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The extracellular matrix (ECM) is considered a part of the myogenesis signaling mechanism.
We hypothesized that insulin-like growth factor-I (IGF-I) modifies ECM during
differentiation of mouse C2C12 cells. The myogenic effect of IGF-I (30 nmol/l) was
manifested by increased myogenin and myosin heavy chain (MyHC) levels as well as fusion
index (2.6 times over control) on the 3rd day of differentiation. IGF-I markedly augmented
laminin, but not fibronectin. Cellular contents of integrin á3, á5 and â1 during 3-day
differentiation increased in the presence of IGF-I. Treatment with IGF-I increased the
expression of the long form of metalloprotease ADAM12 (100 kDa) in myocytes. In
conclusion: i) IGF-I caused an increase of laminin, integrin á3 and â1 in C2C12 myogenic
cells that can be secondary to stimulation of myogenesis; ii) IGF-I augmented integrin á5 and
ADAM12 levels, suggesting a role of this growth factor in determination of the pool of
reserve cells during myogenesis.
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Skeletal muscle growth and development is
a complex process controlled by interactions be-
tween muscle cells and the surrounding microen-
vironment. Muscle cell differentiation is governed
by a network of muscle regulatory factors (MRFs)
such as: MyoD, Myf-5, myogenin, and MRF-4
(CHARGE & RUDNICKI 2004), however, the im-
portance of extracellular matrix (ECM) molecules
as a part of the myogenesis signaling mechanism
has also been demonstrated (KRAUSS et al. 2005;
LEI et al. 2013). In fact, neither the expression of
myogenin nor its localization to myoblast nuclei
was sufficient to drive skeletal muscle differentia-
tion, if interactions between cell-ECM were inhib-
ited (OSSES & BRANDAN 2002). The extracellular
matrix is essential for response to growth factors
and some ECM molecules, i.e. decorin, fibronectin
and laminin may bind to and suppress the activity
of myostatin, a negative regulator of muscle cell
proliferation and differentiation (KISHIOKA et al.
2008; MIURA et al. 2010; YASAKA et al. 2013). In-
tegrins, heterodimeric transmembrane receptors,

play multiple critical roles in conveying extracel-
lular signals to intracellular responses (“outside-
in” signaling) as well as in altering the extracellu-
lar matrix interactions based upon intracellular
changes (“inside-out” signaling) (ASKARI et al.
2009). Despite the large overall number of integrin
receptor complexes, skeletal muscle integrin re-
ceptors are limited to seven á subunits, all asso-
ciated with the â1 integrin subunit (SCHWANDER
et al. 2003). Matrix metalloproteinases are thought
to play an important role in skeletal muscle cell
growth and differentiation, as these proteins con-
tribute to activation of cytokines and growth fac-
tors (WANG et al. 2009; MOHAMED et al. 2010).
Among matrix enzymes synthesized and secreted
by myogenic cells, ADAM (a disintegrin and met-
alloprotease) proteins received much interest, due
to their involvement in interactions with integrins
and syndecans and in interplay with intracellular
signaling molecules (JACOBSEN & WEWER 2009).
Taken together, the ECM and its receptors provide
an appropriate and permissive environment for
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specific differentiation to occur (OSSES et al.
2009).

Insulin-like growth factor-I, an anabolic factor
in skeletal muscle, is critical in promoting muscle
hypertrophy and muscle regeneration following
injury (NYSTROM et al. 2009). In our recent study
IGF-I increased levels of cyclins promoting cell
cycle progression in proliferating C2C12 myo-
blasts and augmented the expression of cyclin D3
associated with the cell cycle exit in cultures sub-
jected to differentiation (GRABIEC et al. 2014).
This growth factor increased levels of the early
(myogenin), and late (myosin heavy chain) mark-
ers of myogenesis (OKSBJERG et al. 2004). The
IGF-I system was often targeted by proinflamma-
tory cytokines, exerting catalytic effects in skeletal
muscle cells (WIETESKA-SKRZECZYÑSKA et al.
2011b; GRZELKOWSKA-KOWALCZYK et al. 2015).
However, whether and how IGF-I affects compo-
nents of the extracellular matrix during skeletal
myogenesis is not well known. The present work
therefore focused on alterations of the expression
of ECM-related proteins in mouse C2C12 myo-
genic cells subjected to 3-day differentiation in the
presence of IGF-I.

