cell numbers at 6 h post stimulation with
1 ng/ml IL-6 (P < 0.05). Furthermore, cyclin D1
mRNA expression and cyclin D1*/MyoD" cell
numbers significantly increased in cultures treated
with 1 ng/ml IL-6 compared to those in control
media (P < 0.05). In contrast, treatment with 10
and 100 ng/ml IL-6 did not stimulate cell prolifera-
tion. Treatment with 10 ng/ml IL-6 induced greater
SOCS3 mRNA expression than with 1 ng/ml IL-6
and control media. Moreover, co-localization of
SOCS3 and myogenin was observed after treatment
with 10 ng/ml IL-6.

Conclusions: 1L-6 induced dose-dependent increase
in satellite cell proliferation by activating the
JAK2/STAT3/cyclin D1 pathway.
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Introduction

Skeletal muscle satellite cells are located outside the sar-
colemma and under the basal lamina of muscle fibres
(1). Satellite cells have been shown to play integral roles
in skeletal muscle repair, hypertrophy and hyperplasia.
In response to various stimuli, satellite cells can increase
their activity, proliferate, differentiate and give rise to
new myonuclei that are incorporated into existing myofi-
bres, to keep myonuclear domains constant or to repair
segmental muscle fibre injury (2—4). Many growth fac-
tors and cytokines have been implicated in regulation of
satellite cell responses (2,3,5).

Interleukin-6 (IL-6) is a pleiotropic cytokine com-
monly associated with control and coordination of
immune responses (6), however, traditionally, IL-6 is
associated with muscle atrophy. Tsujinaka er al. have
shown that transgenic mice overexpressing IL-6 develop
skeletal muscle atrophy (7); Haddad et al. also have
demonstrated that high concentrations of IL-6 directly
induce skeletal muscle atrophy in healthy rats (8). In
addition, high plasma IL-6 levels are correlated with
reduced muscle mass in the elderly (9), and chronically
elevated circulating IL-6 is associated with a variety of
muscle wasting diseases (10). Previous research suggests
that IL-6 inhibits cell growth signalling pathways in cul-
ture (11), indicating a mechanism by which chronically
elevated circulating IL-6 causes muscle atrophy.

Recently, several studies have provided key evidence
that IL-6 and other cytokines of the interleukin family
may be important for muscle regeneration and growth.
For example, knockout of leukaemia inhibitory factor
(LIF), a member of the IL-6 family, causes impaired
muscle regeneration after muscle damage (12) and
impaired muscle growth after muscle overload (13).
Conversely, infusion of LIF into LIF knockout mice can
stimulate muscle regeneration (12) and muscle growth
(13). In addition, IL-6 knockout mice have been shown
to have initial delay in muscle regrowth during recovery

365



366 M. Kurosaka and S. Machida

from muscle atrophy (14). When IL-6 is used in combi-
nation with LIF, satellite cell proliferation is only
slightly increased compared to with IL-6 treatment alone
(15), suggesting that IL-6 and LIF share common recep-
tors. Thus, IL-6 and LIF may cause muscle regeneration
and growth by activating the same signalling pathway.

Recent studies have elucidated a relationship
between IL-6 and satellite cell responses. Wang et al.
showed that IL-6, LIF or ciliary neurotrophic factor
(CNTF) (another member of the IL-6 family) may be
important regulating factors in proliferation and differen-
tiation of myoblasts in vitro (16), but the study did not
investigated signalling mechanisms involved. Serrano
et al. have demonstrated that IL-6 knockout mice had
blunted hypertrophic responses and less satellite cell-
mediated myonuclear accretion compared to wild type
mice, following compensatory hypertrophy, by impair-
ing the proliferative potential of satellite cells (17). In
human studies, temporarily elevated IL-6 expression fol-
lowing muscle contraction has been shown to be impor-
tant in regulation of satellite cell proliferation and
muscle repair (18,19). Varied effects of IL-6 on satellite
cells may reflect biphasic dose effects of IL-6. Up to
now, no research has been conducted to systematically
examine effects of a range of IL-6 doses on satellite cell
functions.

