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Abstract. Focal adhesion kinase (FAK) was heavily phosphorylated as a function of
differentiation of C2C12 mouse skeletal muscle cells. Insulin caused increases in FAK
phosphorylation before stabilization in proliferated cells, while in differentiated cells
there was a consistent transient inhibition of FAK phosphorylation before stimulation.
The expression level of FAK was unaltered. Specific inhibition of insulin receptor
tyrosine kinase activity abolished the insulin-mediated dephosphorylation of FAK.
The data strongly indicate that FAK tyrosine phosphorylation, necessary for skeletal
muscle differentiation, is modulated by insulin. Thus, for the first time, we report the
differential regulation of FAK tyrosine phosphorylation by insulin during skeletal
muscle differentiation.

INTRODUCTION

In skeletal muscle, the balance between myogenic cell proliferation and terminal differentiation
is strongly influenced by peptide growth factors and cytokines (Olson 1992). These factors elicit
signalling cascades, predominantly by protein phosphorylation as a result of ligand–receptor
interaction, and terminate in the nucleus with the activation of specific genes (Hill & Triesman
1995). However, little information exists regarding the intracellular signalling cascades that
mediate the effects of growth factors in myogenesis.

The insulin receptor is a member of the receptor tyrosine kinase family of cell surface receptor
(Ebina et al. 1985). Binding of insulin to its receptor results in autophosphorylation of the
insulin receptor and its substrates, IRS-1 and-2, Shc and Gab-1 protein (Sun et al. 1991; Pelicci
et al. 1992; Holgado-Madrga et al. 1996). Tyrosine phosphorylation of IRS’s and Shc facilitates
the binding of SH2-domain–containing proteins (Songyang et al. 1993). These include the p85
regulatory subunit of phosphatidylinositol 3-kinase, Grb2 and the phosphotyrosine phosphatase
SHP-2 (Keller & Lienhard 1994; Myers et al. 1994; White & Kahn 1994). Insulin is known to
stimulate differentiation of skeletal muscle cells (Haba et al. 1966) but little is known about the
exact mechanism of differentiation.

For most of the cells, cooperation of adhesion-mediated and growth factor mediated
signalling pathways is required for proper growth control. It is now largely accepted that p125
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focal adhesion kinase (FAK) may be a point of convergence in the actions of integrins and
growth factors, like insulin, platelet-derived growth factors, and hepatocyte growth factors
(Zachary & Rozengurt 1992; Chen & Guan 1994; Vuori & Rouslathi 1994; Clark & Brugge
1995; Ouwens et al. 1996; Baron et al. 1998). FAK phosphorylation and dephosphorylation have
been shown to undergo specific alterations by insulin and its receptor, insulin-like growth factor
receptor tyrosine kinases (Baron et al. 1998; Pillay et al. 1995) and by several phosphatases
(Konstantopoulos & Clark 1996; Ouwens et al. 1996). Whether there is any interaction between
insulin and FAK in muscle cells in terms of their proliferation and/or differentiation, is not known.

To elucidate signal transduction regulated by protein phosphorylation in myogenesis and any
possible effect of insulin, we sought to determine comparative tyrosine phosphorylation of
proteins in the presence and absence of insulin in proliferative and differentiated C2C12 mouse
skeletal muscle cells in culture. We have shown that FAK is a major protein, which undergoes
tyrosine phosphorylation in skeletal muscle cells as a function of differentiation. Insulin regu-
lates FAK phosphorylation; however, the effect of insulin on FAK phosphorylation tends to
depend upon the morphological and functional status of the cells.

MATERIALS AND METHODS

Materials 
Mouse skeletal muscle cell line, C2C12 was kindly provided by Dr H. Blau, Stanford University
School of Medicine, Stanford, CA, USA and Dr J. Dhawan, CCMB, India. Dulbecco’s modified
Eagle’s medium (DMEM), horse serum, Protein A-agarose conjugate was purchased from Gibco
BRL, Grand Island, NY,  USA. Fetal calf serum (FCS) was purchased from Biological Industries,
Kibbutz Beit Haemek, Israel. Bovine insulin and AG1024 were purchased from Calbiochem,
San Diego, CA, USA. Mouse monoclonal phosphotyrosine antibody, rabbit polyclonal
p125FAK antibody and anti mouse immunoglobulin G isotype (IgG) conjugated to biotin were
purchased from Santa Cruz Biotechnology, Sauta Cruz, CA, USA. Other reagents were obtained
from Sigma, St. Louis, MO, USA and Biorad, Hercules, CA, USA.