Material and Methods

Cell culture

The mouse C2C12 myoblast cell line purchased
from the European Collection of Animal Cell Cul-
ture (ECACC) was used for the study. These cells
are derived from adult skeletal muscle and mimic
skeletal muscle differentiation in cell culture
(YAFFE & SAXEL 1977), i.e. they proliferate in the
presence of serum and differentiate upon serum
withdrawal with upregulation of specific markers
such as cell cycle inhibitor p21, myogenin, and
myosin heavy chain (KIM et al. 2006). Cell cultures
free of contamination were maintained in an expo-
nential phase of growth in 10% (v/v) FBS/DMEM
(Fetal Bovine Serum/Dulbecco Modified Eagle
Medium) with an antibiotic-antimycotic mixture,
in controlled humidified air supplemented with
5% CO2, at 37oC. The growth medium was
changed every 48 h. Cells at ~90% confluence
were subjected to differentiation (switch to dif-
ferentiation medium – 2% (v/v) horse serum
HS/DMEM) in the presence of IGF-I (30 nmol/l).
This concentration of IGF-I was close to its
physiological concentration in normal fed mice
(IRESJÖ et al. 2013). To preserve the characteris-
tics of the C2C12 cell line, the splitting of cells was
done up to a maximum of 7 times.

Assessment of DNA content and cell viability

The crystal violet assay was performed to deter-
mine the total amount of nuclear DNA corre-
sponding with cell number. Cell viability was deter-
mined using the 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyl- tetrazolium bromide (MTT) assay as de-
scribed previously (GRABIEC et al. 2014). In both
assays absorbance was measured on a multidetec-
tion microplate reader Infinite 200 PRO Tecan™
(TECAN, Mannedorf, Switzerland) at a wavelength
of 570 nm.

Myoblast fusion

In order to visualize the morphological changes
in C2C12 cultures on the 3rd day of myogenesis,
cell monolayers were washed twice with ice-cold
PBS, fixed with 75% methanol (v/v) and then
Giemsa staining was performed. Nuclei were
counted using a phase-contrast microscope (IX 70,
Olympus Optical Co, Hamburg, Germany), and
the average number of nuclei in ten random fields
was recorded for each dish. The results were pre-
sented as: fusion index (%) = (number of nuclei in
myotubes)/(total number of nuclei in myoblasts
and myotubes) H 100, as described previously
(WIETESKA-SKRZECZYÑSKA et al. 2011a).

Immunofluorescence staining and confocal mi-
croscopy

Cell cultures were carried out directly on glass
Lab-tec coverslips (Nunc Inc., USA), fixed with
3.7% paraformaldehyde and permeabilized with
0.05% Triton X-100 in PBS, as described previ-
ously (GRABIEC et al. 2014). The cells were incubated
overnight in darkness at 4oC with appropriate pri-
mary antibody (all purchased from Santa Cruz Bio-
technology): anti-fibronectin (rabbit polyclonal,
sc-9068), anti-laminin (rabbit polyclonal, sc-20142),
anti-integrin á3 (rabbit polyclonal, sc-28665),
anti-integrin á5 (rabbit polyclonal, sc-10729),
anti-integrin â1 (rabbit polyclonal, sc-8978), anti-
ADAM12 (rabbit polyclonal, sc-25579). The slides
were rinsed with PBS and incubated for 1 h with
Alexa Fluor 488 secondary antibody (Eugene,
USA). For nuclear visualization cells were stained
with 7-aminoactinomycin D (7-AAD, 5 µg/ml).
The cells were visualized by the confocal laser
scanning microscope FV-500 system (Olympus
Optical Co, Hamburg, Germany). The combina-
tion of excitation/emission were: Argon 488 nm
laser with 505-525 nm filter for Alexa Fluor 488
and HeNe 543 nm laser with 610 nm filter for
7AAD nucleus staining. Stacks of cross-sections
were gathered separately for each fluorescence
channel. Ten independent fields from each repeti-
tion of control and experimentally-treated cell cul-
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tures were photographed and the IOD values were
measured using the MicroImage analysis system
(Olympus Optical Poland). To visualize the cellu-
lar profile of fluorescence, distribution lines were
drawn on representative cells and the fluorescence
intensity was estimated along with these lines.