IL-6 binds to the IL-6 receptor o chain, which
recruits gpl130 and induces janus kinases (JAKs; JAKI,
JAK2). These proteins then phosphorylate signal trans-
ducer and activator of transcription proteins (p-STATS),
STAT1 and STAT3 (20). STATs then form homo or
heterodimers and translocate to the nucleus where they
facilitate transcription of downstream target genes by
binding to specific DNA response elements and pro-
moter regions (21). Once in the nucleus, p-STATSs pro-
mote transcription of downstream genes, such as cyclin
D1 (17), p21"“" (22), p27"P! (22) and the suppressor of
cytokine signalling 3 (SOCS3) (23), which are associ-
ated with regulation of the cell cycle. IL-6 is a particu-
larly well-characterized cytokine that activates the
JAK2/STAT3 pathway in satellite cells (17-19). Thus,
the IL-6/JAK2/STATS3 signalling pathway may be a key
factor for satellite cell cycle regulation through expres-
sion of STAT3-induced downstream genes. Although
IL-6 may play an important role in regulating satellite
cell proliferation, the mechanisms by which it induces
proliferative potential of primary satellite cells have not
previously been directly elucidated.

The purpose of this investigation was to determine
whether IL-6 induces proliferative potential of satellite
cells in culture and to clarify signalling mechanisms
involved. We hypothesized that moderate concentrations
of IL-6 may enhance proliferative potential of satellite
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cells by activating the JAK2/STAT?3 signalling pathway,
in culture.

Materials and methods

Animals

Male Fisher 344 rats (n = 30) were purchased at the age
of 10 weeks (SLC, Tokyo, Japan). All animals were
housed at 21 °C in a 12-h light/12-h dark cycle environ-
ment; rat chow and water were provided ad libitum.
Animals were allowed to acclimatize to their new sur-
roundings for 1 week before cell isolation procedures
were performed. These experimental procedures were
approved by the Tokai University Animal Care and Use
Committee and complied with American Physiological
Society Animal Care Guidelines.

Materials

The following materials were obtained for primary satel-
lite cell culture experiments: human recombinant IL-6
(IL-6; R&D Systems, Minneapolis, MN, USA), Dul-
becco’s modified Eagle’s medium (DMEM; Invitrogen,
Carlsbad, CA, USA), Ham’s F-10 Nutrient Mix (F-10;
Invitrogen), normal horse serum (HS; Invitrogen), foetal
bovine serum (FBS; Invitrogen), penicillin/streptomycin
(penicillin/streptomycin antibiotic; Invitrogen), Strepto-
myces griseus (Sigma, St. Louis, MO, USA), and
5-bromo-2'-deoxyuridine-5’-monophosphate (BrdUrd;
Sigma).

The following materials were obtained from Calbio-
chem (USA) for pharmacological inhibition: JAK2
inhibitor tyrphostin AG 490 (10 pm) (24), STAT3 inhib-
itor peptide (STAT3pi, 500 um) (17), mitogen-activated
protein kinase (MAPK)/extracellular signal-regulated
kinase (ERK) kinase (MEK) inhibitor PD98059 (10 pm)
(24,25), and p38 MAPK inhibitor SB202190 (10 pm)
(26). Concentrations of pharmacological inhibitors were
determined according to previously described methods
(17,24-26).