Cell culture
C2C12 cells were proliferated in DMEM supplemented with 15% FCS and antibiotics for
2 days. Differentiation was initiated by shifting 70% confluent cells to DMEM supplemented
with 2% horse serum for 3 days (fully differentiated) at 37 °C in 5% CO2 incubator. Under these
conditions, proliferated cells had fused to form long multinucleated differentiated myotubes.
Cells were washed with phosphate buffered saline (PBS), pH 7.4, and incubated in serum free
DMEM overnight before giving 5 min of insulin stimulation (250 nm), unless otherwise indic-
ated. Differentiated myotubes were treated with or without 10 µm AG1024 for 1 h before insulin
stimulation (250 nm) for 5 min, as indicated in the text.

Western immunoblotting
Proteins were resolved in SDS-7%PAGE, transferred to nitrocellulose paper (NC) and blocked
overnight at 4 °C in 5% bovine serum albumin (BSA) in TBST (10 mm Tris-HCl, pH 8.0,
150 mm NaCl, 0.05% Tween-20). The NC paper was washed and incubated with anti phos-
photyrosine antibody or anti-FAK antibody for 1 h at room temperature. Proteins were
detected by alkaline phosphatase conjugated secondary antibody using 5-bromo-4-chloro-3-
indolylphosphate/nitro blue tetrazolium (BCIP/NBT) as substrate.
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Immunoprecipitation 
The cells were lysed in Triton-Hepes lysis buffer (50 mm Hepes, pH 7.5, 1% Triton X-100,
150 mm NaCl, 1.5 mm MgCl2, 1 mm ethelene glycol bis (2-aminoethyl ether)-N,N,N′N′
tetraacetic acid (EGTA), 200 µm Na3VO4, 1 mm phenylmethylsulphonyl fluoride (PMSF),
10 mm sodium pyrophosphate, 30 µg/ml benzamidine, aprotinin and leupeptin, 10 µg/ml each)
for 20 min at 4 °C. Lysates were clarified by centrifugation at 60 000 × g for 10 min at 4 °C and
pre-cleared by incubation with normal IgG-Agarose conjugate for 1 h at 4 °C. FAK was immuno-
precipitated with antip125FAK antibody and Protein A-agarose for 3 h at 4 °C. Precipitates were
washed three times with lysis buffer, extracted in 2× sodium dodecyl sulphate polyacrylamide
gel electrophoresis (SDS-PAGE) sample buffer (Laemmli 1970) and proteins were separated in
one-dimensional SDS-7% PAGE.

Immunofluorescence microscopy 
The cells, cultured on cover slips, were rinsed with Mes buffer (MB) containing 10 mm Mes
(pH 6.1), 150 mm NaCl, 5 mm EGTA, 5 mm MgCl2, 5 mm glucose. Cells were permeabilized in
3% paraformaldehyde containing 0.3% Triton X-100 for 5 min, washed with MB and fixed in
3% paraformaldehyde for 30 min. Washed cells were incubated in blocking solution (20 mm

Tris-HCl (pH 7.5), 150 mm NaCl, 2 mm EGTA, 2 mm MgCl2, 1% BSA, 2% normal goat serum)
for 5 min followed by incubation with anti phosphotyrosine antibody for 30 min at room
temperature. The cells were washed in TBS (20 mm Tris (pH 7.5), 154 mm NaCl, 2 mm EGTA,
2 mm MgCl2) and incubated with anti mouse IgG conjugated to biotin, and, extravidin conjug-
ated to fluoroscene isothiocyanate (FITC). The cells were observed under fluorescence micro-
scope (Leica, DMIL, Wetzlar, Germany) and photographed.

Protein estimation 
The protein concentration was estimated using the bicinchoninic acid method (Smith et al.
1985), using BSA as a standard protein.