Immunoblotting

Cell lysates comprised of cytosolic and mem-
brane-enriched fractions were obtained using RIPA
buffer supplemented with a protease and phosphatase
inhibitor cocktail and octyl-glucopiranoside
(Sigma-Aldrich, St. Louis, MO, USA). Aliquots of
cell lysates corresponding to 100 ìg of total pro-
tein (determined using the BCA kit according to
the manufacturer’s instructions) were subjected to
SDS-PAGE. The membranes were probed with
appropriate primary antibody (listed above, Santa
Cruz Biotechnology), followed by 1h-incubation
with secondary antibody. The secondary antibody,
conjugated with appropriate IR fluorophores:
IRDye® 680 or IRDye® 800 CW (IR-longer-
wavelength near-infrared), enables detection of
specific proteins directly on the PVDF membrane
using the Odyssey Infrared Imaging System
(LI-COR Biosciences). Scan resolution of the in-
strument was set at 169 ìm, and the intensity at 4,
in standard protocol. Quantification of the inte-
grated optical density (IOD) was performed and
presented in arbitrary units. The membranes were
also reprobed with anti-actin antibody (goat poly-
clonal, sc-1616, Santa Cruz Biotechnology), to en-
sure that all lanes contain equal amounts of total
protein.

Statistics

The results of MTT and CV tests are representa-
tive of four separate experiments performed in
triplicate (n = 12). The data obtained from im-
munoblotting analysis represent three separate ex-
periments performed in triplicate (n = 9). The
experiments visualizing the morphological changes
or the cellular localization of examined proteins
were performed three times with 3 wells/treat-
ment. Ten randomly selected non-overlapping
fields with similar cell density were photographed.
The individual data (n = 10) used for the statistical
analysis represents average numbers of nuclei ob-
served in myotubes and the total fluorescence, re-
spectively. All results were presented as means ± SE.
For each assay the Student t-test was used for the
comparison of two means (control vs. experimen-
tal treatment) and the criterion for statistical sig-
nificance was P<0.05. The analyses were per-
formed using GraphPad Prism 5 (GraphPad Soft-
ware, USA).

Results and Discussion

The extracellular matrix is important in creating
the niche for muscle precursor cells which controls
proliferation and differentiation essential for
skeletal muscle tissue maintenance (WITSCHUT et al.
2010). In our study exogenous IGF-I at concentra-
tion 30 nmol/l augmented cell viability (by 37%,
P<0.0001), increased DNA content (by 37%,
P<0.0001) and fusion index (over 2.6 times in
comparison to control, P<0.0001, Table 1) on the
3rd day of myogenesis. Levels of the early (myo-
genin) and late (myosin heavy chain, Fig. 1) mark-
ers of myogenesis in IGF-I-treated cells were also
elevated, in agreement with the well-documented
myogenic effect of this growth factor (DUAN et al.
2010; WIETESKA-SKRZECZYÑSKA et al. 2011a).
Myogenesis is accompanied by remodeling of
ECM as well as by changes in integrin receptor ex-
pression pattern (CACHAÇO et al. 2005). During
differentiation the fibronectin amount decreased,
being present mainly in nonfused cells but not in
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Fig. 1. The effect of insulin-like growth factor-I (IGF-I, 30
nmol/l) on myogenin and myosin heavy chain (MyHC) in
mouse C2C12 myoblasts on the 3rd day of differentiation.
Blots are representative for three separate experiments.

Table 1

The effect of insulin-like growth factor-I
(IGF-I, 30 nmol/l) on DNA content, cell vi-
ability and fusion of mouse C2C12 myoblasts
on the 3rd day of differentiation. Data represent
means of absorbances (± SE), with n=12/treat-
ment condition. * – significantly different vs.
control value (Ctrl).