The following materials were used for immunodetec-
tion of target proteins in satellite cells: primary antibod-
ies to Pax7 (1:3; Developmental Studies Hybridoma
Bank (DSHB), Iowa City, IA, USA), myogenin (1:4;
DSHB), MyoD (1:100; DAKO, Carpentaria, CA, USA),
BrdUrd (Roche Diagnostics, Mannheim, Germany), cy-
clin D1 (1:100; Epitomics, Burlingame, CA, USA),
SOCS3 (1:100; Cell Signaling Technology, Danvers,
MA, USA), and p-STAT3 (1:100; Cell Signaling Tech-
nology). Secondary antibodies used were immunoglobu-
lin biotinylated anti-mouse IgG (1:50; GE Healthcare,
Buckinghamshire, UK), Alexa Flour 488-labelled goat
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anti-mouse IgG (1:1000; Invitrogen, Molecular Probes
Inc., Carlsbad, CA, USA), and Alexa Flour568-labelled
goat anti-rabbit IgG (1:1000; Invitrogen, Molecular
Probes Inc.).

Isolation of satellite cells

Satellite cells were isolated from the major hind-limb
muscles of rats, according to methods described in
Machida et al. (27). Briefly, animals were anesthetized
with pentobarbital sodium (50 mg/kg). Major hind limb
muscles were removed and trimmed of excess fat and
connective tissue, and were digested for 1 h at 37 °C
with 1.25 mg/ml pronase. Cells were separated from
muscle fibre fragments and tissue debris using differen-
tial centrifugation and were plated on an uncoated dish
in DMEM containing 10% HS and 1% penicillin/strep-
tomycin for 2 h. Unattached cells in the medium after
2 h incubation were transferred to a fresh uncoated dish.
After 24 h, floating cells were collected by centrifuga-
tion at 2000 g for 3 min, and the pellet was re-sus-
pended in F-10 containing 20% FBS and 1% penicillin/
streptomycin, on rat-tail collagen-coated culture slides
(BD, Franklin Lakes, NJ, USA). All cultures were main-
tained at 37 °C in a humidified atmosphere containing
5% CO,. Immunocytochemical analyses indicated that
>90% of these cells were desmin- and MyoD-positive.
In subsequent experiments, IL-6 was added to culture
medium at 0.01, 0.1, 1, 10 and 100 ng/ml.

BrdUrd assay

Cultures were pulse-labelled with 10 pm BrdUrd in
medium for the final 1 h, 24 h after stimulation with IL-
6, and numbers of BrdUrd-positive cells were deter-
mined using immunocytochemistry analyses as previ-
ously described (27). Activation and proliferation were
indicated by percentage of cells BrdUrd".

Immunocytochemistry

Specimens were rinsed three times in phosphate buffered
saline (PBS) at each time point between 3 and 6 h fol-
lowing stimulation with IL-6. Co-immunocytochemical
staining for MyoD and cyclin D1, MyoD and p-STAT3,
and myogenin and SOCS3, was performed after fixing
in 4% paraformaldehyde or methanol, for 20 min at
4 °C, then washing several times. Subsequently, we
quantified numbers of satellite cells expressing MyoD
(a marker of activated and proliferating satellite cells)
with cyclin D1 and p-STAT3. Specimens were incu-
bated in PBS, then in corresponding antibody blocking
solutions for 30 min, and subsequently with appropriately
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diluted (as indicated above) primary antibodies at 4 °C
for 16 h in PBS containing 2% bovine serum albumin.
Following thorough rinsing in PBS, cells were incubated
with secondary antibodies for 30 min at room temperature.
Specimens were then washed in PBS and mounted
with 4',6-diamidino-2-phenylindole (DAPI) (Vectashield;
Vector Laboratories, Burlington, ON, Canada). Primary
antibodies were detected using Vectastain Elite ABC kit
(Vector Laboratories). Immunocytochemistry and nuclear
DNA staining were performed using methyl green
solution. Stained slides were viewed using a KYENCE
BZ-9000 microscope (KEYENCE, Osaka, Japan) and
images were captured and analysed using image software
(KEYENCE). For evaluations of nuclei, BrdUrd"
cells, cyclin D1, and p-STATS3, at least 10 different images
were taken per condition, corresponding to 500-1000
myonuclei.