Densitometric analysis
Densitometric analysis of the Western blots was done using a GS-670 Imaging Densitometer
(Bio-Rad) and Molecular Analyst software (version 1.3, Biorad). FAK phosphotyrosine phos-
phorylation of samples obtained from proliferated cells were given an arbitrary value of 1.0 for
calculating the relative phosphorylation of the other samples.

RESULTS

FAK undergoes enhanced tyrosine phosphorylation during differentiation of 
C2C12 skeletal muscle cells
To determine the differences in the profile of tyrosine phosphorylation, proliferated and differ-
entiated C2C12 cells were lysed, resolved in SDS-PAGE and immunoblotted with antiphospho-
tyrosine antibody. Several proteins were found to be differentially phosphorylated between the
proliferated and differentiated cells. As shown in Fig. 1, out of all the phosphorylated proteins,
one protein of apparent molecular weight between 120 kDa to 130 kDa (p120–130) was found
to undergo increases in phosphorylation from the day 1 as a function of differentiation. The
maximum increase in phosphorylation was approximately up to 3-fold in fully differentiated
cells, as compared to the proliferated ones (Fig. 1a and b; lanes 1 and 4). Considering the apparent



© 2002 Blackwell Science Ltd, Cell Proliferation, 35, 131–142.

134 H. L. Goel & C. S. Dey

molecular weight, in an attempt to identify the protein, whole cell lysates obtained from prolif-
erated and (fully) differentiated cells were western immunoblotted with anti p125FAK antibody.
Figure 1c shows that the anti FAK antibody identified the protein band as FAK.

To further confirm the differential tyrosine phosphorylation of the protein as FAK, similar
samples were immunoprecipitated with anti p125FAK antibody and immunoblotted, either with

Figure 1. Western immunoblot analysis of tyrosine phosphorylation during differentiation of C2C12 skeletal
muscle cells. (a) Proteins were western immunoblotted with antiphosphotyrosine antibody. (b) The relative quantity of
tyrosine phosphorylation on p120–130 was measured by densitometer. (c) Proteins were western immunoblotted with
anti-FAK antibody. Lane 1: proliferative cells (control), lane 2: 1-day differentiated cells, lane 3: 2-day differentiated
cells, lane 4: 3-day differentiated cells.
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anti phosphotyrosine antibody or with anti p125FAK antibody. As shown in Fig. 2a and b, FAK
tyrosine phosphorylation was found to be approximately up to 2.8-fold more in differentiated
muscle cells as compared to the proliferated sample. However, there was no change in the level
of expression of FAK between the proliferated and differentiated muscle cells (Fig. 2c).

To confirm enhanced tyrosine phosphorylation at focal adhesions, proliferated and differen-
tiated cells were probed with antiphosphotyrosine antibody and subjected to immunofluoresc-
ence microscopy. Data showed that there was more tyrosine phosphorylation of proteins
associated with focal adhesions in differentiated cells as compared to proliferated ones (Fig. 3),
which further confirms that FAK tyrosine phosphorylation is associated with differentiation of
C2C12 skeletal muscle cells.

Insulin causes transient decreases in tyrosine phosphorylation of FAK in 
differentiated C2C12 skeletal muscle cells
To determine the effect of insulin on tyrosine phosphorylation of FAK, the proliferative and
differentiated cells were stimulated with or without insulin for varying periods of time and sub-
jected to western immunoblot probed with anti phosphotyrosine antibody. Figure 4 shows that
the extent of tyrosine phosphorylation of FAK is generally higher in differentiated cells than the
proliferated cells; however, insulin stimulated tyrosine phosphorylation of proliferated cells

Figure 2. Tyrosine phosphorylation of FAK as a function of differentiation. FAK was immunoprecipitated (IP) from
proliferated and differentiated (fully differentiated) C2C12 cells. The immunoprecipitates were resolved in SDS-
7%PAGE and immunoblotted (IB) with antiphosphotyrosine antibody (α-pTyr) (a) or anti-FAK (α-FAK) (c) antibody.
(b) Relative quantity of tyrosine phosphorylation on FAK was measured by densitometer. Lane 1: proliferative cells
(control), Lane 2: differentiated cells.
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reached a maximum of up to 40% at 20 min of stimulation and then it became constant (Fig. 4a
and e). In contrast, in the differentiated cells, insulin stimulation gradually decreased tyrosine
phosphorylation of FAK to a maximum of 50% at 5 min of stimulation before returning gradually
to the initial level of phosphorylation (Fig. 4b and e). The observed change in phosphorylation
was not due to change in the concentration of FAK because the same samples immunoblotted
with anti FAK antibody revealed no change in the expression of FAK (Fig. 4c and d).