Ctrl IGF-I

DNA content 1.87 ± 0.06 2.56 ± 0.12 *

Cell viability 1.00 ± 0.05 1.37 ± 0.05 *

Fusion index 4.75 ± 0.32 12.5 ± 0.95 *



myotube cultures, and was replaced by laminins.
Consequently, proliferating and migrating myo-
blasts express high amounts of the fibronectin-
binding á5â1 integrin, and they switch to the
laminin-binding integrins during myotube forma-
tion (BRAKEBUSCH & FARSLER 2005).

Fibronectin was expressed in C2C12 myogenic
cells differentiating in control conditions and in
the presence of IGF-I, and appeared mainly in the
extracellular environment (Fig. 2A). The level of fi-
bronectin was not affected by IGF-I. KNOBLAUCH
et al. (2007) detected laminin on the surface of
newly formed myotubes during C2C12 myogene-
sis. In our study immunofluorescence staining of
differentiating cultures on the 3rd day after induc-
tion of myogenesis did not reveal an extracellular
assembly of laminin (Fig. 2B). Laminin appeared
ultimately in the cytosolic fraction, confirming de-
layed synthesis of this protein during myogenesis,
in comparison to fibronectin. The cellular level of
laminin in IGF-I-treated cells was markedly
higher than the control value (P=0.001), and the

strong laminin-specific immunofluorescence was
visible in the perinuclear area of cells. The lack of
the appearance of laminin in the extracellular
space in our study could result from different myo-
genesis dynamics and the very early stage of dif-
ferentiation.

Integrins á3 and â1 were present predominantly
in cell membranes and were abundant in myotubes
(Fig. 3). Exposure to IGF-I markedly augmented
levels of á3 and â1 integrin subunits, proved by
strong immunofluorescence and immunoblotting
analyses. These changes in á3 and â1 integrins un-
der IGF-I treatment could be associated with the
stimulation of myogenesis and increased myotube
formation. High levels of á3 and â1 integrins no-
ticed on the 3rd day correspond with the onset of fu-
sion, suggesting that these integrin subunits are
important at this stage of myogenesis. Our results
are in agreement with an earlier study using rat pri-
mary myoblasts, showing that overexpression of
the full-length integrin á3 subunit induced myo-
blast fusion, whereas the inhibition of integrin á3

Fig. 2. The effect of IGF-I (30 nmol/l) on fibronectin (Fn, A) and laminin (Lam, B) in C2C12 myogenic cells on the 3rd day of
differentiation. The content and localization of proteins was assessed by confocal microscopy. The images are representative
for three separate experiments. Bar, 20 µm. The integrated optical density (IOD) was presented in arbitrary units (a.u.) and the
value obtained in control (Ctrl) cells was set as 100%. Representative profiles of fluorescence distribution are presented and
the estimated cells are indicated on profile diagrams. * – significantly different vs. control value.
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extracellular domain impaired this process (BRZÓSKA
et al. 2006). Similarly, disruption of integrin â1 in

vivo and in vitro has profound effects on myogene-
sis. Lack of integrin â1 had no apparent effect on
the migration and proliferation of myoblasts, how-
ever clear alterations occurred at the later stages of
myogenesis and were manifested by impaired fu-
sion (SCHWANDER et al. 2003). Indeed, according
to a previous study, muscle-specific integrin â1,
appearing in a doublet form, was used as a marker
of differentiation (GALLIANO et al. 2000). The high
level of integrin â1 in cell cultures exposed to
IGF-I (Fig. 3B) could be therefore associated with
increased myotube number due to myogenesis
stimulation (Table 1), but also could result from
the rise in integrin â1 content in a single myotube,
indicating the activation of integrin signaling ac-
companying fusion.

Interestingly, in our study integrin á5, a subunit
of fibronectin surface receptor, was significantly
augmented by IGF-I (P<0.0001, Fig. 4A), which
was rather unexpected in view of the myogenic ef-

fect of the growth factor. This observation corre-
sponds with the lack of a decrease in fibronectin
(Fig. 2A), the ECM protein attributed primarily to
proliferating myoblasts. A potential explanation
for this phenomenon is the unique, among growth
factors, ability of IGF-I to stimulate both prolifera-
tion and differentiation of myogenic cells, pro-
cesses usually considered as mutually exclusive
(PAUL & ROSENTHAL 2002).