Reverse transcription (RT) — polymerase chain reaction
(PCR)

Total RNA was isolated from cultured satellite cells
using RNeasy Mini Kit according to the manufacturer’s
instructions (Qiagen, Valencia, CA, USA) and RNA
quantity and purity were assessed by spectrophotometry
(Eppendorf, Hamburg, Germany). Synthesis of cDNA
was performed using 1 pg total RNA and a reverse tran-
scription kit (TOYOBO, Osaka, Japan) with a random
primer (TOYOBO) in 20 pl reaction volumes, using a
thermal cycler (Astec, Fukuoka, Japan). PCR was per-
formed using Platium Taq DNA polymerase (Invitro-
gen); primer sequences are shown in Table 1. PCR
products were separated on 2% or 3% agarose gels,
visualized using rinse solution containing ethidium bro-
mide, and photographed under UV light. Illuminated
bands were quantified using densitometric software
(Atto, Tokyo, Japan), and mRNA expression was nor-
malized to that of 18S mRNA (Ambion, Austin, TX,
USA) in each sample.

Table 1. PCR primer pairs

Product Forward primer Reverse primer

Cyclin D1 AAGTGCGTGCAG GGGGCGGATAGA
AGGGAGAT GTTGTCAG

SOCS3 ATGGTCACCCACA TTAAAGTGGAGCA
GCAAGTTCCCG TCATACTGATCC

p21 GGCAGACCAGCC GGCACTTCAGGGC
TAACAGATTT TTTCTCTT

p27 CGTGAGAGTGTC TCTTCTGTTCTGTT
TAACGGGAG GGCCCT
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Statistical analysis

All values are expressed as mean £ SD. Significant dif-
ferences were determined using one-way ANOVA with
the Tukey—Kramer test at a probability level of
P < 0.05. All statistical analyses were performed using
a statistical software package (Prism 4.0; GraphPad Soft-
ware, La Jolla, CA, USA).

Results

IL-6-induced satellite cell proliferation

To analyse satellite cell proliferation, we quantified cell
numbers after 24 h treatments with various concentra-
tions of IL-6 (0.01, 0.1, 1, 10 and 100 ng/ml). Incuba-
tion with 0.01-1 ng/ml IL-6 induced dose-dependent
increase in cell proliferation (Fig. la), with 31%
increase in cell proliferation at 1 ng/ml compared to that
in control media after incubation of 24 h (P < 0.05). In
contrast, treatment with 10 and 100 ng/ml IL-6 did not
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stimulate cell proliferation compared to control media
(Fig. la). Thus, we focused on effects of IL-6 at 1 and
10 ng/ml. To determine timing of IL-6 induced satellite
cell proliferative potential, we stained cells with
BrdUrd"* for 24-h treatments with 1 and 10 ng/ml IL-6.
After 6 h, percentage of BrdUrd" cells was significantly
higher following treatment with 1 ng/ml IL-6 than with
10 ng/ml IL-6 or control media only (P < 0.05;
Fig. 1b). Additionally, we monitored expression of
cyclin D1 protein, which is necessary for cell cycle pro-
gression, using immunocytochemistry (Fig. 2b). In com-
parison to control cultures, treatment with 1 ng/ml IL-6
caused 25% increase in cyclin D17/MyoD" cells after
6 h (P < 0.05; Fig. 2a). However, treatment with 10 ng/
ml IL-6 had no effect on number of cyclin D1*/MyoD*
cells at this time point (Fig. 2a). As these results indi-
cated that the satellite cell response occurred after 6 h
stimulation with IL-6, we monitored protein and mRNA
expressions of various cell cycle molecules over this
period.