To further confirm the above, proliferative and differentiated cells were stimulated with or
without insulin and immunoprecipitated with anti-FAK antibody and immunoblotted with
antiphosphotyrosine antibody. The results showed that insulin causes a 30% increase in tyrosine
phosphorylation in proliferative cells (Fig. 5a and b; lanes 1 and 2); whereas in differentiated
cells the effect was opposite, causing an approximately 45%–50% decrease in tyrosine phos-
phorylation as compared to non-stimulated differentiated cells (Fig. 5a and b; lanes 3 and 4).

Figure 3. Determination of localization of tyrosine phosphorylations in proliferated and differentiated C2C12
cells. (a) Proliferative cells (b) Differentiated cells.
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The same sample immunoprecipitated with anti FAK antibody and then immunoblotted with anti
FAK antibody revealed no change in the expression of FAK (Fig. 5c).

To further confirm whether or not transient dephosphorylation of FAK was insulin mediated,
differentiated myotubes were treated with AG1024, a specific inhibitor of insulin and IGF-1
receptor tyrosine kinase (Parrizas et al. 1997), before insulin stimulation. Results showed that
treatment with AG1024 abolished the insulin-mediated dephosphorylation of FAK (Fig. 6a and b).

DISCUSSION

Among the various signalling proteins that accumulate at focal adhesions, FAK plays a central
role in transmitting the integrin-mediated signals (Schlaepfer & Hunter 1998). FAK has been
implicated in controlling cellular responses to the engagement of cell surface integrins, includ-
ing cell spreading, survival and proliferation (Schlaepfer et al. 1999). By ectopic expression of

Figure 4. Effect of insulin stimulation on tyrosine phosphorylation of FAK as a function of differentiation. (a) and
(c) Proliferated cells (control), (b) and (d) differentiated cells, (e) Relative quantity of tyrosine phosphorylation on FAK
was measured by densitometer. IB: immunoblot; α-pTyr: antiphosphotyrosine antibody; α-FAK: anti-FAK antibody;
PRO: proliferated cells; DIF: differentiated cells.
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integrin subunits, it has been elegantly demonstrated that FAK tyrosine phosphorylation is asso-
ciated with myoblast cell cycle withdrawal (Sastry et al. 1999). In smooth muscle, FAK has been
associated with contraction (Tang & Gunst 2001) and proliferation (Taylor et al. 2001). But no
study was undertaken relating FAK with differentiation of smooth muscle cells. Moreover, the
smooth and skeletal muscle tissues are composed of distinct cell types of different embryolog-
ical origin that express related but distinct isoforms of the structural genes used for contraction
(Graves & Yoblanka-Reuveni 2000) and MyoD, one of the most important transcription factors
is not involved in smooth muscle differentiation (Davidson & Morenge 2000). Therefore, data
obtained in smooth muscle may not be comparable with skeletal muscle. We have reported for
the first time that there is an increase in tyrosine phosphorylation of FAK during differentiation,
which signifies the involvement of FAK in myogenic differentiation.

FAK is known to play important roles in signalling by interacting with tyrosine kinase
receptors, such as PDGF and hepatocyte growth factor (Matsummato et al. 1994; Rankin &
Rozengurt 1994). In contrast to other tyrosine kinase receptors, which induce tyrosine phosphory-
lation of FAK, it has been reported that in fibroblasts, insulin promotes a decrease in tyrosine
phosphorylation (Knight et al. 1995; Pillay et al. 1995; Konstantopoulos & Clark 1996). Recently,
it has been reported that insulin causes FAK phosphorylation in non-attached cells, whereas