Skeletal myoblasts induced in vitro to differenti-
ate form either multinucleated myotubes or give
rise to quiescent undifferentiated “reserve cells”
that share several characteristics with muscle sat-
ellite cells. CAO et al. (2003) reported that the ex-
pression level of metalloprotease ADAM12 is
much higher in proliferating C2C12 myoblasts
and in reserve cells than in mature myotubes. Re-
markably, overexpression of ADAM12 induced
a quiescent-like phenotype and did not stimulate
differentiation. In the present study, treatment with
IGF-I increased the expression of ADAM12 in
myocytes (P<0.0001, Fig. 4B). The immunoblot-

Fig. 3. The effect of IGF-I (30 nmol/l) on integrin-á3 (Int-á3, A) and integrin-â1 (Int-â1, B) in C2C12 myogenic cells on the 3rd
day of differentiation. The content and localization of proteins was assessed by confocal microscopy. The images are
representative for three separate experiments. Bar, 20 µm. The integrated optical density (IOD) was presented in arbitrary
units (a.u.) and the value obtained in control (Ctrl) cells was set as 100%. Representative profiles of fluorescence distribution
are presented and the estimated cells are indicated on profile diagrams. * – significantly different vs. control value.
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ting analysis revealed the presence of two main
isoforms of ADAM12. The 100 kDa uncleaved
proform of ADAM12 increased dramatically in
myogenic cells treated with IGF-I (P<0.0001) and
its level was similar to that found in proliferating
myoblasts. This observation suggest that IGF-I
could play a role in determining the pool of reserve
cells during myogenic differentiation acting via
stimulation of ADAM12 expression in nonfused
cells. The effect of IGF-I in maintaining cell pro-
liferation under conditions that favour myogenesis
can be supported by increased DNA content (Ta-
ble 1) as well as by an increase in cyclin A, an es-
tablished marker of regenerative tissue potential
(CHENG et al. 2007), reported in our recent study
in C2C12 myogenic cells differentiating in the
presence of this growth factor (GRABIEC et al.
2014). The cellular distribution of ADAM12 was
in agreement in several studies showing that it is
mainly located inside cells, indicating that translo-
cation of this protein from intracellular storage to
the cell surface might be restricted and regulated

(WEWER et al. 2005). A shorter (75 kDa) form of
ADAM12 probably represents the mature form of
the protein or ADAM12 without the metalloprote-
inase domain, able to bind with integrins (ZHAO et al.
2004). Interestingly, some studies have implicated
the involvement of ADAM12 in fusion of muscle
precursor cells. LAFUSTE et al. (2005) reported that
expression of ADAM12 and integrin á9 subunit
parallel and culminate at the time of myoblast fu-
sion and inhibition of the ADAM12/á9â1 integrin in-
teraction dramatically impaired this process.

In conclusion, IGF-I caused increases in extra-
cellular matrix-related proteins in C2C12 myogenic
cells. Some of these alterations, i.e. enhanced ex-
pression of laminin, integrin á3 and â1 can be sec-
ondary to IGF-I-dependent stimulation of myo-
genesis. However, other IGF-I-exerted ECM
modifications, i.e. an increased level of integrin á5
and ADAM12, suggest that this growth factor also
plays a role in determination of the pool of reserve
cells during myogenesis.

Fig. 4. Effect of IGF-I (30 nmol/l) on integrin-á5 (Int-á5, A) and metalloprotease ADAM12 (B) in C2C12 myogenic cells on
the 3rd day of differentiation. The content and localization of proteins was assessed by confocal microscopy. The images are
representative for three separate experiments. Bar, 20 µm. The integrated optical density (IOD) was presented in arbitrary
units (a.u.) and the value obtained in control (Ctrl) cells was set as 100%. Representative profiles of fluorescence distribution
are presented and the estimated cells are indicated on profile diagrams. * – significantly different vs. control value.
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