Figure 1. Satellite cell response to various
concentrations of interleukin-6 (IL-6). (a)
Satellite cell proliferation after 24 h treatment
with various concentrations of interleukin-6
(IL-6). (b) Satellite cell proliferation after 6 h
treatment with various concentrations of IL-6.
Values are reported as mean + SD;
*P < 0.05 versus CON, **P < (0.01 versus

0
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+IL-6 + Il -6 treatment group.
(a) =50
E
a
5
-
)
CON Iﬂ {ng/ml)
+ || -t

© 2013 John Wiley & Sons Ltd

Figure 2. Cyclin D1 protein expression in
IL-6-stimulated satellite cells. (a) Compari-
son of percentage cyclin DI1*/MyoD" cells
after 6 h treatment with various concentra-
tions of IL-6. Values are reported as
mean + SD; *P <0.05 versus CON,
#P < 0.05 versus 10, n =9 per treatment
group. (b) Identification of cyclin D1 and
MyoD; immunostaining was performed to
visualize localization of cyclin D1 (red),
MyoD (green), nuclei (blue) and three images
were merged.
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IL-6-induced proliferation of satellite cells was inhibited
by pharmacological inhibition of the JAK2/STAT3
pathway

Among numerous signalling pathways that regulate cell
proliferation, we observed changes in the IL-6-related
JAK2/STAT3 signalling pathway, using the JAK2
inhibitor AG 490 and a STAT3 inhibitory peptide.
Both these inhibitors significantly reduced numbers of
BrdUrd" cells after 6 h treatment with 1 ng/ml IL-6
(P <0.05; Fig.3). In contrast, MEK inhibitor
PD98059 and p38 MAPK inhibitor SB202190 did not
alter numbers of BrdUrd™ cells under these conditions
(Fig. 3).
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Figure 3. Response of IL-6-related signalling pathways to pharma-
cological inhibitors. IL-6 (1 ng/ml) induced satellite cell proliferation
after 6 h in the presence of cell signalling pathway inhibitors: AG
(10 pm AG490), STAT (500 pm STAT3  peptide), PD (10 um
PD98059) and SB (10 pm SB203580). Values are reported as
mean £ SD; *P < 0.05 versus IL-6, n = 3 per treatment.
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Figure 4. Protein expression of phospho-
STAT3 (p-STAT3) in satellite cell nuclei
after stimulation with IL-6. (a) Phospho-
STAT3 (p-STAT3) expression as percentage
of all MyoD" cells after 3 h treatment with
various concentrations of IL-6. Values are
reported as mean + SD; *P < 0.05 versus
CON, n = 8 per treatment group. (b) Identifi-
cation of p-STAT3 and MyoD; immunostain-
ing was performed to visualize localization of
p-STAT3 (red), MyoD (green), nuclei (blue),
and three images were merged.
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IL-6-induced phosphorylation of STAT3 protein
in satellite cell nuclei

To confirm that IL-6 induced cell proliferation via the
JAK2/STAT3 pathway, we revealed substantial increase
in localization of p-STAT3 protein within nuclei of IL-6
treated satellite cells, using triple immunofluorescence
staining with p-STAT3, MyoD, and DAPI (Fig. 4b).
Treatment with 1 ng/ml IL-6 for 3 h significantly
increased p-STAT3"/MyoD™ cell numbers by 44% com-
pared to control media only (P < 0.05; Fig. 4a). How-
ever, treatment with 10 ng/ml IL-6 had no effect in
these experiments (Fig. 4a).

JAK2/STAT3 signalling pathway-induced downstream
genes cylin DI, p21™™™, p275P! and SOCS3 mRNA and
localization of SOCS3 protein within myogenin-positive
cells after stimulation with IL-6

To investigate relevance of the p-STAT3 response to
1 ng/ml IL-6, we examined mRNA expression of
STAT3-related downstream genes. Compared to control
media, treatment with 1 ng/ml IL-6 significantly induced
cyclin DI mRNA expression after 6 h (P < 0.05;
Fig. 5a). In support of this, mRNA expression of cell
cycle inhibitors p21"“’, p27*7" and SOCS3 (provides a
negative feedback loop controling activation of STAT3),
was not significantly altered by treatment with 1 ng/ml
IL-6 (Fig. 5b—d). Cyclin D1 mRNA expression was not
significantly different following 3 h treatment with
10 ng/ml IL-6 compared to 1 ng/ml IL-6 or control
media (Fig. 6a). As 10 ng/ml IL-6 did not induce
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1 10 (ng/mi)
+ [L-6