Figure 5. Insulin mediated tyrosine dephosphorylation of FAK as a function differentiation. Proliferative and dif-
ferentiated cells were stimulated with or without insulin (250 nm) for 5 min and FAK were immunoprecipitated (IP) with
anti-FAK antibody and western immunoblotted (IB) with antiphosphotyrosine (α-pTyr) antibody (a) and anti-FAK (α-
FAK) antibody (c). (b) The relative quantity of tyrosine phosphorylation on FAK was measured by densitometer. Lane
1: proliferative cells (control), lane 2: proliferative cells stimulated with insulin, lane 3: differentiated cells, lane 4: dif-
ferentiated cells stimulated with insulin.
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dephosphorylation occurred in attached cells (Baron et al. 1998). In this paper, we are demon-
strating for the first time, regulation of differentiation specific FAK tyrosine phosphorylation by
insulin.

Skeletal muscle is one of the major targets of insulin and IGF. It is a well-established fact
that in skeletal muscle insulin has a dual effect. It promotes proliferation as well as differentia-
tion involving different signalling pathways (Conejo & Lorenzo 2001; Conejo et al. 2001).
Recent reports suggest synergistic effects of insulin and IGF-1 in promoting myogenesis
(Pirskanen, Kiefer & Hauschka 2000). Effects of insulin and IGF-1 on integrin-stimulated pathways
are different (Fujita et al. 1998). In one such report, insulin has been shown to stimulate dephos-
phorylation of FAK (Pillay et al. 1995), whereas, in another report, IGF-1 has been shown to
induce phosphorylation of FAK (Casamassima & Rozengurt 1998). At this point there is not
enough data to draw homology or infer anything conclusive regarding their function, however,
it is evident that both insulin and IGFs have very important role(s) to play in regulating
myogenic proliferation and differentiation.

Insulin signal transduction is known to be extremely rapid. Reports had established that
insulin-mediated physiologically-relevant stimulation of phosphorylation and dephosphorylation
of the insulin receptor and some of its known down-stream substrates, occurs within seconds
(White et al. 1985; Kuhne et al. 1995; Yamauchi et al. 1995). We have observed transient
dephosphorylation of FAK in differentiated cells after between 2.5 and 5 min of insulin

Figure 6. Effect of AG1024 on insulin mediated tyrosine dephosphorylation of FAK in differentiated myotubes.
Differentiated cells were stimulated with or without insulin (250 nm) for 5 min after being treated with or without 10 µm

AG1024 for 1 h and FAK was immunoprecipitated (IP) with anti-FAK antibody. (a) Proteins were western immunob-
lotted (IB) with antiphosphotyrosine antibody (α-pTyr). (b) The relative quantity of tyrosine phosphorylation on FAK
was measured by densitometer. Lane 1: differentiated cells (control), lane 2: differentiated cells stimulated with insulin,
lane 3: differentiated cells stimulated with insulin after 1 h treatment with AG1024.
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stimulation; however, similar dephosphorylation did not take place in differentiated cells not
stimulated with insulin. Moreover, we also observed, that in the presence of a specific inhibitor
of insulin receptor tyrosine kinase activity, AG1024, insulin failed to cause any decrease in
tyrosine phosphorylation of FAK. Similar reports showing the transient effects of insulin were
also available in fibroblasts and CHO cells (Baron et al. 1998; Knight et al. 1995). Therefore,
our observations suggest that the rapid transient dephosphorylation is specific and physiologi-
cally relevant, and, raises the possibility of involvement of FAK in insulin signalling cascade
regulating skeletal muscle differentiation.

The process of cellular differentiation is controlled by soluble factors and by the micro-
environment (Dexter et al. 1984). Little is known about the signalling pathways by which substrate
elements in the microenvironment influence cell differentiation. Recently, specific cell surface
receptors have been described which mediate the interaction between cells and specific compo-
nents of the extracellular matrix (Carpenter 1984; Horwitz et al. 1985; Pytela et al. 1985). More-
over, it is known that the interaction of integrin, present on the membrane of replicating
myoblasts, with extracellular matrix on the substrate, is essential to initiate the terminal stages
of myogenic differentiaition (Menko & Boettiger 1987). The major contribution of our study is
that we have provided evidence that tyrosine phosphorylation of FAK (and perhaps focal adhe-
sions in general) increase as a function of skeletal muscle differentiation, and this functionality
is regulated specifically by insulin.
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