S0 um

Cell Proliferation, 46, 365-373



370 M. Kurosaka and S. Machida

Z6q(a) = 6
= Z
o 8 ® 5
= &
- - 4
r =
= z ¥
5 E:
= CON 188 CON
Cyelin D1

-
g FC)]
A %,
@ -
- -
- :
z z
= =
'.'_ :’
= 5
g &

_ E1_'_."“'I
i- 188

RNA o
a =

w
1

—
1

Cyclin DI mRNA/ 18S
N

S
1

—
(1)
-~

l (b)

SOCS3
- 55

_N,
_p 1=l

Figure 5. Response of STAT3-induced
downstream genes after stimulation with
1 ng/ml IL-6. Comparisons of cyclin D1 (a),
p21" (b), p27°! (c) and SOCS3 (d)
mRNA expression after 3 and 6 h treatment
with 1 ng/ml IL-6; All mRNAs were analysed
using RT-PCR and were normalized to
expression of 18S mRNA. Values are
reported as mean £ SD; *P < 0.05 versus
CON, n = 4-9 per treatment.
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elevation in cyclin DI mRNA, we hypothesized that this
dose of IL-6 may increase expression of cell cycle
inhibitors p21**“? and p27?’ mRNA. However, p21"**’
and p27"7" mRNA were not significantly changed by
treatment with 10 ng/ml IL-6 after 3 h (Fig. 6b,c) or
6 h compared to control media. In contrast, SOCS3
mRNA expression was increased by 63% after 3 h treat-
ment with 10 ng/ml IL-6 (Fig. 6d). A previous study
has shown that induction of SOCS3 causes cell differen-
tiation (28). Thus, we investigated co-localization of
SOCS3" and myogenin® cells after treatment with
10 ng/ml IL-6. Triple immunofluorescence staining
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Figure 6. Response of STAT3-induced
downstream genes after stimulation with
10 ng/ml IL-6. Comparisons of cyclin D1
(@), p21"" (b), p27°"! (c) and SOCS3 (d)
mRNA expression after 3 and 6 h treatment
with 10 ng/ml IL-6. All mRNAs were analy-
sed using RT-PCR and were normalized to
expression of 18S mRNA. Values are
reported as mean £+ SD; *P < 0.05 versus
CON, n = 4-9 per treatment.

revealed that SOCS3 was present in myogenin® cells
after 3 h treatment with 10 ng/ml IL-6 (Fig. 7).

Discussion

This study demonstrates, for the first time, that IL-6 can
induce dose-dependent increase in proliferative potential
of satellite cells. Using JAK2 inhibitor AG 490, and
STATS3 inhibitory peptide, we blocked effects of 1 ng/
ml IL-6 on satellite cell proliferation, indicating that IL-
6 induced a significant increase in p-STAT3 protein in
nuclei of satellite cells at tested concentrations. We also

Cell Proliferation, 46, 365-373



20 um

Merge

Figure 7. Co-localization of SOCS3 protein in myogenin-positive
cells. Immunostaining was performed to visualize localization of
SOCS3 (red), myogenin (green), nuclei (blue) and three images were
merged.

observed upregulation of STAT3-related downstream
genes such as cyclin DI in response to IL-6. However,
high concentrations of IL-6, such as 10 ng/ml, prevented
proliferative potential of satellite cells by inducing
SOCS3.

IL-6 induced an increase in satellite cell prolifera-
tion. One previous study has also shown that LIF can
induce proliferation of cultured satellite cells via the
JAK?2/STATS3 signalling pathway (24). Moreover, atten-
uated muscle hypertrophy in IL-6 knockout mice was
related to inhibition of STAT3-mediated satellite cell
activity and to a marked reduction in BrdUrd" cell num-
bers during compensatory muscle growth (17). Here,
numbers of BrdUrd" cells increased 6 h after stimulation
with 1 ng/ml IL-6. Moreover, JAK2 and STAT3 inhibi-
tors blocked IL-6-induced satellite cell proliferation, sug-
gesting that IL-6 enhanced proliferative potential of
satellite cells by activating the JAK2/STAT3 signalling
pathway.

Using immunocytochemical analyses, we observed
elevated p-STAT3 protein in nuclei of satellite cells after
stimulation with 1 ng/ml IL-6. On binding of IL-6 to its
receptor IL-6R, JAK?2 is phosphorylated, then STAT3 is
phosphorylated by JAK2. Subsequently, p-STAT3 is
translocated to the nucleus where it activates gene tran-
scription (29). The JAK2/STAT3 pathway has been
shown to induce genes that regulate cell cycle progres-
sion (17-19). Among these, genes for cyclins such as
cyclin D1 are well known effectors of the G; to S cell
cycle phase transition (21). In particular, cyclin D1 is
necessary for proliferation of myogenic cells (30). Ser-
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rano et al. have demonstrated that forced activation of
STATS3 restored cyclin D1 expression in myoblasts from
IL-6 knockout mice and concomitantly restored prolifer-
ative potential. These investigators demonstrated signifi-
cantly reduced p-STAT3 levels in satellite cells and
significantly depressed cyclin D1 expression in IL-6
knockout mice (17). In the present study, we demon-
strated that 1 ng/ml IL-6 induced cyclin D1 mRNA and
led to an increase in numbers of cyclin D17/MyoD*
cells after 6 h. These findings suggest that activation of
cyclin D1 via the IL-6/JAK2/STAT3 signalling pathway
contributed to increased satellite cell proliferation.

We found that 0.01-1 ng/ml IL-6 induced dose-
dependent increases in cell proliferation, whereas higher
concentrations of IL-6 prevented satellite cell prolifera-
tion. Therefore, we hypothesized that high concentra-
tions of IL-6 may induce downstream cell-cycle
inhibitors p21w"ﬂ and p27k’7’1 , however, our results did
not support this hypothesis. The JAK2/STAT3 signalling
pathway is moderated by a negative feedback loop
involving SOCS3 (29). As a downstream target gene of
the JAK2/STAT3 signalling pathway (29), SOCS3 may
contribute to reduction of nuclear p-STAT3 that is nec-
essary for differentiation (31,32). Furthermore, overex-
pression of SOCS3 has been shown to induce cell
differentiation (28). In this study, treatment with 10 ng/
ml IL-6 increased SOCS3 mRNA expression by 63%,
but no increase in p-STAT3 protein expression was
observed in nuclei of the satellite cells. Presumably, this
increase in SOCS3 expression may prevent IL-6-induced
satellite cell proliferation by inducing differentiation.
This hypothesis is supported by our data demonstrating
prevention of increased BrdUrd" cell numbers after
treatment with 10 ng/ml IL-6. Furthermore, 10 ng/ml
IL-6 increased SOCS3 mRNA expression (by 63%). In
addition, we observed localization of SOCS3 protein in
myogenin-positive cells following treatment with 10 ng/
ml IL-6. Although we did not determine whether 10 ng/
ml IL-6 induced satellite cell differentiation, it is possi-
ble that the IL-6/JAK2/STAT3/SOCS3 cascade may
contribute to regulation of this process. Further investi-
gations are required to clarify the role of the IL-6/JAK2/
STAT3/SOCS3 pathway in preventing satellite cell pro-
liferation.

In the present study, treatment with 10 ng/ml IL-6
induced greater SOCS3 mRNA expression than 1 ng/ml
IL-6 and control media. However, details of this bi-pha-
sic effect remain unclear. Initially, IL-6 binds receptor
IL-6R, recruits intracellular signal transducer gp130 and
initiates various signalling pathways (33). A soluble
form of IL-6R (sIL-6R) is often secreted, and IL-6/sIL-
6R complexes have been shown to bind gp130 and acti-
vate signal transduction pathways (34). STAT3 regulates
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a number of its upstream signalling cascade members
including IL-6, gpl130 and IL-6R (19). It is unclear
whether sIL-6R is also regulated by STAT3. However,
spontaneous release of sIL-6R from a human myeloma
cell line (U266 cells) has been observed (35). Although
we were unable include analyses of IL-6R, sIL-6R and
gpl130 in this study, treatment with 10 ng/ml IL-6 led to
excessive expression of IL-6/IL-6R and sIL-6R/gp130
complexes, and may activate excessive IL-6 signalling.
In support of this, Scheele et al. (2012) showed that
myocytes from obese patients initiated an IL-6-negative
control system that protected against elevated levels of
circulating IL-6 (36). Thus, high concentrations of IL-6
may induce negative control systems, such as SOCS3,
to protect against excessive IL-6 signalling.

Various signalling pathways are activated by IL-6,
including JAK/STAT (20,37), ERK, MEK, MAPK (38)
and p38 MAPK pathways (39). Sun et al. have demon-
strated that the LIF/JAKI1/STAT1/STAT3 pathway pro-
motes proliferation and prevents differentiation of
myoblast in vitro (40) and Wang er al. also revealed a
novel role for the JAK2/STAT2/STAT3 pathway in mus-
cle cell differentiation in vitro (41). Although we have
shown here that IL-6 activates the JAK2/STAT3 path-
way, we were not able to confirm that IL-6 activated
other pathways in satellite cells. The ERK/MAPK signal-
ling pathway induces cell cycle progression by upregu-
lating expression of cyclin D1 (42). Spangenburg et al.
have revealed that LIF-induced satellite cell proliferation
was not ablated in the presence of a MEK inhibitor (24).
Moreover, previous research suggested that IL-6 induced
STAT3 rather than ERK may regulate satellite cell pro-
liferation (17). In accordance with these studies, MEK/
ERK inhibitors failed to block cell proliferation in
response to IL-6 here. On the other hand, the p38
MAPK signalling pathway plays an important role in cell
differentiation by upregulating MEF2C (43). Accord-
ingly, a previous study with p38 MAPK inhibitor dem-
onstrated reduced expression of differentiation markers
in culture (44). Although we did not investigate satellite
cell differentiation, we confirmed that p38 MAPK inhibi-
tion did not contribute to IL-6 induced satellite cell pro-
liferation. These findings suggest that JAK2/STAT3
signalling predominates over the MAPK signalling path-
way as major mediator of satellite cell responses to IL-6.

Elevated circulating IL-6 is associated with muscle
atrophy/wasting in many diseases, such as cancer (10).
In addition, age-related increases in serum IL-6 have
been associated with reduced muscle mass (9). Although
these studies did not focus on satellite cell responses to
IL-6, elevated IL-6 may also cause negative effects on
satellite cell functions. High concentrations of IL-6
(10 ng/ml) did not cause satellite cell proliferation by

© 2013 John Wiley & Sons Ltd

inducing SOCS3 in the present study. In support of this
result, IL-6 infusion into animals caused muscle atrophy
that was characterized by preferential loss of myofibrillar
protein and increased expression of SOCS3 mRNA (8).
The present data provide further evidence that high con-
centrations of IL-6 may cause muscle atrophy by reduc-
ing satellite cell function.

The results of this investigation demonstrate that IL-
6 plays an important role in both positive and negative
regulations of satellite cell proliferation by activating the
JAK2/STATS3 signalling pathway. Importantly, contrast-
ing satellite cell responses were observed depending on
concentration of IL-6. These results explain previous
observations of IL-6 mediated muscle atrophy, but indi-
cate the necessity of IL-6 as a stimulant of muscle
growth.
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